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EXECUTIVE SUMMARY

The South Dakota Department of Transportation (SDDOT) is responsible for the design and
management of several thousands of road miles. The state road network includes high- and low-volume
paved roads as well as unpaved roads. The design of pavements includes the determination of the
appropriate traffic volumes and the selection of the required structural section to carry such traffic.
Managing a pavement network requires the identification of the appropriate maintenance and
rehabilitation actionsto be applied. In both cases, the agency must be able to predict the damage caused
by the various equipment using the road over the life of the pavement. In the case of normal highway
traffic, numerousproceduresexist to predict its damageto paved roads under variousenvironmental and
material conditions. Inthe casenon-standard highway traffic, such asagricultural and heavy construction
equipment, there are not any proceduresthat can predict the damage caused by such equi pment on paved
and unpaved roads.

The lack of reliable procedures to determine the damage caused by off-road equipment to highway
pavements hasled the SDDOT toinitiate aresearch programto study theimpact of such equipment. The
overall objectiveof thisresearch effort wasto eval uate theimpact of off-road equipment tiresonflexible
and granular pavements. The research used a combination of field testing and theoretical modeling of
the pavement structure to evaluateits response to tires and tracks used on off-road equipment at normal
speed and axle load levels. Thefield testing of typical pavement sections instrumented with sensorsto
measure critical pavement responses was used to validate the theoretical model, which was then used
to cover other pavement, environmental, and materials conditions. A total of thirteen tasks— including:
literature review, field testing, data analysis, theoretical modeling, damage prediction, and economic
analysis—were completed in order to achieve the objectives of the research.

Literature Review

Thistask identified all previousand current studiesthat dealt with the impact of off-road equipment on
paved and unpaved roads. The review indicated that previous and current data on this topic are very
limited. A recent research study conducted by the lowa DOT evaluated the impact of agricultural
equipment on flexible and rigid pavements. The lowa study concluded that agricultural vehicles can be
allowed 5,000-7,000 |Ib per single axle over the 20,000 |b/axle load limit. However, the study’s
applicability tothe SDDOT effort islimited dueto thetesting of very thick flexible and rigid pavements
(8"-9" surface layers) and the exclusion of unpaved roads.

Field Testing

The measurement of in-situ pavement responses under actual off-road equipment presented a major
portion of thisstudy. A total of six instrumented pavement test sectionswere constructed during Summer
2000. The sectionswere designed to cover both clayey and silty soilsand arange of pavement structures.
Sections over clayey soils were constructed on US212 near Gettysburg, SD and the sections over silty
soil were constructed on SD26 near Polo, SD. Each location had three sections. thin (3" hot mix



asphalt—3" HMA), thick (4" HMA) and unpaved. The unpaved section on clayey soil had a gravel
surface while the unpaved section on silty soil had a blotter surface.

Theinstrumentation included strain gauges, pressure cells, deflection sensors and temperature sensors.
Thestrain gaugeswereinstalled in thelongitudinal direction at the bottom of the HMA layer to measure
the tensile strains caused by the passage of a vehicle-load level combination. The pressure cells were
installed within the crushed aggregate base and the subgrade layers to measure vertical stresses caused
by thevehicles |oading. The defl ection sensorswereinstalled to measure the deflection of the pavement
surface. The temperature sensors were installed throughout the HMA layer to monitor the temperature
of the pavement during field testing. All of the instrumentation was installed in the outer wheel path.

The field testing program collected pavement response data under the following vehicle-load level
combinations:

. Terragator Model 8103, empty and |oaded
. Terragator Model 8144, empty and |oaded
. Grain Cart, legally loaded and over |oaded
. Scraper, empty

. Tracked Tractor

In addition to the off-road equipment, a 18,000-Ib single axle truck was tested and used as areference
load. Pavement responses measured under the various vehicle-load level combinations were all
compared to pavement responses measured under the 18,000-1b single axle truck. Field tests were
conducted on September 14-15, 2000, April 4-5, 2001, and August 28-29, 2001, representing the fall,
spring, and summer seasons, respectively.

Each vehicle-load level combination was driven at its normal operating speed for a minimum of five
replicate runs. The same equipment was tested on all flexible, blotter, and gravel surface sections
following the same field testing plan. The South Dakota Highway Patrol measured the axle loads and
tire pressures during the field testing programs.

Data Analysis

The analysis of field data consisted of reviewing the pavement response curves collected under each
passage of avehicle-load level combination and select the critical responses. Thiswas done by plotting
each curve and identifying the maximum strain, stress, or deflection caused by each vehicle passage. In
the case of pressure and deflection measurements, thereplicate datawere examined for repeatability and
the average of the most repeatabl e set of measurements was cal culated and reported. The repeatability
of the pressure and deflection measurements was excellent (coefficient of variations less than 5%). In
the case of strains, the responses from al four strain gauges were examined under each run and the
maximum of all replicates was reported.



Thefield datawere used to assess the impact of off-road equipment relative to the 18,000-Ib single axle
truck. The pavement response under each combination of vehicle-load level was divided by the
pavement response under the 18,000-1b single axle truck to generate “ pavement responseratios’. Since
theexpected variability of field measured pavement responses can bearound 30%, it wasconsidered that
any vehicle-load level combination creating aratio above 1.3 would be more damaging than the 18,000-
Ib single axle truck. Based on this criterion, it was concluded that the loaded Terragators and |oaded
Grain Cart are more damaging than the 18,000-1b single axle truck, the empty scraper is significantly
more damaging than the 18,000-1b single axle truck, and the tracked tractor is not more damaging than
the 18,000-1b single axle truck.

Theoretical Modeling

The expanded phase of the research required the use of theoretical modeling to extend the findings of
the field testing efforts over the range of materials and pavement conditionsthat exist in South Dakota.
This task necessitated the identification of a theoretical model that can reliably predict pavement
responses under the loading conditions of off-road equipment. Off-road equipment has unique
characteristics—including the use of large lugged tires, dynamic loads, and nonuniform pressure
distribution at the tire-pavement interface—that must be handled by the selected model. These
requirementsled to the sel ection of the 3D-M OV E pavement model, which can accommodateirregularly
loaded areas with nonuniform pressure distributions while incorporating the dynamic nature of traffic
loads and pavement responses.

The 3D-MOVE model was verified against previous field testing data from Penn State University and
Minnesotaroad tests. Because off-road equipment present unique and non-standard |oading conditions,
thefield datagenerated in thisresearch were al so used to validate the 3D-M OV E model. Thevalidation
effort showed that the 3D-MOVE model’s capability to simultaneously predict multiple measured
pavement responses was very good.

The 3D-MOVE model was then used to predict the response of pavement sections typical of South
Dakota’ s highways. Model ed pavements structures included HMA layers 0", 1.5", 3", 5", and 7" thick
over crushed aggregate base layers 6" and 12" thick. These 10 pavement combinations were eval uated
over 4 soil classes and 4 seasons, giving an expanded pavement data base of 160 pavement sections.

Damage Prediction

Thisanalysis used the pavement responses generated by the 3D-M OV E model to predict the pavement
damage caused by the off-road equipment relative to the 18,000-1b single axle truck. The damage
analysis considered fatigue and rutting performance of flexible pavements and the rutting performance
of unpaved roads. The concept of load equivalency factors (LEF) was used in this analysis and defined
asfollows: aload equivalency factor represents the number of repetitions of the 18,000-1b single axle
load necessary to cause the same damage as one repetition of the specific vehicle-load level
combination. For example, a vehicle-load level combination with LEF of 10 indicates that it takes 10
passes of the 18,000-1b single axle load to cause the same damage as one pass of the vehicle-load level
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combination. In other words, one pass of the vehicle-load level combination is equivalent to 10 passes
of the 18,000-1b single axle load.

The fatigue damage caused by each vehicle-load level combination was estimated using a fatigue
performance model that relates the number of loads to fatigue failure with the magnitude of thetensile
strain at the bottom of the HMA layer. The rutting damage caused by each vehicle-load level
combination was estimated using arutting performance model that rel atesthe number of loadsto rutting
failure to the magnitude of the compressive strains within each of the pavement layers. Using this
analogy, LEFswere produced for all 160 pavement sections. A close evaluation of the damage analysis
led to the following conclusions:

. Significant fatigue damage was caused on ultra-thin flexible pavements of 1.5 HMA over 6"
and 12" CAB by all vehicle-load combinations during the summer season. The following
observations were made:

S One trip of the empty Terragator is equivalent to 51-150 trips of the 18,000-1b single
axle truck.

S Onetrip of the loaded Terragator is equivalent to 230-605 trips of the 18,000-Ib single
axle truck.

S One trip of the legally loaded grain cart is equivalent to 77-240 trips of the 18,000-1b
single axle truck.

S Onetrip of thegrain cart over legal isequivalent to 264-799 trips of the 18,000-1b single

axle truck.
S The empty scraper is detrimental to ultra-thin flexible pavements.
. On unpaved roads and flexible pavements that are not ultra-thin (HMA = 3"-7"), thefollowing

observations were made:

S One trip of the empty Terragator is equivalent to 1-3 trips of the 18,000-b single axle
truck.

S Onetrip of the loaded Terragator is equivalent to 2-20 trips of the 18,000-1b single axle
truck.

S Onetrip of thelegally loaded grain cart is equivalent to 1-5 trips of the 18,000-1b single
axle truck.

S One trip of the grain cart over legal is equivalent to 1-20 trips of the 18,000-Ib single
axle truck.

S Onetrip of the empty scraper is equivalent to 20-2900 trips of the 18,000-Ib single axle
truck.

These observations express the relative damage in terms of arange of equivalent trips. The lower end
of each range represents the number of trips expected on thick pavements over strong subgrade soils,
while the upper end of the range represents the number of trips expected on thin pavements over weak
subgrade soils.



The above observations led to the same conclusions derived from the field testing program, which
recommended that the movement of loaded Terragators, grain cart over legal, and the empty scraper over
gravel and flexible pavements be regulated. In addition, these observations point out the extreme
vulnerability of ultra-thin flexible pavements to fatigue damage as they are subjected to loadings from
off-road agricultural and construction equipment.

Damage+Cost Analysis

A Damage-Cost analysis was conducted to identify alternatives for the transportation of commodities
carried by Terragators(i.e. chemicals) and grain carts(i.e. grain) that woul d causel esspavement damage
and would not impose high costs on off-road equipment operators. The best balance of acceptable
pavement damage and cost was defined as the minimum product of load equivalency factor and
operating cost per mile. The tridem axle single unit truck was identified as the optimum transporting
method for both agricultural chemicals and grain.

Implementation Recommendations

The analysis conducted in this study compared the damage caused by agricultural and construction
equipment relative to the 18,000-1b single axle truck. Thisapproach was selected to stay consistent with
current pavement design, analysis, and management technol ogies which use the 18,000-1b Equivalent
Single Axle Load (ESAL) concept. However, it should be noted that the single axle legal load limit in
South Dakota is 20,000-1b, with a load equivalency factor of 1.5. Therefore, any recommendation
concerning the damage caused by agricultural and construction equipment considers both the 18,000-1b
single axle truck and the 20,000-1b legal load limit.

Using the combined data from field testing and theoretical modeling, this research project supports
implementation recommendations that are both vehicle-specific and generalized to any lugged tires
under a certain load level. The following represent the recommendations resulting from this research.

Vehicle Specific Recommendations

. Scrapers as heavy or heavier than those tested in this study should not be allowed to travel over
unpaved roads and flexible pavements throughout the state of South Dakota. Transporting
scrapers to the project site with multi-axle trucks meeting the legal load limits creates far less
pavement damage. Thisissupported by the extremely high damage caused by the empty scraper
on all pavement sections and during all seasons. Both the front and rear axles of a scraper were
significantly more damaging than the standard 18,000-1b single axle truck and thelegal 20,000-
Ib single axle.

. Terragators should only be alowed to travel empty on unpaved roads and flexible pavements.
Loaded Terragators caused more damage than the 18,000-1b single axle trucks and the legal
20,000-Ib single axle when operated during the summer, fall, and spring seasons. Transporting
chemicalsto the field using legally loaded axles and loading them onto Terragators at the job
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site createsfar less pavement damage. For jobs requiring single or multiple Terragator loads, a
tridem axle truck would be the most effective method of transporting chemicals.

. Grain carts traveling on unpaved roads and flexible pavements should only be allowed to
transport the legal load limit. This study found that grain carts loaded over the legal load limit
impose more damage than the 18,000-1b single axle truck and the legal 20,000-Ib single axle
during the summer, fall, and spring seasons. Transporting grain with legally-loaded tridem axle
trucks create far less pavement damage.

General Recommendations

. Tires designed with rectangular lugs should not be alowed to carry more than 20,000 Ib/axle.
Thisis supported by the high load equivalency factors that were computed for lugged tires on
loaded vehicles as compared to the lugged tires on empty vehicles over the entire range of
pavements and environmental conditions.

. Theload per unit width of tire regulation should not be applied to the entire area of lugged tires
due to the high ratio of grossto net contact areas of such tires. If such aregulationisdesired it
should only apply to the net area of the lugged tires.

. The low inflation pressure of lugged tires, 30 psi as compared to 100 psi for standard tires,
should not be considered to offset heavier axle loads. Thisis supported by the fact that the low
tireinflation pressure of 30 psi resultsin contact stresses at the lug-pavement interfacein excess
of 150 psi. Therefore, special allowances for lugged tires on the basis of low tire inflation
pressure are not warranted.

. Special load restrictions should be posted on flexible pavementshaving HMA layer equal or less
than 1.5" thick (including blotter) to prevent severe fatigue damages caused by all types of off-
road equipment during the summer season. The data from this study showed that the ultra-thin
flexible pavements can suffer severe fatigue damage when loaded with empty and |oaded off-
road equipment due to their extremely low resistance to bending stresses.

. Thehigh pressure concentrationsat thelugged tire-pavement interface (morethan150 psi) could
be highly damaging to unpaved roads during extremely wet seasons and to flexible pavements
in areas where sharp turning movements are anticipated. Therefore, it isrecommended that the
movement of vehicles equipped with lugged tires on extremely wet unpaved roads should be
regulated. Also such vehicles should not be allowed to maneuver on flexible pavements during
the hot summer season.



PROBLEM DESCRIPTION

The conditions of theroad system in South Dakotaare similar to theroad systemsin therest of the states
around the country. A high percentage of it isin need of continuous rehabilitation and maintenance in
order to accommodate current traffic and economic growth. In spite of these pressing needs, the state
highway agencies (SHA) are continuously facing budget cuts and reductions in revenues which force
them to optimize the use of the available funds and get as much coverage as possible without
jeopardizing thelevel of service being achieved by the current road system. Another way of coping with
such conditions is to lengthen the useful life of pavement sections by imposing certain restrictions on
the characteristics of the vehicles using the road system. Typical restrictions have included: seasonal
load limits, limits on tire inflation pressure, and limits on the number of tires per axle (dual vs single
tires). In the case of normal highway traffic conditions, these criteria and procedures have been well
established based on full scale pavement testing facilities such asthe AASHO and WASHO road tests
during the 50'sand 60's and WesTrack, Minnesotaroad test (Mn/ROAD) and the Long Term Pavement
Performance (LTPP) program during the 90's. However, when road pavements are loaded with non-
standard highway traffic loads such as off-road agricultural and heavy construction equipment, the
applicability of these criteria becomes highly questionable.

Theoperation of off-road agricultural and heavy construction equipment on highway pavements presents
new challengesto the pavement engineering and management community. Equi pment such aschemical
applicators, grain carts, and heavy construction machinery has become larger and heavier, and is often
supported by unconventional tire configurations, including low-pressure floatation tires, lugged tires,
or rubber tracks. All such characteristics are unique to the off-road equipment and do not distribute the
loads to the pavement surface as normal highway traffic vehicles would. Some of their characteristics
couldinfact causelessdamagethan normal highway traffic whileother characteristics could cause more
damage. It isusually not the individual characteristic but the combination of characteristics of agiven
vehicle that leadsto more or less damage as compared to normal highway traffic. For example, the low
tire inflation pressure of off-road equipment should be less damaging than the high tire pressure of
normal highway traffic. But when the low tire pressure is coupled with heavier loads, certain tire
designs, and low vehicle speed, it may become more damaging than higher tire inflation pressures.

