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ABSTRACT

Nowadays, industrial facilitieareundergoing massive upgrades and innovations,
which requiremoving Superheavy Loads (SHLs), these are lagitls a gross vehicle
weight (GVW) and axle weight excaad the overweightegallimits and require special
permits. The axle and tire configurations in SHL permits are varatuleften assembled
to suite the superheavy components being transported. Therefore, a realistic priscedure
requiredto model SHLmove on flexible pavementonsidering thaSHL axle and tire

configurationsare norstandard

The work presented in thieseach aimed to establish newanalysis procedure to
model SHL using a representatiMucleus of axle and tire configurations. A clear
procedure was proposed to ident®yL representative Nucleus, whietthen repeated
acrosghe SHLarea produces maximumrsgisses under SHIhen the Nucleus procedure
was evaluatedising a full factorial studyto assess its accuracy and sensitivity tfer

influenceof pavement structurejfferentSHL cases and pavement analysis temperature.

Applying the SHL Nucleusoncepelements of bearing capacitere investigated
A secondnvestigationwas alscconductedcomparingthe SHL-inducedstate of stresses

to thatunderstandard truck loadg.

Keywords: Flexible Pavement, Superheavy LoBeéaring Capacity, Stress Leyel

Stress Level Ratio, Superheavy Load Permits
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Chapter 1. INTRODUCTION

U.S. transportationetworkis the largest in the world, serving mill®ofbusiness
establishmentghe Bureau of Transportation Statistieports thamore tharl0% ofU.S.
GDP is réated to transportation activitie®. Trucking accounts for about 80% of
transportation activitiei® the United Stated. Many heavy industries, like oil, mining and
chemical industriegequire moving ofSupeheavy Loads (SHLs)hese are loads with a
gross vehicleveight (GVW) and axle weight that exceed the legal overweight limittich

require special permits

The number of SH permits issuedraually varies between agencids range is
from fewer than 100 to more than 10,000 per yElae. movement of suchadads has become
more common over years. For example, Louisiana Department of Transportation and
Development (LaDOTD) alone issues an average of 900 oversize/overweight permits a day
and over 235,000 permits each fiscal y@dre SHL permits consist of abdiite percent

of the total issued permitg+ .

It should be noted that the tires used in the transport are often conventional (single
and wide base), which enables teady use of existing methodologies and procedures in
addressing critically important issues such as pavetirernihteraction stresses, pavement

distress modes and corresponding criticalepaent response parameters.



1.1.Problem Statement

The axle and tireanfigurations in SHL permits are varialdadoften assembled
to suite the superheavy components being transported. Therefore, the SHL axle and tire
configurations are nonstandardhen the problem is to determine the critical

combination(s) of thaxlesthatneed to be modelled to truly represent the SHL.

A realistic analysis procedure is required to properly model the SHL move on
flexible pavements, taking into account the load pattern that when repeated within the SHL

area would generate similar stresas those generated by the entire SHL move.

1.2.Scope and Objectives

The work presented here aims to establish a new analysis procedure to model a
SHL using a representative Nucleus of the SHL axle and tire corfimusaWhen
repeated across the whole SHldk, this Nucleus produces the maximum possible vertical

stresses under the SHEor that objective the following tasks have been conducted:

1 Collect sample SHL permits from SHA(S), review SHL types and configurations

and select SHL case(s) for further yses.

1 Propose a procedure to identify the Nucleus of SHL axle anddiigurations,

which represents the worst case under that SHL.



1 Conduct a full factorial study to assess the accuracy and sensitivity of the Nucleus
procedure considering the influence of pavement structure, different SHL cases

and pavement analysis temperature.

1 Apply the SHL Nucleus concepin elements obearing capacitynvestigation.
Assessthe safety factor against general bearing capdaityre, based a the
average uniform vertical pressure induced by the &gtesentative Nuclewad the

selected critical locations within the pavement structure

1 Apply the SHL Nucleus concepd investigate the SHinduced stress levehnd

compardt to a standartruck loading stress level.



Chapter 2. EXAMPLES OF SHL TYPES AND CONFIGURATIONS

In this section, thditerature reviewed for understanding theSHL types and
configurationsare summarizedt should be noted that Chapter 2 of #ederal Highway
Administration (FHWA) interim report (DTFH6413-C-00014) by Hajj et al®,
represented a major resoufoe this summaryThe report documents details on Biate
DOTs that were contacted and information relevant to SHL moves and permits were

collected

2.1.Definition of SHL

Loads withGVW or axle weight that exceed the legal overweight lirares defined
as SHL(s)thereforespecial permitérom State Highway Agencies (SHA) are necessary
Some of heseSHL(s) GVW exceed3,000,000 Ibsthusrequiing specialized trailers and

hauling units with special tire and axle configurations.

2.1.1.SHL types and axle configurations

As part of the FHWA study (DTFH613-C-00014), some of th&HA that
experienceSHL moves exceeding 250,000 Ibs were contacted in an attemgain
knowledge and acquire information regarding the state definition(s) of SHL, the number
of SHL yearly permits for the last ten years, and most importantly, the tire and axle loads
and configurations/Vhile many researchers studied SHL in the gastyaluate the effect
of SHL move on flexible pavements, the appropriate and representative inputs needed for

such an analysis are not well defined.



The information received from five of the contacted SHAs (Arizona, Colorado,
Louisiana, Nevada, and Newoik) is summazed in the following sectiondt should be
noted that the collected information was not meant to cover all of the existing and possible
SHL permit types in the nation. Instead, the presented information is a sample of typically

observed te and axle loads and configurations for SHL vehicles.

2.2.Examples and summary of reviewed SHLs

2.2.1.Arizona Department of Transportation

SHL(S) ar e categorized i n Ari zona under
classification. The SHL is defined as any vehicle ih&xceeding 250,000 Ibs, over axle
weight or in excess of the posted bridge weights. ADOT bridge operation is the responsible
permitting issuing unit. The Class C SHL permit fee is $40 for loads no greater than 18 ft
in height and width. For SHL movestigreater than 18 ft in height and width the fee is

$100. Class C permits are valid on state and interstate highways only.

Four different SHL permit forms were received from the ADOT bridge operation
office; Figure 1 and Figure 2 illustrate an example of the received forBsised on the
collected SHL permitting information, tH@VW ranged from 647,855 to 1,180,000 Ibs.
The total weight per axle ranged from 46,305 to 51,687 Ibs. The axle width (measured out
to-out edges of the outside tires) ranged from 18 ft 4 inch to 20nith} The center to
center distance between each adjacent axle ranged from 6 ft to 12 ft 1 inch. Eight tires
existed on each axle with an individual tire load ranging from 5,000 to 6,460 Ibs. The edge

to-edge width of each tire ranged fr@/4 inch to 1 inch.
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Figure 1. Picture. Example of a SHL permit in Arizona: Axle spacing and loads.



=T |
i [ 1]

Figure 2. Picture. Example of a SHLpermit in Arizona: Side and a plan view of SHL. -



The edgeo-edge width of each tire ranged from 8 1/4 inch to 11 inch. One major

tire configuration within each axle was observed with three different tire distances as

shown inFigure3 (note that drawings are not to scale).
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Figure 3. lllustration. Observedtire configurations in Arizona (not to scale).



2.2.2.Colorado Department of Transportation

SHLsjar e defined in Colorado as the HfADout
two axles adjacent to one another with each axle line consisting of eighFtgass4).
The Double Dolly has been typically used for large and heavy loads such as refinery

equipment or electrical transformers.

Tablel shows the Colorado Weight Limit Map for different ranges of the Double
Dolly axle line width (W) and the distance between the axle groups (d). The table
summarizes the Double Dolly maximutioavable permit weight per axle group. The table
was developed to allow permit writers and trucking companies to readily evaluate the
Colorado Bridge Weight Limit Map for oversize/overweight vehicles. No detailed
information was provided by Colorado DOTfioé regarding tire configurations, axle

configurations, load per axle, and load per tire.
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Figure 4. lllustration. Double dolly configuration according to Colorado DOT.
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2.2.3.Louisiana Department of Transportation

The truck permitoffice issues all oversize/overweight permits that govern truck
movement on state highways in Louisiana. SHL permits are controlled by highway
geometry and condition, gross and axle weights, day and time of day travel, escort (private
or State Police), ctews, and other conditions necessary to insure safe travel on state
highways. There are 27 different types of permits issued by this office. Currently, the truck
permit office has a customer list of over 33,000 companies, individuals, state and federal
agencies. The office receives 600 to 800 telephone calls a day and issues an average of 900
oversize/overweight permits a day out of which about five percent are SHL permits. Over

235,000 permits are issued each fiscal year with gross sales of over $20. millio

Sixteen different SHL permit forms were received by LDOT truck permit office;
Figureb, Figure6 andFigure? illustrate an example of the received permits. All the sixteen
SHL permitforms received from LDOT truck permit office are presentéppendix A
Based on the collected SHL permitting information, the GVW ranged fi@2240 to
3,660,551 Ibs. The total weight per axle ranged from 56,223 to 130,734 Ibstir 42d

8-tire axles and from 25,639 to 37,368 Ibs fetiréd axle.

The axle width (measured etg-out edges of the outside tires) ranged from 17 ft 5
inch to 24ft 7 5/16 inch. The center to center distance between each adjacent axle ranged
from 4 ft 7 inch to 11 ft 3/4 inch. Typically, eight tires existed in each axle with an
individual tire load ranging from 7,028 to 16,341 Ibs. The edgedge width of eachre

ranged from 1 ft 1/2 inch to 1 ft 2 inch.
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Table 1. Colorado Weight Limit Map Double Dolly Maximum Allowable Permit
Weight per Axle Groups (x 1,000 lbs)
Distance (d) Between Axle Groups
Axle 8'<d<10 10'=d<12' d=12

w Groups Orange Yellow White Orange Yellow White Orange Yellow White
Single Axle 220 25.0 27.0 220 25.0 27.0 22.0 25.0 27.0

<10'- 0" Tandem Axle 36.0 39.0 43.0 39.0 43.0 47.0 42.0 46.0 50.0
Triple Axle 49.0 53.0 58.0 53.0 58.0 63.0 55.0 60.0 65.0

Four or more Axles 52.0 57.0 62.0 57.0 62.0 68.0 60.0 66.0 72.0

Single Axle 233 26.4 28.5 233 26.4 285 233 26.4 28.5

110" Tandem Axle 381 41.2 455 41.2 455 497 44.4 48.6 52.9
Triple Axle 51.8 56.0 61.3 56.0 61.3 66.6 58.1 63.4 68.7

Four or more Axles 55.0 60.3 65.5 60.3 65.5 719 63.4 69.8 76.1

Single Axle 24.5 27.9 30.1 245 27.9 30.1 245 27.9 30.1

12' - 0" Tandem Axle 40.1 43.5 479 435 479 52.4 46.8 51.3 55.7
Triple Axle 54.6 59.1 64.6 59.1 64.6 702 61.3 66.9 724