The lack of information concerning the relative impact of off-road equipment as compared to normal
highway traffic putsany SHA in an awkward position when it comesto implementing restrictionswhich
are intended to lengthen the useful life of the pavement. Without knowledge of the effects of off-road
equipment on typical stateand local pavements, it isimpossi bleto assessthefinancial impactsof itsuse,
or to determine whether present regulations are too strict, too loose, or appropriate. Without the
appropriate background analyses and justifications, the goodwill actions of a SHA to preserve the road
system could be interpreted as an unjustifiable action toward a single group of road users who believe
they are doing their fair share toward maintaining the road system.






OBJECTIVES

The overall objective of thisresearch project wasto evaluate the impact of off-road equipment tireson
flexible and granular pavements. The research used a combination of field testing and theoretical
modeling of the pavement structure to evaluate its response to tires and tracks used on off-road
equipment under their respective speed and axle load levels. Field testing of typical pavement sections
instrumented with sensors to measure critical pavement responses was used to validate the theoretical
model, which was then used to cover other pavement, environmental, and material conditions. The
project started on December 1, 1999 and was completed on January 30, 2002.

The specific objectives of this research study were:

. To model pavement damage caused by tires and tracks on off-road equipment. This objective
was achieved through measuringin-situ pavement responses under sel ected off-road equi pment.
Using the field data, a theoretical model was verified and then used to expand the evaluation
over awide range of pavements and environmental conditions typical of South Dakota.

. To assess the economic benefits and costs associated with the use of off-road tires and tracks
under present regulations. This objective was accomplished through converting pavement
damages into reductions in pavement life and assessing the equivalent costs of using off-road
equipment on pavements as compared to transporting the products with normal highway
vehicles.

. Torecommend policiesfor regulating transportation of off-road equi pment over stateand local
highways. Using the pavement damage and life reduction data, recommendationswere made to
regul ate the transportation of off-road equipment.
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TASK DESCRIPTION

Task 1: Meet with the Project Panel

Meet with the project panel to review the project’s scope and work plan.

The first meeting with the project panel was held on December 17, 1999, in Pierre, SD. The principal
investigator presented the work plan for all thirteen tasks of the project. All tasks were discussed and
several recommendations were made. Some of the major recommendations included the following:

. Test as many types of off-road equipment as practical.

. Use the actual combinations of tire type, tire pressure, speed and axle load that are
typically used on the various equipment.

. Test thin and thick flexible pavements, a gravel road and a blotter road.

. Use the tire manufacturers supplied data on the pressure distribution at the tire-
pavement interface.

. Measure the surface deflection only using the single layer deflectometer.

. Plan on testing during the summer and fall of 2000 and spring and summer of 2001.

. Provide access to the finished base course for one day to install the instrumentation.

Task 2: Review Literature

Thoroughly review literature pertaining to the effects of off-road equipment tires on flexible and
granular pavements.

An extensive search was carried out toidentify any previous studiesthat eval uated the effectsof off-road
equipment tires on flexible and granular pavements. The following data bases were searched
electronically for information:

Transportation Research Information System

National Technical Information Services

Transportation Research Board

ASCE Journal of Transportation Engineering

American Society of Testing and Materials

National Cooperative Highway Research Program

American Association of State Highway and Transportation Officials
National Transportation Library

Transport

Also arequest was sent through the Internet to all Local Technical Assistance Program Centers (57
Technology Transfer Centersthroughout the country) asking them for information rel ated to the impact
of off-road equipment on pavements. As a result of all these efforts the following references were
identified:
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. Heavy Agricultural Loads on Pavements and Bridges (1)
. Vehicle Travel Costs on Paved, Granular and Earth Surfaced County Roads (2)

. Stressing our Future (3)
. Response of lowa Pavements to Heavy Agricultural Loads (4)

The first two items were not directly related to the issues being investigated in this research. The first
study assessed the structural performance of concrete and timber bridges under severeloads. Thereport
mentioned that thereisapossibility of over-stressing pavementswithout providing any supporting data.
The second study described the variable cost per mile of vehicle typestraveling on rural county roads.
The study looked at 14 types of road vehicles and 34 types of farm vehicles. However, the study did not
address the effects of these vehicles on pavements.

The third and fourth references were both issued by the lowa Department of Transportation. The third
study came out as a pamphlet entitled “ Stressing our Future.” The pamphlet discussed the equipment
used by agricultural operationsin lowaand its estimated impact on the maintenance of the road system.
It showed that many farming vehicles exceed the weight limits imposed on highway vehicles. The
pamphlet listed the effects of farm vehicles on rigid pavements and noted that similar effects would be
realized on flexible pavements.

Thefourth study represented the only significant study that evaluated the impact of off-road equipment
on the response of rigid and flexible pavements. The following represent the key findings of the lowa
study.

Response of lowa Pavements to Heavy Agricultural Loads

This research study was conducted by the Center for Transportation Research and Education (CTRE)
at thelowaState University and funded by the lowaDepartment of Transportation. Theoverall objective
of the study wasto eval uate theimpact of agricultural equipment onlowa’ spaved county roads. Inorder
to achieve this objective, the research evaluated the response of rigid and flexible pavements under
agricultural equipment using a combination of field instrumented pavement sections and theoretical
analyses.

Onerigid pavement section and one flexible pavement section were instrumented and tested during the
period of August through September 1999. Theinstrumentation included strain gauges and temperature
sensors. Therigid pavement section had a7.75" Portland cement concrete (PCC) slab whiletheflexible
pavement had a9" hot mixed asphalt (HMA) layer. The strain gaugesin therigid pavement were placed
near the bottom of the slab at the corner and near the top of the slab at the edge. The strain gaugesin the
flexible pavement were placed at the mid-depth of the HMA layer.

Tables 1 and 2 summarize the recommendations/findings of the rigid and flexible pavement studies,
respectively. The study evaluated the impact of agricultural equipment as compared to a standard
semitrailer truck loaded with 20,000 Ib/axle. Inthe case of therigid pavement, the compari son wasbased
on devel oping the same stress magnitude. In other words, how much axleload can agrain wagon carry
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in order to keep the same stress level as the semitrailer with 20,000 Ib/axle. In the case of the flexible
pavement, the fatigue and rutting lives were used to establish the axle equivalencies.

Thereport did not provide any specific conclusions or recommendations. However, if the data provided
in Table 2 are evaluated, it can be seen that for single axles on flexible pavements, the agricultural
vehicles can be allowed up to 5,000-7,000 Ib per single axle over the 20,000 Ib/axle load limit of the
semitrailer. In the case of dual-axle grain carts, the allowable load for the two axlesrangesfrom 33,200
during spring to 44,500 during fall as compared to 20,000 |b/single axle on a semitrailer.

Table 1: Load Capacity of Different Implements Resulting in Equivalent Stressin Rigid Pavementsto a 20-Kip
Single Axle on Semitrailer as Determined by the |l owa Study

Axle Load (Kips)

Vehicle/Axle Type Load Configuration Spring

Semitrailer Single axle dual tires 20 20
Tandem axle dual tires 41 42

Grain Wagon Single axle single tire 24.4 25
Tandem axle single tire 36 375

Honey Wagon Single axle single tire 24 25
Single axle dual tires 38 39
Tracked Wagon 108 in by 24 in track 110 110

Table 2: Effect of Seasonal Conditions on Flexible Pavements Capacity under Different Implements as
Determined by the lowa Study

Season Reference Axle Single Grain Wagon Dual Single Grain Wagon All Honey Wagons
Spring 20,000 25,200 33,200 25,200
Fall 20,000 27,800 44,500 27,800

In addition to the fact that the report on the lowa study did not provide any specific recommendations
on the issues of pavement damage caused by agricultural equipment, the study had some issues which
limitsits applicability to the current study.

. The study evaluated flexible pavements having 8" and 9" HMA layers (9" in the field
study and 8"in the theoretical study). Such pavementsare very thick relativeto what are

considered county roads.
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. The field instrumentation plan located the strain gauges near mid-depth of the newly
constructed HMA layer, which isnot an appropriate |ocation for measuring strains that
cause fatigue cracking of new flexible pavements.

. It was not clear from the report how the field measurements were used to meet the
objective of the research.

. No testing nor theoretical analyses were conducted on unpaved county roads.

Task 3: Identify Factors That Affect Pavement Response

| dentify primary factorsrelating to equipment, granular and flexible pavements, and environment, that
affect pavement response to load.

In order to devise an effective field testing program, it was necessary to identify the primary factorsthat
affect pavement response to load. The primary factors were divided into three groups: vehicle factors,
pavement factors, and environmental factors.

The primary factors of the off-road equipment commonly used in South Dakota were identified by the
project panel, and included axle type, spacing, load, tire type, size, inflation pressure, and vehicle
operating speed. The following equipment was sel ected:

. Terragator Model 8103 (three wheels) (Figurel)
. Terragator Model 8144 (four wheels) (Figure 2)
. Grain Cart (single axle) (Figure 3)

. Tracked Tractor (Figure 4)

. Scraper (Figure 5)

Terragators are used to apply agricultural chemicalsin thefield. Grain carts are used to transport grain
inthefield from combinesto trucks. Tractorsare used to pull grain carts and other equipment. Scrapers
are used for earth movement during roadway construction.

The primary pavement factors included structure, materials behavior, and in-situ conditions. The
pavement structure was handled by constructing thin and thick pavement sections at each location.
Materials behavior was handled by selecting locations with different soil deposits (clay and silt). The
in-situ conditions were measured using the falling weight deflectometer (FWD) test to evaluate the in-
Situ properties during field testing.
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Figure 2: Terragator 8144
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Figure 3: Grain Cart Pulled by a Tractor

Figure4: Tracked Tractor
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Figure5: Scraper

The environmental primary factorsincluded temperature and moisture. Theimpact of temperature and
moi sture were handled by testing during three seasons of fall, spring, and summer. The temperature of
the pavement during testing was measured using sensors embedded in the pavement structure at various
depths. The moisture content of the supporting layerswasreflected in the back-cal culated moduli of the
pavement layers.

Task 4: Propose and Test a Theoretical Pavement Response M odel

Propose and test a theoretical model of pavement response under load applied by off-road equipment
tiresand tracks.

Selecting atheoretical model to eval uate pavement response under |oads applied by off-road equipment
tires and tracks is not a simple task. The following represents a discussion of the issues that must be
considered while searching for the appropriate model.

The pavement structure represents acomplex system rel ativeto analyzing itsresponseto traffic loading.
Several factors must be handled correctly in order to accurately predict pavement response to traffic
loading. These factors include:

. Dynamic Nature of Traffic Loads—The dynamic nature of traffic loads is influenced by axle
load, gross vehicle weight, wheel path location and speed, and axle suspension, with axle load
having the greatest impact on pavement deterioration. Speed and road roughness interact to
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increase the dynamic wheel loadings. Axle suspension is effectively afilter for attenuating the
road induced dynamic loads. Various axle and suspension configurations filter the road inputs
differently, and therefore, each configuration hasadifferent potentia for attenuating theinputs.
Additionally, wheel basefiltering affectsthelow frequency dynamicloadsand, based onvehicle
speed, changes the bounce and pitch modes of the vehicle response.

. Nonuniform Pressure Distribution at the Tire-Pavement Interface—The tire-pavement
interaction mechanism controls the way in which traffic loads are transferred to the pavement
surface and, therefore, to the entire pavement structure. The tire inflation pressure and thetire
structure are the two most important factorsthat influence the contact area and contact pressure
at the tire-pavement interface for a given load magnitude. Most pavement analysis procedures
assume a circular contact area with uniformly distributed pressure equal to the tire inflation
pressure. However, several field and laboratory studies have contradicted these assumptions.
Recent Federa Highway Administration (FHWA) studies and other research on the
characteristics of the vehicle loading revealed that the loaded area is non-circular, with
nonuniform normal as well asinterfacial shear stress components (5,6,7).

. Dynamic Response of Pavement Structure—t is common knowledge that the loads generated
by the moving traffic are highly dynamic. Several field studies have shown that dynamic loads
generate pavement responseswhich aresignificantly influenced by vehicle speed. The pavement
is a layered system and the HMA surface layer exhibits viscoelastic behavior. It has been
hypothesized that the viscoelastic nature of the surface layer is the reason for the dependancy
of strain response on the vehicle speed. It hasbeen shown by Harr, Sebaaly and Tabatabaee, and
more recently by Dai et al (Mn/ROAD) that vehicle speed has asignificant effect on pavement
strain response (8,9,10). The latter two investigations measured the pavement strain response
directly by instrumenting the pavements with strain gauges. Sebaaly and Tabatabaee measured
longitudinal pavement strain response and reported that the strain reduced by as much as 50%
when the vehicle speed increased from 20 mph to 50 mph.

During the past several years, the research team at the University of Nevada has devel oped a pavement
response model that incorporates all of the identified critical factorsin evaluating pavement response
to vehicle loads (11). It is a moving-load model, which is capable of predicting pavement response
(strains, stressesand deflections) and treatsthetire-pavement interaction asamovingloaded area. It also
accounts for the dynamic nature of the moving load. It is a continuum-based finite-layer approach that
usesthe Fourier transform technique; therefore, it can handle complex surfaceloadingssuch asmultiple
loads and nonuniform and non-circular tire-pavement contact stresses (normal and shear). The tire
imprint can be of any shape, thus making thismodel suitableto analyzetiresand tracks used on off-road
equipment. The method is much more computationally efficient than the moving-load models based on
the finite element method. The HMA layer istreated as viscoel astic, in which the properties (complex
shear modulus and Poisson’ s ratio) can vary as afunction of frequency while the base course and the
subgrade are considered linear elastic. The validity of using linear elastic characterization of the base
and subgrade layers has been verified by Thompson and Barenberg and by recent studiesat Mn/ROAD
(10,12).
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A computer program 3D-M OV E has been devel oped incorporating the above solution technique. This
program can handle any number of layers with any type of load distribution at the surface. Based on its
excellent characteristics, the 3D-MOV E model was selected to model pavement responses under |oads
imparted by the off-road equipment evaluated in thisresearch. The applicability of the proposed model
has been verified using data generated by the commonly used elastic solutions under simple static
loading conditions and two full scale field tests (Penn State test track and Mn/ROAD). The results of
these verification efforts are summarized below.

A00.
FOT

— ELSYMS
A 3D-MOVE

Strain at Bottom of HMA (microns)

-100 -

200
raviv)

Distance Along Y-axis (m)

Figure 6: Comparison of Pavement Strains Calculated by 3D-M OVE and Multilayer Elastic Solution

Validation Using Existing Analytical Solutions

There are anumber of analytical solutions against which the applicability of the proposed mechanistic
model and the ensuing computer program (3D-MOVE) can be verified. Of course, the analytical
solutions are available only for many simplified conditions. Since ELSY M5 is one of the widely used
programsin pavement studies, it wasused to conduct the theoretical verification. The solutiontechnique
used in ELSYMS5 is based on Burmister’s elastic layer theory, while the Fourier transform technique
along with finite-layer formulation is used in the 3D-MOVE model. Therefore, validation using
ELSY M5 was considered an independent check. Furthermore, this validation using ELSY M5 verified
the capability of 3D-MOVE to ssmulate circular loaded area and its ability to combine layers with
different material properties. Figure 6 shows the computed results from ELSY M5 and 3D-MOVE for
atypical 3-layer flexible pavement loaded with a single axle equipped with dual tires. The results are
within 2%, indicating that the 3D-MOVE is capable of ssimulating correctly the static circular loads
applied to a layered system.
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Validation Using Penn State University Test Track Tests

Sebaaly et a. have reported on an extensive full-scal e fiel d-testing program sponsored by the Federal
Highway Administration (9, 13). The field-testing program included the installation of strain gauges,
pressurecells, thermocoupl es, and di splacement gaugesto measurethe response of in-service pavements
under moving truck loads. The gauges were installed at the Pennsylvania State University test track in
newly constructed pavement sections. Theexperimental planfor field testing focused onthelongitudinal
strain response time history at the bottom of the HMA layer (e, ) asafunction of vehicle speed and tire
load. A semitrailer-type vehicle with asingle drive axle in the front and a tandem axle in the rear was
used in the study. The actual field testing occurred during the summer of 1989 over a period of afew
months. The material properties for the pavement section were estimated from Falling-Weight
Deflectometer (FWD) tests.

Thein-situ material properties and the actual axle loads along with the actual pavement structure were
used in the 3D-MOV E model to predict the tensile strains at the bottom of the HMA layer under both
the single and tandem axles. Figures 7 and 8 show the maximum computed and measured strainsfor all
truck load levelsand axles. Thediagonal linerepresentsequal computed and measured strain responses.
Inthevast majority of the casesthe computed valuesare within therange of strainsmeasuredinthefield
tests. There is more disagreement at the higher level of strains. The higher strains are present when the
truck isfully loaded and in this case the tire load (dynamic) is expected to be significantly affected by
the roughness of the road. This may be the reason for the discrepancy between the computed and
measured responses. In light of the variability that can be expected in pavement material propertiesand
tire load generated by the roughness of the road, the comparison can be concluded as excellent.
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Figure 7: Comparison of Pavement Strains Calculated by 3D-M OVE and
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Validation Using Minnesota Road Tests

Dai et al have reported on an extensive full-scale field-testing program sponsored by the Minnesota
Department of Transportation and Minnesota Road Research Board (10). The field-testing program
included the installation of strain gauges, linear variable differential transformers (LVDT), and
thermocouples throughout the pavement and subgrade layers to measure pavement strains and
deflections due to moving truck loads and environmental conditions such as temperature and moisture
content. The gauges were installed at the Minnesota Road Research project test track located about 40
milesnorthwest of Minneapolis/St. Paul in Ostego, Minnesotaon and adjacent to | nterstate 94. Pavement
layer properties were also assessed using FWD testing at the time of the field tests.

Thein-situ material properties and the actual axleloads along with the actual pavement structure were
used in the 3D-M OV E model to predict thetensile strains at the bottom of the HMA layer under tandem
axles. Figures 9 and 10 compare the maximum pavement strains computed by 3D-MOVE aong with
those measured for the tandem axle loading. In the vast majority of the cases, the computed values are
within the range of field measured strains. The deviation of the computed response relative to the
measured range is believed to be due to the variability that can be expected in pavement material
properties and the variability in tire load generated by the road roughness.
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Task 5: Review Response M odel and Confirm Field Validation Plans

Meet with Technical Panel to review the pavement response model and to confirm plans for its field
validation.

The second meeting with the project panel was held on June 7, 2000 in Gettysburg, SD. The principal
investigator presented the results of the validation studies conducted on the proposed theoretical model
(3D-MOVE) and the field testing plans. Some of the major recommendations included the following.

. Select the 3D-MOVE model to predict pavement responses under off-road equipment.

. The list of equipment to be tested during in the field should include: Terragators, grain
carts, scraper, and tracked tractor.

. Thefield testing program should cover testing the sel ected equipment at the empty and

loaded conditions during the fall, spring and summer seasons.

Task 6: Measureln-Situ Response

Measure the in-situ response of representative granular and flexible pavements under load applied by
off-road equipment tires and tracks. Measurements should span seasons during full year, on three
pavement types (gravel, thin, and thick asphalt) and two soil types (weathered shale typical of central
and western South Dakota and silty soils typical of eastern South Dakota), under representative
equipment types.

Construction of Test Sections
In order to achieve the objective of thistask, pavement siteswereidentified on clayey and silty soils. At
each site, a thin flexible pavement, a thick flexible pavement, and a gravel or blotter road were
identified. A total of six pavement sections were constructed and instrumented during the summer of

2000.

Each flexible pavement section was instrumented with the following:

. Four strain gauges at the bottom of the HMA layer

. One pressure cell at the middle of the CAB layer

. One pressure cell 4" below the top of the subgrade layer
. One single layer deflectometer

. Temperature sensors throughout the pavement depth

The blotter surface section was instrumented with the following:

. One pressure cell at the middle of the CAB layer
. One pressure cell 4" below the top of the subgrade layer
. One single layer deflectometer
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The gravel surface section was instrumented with the following:

. One pressure cell 7" below the surface
. One pressure cell 10" below the surface
. One single layer deflectometer

Thesectionson US212 werenew construction, whilethe sectionson SD26 consisted of anHMA overlay
over an old flexible pavement. Each section was 100 ft long with 300-ft transition between the sections
on US212 and 400-ft transition between the sections on SD26. All instrumentation wasinstalled in the
outer wheel path. Figures 11 through 14 show the layout of the instrumentation for the six sections.
Figures 15 through 18 show the installation of strain gauges and pressure cells. The strain gauges were
first laid on top of the base and then covered with a thin layer of HMA to protect them from sharp
aggregatesduring lay-down and compaction activities. Thedelivery truckswereguided to avoid running
their tires directly over the strain gauges. After the overlay materials were laid over the strain gauges,
normal construction operationswerefollowed. Thepressurecellswereinstalled over athin layer of sand
to allow for accurate leveling of the gauge. Once the pressure cell was leveled, base materials were
compacted using ahand compactor (i.e. whacker) asshownin Figure 18. Thesinglelayer deflectometers
were installed after the construction was compl eted.

One hundred percent of the pressure cells were operational throughout the entire testing program. The
strain gauges experienced 85 percent survival rate throughout the testing program. The single layer
deflectometer on the blotter section had to be replaced after the spring season testing due to the failure
of the base course materials during the wet season testing

Field Testing Plan

Field testing programs were conducted on September 14-15, 2000, April 4-5, 2001, and August 28-29,
2001. Table 3 summarizesthe conditionsfor thefield testing programs. Each vehicle-load combination
wasdriven at itsnormal operating speed for aminimum of fivereplicate runs. The single axletruck was
tested at various time intervals during the day at speeds consistent with the off-road equipment being
tested at the time. The same equipment was tested on all flexible, blotter, and gravel surface sections
following the same field testing plan.

Measurement of Axle Loads

The South Dakota Highway Patrol measured the axle loads and tire pressures during the field testing
programs. Axle loads were measured using static scales used in load enforcement activities. The axle
load data showed that there were some minor differences among the axle loads used on different
sections. These differences were caused by the fact that vehicles may not have been loaded exactly to
the same level every time.
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Analysis of Field Data

This effort consisted of processing the data from the data acquisition software, which involved
identifying the responses of the individual gauges as the pavement was |oaded by the various vehicles.
Figures 19, 20, and 21 show typical responsesof the pressure, deflection, and strain gauges, respectively.
The peak responses were identified from each vehicle pass and are summarized in Appendix A.

Asindicated in Table 3, the grain cart was tested at the following conditions:

. Grain Cart at legal load: GCL
. Grain Cart at 60% above legal load: GC+60%
. Grain Cart at full load: GC+150%

The GCL condition was tested during the three seasons, the GC+60% was tested during the fall and
spring seasons, and the GCL+150% was tested during the summer season only.

Thefield testing program collected the pavement response under five replicates of each combination of
test vehicleand load level. In the case of pressure and deflection measurements, the replicate datawere
examined for repeatability and the average of the most repeatabl e set of measurements was cal cul ated
and reported. The repeatability of the pressure and deflection measurements was excellent (coefficient
of variationslessthan 5%). Inthe case of strain, theresponsesfrom all four strain gaugeswere examined
under each run and the maximum of all replicates was reported.

16.0

Rear Axle
140 <

120 «

100 Front Axle
0

8.0 o

6.0 «

Compression

Pressure at CAB (psi)

4.0 o

2.0 «

0.0 o

-2.0

16 17 1.8 1.9 2.0 2.1 22 2.3
Time (S)
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The datain Appendix A are missing some entries labeled as NC or NR. The NC symbol indicates that
the datawere not collected during the field testing program due to the unavailability of the specific test
vehicle-load level combination. The NR symbol indicates that the data were collected but not reported
as part of the study. This situation occurred when the measured data showed some erratic behavior
without any justification. Such data were considered the results of malfunctioning instrumentation or
inappropriate conditions of the test such as the vehicle being repeatedly far from the location of the
sensors. The NC condition occurred in 0.75 % of the data and the NR condition occurred in 3 % of the
data. Thelow percentages of the NC and NR conditionswere considered excellent for such an extensive
field testing program.

Sincethe ultimate objective of the data presented in Appendix A wasto assesstherelativeimpact of the
various vehicles as compared to the standard 18,000-1b single axle truck (loaded dump truck), these
analyses were conducted under the following guidelines:

. A pressure measurement lessthan 5 psi is bel ow the accuracy of the measuring sensor.

. A pressure measurement less than 5 psi does not impose a significant damage to the
pavement.

. A deflection measurement less than 5x107 in (5 mils) is below the accuracy of the
measuring sensor.

. A deflection measurement less than 5x102 in (5 mils) does not impose any damage to
the pavement.

. A strain measurement less than 25 microns is below the accuracy of the measuring
Sensor.

. A strain measurement less than 25 microns does not impose any damage to the
pavement.

Applying the above criteriato the field datain Appendix A resulted in excluding alarger number of the
subgrade responses than the base and surface layer responses.

Impact of Off-Road Equipment Based on Field Measurements

One objective of thefield testing program wasto assess theimpact of off-road equipment on pavements
using actual in-situ pavement responses. Field testing was conducted during thefall, spring, and summer
seasons. Thefall season representsawarm HMA layer (i.e. average pavement temperature of 95°F) and
amoist subgrade. The spring season represents a cold HMA layer (i.e. average pavement temperature
of 41°F) and awet subgrade. The summer season represents a hot HMA layer (i.e. average pavement
temperature of 108°F) and a dry subgrade. Using the field measurements, the impact of the following
factors were eval uated:
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. pavement type: paved and unpaved

. pavement thickness: thin and thick
. subgrade type: clay and silt
. season: fall, spring, and summer

Thisanalysis compared the impact of the various equipment relative to the 18,000-1b single axle truck.
The pavement response under each combination of vehicle-load level (Appendix A) wasdivided by the
pavement response under the 18,000-1b single axle. Thisanalysis excluded the pavement responsesthat
violated the criteriaset forth in the previous section. Appendix B summarizestheratios of the measured
pavement responses. When using the pavement response ratios to assess the relative damage of the
various vehicle-load combinations, the following guidelines were followed:

. Field measurements include the impact of dynamic load profiles induced by the
interaction between road roughness and vehicle suspension. The interaction between
road roughness and vehicle suspension generates atransient dynamic load that changes
in magnitude along the travel path of the vehicle. The transient dynamic load profileis
not exactly repeatabl e, introducing variations among the measured pavement responses
under replicate test runs.

. Field measurements include the effect of embedding sensors within a homogenous
material. Placing solid instruments—such as strain gauges, pressure cells, and single
layer deflectometers—withintheasphalt concrete, base, and subgradelayersdisturbsthe
internal state of these layers and introduces variations into the measured responses.

. Field measurementsincludethe accuracy and resol ution of the measuring sensors, which
at best can be at the 5 percent level. For example, a pressure sensor rated up to 100 psi
pressure, under ideal conditions, can be repeatabl e and accurate for measuring pressures
in the range of 5t0 95 psi.

. Field measurementsinclude el ectrical noisewhich can betransmitted through thewires,
the dataacquisition system, and the computer. The analysisof thefield datashowed that
the electrical noise levels were very minimal and did not present a problem.

Investigating each of the sourcesindependently, it was decided that their compounded impact could be
in the range of = 30%. This indicates that only the combinations of vehicle-load level producing a
response ratio greater than 1.30 should be considered significantly more damaging than the 18,000-1b
single axle truck.

Impact of Agricultural Equipment
Table4 summarizestheagricultural vehicle-load level combinationsresultingin ratioshigher than 1.30.
A “v” entry inthetableindicatesthat the vehicle-load level combination creates significant damageto

the pavement as compared to the 18,000-1b single axle truck. Figures 22-27 present a graphical
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comparison of the various ratios. The data summarized in Table 4 and Figures 22-27 can be used to
assess the effects of vehicletype, season, soil type, and pavement structure on the impact of the various
vehicle-load level combinations. While evaluating the datain Table 4 and Figures 22-27, it should be
noted that: a) thetracked tractor was not tested during August, 2001 (summer); b) the gravel sectionwas
not tested during August, 2001; c) the GCL+60% was not tested during August, 2001; and d) the
GCL+150% was only tested during August, 2001. Based on the summary of the field testing data
presented in Table4 and comparisons presented in Figures 22 through 27, thefollowing conclusionscan
be made:

. The Tracked Tractor was not more damaging than the 18,000-1b single axle truck on
both unpaved and paved pavements.

. Theunloaded Terragators 8103 and 8144 were more damaging than the 18,000-Ib single
axle truck on gravel and blotter pavements during the Spring and Summer seasons.

. The loaded Terragators 8103 and 8144 were more damaging than the 18,000-b single
axle truck on gravel, blotter, and flexible pavements during all three seasons.

. The Grain Cart loaded at the legal limit was more damaging than the 18,000-Ib single
axletruck on gravel, blotter, and flexible pavementsover silty soil during the Spring and
Summer seasons.

. The Grain Cart loaded over thelegal limit was more damaging than the 18,000-1b single
axle truck on gravel, blotter, and flexible pavements during all three seasons.

. The cold HMA layer during the spring testing significantly reduced the pressure and
strain responses while the surface deflection wasinfluenced more by the wet conditions
of the subgrade. The strain gauges on the SD26 sections were placed at the bottom of
the new HMA layer which located them near the center of acomposite HMA layer (i.e.
3inor4inof new HMA and 3in of old HMA). Thislocation representsthe zone where
strainsare changing from compressi on to tension making the magnitude of the measured
strainshighly sensitivetoin-situ conditions. Neverthel ess, themeasured strainson SD26
sections were valuable in assessing the damage imposed by heavy equipment relative
to the 18,000-1b single axle truck on overlaid flexible pavements, which represents the
condition of agreat number of flexible pavementsin South Dakota and throughout the
nation.

. The strain ratio on US212 identified fewer damaging vehicles than the strain ratios
measured on SD26. This behavior was caused by the lower bending strength of the
US212 sections as compared to the SD26 sections. The SD26 sections are built over a
3" old HMA layer that contributed to their higher bending strength. With US212 having
lower bending strength, the strains generated under the 18,000-1b. single axletruck were
high, which made the strain ratios lower than 1.30 except for extreme cases.
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. The additional 1" thickness of the HMA layer did not have a significant impact on the
damage of the various vehicle-load level combinations as compared to the 18,000-1b
single axle truck. However, when absolute values of the pavement responses are
compared, theadditional 1" of HM A showed some reductionsin themeasured pressures
and deflections.

. Thetype of subgrade soil (e.g. clay or silt) had an impact on the rel ative damage of the
various vehicles. This is shown by the significant variations in the response ratios
between the gravel and blotter sections and between the US212 and SD26 sections.

. The impact of vehicle speed on flexible pavements was evaluated by comparing
pavement responses measured under the 18,000-1b single axle truck at speeds of 40 and
20 mph. The analysis of this data showed that reducing the speed from 40 mph to 20
mphincreased the measured strains by 30-40%, whilethe speed impact on the measured
pressures and deflections was insignificant.

The preliminary recommendationsbased solely onthefiel d testing effortscan be summarized asfollows:

. The Tracked Tractor weighing less than 25,500 |b per axle should not be subjected to
any limitations.

. The Terragators should be subjected to certain limitations depending on their expected
load levels (unloaded vs. |loaded).

. The Grain Carts should be subjected to certain limitations depending on their expected
load levels (legal vs. over legal).