Four or more Axles 57.9 63.5 69.1 63.5 69.1 75.8 66.9 73.5 80.2

Single Axle 25.8 29.3 31.6 258 29.3 316 25.8 29.3 31.6

13- " Tandem Axle 422 45.7 50.4 45.7 504 55.1 49.2 53.9 58.6
Triple Axle 57.4 62.1 67.9 62.1 67.9 738 64.4 703 76.1

Four or more Axles 60.9 66.8 72.6 66.8 72.6 79.7 70.3 77.3 84.3

Single Axle 27.0 30.7 33.2 27.0 307 332 27.0 30.7 33.2

14 -0 Tandem Axle 44.2 47.9 52.8 479 52.8 57.8 51.6 56.5 61.4
Triple Axle 60.2 65.1 71.2 65.1 71.2 774 67.6 73.7 79.8

Four or more Axles 63.9 70.0 76.2 70.0 76.2 83.6 73.7 81.1 88.4

Single Axle 28.3 32.2 34.7 28.3 322 347 28.3 32.2 34.7

15 - 0" Tandem Axle 46.3 50.2 55.3 50.2 55.3 60.5 54.0 59.2 64.3
Triple Axle 63.0 68.2 74.6 68.2 74.6 81.0 70.7 77.2 83.6

Four or more Axles 66.9 73.3 79.7 73.3 79.7 875 7.2 84.9 92.6

Single Axle 296 336 36.2 296 336 362 296 336 36.2

16'- 0" Tandem Axle 48.4 52.4 57.8 524 57.8 63.1 56.4 61.8 67.2
Triple Axle 65.8 71.2 77.9 71.2 779 84.6 738 80.6 87.3

Four or more Axles 69.8 76.6 83.2 76.6 83.2 91.3 80.6 88.6 96.7

Single Axle 30.8 35.0 37.8 308 35.0 37.8 30.8 35.0 37.8

17 o Tandem Axle 50.4 54.6 60.2 54.6 60.2 65.8 58.8 64.4 70.0
Triple Axle 68.6 74.2 81.2 742 81.2 88.2 77.0 84.0 91.0
Four or more Axles 72.8 79.8 86.8 79.8 86.8 95.2 84.0 02.4 100.8

Single Axle 321 36.4 39.3 321 36.4 39.3 3241 36.4 39.3

18- 0" Tandem Axle 52.5 56.8 62.7 56.8 62.7 68.5 61.2 67.0 729
Triple Axle 714 77.2 84.5 772 845 918 80.1 874 04.7
Four or more Axles 75.8 83.1 90.3 83.1 90.3 99.1 87.4 96.2 104.9

Single Axle 33.3 37.9 40.9 33.3 37.9 40.9 333 37.9 40.9

19'-0° Tandem Axle 54.5 59.1 65.1 59.1 65.1 712 63.6 69.7 75.7
Triple Axle 74.2 80.3 87.8 80.3 87.8 95.4 83.3 90.9 98.4
Four or more Axles 78.7 86.3 93.9 86.3 93.9 103.0 90.9 99.9 109.0

Single Axle 34.6 39.3 42.4 346 39.3 424 346 39.3 424

>20'- 0" Tandem Axle 56.6 61.3 67.6 61.3 67.6 739 66.0 72.3 78.6
Triple Axle 77.0 83.3 91.1 83.3 91.1 99.0 86.4 94.3 102.1

Four or more Axles 81.7 89.6 97.4 89.6 97.4 106.9 94.3 103.7 1131
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2.2.4.Nevada Department of Transportation

SHL(s) are categorized in Nevada wunder
SHL is defined as any vehicle that is exceeding 250,000 Ibs. NDOFdowensional
vehicle (OVD) permit office is the responsible permdt issuing unit. Three
oversize/overweight fee categories exist: (1) Annual permit fee of $60; (2psenml fee
of $60; and (3) &ay trip fee of $25. A Microsoft® Excdlased database was received by
NDOT OVD office including the entire record for agee/overweight permits from 2004
2013. A total of 1,398 permits with GVW over 250,000 Ibs were observed with a maximum

recorded SHL of 6,215,938 Ibs.

Table 2 shows the distribution and load ranges of SHL permits based on usage
purposes. It can be noticed that moving construction equipment had the highest number of
permits issued for the last 10are (about 74% of the total SHL permits). Information
regarding axle and tire loads and configurations are currently being collected from the

OVD office at NDOT.

2.2.5.New York Department of Transportation

The SHL is defined as any vehicle that is exceedingdB@0bs. NYDOT central
permit office is the responsible permitting issuing unit. A total of 1,961 SHL permits were
issued between 2011 and 2013. It is clear that the majority of the issued permits was for
vehicles with GVW between 200,000 and 300,000 @rdy a total of 35 permits (about
1.8% of all permits issued between 2011 and 2013) were issued for vehicles with a GVW

at or over 500,000 IbF.able3 summarizes the minimum, maximum, average, and median



GVW for all 35 permits. The data show an increase in the average and median GVW over

the years.
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Table 2. Distribution and Load Ranges of SHL Permits in Nevada.

Categories No. qf Gross Vehicle Weight (Ibs)
Permits |  Minimum Maximum Average Median
Construction 1,041 250,041| 6,215,938 540,631 252,788
Mining and Oil 53 250,041 6,112,775 525,728 254,325
Farming 4 294,170, 1,572,971 1,135,136 1,336,701
“E”SS.E?SZ%?' and Electrical 170 250,063 6,123,268 615,711 259,493
Others 130 250,150 2,094,013 348,317 283,170

Table 3. Statistics for SHL Permits with GVW at or over 500,000 Ibs New York.

: Gross Vehicle Weight (Ibs
vear No. of Permits Minimum Maximum Avgrag(e : Median
2011 3 509,500 660,076 559,692 509,500
2012 16 514,100 855,000 571,194 521,300
2013 16 535,000 855,000 673,850 645,300

Twenty-one different permit forms for SHL exceeding 500,000 Ibs were received

from the NYDOT permit office. Based on the collected SHL permitting information, the

maximum recorde®&VW was 855,000 Ibs. The total weight per axle ranged from 28,300

to 52,600 Ibs foB-tire axles and from 22,700 to 24,700 Ibs feiré axle. The axle width

(measured otito-out edges of the outside tires) ranged from 12 ft 10 inch to 13 ft 6 inch.

The center to center distance between each adjacent axle ranged between 4 ft 11 inch and

5 ft. Typically, eight tires per axle were used with an individual tire load ranging from

3,538 t0 6,575 Ibs. The edg¢eedge width of each tire ranged from 1 ft 1/2 inch to 1 ft 2
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inch. At the time of writing this report, tire arrangements within eadd were not

provided.

2.2.6.Summary of Collected Information on SHL

The SHL data collected from the various state highway agencies (SHA) were

reviewed and a summary of the relevant information is showalie4.

Table 4. SHL Axle and Tire Configurations from Past SHA Permits.

SHL State

information Arizona Louisiana New York
GVW (Ibs) 647,855 1,180,000 402,240i 3,660,551 200,000 855,000
Axle Weight (Ibs) 46,3051 51,687 25,6391 130,734 28,3001 52,600
Number of tires 8 4.8, and 12 4and8
per axle
Axle width
(measured otio- 18 ft 4 inchi 17 ft 5 inchi 12 ft 10 inchi
out edges of the 20 ft 4 inch 24 ft 7 5/16 ich 13 ft 6 inch

outside tires)
Centerto-center

distance between 6 fti 4 ft 7 inchi 4 ft 11 inchi
. 12 ft 1 inch 11 ft 3/4 inch 5 ft
adjacent axles
Tire load (Ibs) 5,000i 6,460 7,028i1 16,341 3,538i 6,575
Tire width 8 1/4 inch to 11 inch 1ft1/2inchi 1ft2inch | 1ft1/2 inchi 1ft2inch

Based on the information received, the axle weights for the SHL vehicles were
anywhere between about 25,000 Ibs and 131,000 Ibs. An axle can have between 4 and 12
tires with an axle width anywhebetween about 12 ft and 25 ft. The distance between the
adjacent axles varied between 4 ft 7 inch and 12 ft 1 inch. Depending on the SHL
configuration, the tire load was as low as 3,538 Ibs and as high as 16,341 Ibs. On the other

hand, the tire width variebetween 8 1/4 inch and 1 ft 2 inch.



18

Chapter 3. REPRESENTATIVE NUCLEUS OF SHL AXLE CONFIGURATIONS

The objective of thischapteris to develop a methodology to identify a
representativilucleus of axle load configuration for the analysis of SHL moves on flexible
pavements. Thiducleus can beiewed asepresentativéor microcosmpf the entire SHL
configuration based on the vertical strdssributionon top ofthe pavement layers present
in the pavement structure. Subsequently, the vertical stress distributttar the entire
SHL configuration can be estimated by superimposing the stresses calculated under the
Nucleus axle configuration, hence eliminating the neeahadel the entire SHUnN the
event of noruniform SHL, the Nucleus should represent the worst case vertical stress

distribution on top of the pavement layer under consideration.

3.1.Introduction

An important initial step ofdentifying a representativducleus of SHL axle load
corfiguration, is to define the shape of the vertical stress distribufignon top of the
underlying pavement layer surfaces when subjected to a SHL move. Overlapping stress
distributions under the tire loads can render a critical condition, especiahlin wiie
pavemente.g., top of the subgrad€G). The resultinglv distributions are needed in the

investigation of the Nucleus) thepavement layesystemunder a SHL

The extent of overlapping is significantly affected by the surface load configuration
and magnitude as well as the pavement layer properties and thicknesses. As a
representative example the case of a fime Load model depicting an axle group is

shown inFigure8 andFigure9. The elevation plotRigure8) shows the overlapping &
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at deeper locations within the pavement. This overlapping stresses at any interior plane can
fall under one of the three cases showirigure 10. Case 1 represents no overlapping,
while Case 3 shows substantial overlapping. The extent of overlapping is significantly
affected by the surface load configuratiord anagnitude as well as the pavement layer
properties and thicknessdsor example irthe bearing capacity failure investigation the
loaded areas required tobe of a certain fixed shape (circular or rectangkd the
computedly distribution need to bapproximated to one of these shajigasg.the question
remains, how many axles needomodeled to truly represent the SHls it one, three,

five or moreaxles The answer is simply finding the Nucleus of the load pattern that when
repeated within the L area would generate similar stresses as those generated by the
entire SHL moveOnce this is achievedeveral investigations could be easily carried out,

like using thebearing capacity equation to check for failure.

In chapterChapter 4elements of bearing capacity analysis under SHL will be
presented. Utilizing the Nucleus identified in this chapterptdeaing failure investigation
can start from the bottom layer (i.&¢) and progressively include the overlying layers
one at a time. This means that single layer and #aylér bearing capacity equations need
to be used in the investigation. Furthermydhe bearing capacity of such loaded areas may
require modifications to bearing capacity equations that are appropriate for closely spaced

loads.