These preliminary recommendations led to the expanded analysis presented in the following sections.
Impact of the Scraper

As can be seen from Table 3, two different scrapers were tested: one during Fall 2000 and one during
Spring 2001. Both scrapers used the same tire type and tire inflation pressure, but had different load
levels. The scraper tested during thefall season had 59,700 Ib on the front axle and 41,400 b on the rear
axle while the scraper tested during the spring season had 72,900 Ib on the front axle and 44,750 |b on
the rear axle. The variations in the scrapers axle loads with similar tire type and inflation pressure
provided an opportunity to compare the impact of the scraper at four load levels ranging from 41,400
Ib/axle to 72,900 Ib/axle.

Figures 28 and 29 show the pavement response ratios generated under both the front and rear axles of
the scraperstested during thefall and spring seasons, respectively. It should be noted that the gravel and
blotter sections were not instrumented for strain measurement. Inspection of the data in these figures

36



leads to the conclusion that the scraper was significantly more damaging than the 18,000-Ib single axle
truck at axleload levelsranging from 41,400 to 72,900 |b/axle. Eventhough therear axle carried slightly
lower load, it still imposed significantly more pavement damage than the 18,000-1b single axle |oad.
Therefore, it isrecommended that neither the front nor the rear axle of the scraper be allowed to travel
on flexible and unpaved roads in South Dakota.

During the spring testing on SD26, a short experiment was conducted to compare pavement responses
generated by the scraper to those generated by an 11-axle semitrailer loaded with the scraper. The
comparison of the measured data indicated the following:

. Surface deflection caused by the scraper was 5-21 times the surface deflection caused
by the 11-axle semitrailer loaded with the same scraper.

. The pressures in the base and subgrade caused by the scraper were 3-9 times the
pressures caused by the 11-axle semitrailer loaded with the same scraper.

. The strains at the bottom of the HMA layer caused by the scraper were 5-21 times the
strains caused by the 11-axle semitrailer loaded with the same scraper.

The above ranges represent comparisons of the pavement responses under the scraper with those
measured under the various axles of the 11-axle semitrailer. The lower end represents the ratio of the
response under the scraper over the response under the heaviest axle of the semitrailer while the higher
end representsthe ratio of the response under the scraper over the response under the lightest axle of the
semitrailer. It should be noted that this comparison was conducted based on a single run without any
effort to establish repeatable results.
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Figure 22: Ratios of Pavement Responses Caused by Off-Road Equipment over
Pavement Responses Caused by 18,000-Ib Single Axle Truck, Gravel Section
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Figure 23: Ratios of Pavement Responses Caused by Off-Road Equipment over Pavement
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Figure 24: Ratios of Pavement Responses Caused by Off-Road Equipment over Pavement

Responses Caused by 18,000 Lb Single Axle Truck, US212 Thin Section
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Figure 25: Ratios of Pavement Responses Caused by Off-Road Equipment over Pavement

Responses Caused by 18,000-1b Single Axle Truck, US212 Thick Section
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Figure 26: Ratios of Pavement Responses Caused by Off-Road Equipment over Pavement

Responses Caused by 18,000 Lb Single Axle Truck, SD26 Thin Section
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Task 7: Validate and Refine Pavement Response M odel

Validate and refine the pavement response model based on results of the in-situ measurements.
Thetask of validating and refining the pavement response model requiresthe conduct of three subtasks
dealing with evaluation of materials properties, identification of tires characteristics, and analysis of
pavement responses.

Evaluation of Materials Properties

The objective of this subtask was to evaluate the properties of the pavement layers during the conduct
of the field testing programs. The required pavement layer properties include the following:

. complex shear modulusof theHMA layer under variousloading frequenciesand
temperatures

. resilient modulus of the crushed aggregate base

. resilient modulus of the subgrade.

A combination of laboratory and field testing were used to eval uate the complex shear modulus of the
HMA layer and the resilient modulus of the base and subgrade layers. The complex shear modulusis
a property that describes the viscoelastic behavior of the HMA layer under dynamic loading. The
complex shear modulus as a function of loading frequency and temperature was measured using the
Superpave Shear Tester (SST). The SST testing followed the AASHTO Standard TP7-94: Determining
the Permanent Deformation and Fatigue Cracking Characteristics of HMA Using the SST Device. The
testswere conducted in the Pavements/Materials Laboratory of the University of Nevada on coresfrom
the sections on US212 and SD26. The loading frequency ranged from 0.01 to 10 Hz.

The resilient modulus of the base and subgrade layersis a property that describes the elastic behavior
of these layers under dynamic loading. The FWD is a non-destructive testing device that measures the
|oad-deflection response of pavements. Themeasured FVD dataconsist of vertical deflectionsat various
distances from the center of the loaded area referred to as the “deflection basin.” The FWD deflection
basins are used in a back-calculation process that determines the resilient modulus of the various
pavement layers.

The backcalculation of the resilient modulus from FWD testing was used to evaluate the in-situ
properties of the pavement layers. This state-of-the-art technique is currently being used by the great
majority of state highway agencies in the United States and throughout the world. The SDDOT Data
Inventory Program conducted the FWD eval uations during thefield testing and provided the datato the
research team, who conducted the back-cal culation analyses. Table 5 summarizestheresilient modulus
data back-cal culated from the FWD testing during the field testing programs.
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Table5: Back-calculated Resilient M odulus Properties During Field Testing

Mr of New HMA Mr of Old HMA Base Mr of CAB Mr of Subgrade

Season Section (ksi) (ksi) (ksi) (ksi)
US212 Thin 100 na 25 8
US212 Thick 100 na 25 8
Fall 2000 US212 Gravel na na 25 8
SD26 Thin 350 300 15 10

SD26 Thick 350 300 15 10

Blotter on 348" Avenue na na 15 10

US212 Thin 746 na 25 438

US212 Thick 746 na 25 48

Spring 2001 US212 Gravel na na 25 438
SD26 Thin 2000 1000 15 10

SD26 Thick 2000 1000 15 10

Blotter on 348" Avenue na na 15 10

Identification of Tire Characteristics

The type and dimensions of the tire has a significant impact on the stress distribution at the tire-
pavement interface. Thetireinformation was obtai ned through acombination of : 8) measuring theactual
dimensions of the tires used during the field testing; b) contacting tire manufacturers directly; and c)
accessing web pages. Table 6 showsthetypesof tiresthat were used on the variousvehiclesduring field
testing. The mgjority of the equipment used lugged tires which generate highly complex stress
distributions at the tire-pavement interface. The scraper used during field testing had tires that were
extremely worn with aminimal amount of lugs area remaining, unlike the tires shown in Table 6. This
isatypical condition for heavy construction equipment like the scraper. Therefore, for the analysis
conducted in this study, the scraper tires were assumed to be unlugged. Figures 30, 31 and 32 show the
stressdistributionsat thetire-pavement interfacefor the Terragator, grain cart, and scraper, respectively.

The stress distributions at the lug-pavement interface were determined using a combination of field
measurements and theoretical computations. The tire manufacturers provided the gross contact area as
a function of load level for each tire type. During field testing, the researchers measured the actual
dimensions and orientations of the lugs. Using the gross area and the measured characteristics of the
lugs, the net contact area at the lug-pavement interface was established for every tire-load combination.
The stress distribution over each lug area was assumed parabolic based on data reported by Kasahara
and Fukuhara (14). Finaly, the actual values of the parabolic stress distributions were determined by
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applying the principle of equilibrium between the applied |oad and the contact stressestimesthe contact
area.

The stress distributions shown in Figures 30 through 32 were used in the theoretical model to evaluate
the response of the pavement sections as they are loaded by the field testing equipment. The complex
stress distributions made it very difficult to compare the measured and cal culated pavement responses.
As the vehicle with lugged tires passed over the instrumentation, the responses of the sensors were
significantly influenced by the location of the lugsrelative to the sensors. Thisintroduced variability in
the measured responses under multiple vehicle passes. Since the strain gauges were located the closest
to the pavement surface, they were the most significantly impacted by the relative location of the lugs.
The pressure cells and the deflection sensors were located deeper in the pavement structure, and
therefore were not significantly impacted. As aresult, the strain measurements showed larger overall
variability than the pressure and deflection measurements. Due to this problem, it was necessary to
calculatethe pavement responses under each vehicleaong atransverselineacrosstheentireloaded area
and to select the peak responses to be compared with the measured values.

Validate and Refine Pavement Model

The objective of this effort was to use the measured materials properties, axle loads, and tire pressures
inthetheoretical model to predict theresponsesof thefield sectionsunder the varioustesting equipment.
Because of time constraints, it was decided to use the September 2000 and April 2001 measurements
to validate and refine the pavement model. Comparison of the measured pavement responses with the
calculated ones was accomplished under the guidelines set forth under the section entitled, “Impact of

Off-Road Equipment Based on Field Measurements,” which discussed the anticipated sources of
variability in the measured data. The theoretical model computes a“single level response” under each
test condition (i.e. vehicle-load level combination) which does not include any of the sources of data
variability discussed earlier. Therefore, comparing the measured with the computed valuesshould allow
for the anticipated variability in the measured data coming from the previoudly identified sources. As
indicated earlier, the £ 30% range would be considered acceptable. In other words, if the field measured
pressure is 50 psi, the computed pressure would be compared to a range of 35 to 65 psi.

Using the measured materials properties, the measured load levels, and the pressure distributions at the
tire-pavement interface, the theoretical responses were computed for each vehicle-load level. Figures
33 through 38 in Appendix C show the ratios of the computed responses over the measured responses.
If the ratio fit within the expected range of 0.7 to 1.3 (measured response + 30%), then the theoretical
model was considered capable of predicting this specific response. Table 7 summarizes the results of
the comparisons. A 79% entry in Table 7 across from the Dump Truck (loaded) indicates that the
computed responses for the dump truck fit within the respective rangesin 79% of the cases.
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Table 6: Summary of Tire Types Used on Various Equipment

Vehicle

Tire Type

Grain Cart
875-16
30.532 ply12
High traction lug
Titan International
Terra Gator
8103
Flotation 23° Deep Tread Flotation 23° Deep Tread
66°43.0-25 10 ply 66°43.0-25 16 ply
Firestone
Terra Gator
8144 . o . o
Flotation 23° Deep Tread Flotation 23° Deep Tread
48°31.0-20 10 ply 66°43.0-25 16 ply
Firestone
Scraper

37.25-35
Firestone

Tracked Tractor

Trackman Rubber Track (Type TD)
Goodyear
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Figure 32: Stress Distribution at the Tire-Pavement Interface for the Scraper

The following scale was used to judge the capability of the theoretical model to predict the measured
responses:

Excedllent: 75-100 %
Moderate: 50-75 %
Poor: <50 %

Thedatain Table 7 show that the theoretical model’ s capability to predict the measured responses was
excellent for four vehicles and moderate for four vehicles. The capability of the theoretical model in
predicting pavement responses under the Terragator 8103 and the Scraper were ranked the lowest.
During field testing, the Terragator 8103 experienced extreme bouncing when driven over the
instrumented sections generating a highly variable dynamic load profile which can not be accurately
handled through theoretical modeling. In the case of the Scraper, the lower percent within range was
mainly caused by the pressure data collected during the spring season testing program. The Scraper used
during the spring season test was heavier than the Scraper used during thefall (72,900 Ib/axlevs. 59,740
Ib/axle). Under the extreme wet conditions and heavy axle loads, the theoretical model was unable to
simulate the dynamic pore water pressure that existed under these conditions, leading to the lower
percent within range. If the pressure data of the spring season are taken out of the comparison, the
percent within range for the Scraper becomes 75% (shown in parenthesisin Table 7).

In summary, considering all of the contributing factors and limitations of field instrumentation and
testing, and theoretical modeling, it can be concluded that the capability of thetheoretical model selected
for thisresearch (3D-MOVE) in predicting awide variety of pavement responses (e.g. stresses, strains,
and deflections) under the various combinations of off-road equipment and load levels was excellent.



Table7: Comparison of the Computed Pavement Responses with M easured Pavement Response

Vehicle Percent Within Range (%)
Dump Truck (loaded) 79
Terragator 8103 (empty) 65
Terragator 8144 (empty) 83
Terragator 8103 (loaded) 63
Terragator 8144 (loaded) 76
Scraper 62 (75)
Grain Cart (legal load) 69
Grain Cart (over legal load) 79

Task 8: Estimate Pavement L ife Consumed by L oad Application

Using results obtained from the validated pavement response model, estimate the amount of pavement
life consumed by application of loads by representative off-road equipment tires and tracks.

The objective of this effort was to expand the analysis of theimpact of off-road equipment to cover the
widerange of pavement structures and soil types commonly encountered in South Dakota. Based on the
available properties of typical South Dakota soil deposits, it was recommended to group the soil types
into four distinct classes as shown in Table 8. In order to cover a range of pavement structures, the
following layer thicknesses were recommended:

HMA Layer: 0", 1.5",3",5", and 7"
CAB Layer: 6" and 12"

The above combinationsresult in atotal of 10 pavement structures on each of the four soil type classes.
Recognizing that the properties of pavement materials change drastically at various seasons, each
pavement structure within each soil classwill havefour sets of seasonal properties. Table 9 summarizes
the seasonal resilient modul us of the pavementsevaluated in thiseffort. In summary, thiseffort analyzed
the following number of pavements:

Number of Pavements Analyzed = (5 HMA)x(2 CAB)x(4 soil classes)x(4 seasons) = 160 pavements

The approach used to assess the impact of off-road equipment on the 160 pavements consisted of the
following:
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. Identify the appropriate performance models for fatigue and rutting of flexible
pavements.

. Usethe verified/refined theoretical model 3D-MOV E to cal cul ate theresponserequired
by the performance models, for each of the 160 pavements under theloading conditions
imparted by the Terragators, scraper, and grain cart.

. Evaluatethefatigue and ruttingload equival ency factors (LEF) for Terragators, scraper,
and grain cart for the 160 pavements.

Table 8: Characteristics of Typical Soil Classesin South Dakota

Soil Type
Class Soil Type Soil Classification Representative Mr, ksi
1 Stanley and Aurora Opal and Beadle A-7-6(20), A-7-6(18) 45
2 Day and Brown Poinsett and Harmony A-7-6(14), A-7-6(19) 8
3 Potter, Hanson, Meade Highmore, Clarno, and Parchin | A-6(12), A-6(9), A-6(2) 10.5
4 Bennett Valentine A-3(0) 29

Table9: Seasonal M aterials Properties

Subgrade Mr (ksi)

HMA Mr (ksi) CAB Mr (ksi) Class 1 Class 2 Class 3
Winter 750 50 12 16 20 30
Spring 500 15 3 5 7 12
Summer 100 35 5 8 10 30
Fall 300 25 5 8 10 30

Identify Performance Models

Performance models relate pavement responses to number of load repetitionsto failure. In the case of
flexiblehighway pavements, performance model shave been devel oped for fatigue and rutting distresses.
This research selected the fatigue and rutting performance models that are being included in the
AASHTO 2002 Pavement Design Guide (15).
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Fatigue Performance Model
- -5
Nr = ,8& Equation (1)

where:

N; = number of load repetitions to fatigue failure

B = material constant, a function of mixtures properties and resilient modulus

g, = tensile strain at the bottom of the HMA layer (microns)
Thefatigue performance model indicatesthat the number of |oad repetitionsto fatiguefailure of flexible
pavementsisinversely related to the 5" power of the magnitude of the tensile strain at the bottom of the
HMA layer. Therefore, in order to predict the number of repetitions of a given vehicle-load level
combination to cause fatigue failure of aflexible pavement, thetensile strain at the bottom of the HMA
layer caused by the vehicle must be evaluated.
Rutting Performance Model

Rutting in the HMA Layer:

Rutting in the HMA layer is predicted by the equation:

E - 1781)( 10—4 N O.4262T2.028
&

Equation (2)

where:
g, = plastic compressive strain at middle of HMA layer (microns)
e, = resilient compressive strain at middle of HMA layer (microns)
N = number of load repetitions
T = average temperature of the HMA layer

Rutting in the Base and Subgrade:

Rutting in the base and subgrade is predicted by the equation:

&p
—=aN"
& Equation (3)

where:
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€, = plastic compressive strain at middle of base or on top of subgrade (microns)
g, = resilient compressive strain at middle of base or on top of subgrade (microns)
N = number of load repetitions

aand b = constants

The values of the a and b constants depend on the magnitude of the resilient compressive strain, as
shownin Tables 10 and 11. Therutting performance model sindicate that the accumulated plastic strain
intheHMA, CAB, and subgrade layersisrelated to the number of load repetitions and resilient strain.
In order to calculate the amount of rutting in each of the pavement layers, the plastic strains in the
various layers must be calculated and then converted into permanent deformations by multiplying the
plastic strainstimesthe layer thickness. Thetotal rutting at the pavement surface (i.e. rut depth, RD) is
the accumulation of the permanent deformations from the various layers.