20

e B B I
-1}
110 hl
-+
11 nhhli
El
111Nl
195 B2
1 wekicle
Dirasiton
-1}
11 ni
[ ¥
Lig el
T Bl =35
Bt B¥=13"
aied B B BN B RS
1 ! 1 ]
Fa | & d a4 1

Figure 8. lllustration. Five-line model for SHL simulation 1 Plan view.

i, d a|‘q|_I

1

(T T O O ™"
|||I||||||Eanr.r|ll:-l
e

Figure 9. lllustration. Five-line model for SHL simulation i Elevation view.

ARRNRD ARRRA IR

Subgrade Sulsgy Subgradi
Cage 1 Case 2 Case 3
Figure 10. lllustration. Various combination of vertical stress distribution within
pavement.

To define the shape of the vertical stress distributibnbelow the pavement

surface under a SHL mov@D-Move Analysi§ software® was used to compute the stress



21

distribution as a function of different axle load configurations, pavement structures, and
material properties. However, it becomes important to first identiNueleus of axle
configuration that can be considered representative of the entire SHL catifiguyased
on the vertical stress influence zone within the pavement structure. In other words, the
entire SHL configuration can be -generated by repeating thiucleus of axle

configuration pattern across the SHL area.

Subsequently, the vertical stredistribution under the entire SHL configuration
can be estimated by superimposing the stresses calculated unddudieeis axle
configuration. As a representative examplgure 11 shows the axle load configuration
for a SHL from Louisiana with 28 line axles and 8 tires per axle. W&/ was over 3.6
million Ibs with a tire load of 16,342 Ib. A most likely representatiuecleus of axle
configurationconsisting of four half axles with four tires each is also shovkigare11.

The assumption is that by having the response under a Blogleus ax¢ configuration,

the vertical stress distribution under the entire SHL can be computed by superimposing the
responses from the varioducleus axle configurations; hence eliminating the need to
directly compute the vertical stresses under the entire Sktordingly, it becomes
critical to develop an approach for identifying the appropriate representinieus of

axle configuration for every SHL configuration.

3.2.Determining a Representative Nucleus of Axle Load Configurations

The objective of this effoiis to develop a methodology to identify a representative

Nucleus of axle load configuration for the analysis of SHL moves on flexible pavements.
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The methodology takes into consideration the axle and tire loads, axle and tire spacing,
pavement structure, dmaterial propertie@D-Move Analysi§ software is being used to

evaluate the vertical stress distribution within the pavement structure under typical SHLs.
The analysis consists of calculating the influence zone of the vertical stress within the

pavemenstructure.

An incremental tire load approach is used for this purpose. First a singkadue(
12a) is applied to the pavement and paventesponses are calculated at the center point
of the load, at a specific depth (which shall be called the point of interest). Then an
additional tire load is adde(Figure 12b), while the pavement response at the point of
interest is observed. Additional tire loads are added one at a time in a realistic manner and
pavement responses at the point of interest are calculated until a represhintzitus of
axle load configuration is determined based on vertical stresemnté zon€Figure12c

andFigurel2d).
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Figure 12 lllustration. Incremental tire load approach.
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The concept is somewhat similar to the use of influence lines in structural analysis
of a beam or a truss to define the variation of bending moment, for instance, at a specific
point caused by a unit load placed at any point along the structure. As gouie¥agure
13shows a simply supported beam with a unit load placed at a distance x from the left end
(Point A), with the bending momeintfluence Inesat point B shown below th&tructure
As the unit load moves along te&ructure the bending moment at point B is reported in

Figure13(,

Unit Load

Moment at B

X

Figure 13. Sketch.Bending moment influence lines for a simply supported beam

The SHL configurations for this analysigere selected from the sample permits
received from the Truck Permit Office at the Louisiana Department of Transportation and

Development.

Table S5Ssummarizes the SHL information for the received permit samples. Based
on the collected information, t@VW ranged from 485,736 to 3,660,552 pounds. The
total weight per axle ranged from 40,478 to 130,734 pounds for betinel@nd 8tire
axles, and from 25,639 to 37,368 pounds féiretaxle. The axle width (measured -@ot

out edges of the outside tires) randrean 17 feet 5 inch to 24 feet 7 5/16 inch. The center
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to center distance between each adjacent axle ranged from 4 feet 7 inch to 11 feet % inch.
Typically, eight tires exist in each axle with an individual tire load ranging from 5,060 to
16,341 pounds. Thedgeto-edge width of each tire ranged frdnfeet 2 inch to 1 feet 2

inch.

Based on the summarized datd able 5four different SHL permits were selected
to represent diverse load cases for the initial investigation of the vertical stress distributio
below the pavement surface usBi@-Move Analysi§: a 4tire per axle case (LAT-1),
two 8tire per axle cases (L-BT-3 and LA8T-14) and a 12ire per axle case (LA2T-
16). All four cases are shown in boldTiable 5.The actual permit forms are alsbown

in Figure5 to Figure?. The followingnomenclature is used to define SHL cases:

(LA - 8T - 3)

I

(SHA - number of tires per axleserial number)

3.2.1.Representative Nucleusf SHL configuration Example

SHL case No. LA8T-14 axle load configuration is shown Figure 11; with 28
line axles and 8 tires per axle. This case has been selected to illustrate the variety of the
steps associated with the proposedrepagh. For this case, tli&/W was over 3.6 million
Ibs with a tire load of 16,342 Ib, which is the maximum tire load within the 16 SHL permits

presented iable 5.



Table 5. Summary of SHL Characteristics from LouisianaSample Permits.
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Number Axle width Cigtrir;[ro'
GVW Axle Weight No. of of tires (measured outto- : Tire load . .
ID distance Tire width
(Ibs) (Ibs) Axles per out edges of the b (Ibs)
I etween
axle outside tires) .
adjacent axles
LA-4T-1 672,624 37,368 18 Axles AT 7 ft-11%16inch | 4ft - 9 Y16inch 9,342 1ft - 1 %16inch
ires

LA-4T-2 512,780 25,639 20 Axles 7 ft-11%5inch | 4ft- 9Y6inch 6,410 1ft - 1%¢inch

LA-8T-3 485,736 40,478 12 Axles 17 ft- 519/5inch | 4ft- 9 Y6inch 5,060 1ft - 1%6inch

LA-8T-4 589,821 56,223 | 65,420 | 10 Axles 17 ft- 5%9/inch | 4ft-9%Yinch | 7,028 8,178 | 1ft-1%inch

LA-8T-5 704,604 58,717 12 Axles 24 ft- 735 inch 4ft - 9 Y35inch 7,340 1ft - 1%6inch

LA-8T-6 717,821 70,193 | 75,490 | 10 Axles 17 ft- 539/ginch | 4ft-9%Yinch | 8,774 9,436 | 1ft-19%inch

LA-8T-7 725,221 71,203 | 75,600 | 10 Axles 17 ft- 539/6inch | 4ft-9%Yinch | 8,900 9,450 | 1ft-1%inch

LA-8T-8 784,164 65,347 12 Axles 24 ft- 735 inch 4ft - 9 Y15inch 8,168 1ft - 1 %6inch

LA-8T-9 804,480 67,040 12 Axles 8 Tires 24 ft- 7 3ginch 4ft - 91/5inch 8,380 1ft - 1 %4sinch
LA-8T-10 1,415,660 | 78,509 | 63,057 | 20 Axles 17 ft-5%%inch | 4ft-9Yinch | 9,814 7,882 | 1ft-19%inch
LA-8T-11 1,500,660 | 74,678 | 75,388 | 20 Axles 17 ft-5%%/ginch | 4ft-9Yinch | 9,335 9,424 | 1ft-19%inch
LA-8T-12 1,833,960 | 115,600| 74,460 | 18 Axles 17 ft- 5%%/5inch | 4ft-9%Ysinch | 14,450 | 9,308 1ft - 2 inch
LA-8T-13 3,634,092 129,789 28 Axles 17 ft- 5%%/5inch | 4ft- 9 Y6inch 16,224 1ft - 1%¢inch
LA-8T-14 3,660,552 130,734 28 Axles 17 ft- 5%%16inch | 4ft - 9 Y16inch 16,342 1ft - 1 %16inch
LA-8T-15 4,073,472 113,152 36 Axles 17 ft- 513/ 5inch 4ft - 9Y,5inch 14,144 1ft - 1 %4inch
LA-12T-16 | 1,754,220 | 73,971 | 72,214 | 12 Axles| 12 Tires 17 ft- 5%1sinch 4 ft 7 inch 6,164 6,018 1ft - 2 inch
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3D-Move Analysi€ Software

The 3D-Move Analysi§ was the software of choice to compute the stress
distribution within the pavement structur@s a function of different axle load

configurations, pavement structures, and material properties.

3D-Move Analysi§ software code uses continuurdbasedinite-layerapproach
to evaluatpavementesponsedueto surfacdoadng. The software is capable of applying
static as well as moving loads on a pavement struéttlt&D-Move Analysi§ allows the
user to define multilaygpavemenstructure, with the capacity of handling a combination
of viscoelasticfor AC layer(s), and elastifor unbound materialayers). The layer(s)
defined as horizontalayer with uniform properties.The viscoelatic material is
characterized using the mixture master curves, using multiple models (such as MEPDG
model). Thedynamic modulus (|E*|}aboratory data and asphalt binder properties, are
direct inputs to compute the viscoelastic properties of the ACfuacton of temperature

and frequency. The software also generates master curves at any reference temperature.

3D-Move Analysi€ load input includes six options; to specify the tire contact stress
distribution, covering most of the commonly used load guméitions. The software is
capable ohanding multiple loadcombinatiors, with virtually any shape afontact area
In one of the input options the user has the ability to generate a manual load input file, to
allow for non-uniform tirepavement normal caact stres distribution, and neaniform

interface shear stresses caulsgdbraking and turning forces.
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3D-Move Analysi€ i Input

3D-Move Analysi§€ was usedto compute the stress distribution within the
pavemenstructure This leads to identifying thBucleus of axle configuration that can be
considered representative of the entire SHL configuration. In the following sections the

various inputs and properties used in the analysis are specified.

a. Pavement Structure and Materials Properties

A total of thregpavement structures were considered for this analysis and are shown
in Table6. Work relative to modeling pavement structure No. 2, which consig&snah
of asphalt concretéAC) layer on top of 10 inclof crushed aggregate ba@AB) and a
semtinfinite SGlayer is presented in this sectiéiigurel4 shows a 3D schematic preview

of the pavement structure.