PDi = & X Hi Equation (4)

RD = ) PDi

Equation (5)

where:

PD; = permanent deformation from layer i
e; = plasticstrainin layer i

H, = thicknessof layer i, inches

RD = total surface rut depth, inches

Therefore, in order to predict the number of repetitions of a given vehicle-load level combination to
causerutting failure of aflexible pavement, the compressive strain at the middl e of each of the pavement
layers caused by the vehicle must be evaluated. In the case of the subgrade, it was assumed that the top
24 inches would contribute to surface rutting. Therefore, the plastic strain was calculated at 12 inches
into the subgrade and multiplied by 24 to estimate the total rutting from the subgrade.

Evaluate Load Equivalency Factors

Thisanalysisrequiresthetransformation of therel ativedamageintoload equivalency factors(LEF). The
LEF is defined as follows (16):

A load equivalency factor represents the number of repetitions of the 18,000-Ib single
axle load necessary to cause the same damage as one repetition of the specific vehicle-
load level combination. For example, avehicle-load level combination with LEF of 10
indicates that it takes 10 passes of the 18,000-1b single axle load to cause the same
damage as one pass of the vehicle-load level combination. In other words, one pass of

58



thevehicle-load level combination isequivalent to 10 passesof the 18,000-Ib singleaxle
load.

Table 10: Rutting M odel Coefficientsfor Base Course Layer

Strain Level (microns) a b

50 0 0
200 0.7 0.19
500 12 0.28
600 1.33 0.18
700 1.29 0.19

800 1.25 02

4800 1.04 0.36
5400 1.48 0.19
21800 1.01 0.61
27700 1.01 0.55

Table 11: Rutting Model Coefficientsfor Subgrade

Strain Level (microns) a b
60 0 0

200 08 0.13

400 1.25 0.15

800 1.63 0.13

1700 1.24 0.16

5300 1.32 0.14

9100 2.2 0.14

9900 2.02 0.16

29600 1.01 0.61

59




Fatigue Load Equivalency Factors

Thefatigue LEF iscalculated astheratio of the measured tensile strain at the bottom of the HMA layer
under agiven vehicle-load level combination to the measured tensile strain under the 18,000-1b single
axletruck, raised to the 5" power. Note that the material constant p cancels out since the LEF is based
on the same pavement section.

For example, the fatigue LEF for the loaded Terragator 8144 on the US212 thin section during the fall

.;

Equation (6)

Rutting Load Equivalency Factors

Therutting LEF is calculated asthe ratio of the number of repetitions of the 18,000-1b single axle truck
over the number of repetitions of a given vehicle-load level combination to cause 0.5 inches surface
rutting. Thisprocessrequiresthe determination of the rut depth generated by each of thelayersand then
sums up all layer contributions to evaluate the total rut depth. Since the vertical strains are needed for
this calculation, the theoretical data base will be used to give a sample calculation.

The rutting LEF for Terragator empty on a flexible pavement of HMA = 5" and CAB = 6" during the
fall season is calculated as follows:

. Calculate the resilient compressive strains at the middle of the HMA and CAB layers
and at 12" into the subgrade;

e, (HMA) = 181 microns

g, (CAB) = 613 microns
g (SG) = 600 microns
. Usetheresilient compressive strainsin Equations 2 and 3 to calcul ate the plastic strains

in each of the pavement layers at a given number of repetitions.

. Use the plastic strainsin Equation 4 to cal cul ate the permanent deformation from each
of the pavement layers.

. Use the permanent deformations from each of the pavement layers in equation 5 to
calculate the rut depth at the pavement surface.

. A trial and error procedure is used to identify the number of repetitions of the empty
Terragator needed to generate the 0.5" surface rutting. In this example, the number of
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repetitions of the empty Terragator necessary to create 0.5" rut depth, Nrgaguor =
201,000.

A similar analysis conducted for the 18,000-1b single axle truck on the same pavement and during the
same season, generated a N, = 221,000.

Therefore the rutting LEF for the empty Terragator on flexible pavement of HMA =5" and CAB = 6"
during the fall season would be:

Ntruck _ 221,000 _
NTerragator B 201,000 -

11

LEF (Terragator empty, fall) =
Equation (7)

Interpretation and Use of Load Equivalency Factors

Tables12 and 13 summarizethe LEFsfor fatigue and rutting for all 160 pavement sections, respectively.
The fatigue LEF data presented in Table 12 show “n/a” entries for the scraper on flexible pavements
with HMA = 1.5" during the summer season. In these cases, the fatigue LEFs could not be calculated
due to limitations of the theoretical model in calculating strainsin very thin HMA layers when |oaded
with extremely large loads/contact areas such asthe scraper. Thisalso indicatesthat the fatigue damage
of very thin flexible pavements caused by the scraper isextremely significant to the point that it can not
be modeled.

Appendix D shows the variations of the LEFs. The data presented in Tables 12 and 13 and Appendix
D clearly show that the LEFs are significantly impacted by soil class, vehicle type, and pavement
structure. When analyzing the LEF data, it should be understood that they represent the damage (i.e.
fatigue or rutting) that a given vehicle-load combination causes on a pavement structure in a given
season relativeto the 18,000-1b single axle truck. The LEF concept makesit difficult to identify general
trendsand correlationsamong the L EF values. For exampl e, on astrong pavement structure, theimpacts
of both agiven vehicle-load combination and the 18,000-1b single axle truck may be small, but theratio
between them may be higher than their ratio on aweak pavement structure. This situation may generate
a strong pavement’s LEF that is higher than the weak pavement’s LEF. However, this can not be
translated into an observation that the vehicle-load combination is more damaging to strong pavements
than weak pavements. In light of this discussion, it can be concluded that the fatigue and rutting LEFs
can be best used to assess the relative impact of specified cases.

Since pavements can fail in either fatigue or rutting, the pavement engineer must always assess the
potential for both failures and report the worst case. Therefore, for every situation a critical LEF is
identified as the higher between the fatigue and rutting LEFs. The following present two cases on the
use of the LEFs.

61



CASE I: Itis desired to know the relative damage of the scraper on a pavement having 5" HMA over 6" CAB during the spring
season. The LEFs would be identified from Tables 12 and 13 as follows:

Soil Class Fatigue LEF Rutting LEF
1 555 94
2 528 47
3 506 32
4 467 16

In this case the fatigue LEFs are significantly higher than the rutting LEFs. This requires the engineer to report the fatigue LEFs.
Also the fatigue LEFs have lower variability which makes the engineer’s decision less complicated.

CASE II: It is desired to know the relative damage of the loaded Terragator on a pavement having 3" HMA over 6" CAB during
the spring season. The LEFs would be identified from Tables 12 and 13 as follows:

Soil Class Fatigue LEF Rutting LEF
1 6.2 151
2 5.7 48
3 5.3 20
4 4.9 1.0

This case represents a more complicated situation to the engineer for two reasons: a) the critical LEF depends on the soil class
and b) the rutting LEFs are highly variable. Therefore, the engineer must know additional information as to the location of the
pavement within the state before an appropriate LEF can be assigned. The critical LEF can be either rutting or fatigue
depending on the type of soil at the specific site.

Numerous scenarioslikethe two above can be generated by analyzing the rel ative damages on different
seasons, different pavement structures, different soil classes, etc. The figuresin Appendix D show the
expected ranges of the critical LEFs (i.e. higher of fatigue or rutting). Looking at the datain Appendix
D leads to the following conclusions:

. Significant fatigue damageis caused on ultra-thin flexible pavements of 1.5 HMA over
6" and 12" CAB by all vehicle-load combinations during the summer season. The
following observations can be made:

S One trip of the empty Terragator is equivalent to 51-150 trips of the 18,000-1b
single axle truck.

S Onetrip of theloaded Terragator isequivalent to 230-605 trips of the 18,000-1b
single axle truck.
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S One trip of the legally loaded grain cart is equivalent to 77-240 trips of the
18,000-1b single axle truck.

S Onetrip of thegrain cart over legal isequivalent to 264-799 trips of the 18,000-
Ib single axle truck.
S The empty scraper is detrimental to ultra-thin flexible pavements.
. On unpaved roads and flexible pavements that are not ultra-thin (HMA = 3"-7"), the

following observations can be made:

S Onetrip of theempty Terragator isequivalent to 1-3 tripsof the 18,000-Ib single
axle truck.

S One trip of the loaded Terragator is equivalent to 2-20 trips of the 18,000-1b
single axle truck.

S Onetrip of thelegally loaded grain cart isequivalent to 1-5 trips of the 18,000-1b
single axle truck.

S Onetrip of the grain cart over legal is equivalent to 1-20 trips of the 18,000-1b
single axle truck.

S One trip of the empty scraper is equivalent to 20-2900 trips of the 18,000-1b
single axle truck.

The above observations express the relative damage in terms of ranges of equivalent trips. The lower
end of each rangerepresentsthe number of tripsexpected on thick pavementsover strong subgrade soils,
while the upper end of the range represents the number of trips expected on thin pavements over weak
subgrade soils.

These observations lead to the same conclusions derived from the field testing program, which
recommended that the movement of |oaded Terragators, grain cart over legal, and the empty scraper over
gravel and flexible pavements be regulated. In addition, these observations point out the extreme
vulnerability of ultra-thin pavementsto fatigue damage as they are subjected to loadings from off-road
agricultural and construction equipment.

Task 9: Review Results and Refine Plans

Meet with the technical panel to review the results of Tasks 6-8 and to refine plansfor remaining tasks.

A third meeting with the project panel was held on October 18, 2001, in Pierre, SD. Theanalysisof field
dataand the expanded pavement damage datawere presented and discussed with the project panel. The
following represent the major recommendations:

. Further investigate the Terragatorsand grain carts through a comparative DamagesCost
analysis process.

. The scraper should not be investigated further because of its extremely high damage
potential.
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. Thetracked tractor should not beinvestigated further because of itslow damage impact.

Task 10: Estimate Pavement Damage Costs

Estimate pavement damage costs attributable to loads applied by off-road equipment tires and tracks,
aswell as the economic benefits to users of the equipment, and compare them.

The original research plan called for estimating pavement damage costs caused by off-road equipment
tiresand tracks and comparing such coststo the benefit of operating the off-road equipment on unpaved
and flexible pavements. Theoriginally planned analysiswould have estimated the overall impact of off-
road equipment as a function of its anticipated number of repetitions and relative to the overal life of
the pavement. After presenting this approach to the technical panel under Task 9, the panel concluded
that devel oping recommendations based on the anti ci pated number of repetitionswould bevery difficult
to implement and justify since such regulationsare not being implemented for standard highway traffic.
Therefore, the scope of this task was changed to conduct a comparative DamagesCost analysis.

Based on the recommendations of the technical panel, thistask concentrated on the pavement damage
caused by the Terragators and the grain cart. The load equivalencies determined for each vehicle-load
level combination indicated that pavement damage caused by off-road equipment is significantly
impacted by load level, season, and pavement structure, while the soil type was only significant for
unpaved and ultra-thin pavements.

. Load Level—The LEFs associated with the axle load level indicated that the empty
Terragators and the grain cart loaded at legal limit cause minor pavement damage
relative to the 18,000-1b single axle truck, while the loaded Terragators and the grain
cart loaded over legal caused significant damage.

. Season—T he seasonal L EFsshowed that theimpact of the season dependson thefailure
mode. In the case of rutting failure, the spring season was the most significant. Thisis
supported by the fact that under heavy loads such as those evaluated in this study, the
base and subgrade layers become the predominant contributors to permanent
deformation. During the spring season, these layersare at their weakest state dueto their
wet condition and they exhibit more permanent deformation than during the other
seasons. In the case of fatigue failure, the summer season was the most significant.
Again, heavy loads generate high tensile strains during the summer season, which
accel erate fatigue damage of the HMA layer.

. Pavement Structure—T he structure of the pavement showed a significant impact asthe
LEFswere compared among the unpaved, ultra-thin (1.5 HMA), thin (3" HMA), and
thick (5"-7" HMA) pavements. The unpaved roads only experience rutting damage. The
ultra-thinflexiblepavementswereextremely vul nerableto fatigue damage. Both fatigue
and rutting damage can occur on thin and thick flexible pavements, depending on load
level and season.
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. Soil Type—Asthein-situ strength of the subgrade soil increased, the LEFs decreased for
the unpaved and ultra-thin pavements. For thin and thick pavements the LEFs were
virtually unaffected by the in-situ strength of subgrade soil.

Comparative DamagesCost Study

Theobjective of thiseffort wasto assessthe damage rel ative to the cost of transporting the commodities
on the Terragators and grain carts. Thisanalysis assumed that equipment operators have the following
two options:

. transport the commodities on Terragators and grain carts, or
. transport the commodities on standard highway vehicles.

Itisclear that thefirst option creates additional pavement damage, while the second imposes additional
expense to the equipment operators. The goal of the Damage+Cost analysiswas to assess the combined
importance of the two attributes by minimizing the DamagesCost multiplier. Minimizing the product
of cost and damage tends to minimize the combination of the two, rather than minimizing one on the
expense of the other, therefore achieving abalance. In addition, minimizing the product doesnot require
that the two quantities bein the same units of measurements. The Damage+Cost analysiswas conducted
under the following guidelines:

. Group the pavement structureinto four categories: @) unpaved; b) ultra-thin; c) thin; and
d) thick.
. Select the critical LEF (i.e. rutting or fatigue) and average the LEF over all seasons.

DamagesCost Analysis for Terragators

A loaded Terragator can carry anet load of 16,000 Ib of chemicals. Considering that some jobs can be
small while others can be large, multiple scenarios were analyzed: a) jobs requiring asingle Terragator
load; b) jobs requiring double Terragator |oads; and c) jobs requiring triple Terragator loads.

For jobsrequiring asingle Terragator load, the equipment operators have five choices: a) transport the
chemicals on the Terragator; b) transport the chemicalson atrailer pulled by the Terragator at a cost of
$0.10/mile; ¢) transport the chemicals on a single axle truck at a cost of $0.50/mile; d) transport the
chemicalson atandem axletruck at acost of $0.65/mile; and €) transport the chemicalson atridem axle
truck at acost of $0.72/mile.

For jobs requiring double Terragator |oads, the equipment operators have six choices: a) transport the
chemicals on the Terragator with two trips; b) transport the chemicals on a trailer pulled by the
Terragator with two trips at a cost of $0.10/mile for the first trip and $0.60/mile for the second trip; €)
transport the chemicals on a single axle truck with two trips at a cost of $0.50/mile; d) transport the
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chemicals on atandem axle truck with two trips at a cost of $0.65/mile; €) transport the chemicals on
atridem axle truck with onetrip at acost of $0.72/mile; and f) transport the chemicals on a semitrailer
truck at a cost of $1.50/mile.

For jobs requiring triple Terragator loads, the equipment operators have six choices: a) transport the
chemicals on the Terragator with three trips; b) transport the chemicals on a trailer pulled by the
Terragator withthreetripsat acost of $0.10/milefor thefirst trip and $0.60/milefor the second and third
trips, c) transport the chemicalson asingle axletruck with threetripsat acost of $0.50/mile; d) transport
the chemicals on atandem axle truck with two trips at a cost of $0.65/mile; €) transport the chemicals
on a tridem axle truck with two trips at a cost of $0.72/mile; and f) transport the chemicals on a
semitrailer truck at a cost of $1.50/mile.