The AC behavior is considered as linear viscoelastic, while CAB and SG are
assumed to behave linear elastiable7 highlights the material properties of each layer,
while Table 8 shows the selected viscoelastic properties of the AC material, dynamic
modulus (|E*|) and phase angle. The dynamic modulus test (AASHTO TP62) was used to
collect these viscoelastic properties, using a typical dgrested Hot Mix Asphalt (HMA)

with a PG @-22 unmodified asphalt binder.
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Figure 14. Picture. 3D schematic of the pavement structure in 3IMove Analysis®.

Table 6. Pavement Structures for 3DMove Analysis®.

Pavement Layer Thickness(inch)
Structure No. Asphalt Concrete Crushed Aggregate Base Subgrade
1 6 8 Semtinfinite
2 9 10 Semtinfinite
3 12 12 Semtinfinite

Table 7. Pavement Structure No.2 Material Properties.

Layer . Thickness | Unit Weight | Poisson's MR
No. | LaverType Material (in) (Ib/in3) Ratio (psi)
Linear .
1 AC ElastiaViscoelastic 9 0.08 0.40 Variable
2 CAB Linear Elastic 10 0.06 0.40 30,000
3 SG Linear Elastic 240 0.06 0.45 5,000




Table 8. Dynamic Modulus and Phase Angle Data.
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Dynamic Modulus |E*| (psi)
Temp (°F)
0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
40 693,889 1,012,294 | 1,163,463 | 1,530,813 | 1,690,524 | 1,898,005
70 141,296 262,736 334,941 554,052 670,382 842,418
100 21,439 45,076 61,705 123,984 164,420 233,925
130 4,025 7,934 10,801 22,592 31,147 47,465
Phase Angle (Degrees)
Temp (°F)
0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 22.1 19.0 17.3 15.5 15.9 18.1
70 31.2 29.8 30.1 27.8 27.4 26.3
100 28.5 29.9 31.3 35 35.5 36.8
130 23.2 26.8 27 33.9 34.1 40.1

3D-Move Analysi€ i Output
a. Overlap of Stresses

The analysi®utput presented in this sectifitused on vertical stress distribution,
Ov at various depths within the pavement structure for three tires moving in; d@dine

illustrate the effect of overlapping stress distridius

On the surface the maximum vertical stress is equal to the tire pressure (120 psi),
and the stress distribution is limited to the contact area of thedpeeéented by circular
area with a radiug = 6.586 inch). The vertical stress distribnt{G,) was computed along
the center of the tires (seei AA in Figurell) and the stresses from the individual tires do

not overlap Figurelb).
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Figure 15.Chart. v d i s tantofai AC(2D=0inch), 3 Tires of SHL.

However, on the other hand thedistribution at interior pavement layedepths
where z > Onch, show lower amplitudes and considerable overlap. For example, on top of
the CAB, the maximum vertical stress value is reduced to 39 psi and the overlap of stresses
from the tires is noticdde (Figure16). It may also be noted that the stress distribution
shows peaks and valleys, reflecting the influence of individual tires; the ssegsution

under a given tire is getting wider with the increase in depth.

Figure 16 throughFigure 19 show thell distribution at various depths within the
pavementAs the depth from the pavement surface increasesviéidapping of stresses
more evidentup to a point wherat 72 inch below th8G(Z = 91 inch from the top of the
asphalt pavement), thie distribution(Figure19) is continuous without peaks and valleys.
Figure20is a composite figure that shewhe vertical stress distribution at all the depths

considered.
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di s tati2lnahbelow 8G(Z = 31inch), 3 Tires of SHL.
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di s tat72Inehbelow 8G(Z =91inch), 3Tires of SHL.
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Figure 20. Chart. U \distribution at various depths below pavement surfag@ Tires
of SHL.

b.Vari ation of G-Directions t r i buti ons in X

In order to observe the role of overlapping as a result of multiple tiresy the
distribution at the point of intere@h this case, on top of SG and at the center point of the
first tire) was computed initially for a single tirelhen an additional tire load is added,
while thelw distribution at the point of interest is observelis was followed by including
additional tires in the Xlirection (traffic direction); one tire at a tinféigure21 shows the
v distributionat thepoint of interesbn top of theSG with threecombinations of tires
one,three and five tiresAdditional tires were considergart of the Nucleusuntil the new
added tire had minimal influencen thely distributionat the point of interestompared
to v distributiondue to ongire. For example the criteria for minimal influenceould be

set toany increas@ maximumdy that islessthan1%.
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Figure21. Chart. 0 v d i s tantofpai $G3,addmng tires in X-direction.

c.Variation of UO-Diredionst ri buti ons in Y

In a similar fashion additional tire loads were added to the single tire (one tire at a
time) in the Ydirection (transverse direction). Thedistributionat the point of interest
computed on top of th&G are shown inFigure 22. This process allows for clear
interpretation of the role of additional tires on thealistributionat the point of interestt
is seen fronkigure 22 that the maximum vertical stress under the first tineniaffected
beyond three tirest should be noted that the influenceaafding more tires is affected by

various factors like the pavement configuration and layer properties.

Figure23 shows the change in maximum vertical stress as more and more tires are
considered. These results have been normalized with respect to the maximum vertical stress

computed under a single tire and the findings are showigure24 andFigure25. It is
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clear from these figures that beyond a set mdéthires, the influence of adding more tires

are minimal for both Xand Y-directions.
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Figure 22. Chart. ' v d i s tantopai $G(Zo=r19 inch),adding tires in Y-
direction

8.20 =0—Top of SG

8.00 No Change

7.80

N
o)
o

Max. Verticcal Stress,U, (psi)

N
I
o

N

HN)

o
w
I

0 1 2
No. of Tires in X-Direction

Figure 23. Chart. Changei n maxi mum Gv wi t firectionl t i pl e t



38

120% =0—Top of SG
g Minimal
> influence
‘2 115% O 1%
1)
o
ks °
2 110%
)
>
°
I
© 105%
S
S
z

100%

0 1 2 3 4

No. of Tires in X-Direction

Figure 24. Chart. Normalized maximum 0 \as a function ofnumber of tires in X-

direction.

135% =0—Top of SG =0
S 130%
> .
oS Minimal
# 125% influence
g O 1%
N 120%
I
©
5 115%
>
D 110%
N
£ 105%
S

100%

0 1 2 3 4

No. of Tires in Y-Direction

Figure 25. Chart. Normalized maximum 0 \as a function of number of tires in ¥
direction.



39

A representativéucleus for axle configuration can then be determined based on

the vertical stress distributions that considered the role of adding the tires dirbotions.

For the axle configuration considered here, two additional tires in each direction are

influential ( t r avel i ngdidriercetcitoinoon afinXd

t-diarnesoéed sred )d i

therefore, the representatiiicleus becomes 5 by 5 TireSidure 26). In other words,

when the maximum vertical stress under a given tire is to be considered, two tires shall be

added in each direction of the titader consideration.

: 55" 5 55" . 55" o 55" '
e:)- @_ ' Influential @7

| | | Tires

S S, S, .8

Tire under
consideration

.._._._@,f

x (Traffic Direction)
Figure 26. RepresentativeNucleus of SHL axle configuration- Case LA-8T-14.

3.3. Maximum average stress, geusing Nucleus of Axle Configuration
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resulting vertical stress distributioir, on top of thesGdue to the SHL axle configuration
LA-8T-14 with theNucleus (5 axles with 6 tires in each axle) is showRigure27 (3D
view) andFigure28(Top view). These figures reveal that the peak amplitude, wimlre
under the middle two tire (sd&gure 28) is about 13.5 psi, while the amplitude at the
adjacent valley is about 9.2 psi. In other words, thesstat the valley is about 68% of the

peak.

The average uniform vertical stress induced by the &Hihe depth of intereshall
then be evaluated by considering the volume of the vertical stress distribution within an
imaginary rectangular area; arouhd middle dual tires (séagure28andFigure29). The
averagepressurevalue, gave, is 10.5 psj calculated by dividing the integrated volume
within this rectangle, 32.964 kips, (illustrat€tgure 29) by the area of the rectangle

3,135.0 square inch (indicated by the black dashed lirgire28).

The maximum average stressyedound using the Nucleus of the SHL could be
used in various applications. For example, finding the maximum pressure on top of buried
utilities due to SHL is a very good example. Another example is whestigagng some
elements of bearing capacity failure under SHL, where a certain fixed shape (circular or

rectangle), with a uniform stress distribution is required.



Figure 27.
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For bearing capacity investigation the computeddistribution needs to be
associated witha certan fixed shape (circular or rectangle), and a uniform stress
distribution. The entire SHL axle configuration of 18¥-14 is of a rectangular shape (see
Figurel11l), with set of dual tires equally distributed along axles, and the axles are equally
distributed across the entire vehicle. This means that as a conservative measure, the
maximum average stregs.e of 10.5 psishall be assumed to cover the entire rectangular
area of the vehicle. This stress distribution can be considered as the worst case scenario
that could be generated under any axle within this load configuration. Once this is achieved,
bearing capacity angis can be carried out to check for failure in tB& using
conventional bearing capacity equations. The next chapter presents a case of bearing

capacity investigation using Meyerhof general bearing capacity equation.
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3.4.Procedureto Determine RepresentativNucleus of SHL Configurations

As a representative case, the SHL axle configuration e8TA4 (Figurell) was
used thus far to establish the vertistiess distribution on th8G. The objective of this
section is to specify a generalized a step by step procedure to identify a representative

Nucleus of any axle configuration for the analysis of SHL moves on flexible pavements.

This Nucleus can be caidered representative of the entire SHL configuration
based on the vertical stress influence zone within the pavement structumgudlieiss can
then be used to calculate the maximum average sfgessyhichcan be subsequently used
in the bearing cagrity analysis The identification of thé&lucleus eliminates the need to
compute the vertical stress distribution under the entire SHL with consideration given to
specifics of the loaded ardgor examplein the case of SHL axle configuration of L3V -
14 with 224 tires, a set of dual tires represenNiheleus for the entire vehicle, eliminating

the need to model the whole 224 tires.

The following are the steps for the determination of representdtiekeusfor the

SHL configurations.