The damage caused by the single, tandem, and tridem axles were determined using the AASHTO LEF
for asingle axle at 20,000 Ib to be 1.5, for atandem axle at 30,000 |b to be 0.65, and at 34,000 Ib to be
1.1, and for atridem axle at 30,000 Ib to be 0.15 and at 42,000 Ib to be 0.60 for all pavement structures
and soil types. The damage caused by theloaded Terragator was determined using the LEFs established
inthisstudy. The pulled trailer was assumed to have two single-tired axlescarrying 11,000 Ib each. The
LEF for the pulled trailer axles were determined using the AASHTO and SDDOT study No. SD92-06
(17). The SD92-06 study recommended that single tires LEF can be estimated by multiplying the
AASHTO LEF for dual tires by afactor of 2.18. Using this approach, the total LEF for the two trailer
axles was determined to be 0.65 at 11,000 Ib/axle. The cost of the pulled trailer includes both the
operating cost of the Terragator and trailer. Therefore, the cost of the pulled trailer for the first trip is
lower than for the second and third trips since the Terragator will have to make the first trip to the job

site anyway.

Table 14 summarizestheload level sand the corresponding number of tripsrequired for each job for the
various aternatives along with the estimated costs. The objective of this analysis was to identify the
optimum method of transporting chemicals to the job site which produces minimum damage at the
lowest possible cost. For this purpose, the DamagesCost multiplier was defined as the damage caused
by each alternative times the corresponding cost. Therefore, the vehicle type generating the lowest
multiplier was considered the optimum transportation method. Thefollowing represent the cal cul ations
of the DamagesCost multipliers.
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Job Requiring One Terragator Load

Vehicle Type: Pulled trailer
First Trip: [(1.5, damage from Terragator) +(0.65 , damage from pulled trailer)] x $0.10, cost of 1% trip
Total DamageCost multiplier: 0.22

Vehicle Type: Single axle truck
First Trip: (1.5, damage from single axle truck) x $0.50, cost of 1% trip
Total DamageCost multiplier: 0.75

Vehicle Type: Tandem axle truck
First Trip: (0.65, damage from tandem axle truck) x $0.65, cost of 1 trip
Total DamageCost multiplier: 0.42

Vehicle Type: Tridem axle truck
First Trip: (0.15, damage from tridem axle truck) x $0.75, cost of 1* trip
Total DamageCost multiplier: 0.11

Job Requiring Two Terragator Loads

Vehicle Type: Pulled trailer

First Trip: [(1.5, damage from Terragator) +(0.65 , damage from pulled trailer)] x $0.10, cost of 1% trip

Second Trip: [(1.5, damage from Terragator) +(0.65 , damage from pulled trailer)] x $0.60, cost of 2™ trip
Total DamagesCost multiplier: 1.51

Vehicle Type: Single axle truck

First Trip: (1.5, damage from single axle truck) x $0.50, cost of 1* trip

Second Trip: (1.5, damage from single axle truck) x $0.50, cost of 2" trip
Total DamageCost multiplier; 1.50

Vehicle Type: Tandem axle truck

First Trip: (0.65, damage from tandem axle truck) x $0.65, cost of 1% trip

Second Trip: (0.65, damage from tandem axle truck) x $0.65, cost of 2" trip
Total DamageCost multiplier: 0.85

Vehicle Type: Tridem axle truck
First Trip: (0.60, damage from tridem axle truck) x $0.75, cost of 1* trip
Total DamageCost multiplier: 0.45

Vehicle Type: Semitrailer
First trip: (1.30, damage from semitrailer) x $1.15, cost of 1* trip
Total DamageCost multiplier: 1.50
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Job Requiring Three Terragator loads

Vehicle Type: Pulled trailer

First Trip: [(1.5, damage from Terragator) +(0.65 , damage from pulled trailer)] x $0.10, cost of 1% trip
Second Trip: [(1.5, damage from Terragator) +(0.65 , damage from pulled trailer)] x $0.60, cost of 2™ trip
Third Trip: [(1.5, damage from Terragator) +(0.65 , damage from pulled trailer)] x $0.60, cost of 3" trip

Total DamageCost multiplier=2.80

Vehicle Type: Single axle truck

First Trip: (1.5, damage from single axle truck) x $0.50, cost of 1* trip
Second Trip: (1.5, damage from single axle truck) x $0.50, cost of 2" trip
Third Trip: (1.5, damage from single axle truck) x $0.50, cost of 3" trip

Total DamageCost multiplier=2.25

Vehicle Type: Tandem axle truck

First Trip: (0.65, damage from tandem axle truck) x $0.65, cost of 1* trip
Second Trip: (0.65, damage from tandem axle truck) x $0.65, cost of 2" trip
Third Trip: (0.65, damage from tandem axle truck) x $0.65, cost of 3" trip

Total DamageCost multiplier=1.27

Vehicle Type: Tridem axle truck

First Trip: (0.60, damage from tridem axle truck) x $0.75, cost of 1* trip

Second trip: (0.15, damage from tridem axle truck) x $0.75, cost of 2" trip
Total DamagesCost multiplier=0.56

Vehicle Type: Tractor-Semitrailer
First trip: (2.2, damage from semitrailer) x $1.15, cost of 1rst trip
Total Damage*Cost multiplier=2.53

Table 14: Summary of L oads, Number of Tripsand Additional Costs

Single Axle Tandem Axle Tridem Axle Tractor-Semitrailer

Terragator Pulled Trailer Truck Truck Truck Truck
Empty weight (Ib) 31,000 6,000 12,000 20,000 23,000 30,000
Loaded weight (Ib) 46,000 22,000 28,000 40,000 55,000 78,000
Net load (Ib) 16,000 16,000 16,000 20,000 32,000 48,000
# of trips to transport 1 1 1 1 1 1 na
Terragator load
# of trips to transport 2 9 9 2 9 1 1
Terragator loads
# of trips to transport 3 3 3 3 3 2 1
Terragator loads

" . $0.10 first trip

Additional cost none $0.60 per $0.50 $0.65 $0.75 $1.15

$/mile/trip

additional trip
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Table 15 summarizes the DamagesCost multipliersfor all possible aternatives. The damage caused by
the Terragators showed arange for the unpaved and ultra-thin pavements, reflecting the impact of the
subgrade soil on these pavements. The lower value represents the strong soil and the higher value
represents the weak soil. The data presented in Table 15 show that transporting the chemicals on the
Terragator isdefinitely not the optimum method, sinceit causes significant pavement damage under all
cases.

Based onthe above analysis, it can be recommended that the tridem axletruck isthe best transportation
alternative for jobs requiring single, double and triple Terragator loads.

Damage*Cost Analysis for Grain Carts

A fully loaded 800-bushel grain cart can carry a net load of 48,000 Ib of grain. Such aload can be
transported using the following scenarios: a) threetrips of asingle axletruck at $0.50/mile; b) two trips
of atandem axle truck at $0.65/mile; c) two trips of atridem axle truck at $0.75/mile; or ¢) one trip of
atractor-semitrailer at $1.15/mile. The DamagesCost analysiswas conducted usingthe AASHTO LEFs
for the standard trucks and the established LEFs for the grain cart over legal weight.

Table 16 summarizes the comparative DamagesCost data for the grain cart. The damage caused by the
grain cart showed arange for the unpaved, ultra-thin, and thin pavements, reflecting the impact of the
subgrade soil on these pavements. The lower value represents the strong soil and the higher value
represents the weak soil. The objective of this analysis was to identify the optimal method of
transporting grain to storage bins or to commercial grain elevators which produces minimum damage
at thelowest possible cost. The datapresented in Table 16 show that transporting grain on the grain cart
is definitely not the optimal method because it causes significant pavement damage under all cases.
Based theanalysis, it can be seen that atridem axle truck isthe optimum method for transporting grains.

Task 11: Develop Recommendations for Regulation

Develop recommendations for regulating transportation of off-road equipment over state and local
highways, in consideration of the balance between associated costs and benefits.

Based on the analysis of the field data, the expanded data base derived from modeling, and the findings
of the Damage+Cost analysis, it can be concluded that |loaded Terragators and grain carts loaded over
legal are damaging to unpaved and flexible pavements while the scraper is significantly damaging to
unpaved and flexible pavements. It isrecommended that thefoll owing regul ations shoul d be considered.

. Scrapers should not be allowed to travel over unpaved roads and flexible pavements

throughout the state of South Dakota. Transporting scrapers on multi-axle trucks
meeting legal load limits causes far less pavement damage.
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. Terragators should only be allowed to travel empty on unpaved roads and flexible
pavements. Transporting agricultural chemicalsto thefield using legally loaded trucks
and loading onto Terragators at the job site causes far less pavement damage.

. The high pressure concentrations at the lugged tire-pavement interface (more than 150
psi) could be highly damaging to unpaved roads during extremely wet seasons and to
flexible pavementsin areas where high turning actions are anticipated. Therefore, it is
recommended that themovement of Terragatorson extremely wet unpaved roads should
beregulated. Also Terragatorsshould not beallowed to maneuver on flexible pavements
during the hot summer season.

. Grain carts traveling on unpaved roads and flexible pavements should only be allowed
to transport the legal load limit.

. Specia load restrictions should be posted on flexible pavements having HMA layer
equal or lessthan 1.5" thick (including bl otter) to prevent severefatigue damages caused
by all types of off-road equipment during the summer season.

Task 12: Prepare Final Report

Prepareafinal report summarizngresearch methodol ogy, findings, conclusionsand recommendations.
This task prepared a final report documenting the field testing, data analyses, findings, and
recommendations of all the research tasks of this project. Thefinal report was submitted to SDDOT for

review and comments and then revised to incorporate these comments.

Task 13: M ake Executive Presentation

Make executive presentation to SDDOT's Research Review Board and a meeting of industry
associations at the conclusion of the project.

An executive presentation wasmadeto the SDDOT Research Review Board in Pierre, SD on November
28, 2001. The executive presentation was prepared by the research team and presented by the SDDOT’ s
project manager due to a scheduling conflict. The presentation covered all the research activities that
were accomplished in this project and the resulting recommendations.
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FINDINGSAND CONCLUSIONS

Thisresearch study eval uated the effects of off-road equipment tires on flexibleand granul ar pavements
through acombination of field testing and theoretical modeling. The combination of thetwo approaches
allowed theinvestigation to cover awide range of pavements, materials, and environmental conditions.
Interactions among these conditions created unique situations under which the impact of the various
equipment were evaluated. The analysis of the data generated from these experiments led to the
following findings and conclusions.

. Off-road equipment using lugged tires generates very complex stressdistributions at the
lug-pavement interface leading to extremely high concentrated pressures in excess of
150 psi, even under the relatively low inflation pressures of 30 psi. Because lugs do not
sink into the pavement surface as they do on soft soils to allow the full tire surface to
bear load, these high stress distributions can be very damaging to HMA surfaces during
warm seasons.

. The seasonal in-situ properties of the pavement layers play amajor role in controlling
therelative damage caused by the off-road equi pment. The summer season representing
a soft HMA layer is most critical for fatigue damage, while the spring season
representing a wet base/subgrade is the most critical condition for rutting damage.

. Off-road equipment damage of unpaved roads can bein theformsof rutting and surface
disintegration, while the damage caused on flexible pavements can be in the forms of
rutting, fatigue, and surface disintegration. Reducing theaxleload of off-road equi pment
significantly reduces the potential for all damage types on both unpaved roads and
flexible pavements.

. Off-road equipment can be categorized into three groups. a) non-damaging, b)
damaging, and c) significantly damaging. The non-damaging group includesthetracked
tractor weighing less than 25,500 Ib per axle, the empty Terragators, and the legally
loaded grain carts. The damaging group includesthe loaded Terragators and over legal
grain carts. The significantly damaging group includes the empty scraper.

. The transportation of equipment within the damaging group on unpaved roads and
flexible pavements could cause damage ranging from medium to significant depending
on the season, the type of soil, and pavement structure. The equipment should bedriven
unloaded and use legaly loaded standard highway vehicles to transport their
commoditiestothefield. Thetransportation of the significantly damaging group, i.e. the
scraper, on unpaved roads and flexible pavements could cause severe and detrimental
damage.

. The ultra-thin flexible pavements, HMA <1.5", are very vulnerable to fatigue damage
under all combinations of vehicle-load levels. The transportation of the off-road
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equi pment on such pavementsshould be highly controlled, especially during the summer
season when the HMA layer is extremely soft due to the elevated temperatures.
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IMPLEMENTATION RECOMMENDATIONS

Theimplementation recommendations from thisresearch are the result of the combined efforts of field
testing and theoretical modeling. Field testing provided pavement responses under specific agricultural
equipment and a scraper. Theoretical modeling was used to expand the applicability of the research
findingsover therange of various pavementsand environmental conditionsthroughout the state of South
Dakota. Theoretical modeling used the load levels that were tested in the field along with their
correspondingtiretypesand pressuresto predict the pavement damage caused by thevariousagricultura
and heavy construction equipment.

It should be recognized that theoretical modeling is not dependent on the vehicle type but rather is a
function of thetire, axleload, and inflation pressure. Furthermore, the analysis of the dataindicated that
the most critical factors are tire lugs and the magnitude of the load. The lugs contributed significantly
to the fatigue performance of flexible pavements while the load level was the most predominant factor
on the rutting performance of both flexible and unpaved pavements.

The analysis conducted in this study compared the damage caused by agricultural and construction
equipment relativeto the 18,000-1b single axletruck. Thisapproach was sel ected to stay consistent with
current pavement design, analysis, and management technol ogies which use the 18,000 ESAL concept.
However, it should be noted that the single axlelegal load limit in South Dakotais 20,000-1b, which has
aload equivalency factor of 1.5. Therefore, any recommendation concerning the damage caused by
agricultural and construction equipment will be compared to both the 18,000-1b single axle truck and
the 20,000-1b legal 1oad limit.

Using the combined data from field testing and theoretical modeling, this research project supports
implementation recommendations that are both vehicle-specific and generalized to any lugged tires
under a certain load level. The following represent the recommendations resulting from this research.

Vehicle Specific Recommendations

. Scrapers as heavy or heavier than those tested in this study should not be allowed to travel over
unpaved roads and flexible pavements throughout the state of South Dakota. Transporting
scrapers to the project site with multi-axle trucks meeting the legal load limits creates far less
pavement damage. Thisissupported by the extremely high damage caused by the empty scraper
on all pavement sections and during all seasons. Both the front and rear axles of a scraper were
significantly more damaging than the standard 18,000-1b single axle truck and the legal limit of
20,000-1b single axle.

. Terragators should only be allowed to travel empty on unpaved roads and flexible pavements.
L oaded Terragators caused moredamagethan the 18,000-1b singleaxletrucksand thelegal limit
of 20,00- Ib single axlewhen operated during the summer, fall, and spring seasons. Transporting
chemicalsto the field using legally loaded axles and loading them onto Terragators at the job
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site createsfar less pavement damage. For jobs requiring single or multiple Terragator loads, a
tridem axle truck would be the most effective method of transporting the chemicals.

Grain carts traveling on unpaved roads and flexible pavements should only be allowed to
transport the legal load limit. This study found that grain carts loaded over the legal load limit
impose more damage than the 18,000-1b single axletruck and thelegal limit of 20,000-Ib single
axleduring the summer, fall, and spring seasons. Transporting grain with legally-loaded tridem
axle trucks creates far less pavement damage.

General Recommendations

Tires designed with rectangular lugs should not be allowed to carry more than 20,000 Ib/axle.
Thisis supported by the high load equivalency factors that were computed for lugged tires on
loaded vehicles as compared to the lugged tires on empty vehicles over the entire range of
pavements and environmental conditions.