1. Identify SHL case to be investigated (refer to SHL permits).
2. ldentify SHL input:
2.1.Gross vehicle weight (GVW)
2.2.Total weight per axle, and maximum tire load
2.3.Load configurations:

2.3.1.Number of tires per axle
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2.3.2.Axle width
2.3.3.Center to centetistance between each adjacent axles
2.3.4.Number of Axles
3. Determine the representative Nucleus of Axle Load Configuration @&inlylove
Analysis®:
3.1.Input:
3.1.1.Pavement structure and materials properties.
3.1.2.Axle configuration and contact pressure distribution (frompS?); using
incremental tire load approach.
3.1.3.Response Points (thmoint of interestcould beat any depth(sunder the
centerline of the first tire)
3.1.4.Incremental tire load approach is applied starting from a single tire, including
additional tires in eachimdction one tire at a time; e.g.;XHrection (travel
direction), one tire then two tires alongdxection then three and so on.
3.2.Output:
3.2.1.Vertical stress distribution at multiple depths (e.g., top of SG).
3.3.Processing Output:
3.3.1.In X-Direction:
3.3.1.1.At a specificdepth:
3.3.1.1.1Calculate maximum vertical stre@smaxfor the incremental tire

load.
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3.3.1.1.2Normalize the maximum vertical stress for the incremental tire
loads to the one computed under a single tire.
3.3.1.1.3Evaluate the normalize@ maxfor the incremental tire loads.
3.3.1.1.4Detamine the influential number of tires in -Birection.
Additional tires are considered influential, where the additional
influence on thelv distribution computed with the first tire is
significant(e.g. more than 5%)
3.3.1.2.Repeat Step 3.3.1.1 for all the deptinsler investigation.
3.3.2.Repeat Step 3.3.1 for-Birection.
3.4.Determine the Nucleusf axleload configuration; by combining the findings of
Step 3.3.1 and Step 3.3.2.
4. Determine the maximum average strgssusing3D-Move Analysi§’:
4.1. Input:
4.1.1.Pavement structur@nd materials properties (similar to Step 3.1.1).
4.1.2.Axle configuration and contact pressure distribution (from Step 3.4) using
the Nucleusof axleload configuration.
4.1.3.Response poi(d) with a focus at a specific depth (e.qg., top of SG).
4.2.Output:
4.2.1.Vertical stress distribution at the specified depth.
4.3.Processing Output:
4.3.1.Analyze the vertical stress distribution at the target middle tire(s).

4.3.1.1.1dentify peak amplitude and adjacent valleys.
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4.3.1.2.Determine a rectangle area in plan around the target middle tire(s) using
Step 43.1.1.
4.3.2.Find the area of the rectangular determined in Step 4.3.1.2.
4.3.3.Integrate the volume of the vertical stress distribution within the rectangular
area determined in Step 4.3.1.2.
4.3.4.Find average vertical stresgve, by dividing the integrated volume (Step
4.3.3) by the area of the rectangle (Step 4.3.2).

5. Bearing Capacity Analysissing thegave

3.5.Nucleusof Axle Load Configuration Full Factorial Experiment

A full factorial experimentvas conductedn the Nucleus concepimplementing
the methodology aboyéo study the effect of various pavement structures, load eases
pavement analystemperatureAn i mpor tant emphasis was to
the tire load configurationfable 9 presents the full factorial experimefthe results of

numerous experiments are presented in the following sections.

3.5.1.Influence of Pavement Structure (PS)

a. Pavement Structure No. 1 (6AC 8CAB)

The pavement structureselscted for consideration in factorial experiment
represent thin, intermediate and thick AC pavementsTab& 6). The work presented
thus far conglered the vertical stress distribution on top ofSresulting from the SHL
axle configuration of LA8T-14, and using Pavement Structure No. 2 (9 inch of AC, 10

inch of CAB, and a seninfinite SGlayer).
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Table 9. Nucleus FullFactorial Experiment.

Speed Load Temp. Pavement Structure

6AC 8B
100 °F 9AC 10B
12AC 12B
6AC 8B
70 °F 9AC 10B
12AC 128
6AC 8B
40 °F 9AC 10B
12AC 128
6AC 8B
100 °F 9AC 10B
12AC 12B
6AC 8B
10 mph t‘/la_ch_i‘je 70 °F 9AC 10B
12AC 12B
6AC 8B
40 °F 9AC 10B
12AC 128
6AC 8B
100 °F 9AC 10B
12AC 128
6AC 8B
70 °F 9AC 10B
12AC 12B
6AC 8B
40 °F 9AC 108
12AC 12B

Load Case
LA-4T-01

Load Case
LA-12T-16

A similar analysis was undertaken for other pavement structures identifiedbie
6. The case considered in tisisctionis a thinner pavement structure (Pae@structure

No. 1), with 6 inchof AC, 8 inchof CAB, and a seminfinite SGlayer. It should be noted
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that all other3D-Move Analysi§ inputs remained the same as the analysis for pavement

structure No. 2.

Var i atvidistribution§ in XDirection:

In order to observe the role of overlapping as a result of multiple tiresy the
distributions were computed initially for a single tire, followed by including additional tires
in the X-direction (traffic direction) with one additional tire at a tirrggure30 shows the
Ov distribution on top of th&Gwith different combinations of tires, whikigure31 shows

Ov normalized with respect to the initial single tire case.
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Figure 30. Chart. Change i n mawthatdedtiresia X-t i c al S
direction (Case LA-8T-14; Pavement Structure No. 1).
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Figure3l. Chart. Change in nor mal.wteatldedha xi mum

tires in X-direction (Case LA-8T-14; Pavement Structure No. 1).
Var i atvidistribution§ in ¥Direction:

Similarly, the values ofiv and the normalized values &f on top of theSG with

different combinations of tires are showrFigure32 andFigure33.
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direction (Case LA-8T-14; PavementStructure No. 1).
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Figure 34. Chart. RepresentativeNucleusof SHL (Case LA-8T-14; PS No. 1)

In both directions, additional tires were considered until the new added tire had
minimal influence on theél distribution computed with the first tire (say lower than 5

percent). The Nucleus for this case (Pavement Sieidio.1i load case LA8T-14) is
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found as having one additional tire in each direction (X and Y). The representative Nucleus

of SHL axle configuration is shown Figure34.

Maximum average stressyvgusing3D-Move Analysis:

The previous step revealed that Nhecleus is found as having one additional tire
in each directi oqi (rter@anvdeIhio gy sdvierikescet @ adatm efiaXo i)
for the given load configuration (L-8T-14) and Pavement Structure No.1 (6 in¢i\C,

8 inchof CAB, and seminfinite SG).

The vertical stress distributiody, on top of thesGdue to theéNucleusrepresenting
the SHL axle configuration of case L&T-14is shown inFigure35 (3D view) andFigure
36 (Top view). These figures reveal that the peak amplitude, which occurs between the two
tires (sedrigure 35) is about 17.2 psi, while the amplitude at the adjacent valley is about

10.2 psi. In other words, the stress at the valley is about 59% of the peak.

The average uniform vertical stress indilibg the SHL shall then be evaluated by
considering the volume of the vertical stress distribution within a rectangular area; around
the middle dual tires (séagure36andFigure37). An averageressure/alug gave, 0f 11.0
psi, wascalculated by dividing the integrated volume within tteéstangé, 34.395 kips
(illustrated inFigure37) by the area of the rectang®135.0 square inches (indicated by

the black dashed line FFigure36).
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b. Pavement Structurdo. 3 (12AC 12CAB)

In this sectiora similar analysis was undertaken for the thickest AC pavement case
(PSNo0.3, 12 inchof AC and 12 inctof CAB) with only the LA8T-14 SHL configuration.

In all casesotherthan the loading, thBD-Move Analysi€§ inputs remained the same.

Var i atyidistributions in XDirection:

In order to observe the role of overlapping as a result of multiple tiresy the
distributions were computed initially for a single tire, followed by including additional tires
in the X-direction (traffic direction) with one additional tire at a tirre@gure38 shows the
Ov distribution on top of th&Gfor the pavement structure No. 3 (R8.3) with different

combinations of tires.
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Var i atvidistribution§ in ¥Direction:

Similarly, (v on top of theSG with different combinations of tires are shown in
Figure39. In both directions, additional tires were considered until the new added tire had
minimal influence on thé distribution computed under the first tire (say lower t6%).

The Nucleus for this case (PNo. 31 load case LA8T-14) is found as having one
additional tire in each direction (X and Y). The corresponding representativi lcselis

is shown inFigure40.
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c. Summary (Influence of Pavement Structure)

Figure4l andFigure42s how t he change i n makhi mum v

added tires in Xdirection and Ydirection, respectively for multiple pavement structures.
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As expected the maximum vertical stresses on top dd@&weecrease with the increase in

pavement structure thicknesses.
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3.5.2.Influence of Different SHL Configurations

The work presented in the previous sections considered the vertical stress
distribution on top of th&G resulting from theSHL axle configuration of LABT-14. A
similar analysisvasundertaken for the SHL load case {12T-16 (see Table 5andis

presented below.

a. SHL caseéNo. 2(LA-12T-16)

The load case selected for this part of the effort isl2A-16, which consists of
twelve tires in each of its 24 axleSVW of 1,754,220 Ibs, axle weight of approximately
74,000 Ibs and a tire load of approximatel2® Ib/tire as shown ifrigure 7. The
pavement structure considered is Pavement Structure No. 1 (6fiA€h 8 inchof CAB,

and a seminfinite SG layer).

Var i atyidistributionfin X@Oirection:

In order to observe the role of overlapping as a result of multiple tires) the
distributions were computed initially for a single tire, followed by the consideration of
additional tires in the Xlirection (traffic direction)Figure43 shows theal distribution on
top of theSG with different combinations of tires, whileigure 44 showstv normalized

with respect to the single tire case.

Variation ofUv distributions in ¥Direction:

Similarly, the values ofiv and the normalized values &f on top of theSG with

different combinations of tires are showrFigure45 andFigure46
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tires in Y-direction (Case LA-12T-16; Pavement Structure No. 1).

In both directions, additional tires were considered until the new ad@etatil
minimal influence on thé distribution computed with the first tire (say lower than 5%).

The Nucleus for this case (Pavement Structure No.112A16) was found as having one
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additional tire in each direction. The representative Nucleus of SkeLcarfiguration is

shown inFigure47.
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Figure 47. Chart. RepresentativeNucleus of SHL axle configuration (CaséA-12T-
16; Pavement Structure No. 1)

Maximum average stressvgusing3D-Move Analysi&:

The vertical stress distributionyy, on top of theSG due to the SHL axle
configuration LA12T-16 with theNucleus is shown ifigure48 (3D view) andrigure49

(Top view).
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These figures reveal that the peak amplitude, which occurs between the two tires
(seeFigure48) is about 7.0 psi, while theemplitude at the adjacent valley is about 5.4 psi.

In other words, the stress at the valley is about 77% of the peak.
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b. SHL caseéNo. 3 (LA-4T-1)

The work presenteso farconsidered the vertical stress distribution on top of the
SGresulting from two SHL axle configuration of L8T-14 and LA12T-16. A similar
analysis undertaken for the SHL load case4TA1 (see Table 5) is presented beldvine
load case selected for this part of the effort is4TA1, which consists of four tires each
of its 18 axlesGVW of 672,624 Ibs, axle weight of approximately 37,368 Ibs and a tire
load of approximately 9,342 Ib/tire as shown Rigure 5. The pavement structure

considered is PNo. 1 (6 inchof AC, 8 inchof CAB, and a seminfinite SG layer).