Theload per unit width of tire regulation should not be applied to the entire area of lugged tires
due to the high ratio of grossto net contact areas of such tires. If such aregulationisdesired it
should only apply to the net area of the lugged tires.

The low inflation pressure of lugged tires, 30 psi as compared to 100 psi for standard tires,
should not be considered to offset heavier axle loads. Thisis supported by the fact that the low
tireinflation pressure of 30 psi resultsin contact stresses at the lug-pavement interfacein excess
of 150 psi. Therefore, special consideration for lugged tires on the basis of low tire inflation
pressure is not warranted.

Special |oad restrictions should be posted on flexible pavementshavingHMA layer equal or less
than 1.5" thick (including bl otter) to prevent severefatigue damages caused by all types off-road
equipment during the summer season. The data from this study showed that the ultra-thin
flexible pavements can suffer severe fatigue damage when loaded with empty and |oaded off-
road equipment due to their extremely low resistance to bending stresses.

The high pressure concentrations at the lugged tires-pavement interface (more than150 psi)
could be highly damaging to unpaved roads during extremely wet seasons and to flexible
pavements in areas where sharp turning movements are anticipated. Therefore, it is
recommended that the movement of vehicles equipped with lugged tires on extremely wet
unpaved roads should be regulated. Also such vehicles should not be allowed to maneuver on
flexible pavements during the hot summer season.
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APPENDIX A: PAVEMENT RESPONSES UNDER VARIOUS EQUIPMENT
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Table 17: Summary of Responses from the Gravel Pavement Section near US212
September 14-15, 2000 Testing

Tire Pressure @ 7"
Load Pressure Speed below Surface Pressure @ 10" Surface Deflection

Vehicle (Ib/axle) (psi) (mph) (psi) below Surface (psi) (mil)
Dump Truck (loaded) 17,900 110 40 14.5 4.2 65
Terragator 8103 (empty) 18,680 36 40 175 37 76
Terragator 8144 (empty) 18,100 36 40 18.2 48 89
Terragator 8103 (loaded) 32,900 36 40 30.8 9.2 148
Terragator 8144 (loaded) 30,920 36 40 30.2 7.6 143
Scraper Front Axle 59,740 55 20 394 9.3 284
Scraper Rear Axle 41,400 55 20 27.0 7.6 241
Grain Cart (legal load) 22,980 16 20 15.2 34 112
Grain Cart (over legal load) 33,220 16 20 17.6 44 129
Tracked Tractor 25,400 20 14 05 40
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Table 18: Summary of Responses from the Blotter Pavement Section on 348" Avenue near SD26
September 14-15, 2000 Testing

Tire Pressure @ Pressure @ 4"
Load Pressure Speed Center of CAB into Subgrade Surface
Vehicle (Ib/axle) (psi) (mph) (psi) (psi) Deflection (mil)

Dump Truck (loaded) 17,900 110 40 504 14.7 NR*
Terragator 8103 (empty) 18,680 36 40 58.4 17.7 NR
Terragator 8144 (empty) 18,100 36 40 63.8 18.7 NR
Terragator 8103 (loaded) 33,260 36 40 84.1 317 152
Terragator 8144 (loaded) 31,800 36 40 76.3 28.6 118
Dump truck (loaded) 17,900 110 20 76.5 20.0 96
Scraper Front Axle 59,740 55 20 76.5 33.7 220
Scraper Rear Axle 41,400 55 20 50.5 26.2 136
Grain Cart (legal load) 21,900 16 20 494 17.8 95
Grain Cart (over legal load) 28,900 16 20 54.7 19.6 153
Tracked Tractor 25,400 20 4.2 6.1 3

* NR: Data were collected but not reported.
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Table 19: Summary of Responses from the Thin Flexible Pavement Section on US212
September 14-15, 2000 Testing

Tire Pressure @ Pressure @ 4" Surface
Load Pressure  Speed AvgPav  Centerof into Subgrade  Deflection  Tensile Strain
Vehicle (Ib/axle) (psi) (mph) Temp(F)  CAB (psi) (psi) (mnil) (microns)
Dump Truck (loaded) 17,900 110 40 100 28.0 8.4 27 733
Terragator 8103 (empty) 18,680 36 40 98 222 9.7 31 709
Terragator 8144 (empty) 18,100 36 40 100 23.1. 9.9 32 883
Terragator 8103 (loaded) 32,900 36 40 94 NR NR NR 1050
Terragator 8144 (loaded) 30,920 36 40 95 28.2 14.9 41 893
Dump truck (loaded) 17,900 110 20 100 16.6 7.6 22 906
Scraper Front Axle 59,740 55 20 97 36.5 245 97 1286
Scraper Rear Axle 41,400 55 20 97 28.2 17.3 73 NR
Grain Cart (legal load) 20,200 16 20 100 16.1 9.6 35 525
Grain Cart (over legal load) | 33,220 16 20 99 16.6 12.0 43 526
Tracked Tractor 25,400 20 97 8.5 6.4 20 395




Table 20: Summary of Responses from the Thick Flexible Pavement Section on US212
September 14-15, 2000 Testing

Pressure @
Tire Pressure @ 4" into Surface Tensile
Load Pressure  Speed AvgPav Centerof CAB  Subgrade Deflection Strain
Vehicle (Ib/axle) (psi) (mph)  Temp (F) (psi) (psi) (mil) (microns)

Dump Truck (loaded) 17,900 110 40 100 17.8 49 26 760
Terragator 8103 (empty) 18,680 36 40 98 18.0 6.0 29 513
Terragator 8144 (empty) 18,100 36 40 100 195 51 25 433
Terragator 8103 (loaded) 32,900 36 40 94 NR NR NR 598
Terragator 8144 (loaded) 30,920 36 40 95 244 8.9 37 728
Dump truck (loaded) 17,900 110 20 100 14.7 4.6 27 1085
Scraper Front Axle 59,740 55 20 97 39.8 14.1 80 1297
Scraper Rear Axle 41,400 55 20 97 32.6 105 66 797
Grain Cart (legal load) 20,200 16 20 100 15.5 5.8 31 403
Grain Cart (over legal load) | 33,200 16 20 99 16.7 74 38 531
Tracked Tractor 25,400 20 97 6.3 4.3 14 406
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Table 21: Summary of Responses from the Thin Flexible Pavement Section on SD26
September 14-15, 2000 Testing

Tire Pressure @ Pressure @ 4" Surface
Load Pressure  Speed  Avg Pav Centerof  into Subgrade  Deflection  Tensile Strain
Vehicle (Ib/axle) (psi) (mph)  Temp (F) CAB(psi) (psi) (i) (microns)
Dump Truck (loaded) 17,900 110 40 86 8.7 5.9 28 46
Terragator 8103 (empty) 18,680 36 40 95 8.3 7.0 28 56
Terragator 8144 (empty) 18,100 36 40 96 8.4 7.1 28 72
Terragator 8103 (loaded) 33,260 36 40 91 12.2 9.8 48 50
Terragator 8144 (loaded) 31,800 36 40 94 12.0 9.5 50 141
Dump truck (loaded) 17,900 110 20 98 7.9 6.5 32 64
Scraper Front Axle 59,740 55 20 92 20.6 175 78 NR
Scraper Rear Axle 41,400 55 20 92 11.9 10.0 55 100
Grain Cart (legal load) 20,460 16 20 91 54 4.8 23 48
Grain Cart (over legal load) | 28,900 16 20 97 11.6 10.7 42 97
Tracked Tractor 25,400 20 96 5.4 45 24 42
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Table 22: Summary of Responses from the Thick Flexible Pavement Section on SD26
September 14-15, 2000 Testing

Tire Pressure @ Pressure @ 4"  Surface
Load  Pressure Speed AvgPav Centerof CAB into Subgrade Deflection Tensile Strain
Vehicle (Ib/axle) (psi) (mph)  Temp (F) (psi) (psi) (mnil) (microns)
Dump Truck (loaded) 17,900 110 40 86 5.8 2.7 23 79
Terragator 8103 (empty) 18,680 36 40 95 55 29 28 84
Terragator 8144 (empty) 18,100 36 40 96 6.1 2.8 25 86
Terragator 8103 (loaded) 33,260 36 40 91 8.4 37 39 96
Terragator 8144 (loaded) 31,800 36 40 94 9.2 37 45 103
Dump truck (loaded) 17,900 110 20 98 5.1 2.2 26 93
Scraper Front Axle 59,740 55 20 92 15.1 6.9 92 188
Scraper Rear Axle 41,400 55 20 92 111 4.6 66 112
Grain Cart (legal load) 20,460 16 20 91 3.8 18 17 17
Grain Cart (over legal load) | 28,900 16 20 97 8.4 3.9 42 98
Tracked Tractor 25,400 20 96 35 1.7 18 53
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Table 23: Summary of Responses from the Gravel Pavement Section near US212
April 4-5, 2001 Testing

Pressure @ 7" Pressure @ 10" Surface
Tire Pressure Speed below Surface below Surface Deflection

Vehicle Load (Ib/axle) (psi) (mph) (psi) (psi) (mil)
Dump Truck (loaded) 18,250 100 40 19.8 8.2 69
Terragator 8103 (empty) 18,650 30 40 30.0 84 94
Terragator 8144 (empty) 17,900 30 40 29.0 9.6 102
Terragator 8103 (loaded) 33,900 30 40 427 12.1 176
Terragator 8144 (loaded) 30,550 30 40 31.8 10.1 144
Scraper Front Axle 72,900 60 20 58.1 18.7 289
Scraper Rear Axle 44,750 60 20 43.0 10.6 207
Grain Cart (legal load) 20,050 30 20 NC* NC NC
Grain Cart (over legal load) 33,500 30 20 21.3 8.0 174
Tracked Tractor 25,400 20 4.2 1.9 38

* NC: Data were not collected
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Table 24: Summary of Responses from the Blotter Pavement Section on 348" Avenue near SD26
April 4-5, 2001 Testing

Pressure @ Pressure @ 4"
Tire Pressure Speed Center of into Subgrade  Surface Deflection

Vehicle Load (Ib/axle) (psi) (mph) CAB(psi) (psi) (i)
Dump Truck (loaded) 18,300 100 40 79.8 115 83
Terragator 8103 (empty) 18,650 30 40 78.9 27.1 142
Terragator 8144 (empty) 17,900 30 40 60.6 232 137
Terragator 8103 (loaded) 33,900 30 40 785 412 222
Terragator 8144 (loaded) 30,550 30 40 729 35.3 219
Dump Truck (loaded) 18,300 100 20 59.4 14.3 132
Scraper Front Axle 72,900 60 20 114.2 62.3 470
Scraper Rear Axle 44,750 60 20 106.7 475 194
Grain Cart (legal load) 19,100 30 20 36.3 22.8 253
Grain Cart (over legal load) 32,700 30 20 46.5 27.3 217
Tracked Tractor 25,400 20 6.1 73 34
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Table 25: Summary of Responses from the Thin Flexible Pavement Section on US212
April 4-5, 2001 Testing

Tire Pressure @ Pressure @ 4"  Surface
Load Pressure  Speed  Avg Pav Centerof  into Subgrade Deflection  Tensile Strain
Vehicle (Ib/axle) (psi) (mph)  Temp(F)  CAB (psi) (psi) (mnil) (microns)
Dump Truck (loaded) 18,250 100 40 39 51 43 33 301
Terragator 8103 (empty) 18,650 30 40 40 4.3 4.8 29 361
Terragator 8144 (empty) 17,900 30 40 40 5.6 44 36 288
Terragator 8103 (loaded) 33,900 30 40 40 9.5 7.7 66 530
Terragator 8144 (loaded) 30,550 30 40 40 8.7 6.9 66 384
Dump truck (loaded) 18,250 100 20 39 5.3 4.8 35 349
Scraper Front Axle 72,900 60 20 40 24.2 13.6 170 729
Scraper Rear Axle 44,750 60 20 40 17.0 75 137 638
Grain Cart (legal load) 20,050 30 20 40 4.0 41 32 275
Grain Cart (over legal load) | 33,500 30 20 41 NR* 7.5 68 317
Tracked Tractor 25,400 20 41 4.0 4.4 37 123

* NR: Data were collected but not reported.
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Table 26: Summary of Responses from the Thick Flexible Pavement Section on US212
April 4-5, 2001 Testing

Tire Pressure @ Pressure @ 4"  Surface
Load Pressure  Speed  Avg Pav Centerof  into Subgrade Deflection  Tensile Strain
Vehicle (Ib/axle) (psi) (mph)  Temp(F)  CAB (psi) (psi) (i) (microns)
Dump Truck (loaded) 18,250 100 40 39 5.1 1.9 17 207
Terragator 8103 (empty) 18,650 30 40 40 4.7 2.0 16 229
Terragator 8144 (empty) 17,900 30 40 40 5.8 2.7 17 196
Terragator 8103 (loaded) 33,900 30 40 40 8.4 3.2 37 389
Terragator 8144 (loaded) 30,550 30 40 40 8.3 3.6 35 331
Dump truck (loaded) 18,250 100 20 39 6.1 2.0 18 251
Scraper Front Axle 72,900 60 20 40 20.4 8.2 87 738
Scraper Rear Axle 44,750 60 20 40 15.4 5.5 68 627
Grain Cart (legal load) 20,050 30 20 40 4.9 2.0 21 246
Grain Cart (over legal load) | 33,500 30 20 41 9.3 42 46 310
Tracked Tractor 25,400 20 41 5.4 24 24 81
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Table 27: Summary of Responses from the Thin Flexible Pavement Section on SD26
April 4-5, 2001 Testing

Tire Pressure @ Pressure @ 4"  Surface
Load Pressure  Speed  Avg Pav Centerof  into Subgrade Deflection  Tensile Strain
Vehicle (Ib/axle) (psi) (mph)  Temp(F)  CAB (psi) (psi) (i) (microns)
Dump Truck (loaded) 18,300 100 40 39 2.9 24 15 32
Terragator 8103 (empty) 18,650 30 40 40 4.0 2.7 18 30
Terragator 8144 (empty) 17,900 30 40 40 3.0 2.9 17 23
Terragator 8103 (loaded) 33,900 30 40 45 NR* 6.2 45 120
Terragator 8144 (loaded) 30,550 30 40 45 54 55 39 100
Dump truck (loaded) 18,300 100 20 39 29 24 15 32
Scraper Front Axle 72,900 60 20 40 12.6 8.5 128 276
Scraper Rear Axle 44,750 60 20 40 6.3 2.3 65 185
Grain Cart (legal load) 22,850 30 20 52 4.7 4.4 38 68
Grain Cart (over legal load) | 32,700 30 20 61 7.3 6.7 54 101
Tracked Tractor 25,400 20 52 37 35 27 39

* NR: Data were collected but not reported.
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Table 28: Summary of Responses from the Thick Flexible Pavement Section on SD26
April 4-5, 2001 Testing

Tire Pressure @ Pressure @ 4" Surface
Load Pressure  Speed  Avg Pav Center of into Subgrade  Deflection  Tensile Strain
Vehicle (Ib/axle) (psi) (mph) Temp(F)  CAB (psi) (psi) (mnil) (microns)

Dump Truck (loaded) 18,300 100 40 39 2.1 0.8 11 50
Terragator 8103 (empty) 18,650 30 40 40 24 1.1 14 48
Terragator 8144 (empty) 17,900 30 40 40 2.7 11 11 44
Terragator 8103 (loaded) | 33,900 30 40 45 4.7 1.4 25 76
Terragator 8144 (loaded) | 30,550 30 40 45 46 15 26 73
Dump truck (loaded) 18,300 100 20 39 2.1 0.8 11 50
Scraper Front Axle 72,900 60 20 40 9.0 3.1 59 196
Scraper Rear Axle 44,750 60 20 40 7.7 54 42 152
Grain Cart (legal load) 22,850 30 20 52 29 15 22 99
Grain Cart (over legal 32,700 30 20 61 5.1 2.3 34 118
load)

Tracked Tractor 25,400 20 52 26 11 20 74

Table 29: Summary of Responses from the Blotter Pavement Section on 348" Avenue near SD26
August 28-29, 2001 Testing

Pressure @ Pressure @ 4" Surface
Load Tire Pressure Speed Center of into Subgrade Deflection

Vehicle (Ib/axle) (psi) (mph) CAB(psi) (psi) (mil)
Dump Truck (loaded) 17,600 100 40 65.4 16.3 131
Terragator 8103 (empty) 17,350 36 40 71.0 26.1 180
Terragator 8144 (empty) 14,550 36 40 55.9 17.8 181
Terragator 8103 (loaded) 27,500 36 40 112.0 NR 277
Terragator 8144 (loaded) 25,050 36 40 107.2 NR 246
Grain Cart (legal load) 20,850 30 20 54.0 18.1 272
Grain Cart (over legal load) | 49,800 30 20 66.4 28.5 317

* NR: Data were collected but not reported.
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Table 30: Summary of Responses from the Thin Flexible Pavement Section on US212
August 28-29, 2001 Testing

Tire Pressure @ Pressure @ 4" Surface Tensile
Load Pressure  Speed  Avg Pav Centerof  into Subgrade  Deflection Strain
Vehicle (Ib/axle) (psi) (mph)  Temp(F)  CAB (psi) (psi) (mnil) (microns)

Dump Truck (loaded) 18,300 110 40 106 16.5 8.3 67 853
Terragator 8103 (empty) 17,350 36 40 104 NR 10.3 64 672
Terragator 8144 (empty) 14,550 36 40 104 NR 8.2 53 670
Terragator 8103 (loaded) 29,900 36 40 107 24.8 13.4 85 694
Terragator 8144 (loaded) 27,100 36 40 107 22.6 12.6 79 910
Grain Cart (legal load) 18,700 30 20 106 15.2 10.8 59 467
Grain Cart (over legal load) | 49,550 30 20 107 225 19.6 136 836

* NR: Data were collected but not reported.