Var i atvidistributionfin X0irection:

I n order to observe the role of voverl a
distributions wee computed initially for a single tire, followed by the consideration of
additional tires in the Xlirection (traffic direction)Figure50s h o w s distiibationlon
top of theSGwith different combinations of tires. In this case the values of the maximum

Uv, is relatively smal/l, a sv mght indécataud false t h e

representation of notable increase from tire to tire,evhié actual change is less than 0.2
psi.
Variation of(lv distributions in ¥Direction:

Similarly, the values of maxiv and the normalized values @f on top of theSG

with different combinations of tires are showrFigure51.
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In both directions, additional tires were considered until the new added tire had
minimal influence on thé distribution computed under the first tire (say lower tG).

The Nucleus for this case (P$o. 2, LA-4T-1) is found as having one additional tire in
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each direction. The corresponding representdiiveleusof SHL axle configurations

shown inFigure52.
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Figure 52. Chart. RepresentativeNucleus of SHL axle configuration (LA4T-1; PS
No. 2).

c. Summary (Influence of Different SHL Configurations)

Figure53andFigure54show the change in maximum vertical strégsyith added
tires in X-direction and Ydirection, respectively for multiple SHL casdfie maximum

vertical stres®n top of theSGwas observed tmcrease with the increase of tire load.
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3.5.3.Influence of Analysis Temperature

The work presented so far considered 100°F as the analysis temperature,

representing the worst case scenario of the three temperatures under consideration. A
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similar analysis was undertaken for two additional temperatures of 70°F and 40°F. A
summary of theesults is presented in this section. The SHL load case considered for both
analyses is LA8T-14 and the pavement structure reported ifNBS1 (6 inchof AC, 8

inch of CAB, and a seminfinite SG layer). Figure55 andFigure56 show the change in
maxi mum v er { Wwith added irésrinethrection and Ydirection for nultiple
temperatures. The vala# the maximum vertical stress on top of t8& decreased, as the
analysis temperaturélecreas#; which was expected as the pavement stiffn@ss

particular, AC stiffnessincreass with thedrop in temperature.
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Figure 55. Chart. Ma x i mu changewith tires in X -direction (Multiple
Temperatures).

In both directions, additional tires were considered until the new added tire had
minimal influence on thé distribution computed under the first tire (say lower tG).

TheNucleus for these two cases (70°F and 40°F) is found as having one additional tire in
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each direction. The corresponding representdtiveleus of SHL axle configuration is

shown inFigure57.
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Chapter 4. ELEMENTS OF BEARING CAPACITY ANALYSIS UNDER SHL

4.1. Introduction

In the previous chaptgheNucleus of SHL axle configuratidmad been identified
andusing ths Nucleus the maximum average stresgye WascalculatedlIn this chapter
bearing capacityailure will be investigaed utilizing thegave developed irChapter 3As
noted this requires that the loaded area be of a certain fixed shape (circular or rectangle),
with a uniform pressuredistribution therefore, the compute@ distribution needs to be
associated to one of these two shapégs Nucleus of SHL axle configuration of L3T-

14 is of a rectangular shagéigure 28), moreoverthe entire SHL axle configuration of
LA-8T-14 is of a rectangular shape. This means that as a conservative measure, the
maximum average stregsve of 10.5 psi shall be assumeddaover the entire rectangular

area of the vehicle. This stress distribution can be considered as the worst case scenario
that could be generated under any axle within this load configurati@mefbre the area

for bearing capacitinvestigationis assume to beof a rectangular shae well

4.2.The General Bearing Capacity Equation

There are three failure modes in solil, the general shear failure, local sheay failure
and punching shear failure. In this sectiome general shednilure of soil shall be
investigated, where thailure surface at ultimate load similar to that shown ifrigure
58. Terzaghi® presened a comprehensive theory fdhe evaluation of the ultimate
bearing capacity dftrip shallow foundationsreplacing theffect of soil above the bottom

of the foundatiorby a uniform pressurelhe failure zongunder the foundation can be
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separated into the components, the isosceles triangle (ACD) immediately under the
foundationwi t h b as e an,ghe Rankine pagsivé corhponeepresented by
the isosceles triangles (CGE and AHKth base angles equal to (456 / @)l the

transitionalcompmentin between the triangleseeFigure58, 12,

< 5]
7 b I
INC D il 4= Yy
S 2NN 20 2 7 S 200 2 2l
H W G
45 — ¢'12 45 — ' 45— ¢'12
2" Soil
Unit weight =1y
Cohesion =c'

Friction angle = ¢’
Figure 58. Chart. Bearing capacity failure in soil under a rough rigid foundation.

Several studie@Meyerhof, Hansen and Vesifgllowed Terzaghivork, aimingat
improving the ultimate bearing capacity estimatidt? 327414 Meyerhof*® suggested a
more general form for the bearing capacity equatdadh accounting for continuous,
rectangular, square and circular foundations, and for any inclination in the load.
Meyer hof 6 s ¢ epadty eglatiofsleath beiusedy for ¢tha bearing capacity

investigationpresented in this chapter.

q,= ¢’ Nc Fcs Fcd FcioB ao¥sogdFdlg Fqs@Bgd Fqi

Where:

c' = cohesion

q = effective stress at the level of the bottom of the foundation
) = unit weight of soil

B = width of foundation (or diameter)

Fcs, F g shape factoss
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Fcd, F g depth factord
Fci , F gloadindfirmaiion factors
Nc, N g = bedring capacitfactors

In the following sectionshe variouscomponent® f Me y gandrab bedriag

capacity equation are described.
4.2.1.Bearing Capacity Factors

Considering that the angle shown Figure 58 is approximately 4 5 %),{he

values otthe bearing capacity factaxg originally derived by Prandtt®, Nqg presented by

Reissnef'” andN ariven by Caquot and KeriséP and Vesid'?, for a given soil friction

anglef Nare:

. N 6ATtv T A ¢ (4.2

A . Np Al& (4.3
r ¢ . Np OAde (4.4)

4.2.2.Shape, Depth, Inclination Factors
a. Shape Factors

The values ofhe shape factoics, FqsandF opsesented by Debe@? for a given

soll friction anglef & foundation widthB and foundation length are:

ch=§+z—j (4.5)
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Fgs=%+ amn (4.6)

Fos =a. 4 (4.7)

b. Depth Factors

The values othe depth factor§cd, Fod andF d presented by{anseri!? for a
given soll friction anglé # foundation widtiB andDs (depth of foundation measured from

the ground surfacere:

Gl
For (e« m):
Fcd=1+0. 4 (4.8)
Fqd=1 (4.9)
Fod = 1 (4.10)
For («xe m):
Fcd=F&s (4.12)
Fgd=1ad@lsid? % (4.12)
Fod = 1 (4.13)
i |
@
For («x¢ m):
Fcd=1t+abn 2k (4.14)



Fqgd-=
Fod = 1
For (¢ m):

Fcd=
(4.17)

&NAp ¢OAdp OE®R OAT —

Fod = 1

c. Inclination Factors
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(4.15)

(4.16)

(4.19)

(4.19)

The values of the inclination factoki, Fqi and F 2 presented byHanna and

Meyerhof 5209 for a given soil friction anglé#&a n d

foundation with respect to the vertical) are:

. oA 2
Fci —1Fq§|6—

Fa E

- |o>

4.3.Elements ofBearing Capacity Analysis- SHL case

As mentioned, the bearing capacity investigation zone shall be the entire SHL truck.

b

(inclination

(4.20)

(4.21)

In this case considered (L&T-14) the SHL axle configuration is of a rectangular shape

(seeFigurell), with set of dual tires equally distributed along each axle, and axles that are

equally distributed across the entire vehicle

of
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To usethe bearing capacity equation a uniform stress distobus required. This
average uniform vertical stress induced by the SHL shall then be calculated by integrating
the volume of the vertical stress distribution within the initial rectangular area, within the

middle dual tires zones, to find the averagesstivaluegave given by the equation:

_ . 0. Ox. Oy
%ve"a T b)

(4.22)

In the case presented the average stress vguewas found to bel0.5 psj
calculated by dividing the integrated volume within the rectangle area, 32.964 kips
(illustrated inFigure 29) , by the area of the rectangle & ko) 3,135.0 square inch

(indicated inFigure28).

4.3.1.Subgrade Soil Strength Parameters

The shear strength parameters of $#&soil (cohesion, c, and friction angle,)
were estimated for a soil with resilient modulusz, Mf 5,000psi, using the suggested
values available in the literature. The cohesion, c, was taken as 1.5 psi and the friction

anglef , as 26°.

4.3.2.Bearing Capacity and Factor of Safety

Meyer hof ds gener al vaes asedtonegtimateatipbearingt y e g u
capacityof the SG soil. A spreadsheet was developed to calculatebt#aging capacity
using Meyer hof 0 sFigugeesd shows |la pietureu af tthie spreadsheet

calculations. The ultimate bearing capacityvgs found to b&36.2 psi Knowing that the



74

average stress valugsve, Was found to bd05 psi the factor of safety against bearing

capacity failure wasl@.9).

Thefactor of safetyalculated is high, whicimdicates thagjenerabearing capacity

failure mechanisndid not fully develop.This in part is due to the large width of the SHL

truck, B, which makes the third partof equatéri( i o B No Fos Foaod Foi

component, from the three component of the equalibrs might lead to the question,
whether there are any otheralter widths, b(s), which need to be investigated. Wed, t
concept of thédNucleus repeating itself everywhere within the SHL truck, and its effect on
Ultimate Bearing Capacity is somewhat similar to the idea of the Closely Spaced
Foundations. DagDas, 2010)stated that this was theoretically investigated by Stuart
(Stuart_paperjor granular soils, it was assumed that the geometry of the rupture surface
in the soil mass is similar to thsthown inFigure58. But when the foundations are close
enough the bearing capacity equation is modified with efficiency ratios, these efficiency
ratios vary the ratio of center to center distance (x) to width of foundation (B) and friction
anglef . However, these efficiency ratios are greater than 1, in other words these factors
are improving the bearing capacity under the foundations. This couldribeted to the

fact that the adjacent foundations are acting as a stabilizing force to the foundation.