Table 31: Summary of Responses from the Thin Flexible Pavement Section on SD26
August 28-29, 2001 Testing

Tire Pressure @ Pressure @ 4"  Surface
Load Pressure  Speed  Avg Pav Centerof  into Subgrade Deflection  Tensile Strain
Vehicle (Ib/axle) (psi) (mph)  Temp(F)  CAB (psi) (psi) (i) (microns)
Dump Truck (loaded) 17,600 100 40 107 11.2 7.0 48 125
Terragator 8103 (empty) 17,350 36 40 112 14.8 8.9 50 158
Terragator 8144 (empty) 14,550 36 40 112 13.9 8.3 45 198
Terragator 8103 (loaded) 27,500 36 40 112 20.3 125 87 298
Terragator 8144 (loaded) 27,100 36 40 112 19.7 115 75 256
Grain Cart (legal load) 21,400 30 20 110 16.4 9.9 92 222
Grain Cart (over legal load) | 49,200 30 20 110 24.7 18.1 176 432

* NR: Data were collected but not reported.
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Table 32: Summary of Responses from the Thick Flexible Pavement Section on US212
August 28-29, 2001 Testing

Tire Pressure @ Pressure @ 4" Surface Tensile
Load Pressure  Speed  Avg Pav Centerof  into Subgrade  Deflection Strain
Vehicle (Ib/axle) (psi) (mph)  Temp(F)  CAB (psi) (psi) (mnil) (microns)

Dump Truck (loaded) 18,300 110 40 106 16.8 42 19 781
Terragator 8103 (empty) 17,350 36 40 104 17.3 5.4 15 593
Terragator 8144 (empty) 14,550 36 40 104 17.2 41 14 574
Terragator 8103 (loaded) 29,900 36 40 107 22.8 7.7 29 523
Terragator 8144 (loaded) 27,100 36 40 107 23.1 74 28 678
Grain Cart (legal load) 18,700 30 20 106 15.6 5.6 15 445
Grain Cart (over legal load) | 49,550 30 20 107 29.8 11.2 52 837

Table 33: Summary of Responses from the Thick Flexible Pavement Section on SD26
August 28-29, 2001 Testing

Tire Pressure @ Pressure @ 4" Surface Tensile
Load Pressure  Speed  Avg Pav Centerof  into Subgrade  Deflection Strain
Vehicle (Ib/axle) (psi) (mph)  Temp(F)  CAB (psi) (psi) (mnil) (microns)

Dump Truck (loaded) 17,600 100 40 107 6.7 35 24 90
Terragator 8103 (empty) 17,350 36 40 112 7.6 4.3 28 109
Terragator 8144 (empty) 14,550 36 40 112 7.6 3.8 22 188
Terragator 8103 (loaded) 27,500 36 40 112 13.2 54 41 242
Terragator 8144 (loaded) 27,100 36 40 112 11.8 54 40 215
Grain Cart (legal load) 21,400 30 20 110 8.5 5.0 39 214
Grain Cart (over legal load) | 49,200 30 20 110 15.6 7.8 85 381
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APPENDIX B: PAVEMENT RESPONSE RATIOS UNDER VARIOUS EQUIPMENT
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Table 34: Pavement Response Ratios for the Gravel Section near US212

Base Subgrade Surface
Season Vehicle Pressure Ratio Pressure Ratio Deflection Ratio
Terragator 8103 (empty) 121 1.17
Terragator 8144 (empty) 1.26 1.14 1.37
Terragator 8103 (loaded) 2.12 2.19 2.28
F;gpi%%()) Terragator 8144 (loaded) 2.08 1.81 2.20
Scraper Front Axle 2.72 2.21 4.37
Scraper Rear Axle 1.86 1.81 371
Grain Cart (legal) 1.05 1.72
Grain Cart (over legal) 121 1.98
Tracked Tractor 0.62
Terragator 8103 (empty) 1.52 1.02 1.36
Terragator 8144 (empty) 1.46 1.14 1.48
Spring 2001

(Aprilio1) Terragator 8103 (loaded) 2.16 1.48 2.55
Terragator 8144 (loaded) 161 1.23 2.09
Scraper Front Axle 2.93 2.28 419
Scraper Rear Axle 2.17 1.29 3.00

Grain Cart (legal)
Grain Cart (over legal) 1.08 0.98 2.52
Tracked Tractor 0.55
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Table 35: Pavement Response Ratios for the Blotter Section on 348™ Avenue near SD26

Base Subgrade Surface
Season Vehicle Pressure Ratio Pressure Ratio Deflection Ratio
Terragator 8103 (empty) 1.16 1.20
Terragator 8144 (empty) 1.27 1.27
Terragator 8103 (loaded) 1.67 2.16 1.58
F;gpi%%()) Terragator 8144 (loaded) 151 1.95 1.23
Scraper Front Axle 1.00 1.69 2.29
Scraper Rear Axle 0.67 131 1.42
Grain Cart (legal) 0.65 0.89 1.00
Grain Cart (over legal) 0.72 0.98 1.59
Tracked Tractor 031
Terragator 8103 (empty) 0.99 2.36 171
Terragator 8144 (empty) 0.76 2.02 1.65
Terragator 8103 (loaded) 0.98 3.58 2.67
(S:F;'rﬂ%i;m Terragator 8144 (loaded) 0.91 3.07 2.64
Scraper Front Axle 1.92 4.36 3.56
Scraper Rear axle 1.80 3.32 1.47
Grain Cart (legal) 0.61 159 1.92
Grain Cart (over legal) 0.78 191 1.64
Tracked Tractor 0.10 0.51 0.26
Terragator 8103 (empty) 1.09 1.60 1.37
Terragator 8144 (empty) 0.85 1.10 1.38
Summer 2001
(August/o1) Terragator 8103 (loaded) 171 211
Terragator 8144 (loaded) 1.64 1.88
Grain Cart (legal) 0.83 111 2.08
Grain Cart (over legal) 1.02 175 242
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Table 36: Pavement Response Ratios for the US212 Thin Section

Surface
Base Pressure Subgrade Deflection Tensile Strain

Vehicle Ratio Pressure Ratio Ratio Ratio

Terragator 8103 (empty) 0.79 1.15 1.15 0.97

Terragator 8144 (empty) 0.83 1.15 1.19 1.20

Terragator 8103 (loaded) 1.43

F;gpi%%()) Terragator 8144 (loaded) 1.00 1.77 1.52 1.22
Scraper Front Axle 2.20 3.22 441 1.42

Scraper Rear Axle 1.70 2.28 3.32 NR

Grain Cart (legal) 0.97 1.26 1.59 0.58

Grain Cart (over legal) 1.00 158 1.95 0.58

Tracked Tractor 051 0.84 091 0.44

Terragator 8103 (empty) 0.88 1.20

Terragator 8144 (empty) 1.10 1.09 0.96

Terragator 8103 (loaded) 1.86 1.79 2.00 1.76

(S:F;'rﬂ%i;m Terragator 8144 (loaded) 171 1.60 2.00 1.28
Scraper Front Axle 4.57 2.83 4.86 2.09

Scraper Rear Axle 3.20 1.56 3.91 1.83

Grain Cart (legal) 0.91 0.79

Grain Cart (over legal) 1.56 1.94 0.91

Tracked Tractor 1.06 0.35

Terragator 8103 (empty) 1.24 0.96 0.79

Terragator 8144 (empty) 1.00 0.79 0.79

Summer 2001

(August/o1) Terragator 8103 (loaded) 1.50 161 1.27 0.81
Terragator 8144 (loaded) 1.37 152 1.18 1.07

Grain Cart (legal) 0.92 1.30 0.88 0.55

Grain Cart (over legal) 1.36 2.36 2.03 0.98
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Table 37: Pavement Response Ratios for the US212 Thick Section

Surface
Base Pressure Subgrade Deflection Tensile Strain
Vehicle Ratio Pressure Ratio Ratio Ratio
Terragator 8103 (empty) 1.01 1.22 1.12 0.68
Terragator 8144 (empty) 1.10 1.04 0.96 0.57
Terragator 8103 (loaded) 0.79
F;gpi%%()) Terragator 8144 (loaded) 1.37 1.82 1.42 0.96
Scraper Front Axle 2.71 3.07 2.96 1.20
Scraper Rear Axle 2.22 2.19 2.44 0.73
Grain Cart (legal) 1.05 1.26 1.15 0.37
Grain Cart (over legal) 1.14 161 141 0.49
Tracked Tractor 0.43 0.52 0.37
Terragator 8103 (empty) 0.94 111
Terragator 8144 (empty) 1.14 1.00 0.95
Terragator 8103 (loaded) 1.65 2.18 1.88
(S:F;'rﬂ%i;m Terragator 8144 (loaded) 1.63 2.06 1.60
Scraper Front Axle 334 483 2.94
Scraper Rear Axle 2.52 3.78 2.49
Grain Cart (legal) 1.17 0.98
Grain Cart (over legal) 1.52 2.56 1.24
Tracked Tractor 0.89 133 0.32
Terragator 8103 (empty) 1.03 1.29 0.79 0.76
Terragator 8144 (empty) 1.02 0.98 0.74 0.73
Summer 2001
(August/o1) Terragator 8103 (loaded) 1.36 1.83 153 0.67
Terragator 8144 (loaded) 1.38 1.76 147 0.87
Grain Cart (legal) 0.93 133 0.79 0.57
Grain Cart (over legal) 177 2.67 2.74 1.07
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Table 38: Pavement Response Ratios for the SD26 Thin Section

Surface
Base Pressure Subgrade Deflection Tensile Strain

Season Vehicle Ratio Pressure Ratio Ratio Ratio
Terragator 8103 (empty) 0.95 1.19 1.00 1.22

Terragator 8144 (empty) 0.97 1.20 1.00 157

Terragator 8103 (loaded) 1.40 1.66 171 1.09

FSSP%/%%()) Terragator 8144 (loaded) 1.38 161 1.79 3.07

Scraper Front Axle 2.61 2.69 2.44 NR

Scraper Rear Axle 151 1.54 1.72 1.56

Grain Cart (legal) 0.68 0.72 0.75

Grain Cart (over legal) 1.47 1.65 131 1.52

Tracked Tractor 0.68 0.75 0.66

Terragator 8103 (empty) 1.20 0.94

Terragator 8144 (empty) 1.13 0.72

Terragator 8103 (loaded) 3.00 3.75

?A?p?rﬂ/goi?m Terragator 8144 (loaded) 2.60 3.13
Scraper Front Axle o ** 8.53 8.63

Scraper Rear Axle b 4.33 5.78

Grain Cart (legal) 2.53 2.13

Grain Cart (over legal) i * 3.60 3.16

Tracked Tractor 1.80 122

Terragator 8103 (empty) 1.32 1.27 1.04 1.26

Terragator 8144 (empty) 1.24 1.19 0.94 1.58

Summer 2001

(August/o1) Terragator 8103 (loaded) 1.81 1.79 1.81 2.38
Terragator 8144 (loaded) 1.76 1.64 1.56 2.05

Grain Cart (legal) 1.46 1.42 1.92 1.78

Grain Cart (over legal) 2.21 2.59 3.67 3.46

** only these vehicles generated pressures above 5 psi.
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Table 39: Pavement Response Ratios for the SD26 Thick Section

Surface
Base Pressure Subgrade Deflection Tensile Strain
Season Vehicle Ratio Pressure Ratio Ratio Ratio
Terragator 8103 (empty) 0.95 1.22 1.06
Terragator 8144 (empty) 1.05 1.09 1.09
Terragator 8103 (loaded) 1.45 1.70 1.22
Fggpil%%()) Terragator 8144 (loaded) 1.59 1.96 1.30
Scraper Front Axle 2.96 b 3.54 2.02
Scraper Rear Axle 2.18 2.54 1.20
Grain Cart (legal) 0.65 0.18
Grain Cart (over legal) 1.65 1.62 1.05
Tracked Tractor 0.70 0.57
Terragator 8103 (empty) 1.27 0.96
Terragator 8144 (empty) 1.00 0.88
Terragator 8103 (loaded) 2.27 1.52
?A?p?rﬂ/goi?m Terragator 8144 (loaded) 2.36 1.46
Scraper Front Axle b 5.36 3.92
Scraper Rear Axle i 3.82 3.04
Grain Cart (legal) 2.00 1.98
Grain Cart (over legal) 3.09 2.36
Tracked Tractor 1.82 1.48
Terragator 8103 (empty) 1.13 1.17 121
Terragator 8144 (empty) 1.13 0.92 2.09
Summer 2001
(August/o1) Terragator 8103 (loaded) 1.97 b 171 2.69
Terragator 8144 (loaded) 1.76 ** 1.67 2.39
Grain Cart (legal) 1.27 1.63 2.38
Grain Cart (over legal) 2.33 b 3.54 4.23

** only these vehicles generated pressures above 5 psi.
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APPENDIX C: VERIFICATION OF THE 3D-M OVE M ODEL
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APPENDIX D: DISTRIBUTIONS OF THE L OAD EQUIVALENCY FACTORS
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Figure 41: Distribution of Fatigue and Rutting L oad Equivalency Factors
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Equivalency Factor

Pavement Section 0-12 (HMA=0", Base=12")
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Figure 42: Distribution of Fatigue and Rutting L oad Equivalency Factors
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Pavement Section 3-6 (HVIA=3", Base=6")
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Figure 43: Distribution of Fatigue and Rutting L oad Equivalency Factors
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Pavement Section 3-12 (HMA=3", Base=12")
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Figure 44: Distribution of Fatigue and Rutting L oad Equivalency Factors

115




Equivalency Factor

Pavement Section 5-6 (HVIA=5", Base=6")
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Figure 45: Distribution of Fatigue and Rutting L oad Equivalency Factors
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Equivalency Factor

Pavement Section 5-12 (HMA=5", Base=12")
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Figure 46: Distribution of Fatigue and Rutting L oad Equivalency Factors
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Equivalency Factor

Pavement Section 7-6 (HVIA=7", Base=6")
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Figure 47: Distribution of Fatigue and Rutting L oad Equivalency Factors
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Equivalency Factor
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Figure 48: Distribution of Fatigue and Rutting L oad Equivalency Factors
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