On the other hand, if we assume a smaller set of tires or axles within the SHL truck
to be the bearing capacity investigation zoméh a smaller width b, the question
becomes, how the failure mechanism would develop. It is physically impossible to have

part of the vehicle develop a general bearing capacity failure mechanism while the rest is
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not. To illustrate, lets imagine a raft foundation with npldi columns within the
foundation zone, the bearing capacity investigation, in such case, would consider the whole
dimensions of the raft foundations, with no regard to the smaller dimensions of the columns
within the raft area. It could be said that a@®ete punching check would be carried out

in the zone of these columns, but this type of investigation is outside the scope of this

research.
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Meyerhof's General Bearing Capacity Equation

Qu =C'N FesFeg Fei + N Fgs Fqa Fgi +oy ' . FE gk
INPUT
1. Soil Properties:
SI UNITS | US UNITS SI UNITS | | US UNITS
kN/m?|  10.34c' Cohesion 1.5 psi
degreeg 26, @« Angle of friction 100%
KN/m| 19.64! Unit weight of So 125.0(pcf Input Additional g heredaqq):
KN/ 5.49q9=' (Dy) effective stress at the level of the bottom of the foundation 0.80psi KN/m2 0 add psi
2. Foundation Geometry:
m 5.31B Width of Foundation (or Diameter) 209.0inch 54.8768
m|  38.09L Length of Foundation (or Diameter) 1,498.Qinch 13 57.096
m 0.28 Dy Depth of Foundation measured from ground surface 11.Qinch 10.52
3. Load Inclination:
° i c Inclination of the Load on the foundation with respect to the vertical
OUTPUT
c' Nc Fes Fed Fei . q Ng Fes Fod Pt Y2 . B No F. s F. & F. x
10.34 | 22.25 1.07 1.02 1.00 5.49 11.85 1.07 1.02 1.00 0.50 19.64 5.31 12.54 0.94 1.00 1.00
g = [ RsRaf |+ JaNFeReRy |+ Jo b
! 251.636 + 70.585 + 617.036
0 = 939.3KN/m’
. 136.2psi
SIUNITS [ usuniTs
KN/n? 72.54 q applieg Maximum applied pressure 10.52psi
FOS 12.9 Factor of Safety is OK 12.9
Figure 59. Picture. Bearing capacityc al cul ati on spreadsheet wusing

Meyer hc
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Chapter 5. ESTIMAT ING STRESSCONDITION UNDER SHL

In Chapter 3 procedure to determine tNeicleus of SHL axle configuration had
beenestablishedand using this nucleus, the maximum average stigssas calculated.
Thisgavewas then used in the bearing capacity investigation, preser@pter 4which
showed that the factor of safety against bearing capacitydaih the case investigated, is
high (FOS = 12.9); which meathat nofully -developedailure mechanism isxpected to
occurunder SHL. However, the state of stresses within the pavement section under SHL
might be at a critical levelt some areas withithe pavemen®dditionally, comparing the
state of stresses under SHL to the state of stresses wstdadard truck load (STmould

render a better picture about the effect of SHL on flexible pavement.

5.1. Stress LevelApproach

Many pavement distress pietive methodologiesre based on inducedate of
stresgswithin a pavement section undeaffic loads. For exampleHajj et al.® used the
stress invariants to determitie magnitude of deviator and confining stressegliredin
the flow number tesio properly estimate the rutting resistance of asphalt mixtiires
stress invariant values are the same regardless of the orientation of the coordinate system
chosen as suggested lifie nameinvariant®. Forinstance the first invariant of stress
tensor (&) is the sum ofll the normal stresse8x, y, G ali G1, 2, & depending on the
coordinate system chosdrikewise,the second invariant afeviatorstress tensork 7 s
related to sheastress. The octahedral normal and shear stressefigi.and(c) at any

point within the pavement structure are related to the stress invariants as shown in
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equations5.1 and 5.2, and therefore they are also invariants. These octahedral stress

components in terms of principal stressas be written as

o l o o o l
Oo &g O+ g+ 03 = 11 (5.1)

O O o o o o 2
Wesr; Ul 2+ 0032+ 030y %= S 1hp (5.2

Wh e rig 2, 0 a nade thmajor, intermediate, and minor principal stresses,
respectivelyat the point of interesEquations5.1 and 5.2 showhatstress invariants®

and® , can beobtained whemprincipal stresseare known

The octahedratormal and shear stressgome very useful wharonvering the
principal stresgs observed in thepavementlayer under moving dynamic loads ém
equivalenttriaxial laboratoryloading condition The triaxial statein the laboratoryis
achieved by applyig a static confining stresall around a cylindrical samplesing
compressed afior water),andthen addinga deviator vertical stress using an akalding
system 4ctuato). The deviator stresslg, and the confining stres8g = U2 = Us, under
triaxial conditions can bexpressedas a function of thectahedral normal and shear

stressess follows:

Us= 75 U & (5.3)

(o] fj (o] (o]
Uc=Up ¢ t?d: Uy= U3 (5-4)
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Equations5.3 and 5.4 show that theequivalentlevel of deviator and confining
stresses in thiaxial statecan becalculatedrom the octahedral stresses generated in the
pavementayer under a movin§HL. However,af ai | ur e, t h es, addethei at or
conf i ni ng, umlérrtriexsak conditionsjn terms of Mohri Coulomb failure

parameters aras follows:
&dﬁﬁcf:&“t&m5é++2c 4t£'ﬁ;aln (5.5)

Thuscam be esti mat ecgusihgahe associged shgar strength e n t
properties (i.e., c anfd of the SG materialDne last step is to calculate the stress level (SL
= g0 at the point of i nt egsdaedotthelSHLmovemp ar i n
t he cor r & Jhe&lnvdliensgxpécted to be between 0 and 1, where a value of 1

indicates failure.

The same analysis procedure can be applied for the state of stresses generated
top ofthe SGlayerdue to aSTD move Thus,allowing for the determination of the SL
associated with th8TD move which can be used asederenceor the SHL move. The
SL calculated under a moving SHL can then be compared to the SL calculated under a

moving STD. In the next sections, comparisonveetn the two S(s) is presented.

5.1.1.Pavement Stress Levédal SHL Truck

The identified Nucleus of SHL axle configuration is used to calculate the stress
tensor i, &t any location within the pavement layéfee components of the stress tensor

are presented in equatiob$ and the state of stresses is showRigure60.
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(5.6)

—+ —+ =

Figure 60. lllustration . General 3D state of stresses.

5.1.1.1.Procedure to Determine the Stress Level in Flexible Pavement

The stepgollowedto estimate the stress le&L) undera SHL or a STD, at any
givenpoint of interestin the pavement layer are shown bel@le work presented in this

section focused on top of ti&& as the zone of interest.

a. Stress Tensor

The stresgensortime-histories on top of th&G due to theNucleus ofSHL axle
configuration LA8T-14, 5 axles with 6 tires in each axighown inFigure27 andFigure
28) was evaluate(see sectio3.2.1for details of obtaining pavement responséhg 18-
wheel semtrailer truckwith GVW of 80,000 Ibswas used to calculate the stress tensor,
Gj, under STD, for comparison with the SHinduced state of stresse$he STD
configurationused in this studis shown inFigure61. It should be noted that all oth@b-

Move Analysi€ inputs remained the same as presented in se&oh
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b. Principal Stresses

The stress tensaiij, time-historiesproduced by8D-Move Analysi§ on top of the
SG andundereach, the SHINucleusand theSTD, areused to calculate the principal
stressesi.e, eigenvalue of the stress tensBince the stress tensor is symmetric, it can be
decomposed into a diagonal tensor with the eigenvalues on the diddmabmponents
in the diagonal are the principalesseswhen the stress tensor has no shear stresses

presented in equation 5.7

” Tt Tt
AAO ,00 m , ™ (5.7)
T,

>
Option D :Semi-Trailer Truck Including Vehicle Dynamics Analysis

Tractor-Semi Trailer Properties Brake System Properties
ALl 2244 in  AL2 3701 in - Braking ) Non-Braking
hl 32 in dl 848 in - < Torque Gain Pushout
‘ ' Axle Axle Configuration (m-kN/kPa) Pressure (kPa)
h2 76 in d2 2047 in - - S s e
ering Axl Single Tires X
h3 49 in d3 153 in Driving Axle Dual Tires v
Trailer Axle Dual Tires v
Tractor Total Weight - W1 16000 Ib
e 3 Vehicle Speed at Brake Initiation 40 mph
Semitrailer Total Weight - W2 64000 b Stopping Distance (SD) 1200 4
Pavement Slope 0 Degree
Axle Configuration
srf —— “; 51? >
Yr ) Y/
Bl T R Steering axle
Trailer Axle Driving Axle
.l ) ()
472 in 1 472 in va
B 4 § I =
S 146 in  S1 146 in L Wa2 w1 Tws
i L1
) L AL2 vl ALt
Loaded Tire Radius ~ 20.5 in —

Figure 61. Picture. 18wheel semitrailer truck (STD), Total load is 80,000 Ibs.



82

A MATLABE code was developed to jcal cul
making use of a builin function that calculates eigenvalues (eig.m) for every point in the
i j -historiese produced by 3Move Analysi§. The MATLAB® code

(Principal_Stresses.m) is presentedppendix B

The principal stressesere then used toalculatethe octahedral stresses using
equations 5.Bnd5.2 Th e ma g n b a rudlie theotfaxiafitest are then evaluated
from the octahediastresses generatéa the pavementayer under a movingpad (SHL

and STD)

Knowing the shear strength parameters of3k&esoil (cohesion, ¢, and friction
angle,f) and based on thestimatedlc in the triaxial test setip, the deviator stresat

failure, o, Walue carthenbe calculatedising equation 5.5

Thefinal and important step is to calculate 8teesdevel at the point of interest
defined at h e r at od0After talculating the stress level under both loads (SHL
and STD), a ratio between the stress level under SHL to the SL underc&i be
determinedA valuegreater than indicates that the SL under SHL is higher than the SL

under STD.
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5.1.1.2.Results of Proposefl Methodologyr SHL

a. Stress Tensor ar@rincipal Stresses

In the Nucleus investigatiadhe center of the middle tire of the Nucleasisistently
experienced the maximum verticgtessesFigure 62 shows a similar trend; the normal

and principal stresses peaks are in the middle of the Nucleus.

14.0
12.0
~10.0
é Sigmal
§ 80 Sigma2
g 6.0 Sigma3
ﬁ - = = Normal Stress X-
4.0 = = = Normal Stress Y-V
2.0 - = = Normal Stress Z-Z
0.0

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5
Time (Sec)

Figure 62. Chart. Stress Tensor and Principal Stresses under SHL (adle of
Nucleus).

b. Stress Level (SL)

The assumption was that the maximum SL would be seen in the middle of the
Nucleus, following the trend observed in the stresses, however, as segurat3the SL

observed under the edge axles (0.67) is higher than the SL observed under the middle axle

(0.45).
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Distance in travel direction (inch)
0.0 100.0 200.0 300.0 400.0 500.0 600.0 700.0

Stresses (ps

0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0 4.5
Time (Sec)

Figure 63. Chart. SL and Triaxial Stresses under SHL (iddle of Nucleus.

This indicats that the maximum stress level is moesentat the middle of the
Nucleus, where theerticalstresses are higher, but rather at the edgjedbe edge location
the combination ofertical stresses 4, &ndthe confinemen ., @re such that the SL is
much higherThis observation suggests that the middle ofNlieleusmight not be the

critical point for investigating the SL under SHL.

Therefore, every point within the Nucleus and on top of then8&d to be
investigaed toidentify the critical zones for SIA 3D plot showing the contour of the SL
under the SHL Nucleysn top of theSG, is shown inFigure64. It is observed that the SL
values on the edg@se highethanthosein the middle, andhe critical location for the SL
is atthe corners of the Nucleus this case, thenaximumSL is ob®rvedat the corner

(0.92), versusSL(s) of (0.67), observed at the edges of the Nucleus, (@b observedn
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the middle of the Nucleusccordingly, the critical location for the SL under SHL, is

expected at the corners of the SHL, wi#ih(s)at the edeshigherthanin the middle.

20.0-0.2 =m0.2-04 =0.4-0.6 ©0.6-0.8 m0.8-1.0

1.0
S 0.8
3 0.6
o3
n 0.4
3 0.2

0.0

Distance in Y-Direction

Distance in Travel / X-Direction (inch)

Figure 64. Chart. SL contour under SHL Nucleus.

5.1.1.3.Comparson betweethe SHLandSTD

The procedure discusseusection5.1.1.1was followed tcestimate thé&SL under
aSTD, which consisted af8wheel semirailer truck.The zone of interest was at the edge
tires and on top of the SG, where the critical locationshi®ISL are expecte&igure66,
shows the normal str es ge2sln dgruiadertherSED. Pphei nci p
peak values of principal t r e 3, s2als d)(dule to the STD (3.18 psi, 0.93 psi and 0.64
psi respectively) are much loWer7 2=6@0mi ,t hips

psi 3a2m08 psilrespectivelyigure65.
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12.0
Sigmal
Sigma3
% 8.0 Normal Stress X-
o
\U-)/ = = = Normal Stress Y-V|
§ 6.0 Normal Stress Z-Z|
o
040
2.0
0.0 — .
0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0 4.5

Time (sec)

Figure 65. Chart. Stress Tensor and Principal Stresses under SHL (edge tire).

12.0
Sigmal
10.0 Sigma2
Sigma3
% 8.0 Normal Stress X-X
o
:;)’ = = = Normal Stress Y-Y|
% 6.0 Normal Stress Z-Z|
g
N 40
2.0
0.0 - : -
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (sec)

Figure 66. Chart. Stress Tensor and Principal Stresses und&TD (edge tire).

The SLestimatedunderSTD showed a similar trend to that observed under SHL
the SL critical locations are at the corners of tbaded area of the STPBigure68, shows
the SL (0.56) and theequivalenttriaxial stresseg 4 ¢ a@ln dir) uiader theSTD. By

comparing the peak SL under SHL a®d@D (Figure69) a higher SL wasbserved under
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SHL. The peak SL on top of subgrade under SHL was 1.6 times the peak SL under STD

(0.91

Stresses (psi)

Stresses (psi)

vs 0.56 for SHL vs STO$eeFigure69).

Distance in travel direction (inch)
0.0 100.0 200.0 300.0 400.0 500.0 600.0 700.0

12.0

10.0

©
o

o
o

»
o

2.0

1.0 15 2.0 25 3.0 35 4.0 4.5
Time (sec)

Figure 67. Chart. Stress Level and Triaxial Stresses under SHL (edge tire).

Distance in travel direction (inch)
80.0 100.0 120.0 140.0 160.0 180.0

0.0 20.0 40.0 +60.0
12.0 J—— 1
......... ad 0.9
10.0 --={c 0.8
SL_STD| 0.7

©
o

Time (sec)

Figure 68. Chart. Stress Level and TriaxialStresses under STD (edge tire).
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Distance in Travel Direction (inch)
0 20 40 60 80 100 120 140 160 180 200

STD_SL| 0.7
I\ ,\ I\ ’ \ — —SHL_SL 0.6:‘;

0 0.5 1 15 2 2.5 3 3.5 4 4.5
Time (sec)

Figure 69. Chart. Stress Levelr SHL vs. STD (edge tire).

5.2. Sensitivity of Stress Level Approach to Soil Strength Properties

The Stress Level Approach discussed in se&ibdependpartially on estimating
the failure deviator stress using soil strength propeifiestefore a sensitivity analysis of
the approach to the soil strengitoperties was conductdxy considering the possible
rangesfor ¢ and f, of the SG materialused in the3D-Move Analysi§ presented in

section3.2.1

Range of SG strength properties

The range of cohesion, c, of ti& material selected iBD-Move Analysi€ is
between 1 psi and 2.5 psi, while the range of friction amglef theSG material selected

in the analysis is 25° to 40°. Accordingly, the SL under SHL S0, for each possible
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combination of ¢ andl within the target range was investigatédyure 70 showsthe SL
observed under both SHL a8d Dfor the upper and lower bounds of ¢ values as a function

of f. All the SL values calculated are presentedlablel0andTablel11.

(c =1 psi) SHL = = =(c=1psi) ST
(c=15psi)SHL = = =(c=1.5psi) ST
—(C=2.5psi) SHL = = =(c=2.5psi) ST

SL = Gd/Gdf

25.0 30.0 35.0 40.0
DA

Figure 70. Chart. Stress Levelratio as a function of SGfriction angle.

Figure70 showsthe SL under SHL is 20% to 90% higher than the SL under, STD

within the range of ¢ anidinvestigated

5.3.Suggested application of Stress Level Approach

The Stress Level Approach discussed in sed@ianis a potential permitting tool,
wherethestress level limitan be used as a eoff limit. The classic approach to limiting
SHL moveis a strain limit approach, where the tensile strain at the bottom of the AC is
observed as a fatigue indicator, and the compressive strain on top of theliSéried as
a rutting indicator. However, looking at the Stress Level Approach, the following

procedure could be suggested for permitting SHL.
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Table 10. SL under SHL and STD, for range of cohesion and friction angle &G

part 1.
c fo SL ¢ dif da Clar SL ratio
(psi) (SHL/STD)
STD | SHL | STD | SHL | STD | SHL

25 08| 12 | 08| 75| 3.7 | 64 1.4
26 08| 11| 08| 75| 38 | 6.6 1.4
27 08| 11| 08| 75| 39| 6.9 1.4
28 08| 10| 08| 75| 40 | 7.2 1.4
29 0.7 10| 07 | 75| 41 | 75 1.4
30 071 09| 07| 75| 42| 79 1.3
31 07 09| 07| 75| 44 | 82 13
32 07 09| 07| 75| 45| 86 13

10 33 07| 08| 07| 75| 46 | 89 13
34 06 | 08| 06 | 75| 47 | 93 1.3
35 06 | 08| 06 | 74 | 49 | 97 1.2
36 06 | 07| 06| 74 | 50 | 101 1.2
37 06| 07| 06| 74 | 51 | 106 1.2
38 06| 07| 06| 74 | 53 | 110 1.2
39 05| 06 | 05| 74 | 54 | 115 1.2
40 05| 06 | 05| 74 | 56 | 121 1.2
25 06| 09| 06| 78| 53| 82 1.7
26 06| 09| 06| 78| 54 | 86 1.6
27 05| 09| 05| 78| 56 | 89 1.6
28 05| 08| 05| 78| 57| 93 1.6
29 05| 08| 05| 78| 58| 9.6 1.6
30 05| 08| 05| 78 | 6.0 | 10.0 15
31 05| 07| 05| 75| 6.1 | 100 15
32 05| 07| 05| 75| 63| 104 15

15 33 05) 07| 05| 75| 65 | 109 15
34 05| 07| 05| 75| 66 | 11.2 15
35 04| 06 | 04| 75| 68 | 11.7 1.4
36 04| 06| 04| 75| 70 | 122 1.4
37 04| 06 | 04| 75| 72 | 127 1.4
38 04| 06 | 04| 75| 74 | 132 1.4
39 04| 05| 04| 75| 76 | 138 1.4
40 04| 05| 04| 75| 78| 143 13
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Table 11. SL under SHL and STD, for range of cohesion and friction angle of SG

part 2.
c fo SL ¢ dif da Clar SL ratio
(psi) (SHL/STD)
STD | SHL | STD | SHL | STD | SHL

25 04) 08| 04| 79| 69| 99 1.8
26 04) 08| 04| 79| 71 | 102 1.8
27 04) 07| 04| 79| 72| 106 1.8
28 04) 07| 04| 78| 74 | 109 1.7
29 04| 07| 04| 78| 76 | 113 1.7
30 04| 07| 04| 78| 78| 118 1.7
31 04| 06| 04| 78 | 80 | 122 1.7

20 32 04| 06| 04| 78 | 82 | 127 1.7
33 04| 06| 04| 78 | 83 |131 1.6
34 04 ) 06 | 04| 78 | 85 | 137 1.6
35 03] 06| 03| 78| 88 | 14.2 1.6
36 03] 05| 03| 78| 9.0 | 147 1.6
37 03| 05| 03| 78| 92 | 153 1.6
38 03] 05| 03| 78| 95 | 159 15
39 03] 05| 03| 75| 97 |16.0 15
40 03] 05| 03| 75 |100]| 16.6 15
25 04 07| 04| 79| 85| 114 1.9
26 04| 07| 04| 79| 87 | 118 1.9
27 03] 06| 03| 79| 89 | 122 1.9
28 03] 06| 03| 79| 91 |127 1.8
29 03] 06| 03| 79| 93 |131 1.8
30 03] 06 | 03| 79| 95 | 136 1.8
31 03] 06| 03| 79| 97 | 141 1.8
32 03| 05| 03| 79 |10.0| 146 1.8

23 33 03| 05| 03| 7.8 |10.2| 150 1.7
34 03| 05| 03| 7.8 |105] 155 1.7
35 03] 05| 03| 78| 10.7| 161 1.7
36 03| 05| 03| 78 |11.0| 16.7 1.7
37 03| 05| 03| 78| 113|173 1.7
38 03] 04| 03| 78 |116| 18.0 1.7
39 03| 04| 03| 78 |11.8]| 18.7 1.6
40 02| 04| 02| 78 |122| 194 1.6
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5.3.1.Stress Level Limit

Based orthe step by step procedure explained in se@&iari.1the critical SL(S)
under the SHL and STBan be combined to identify differentiating zones of concEne

following three zones auggested.

Zone 1 Green. It is defined as the zone where the 8t the SHL under
considerations at or below the SL of STDepresenting thagencydesignload limit of
the pavement. It should be noted that the more conser&@Eypeoperties shall be ad in
the calculation of this zon&or illustration purposes-igure 71 was generated using the
examples presented in sectma.1.3 where Zone 1 is represented with a green color zone.
In this case, the upper limit 8iGcohesion is selected (1.5 psi). If the SL of the SHL under
consideratia falls in this zone, the SHtanbe allowed to move without any need for

mitigations or special requirements.

Zone 2 Orange. It is defined as the zone where the 8Lthe SHL under
considerationis at or above the conservative SL of STD, but the SL is within the SL of
STD, when lower bound d8G properties are selected (c = 1 psi). This zone is represented
in Figure71with an orange color zone. If the SL of the SHL under consideration, falls in
this zone, the SHcanbe allowed to movafter taking somenitigationmeasures to take

down the SL of the SHL under consideration to the green zone.
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«(c=1psi) ST #(c=15psi) ST
1.00
5 No Go!
E Serious mitigations required.
4 % ©0 with mitigations
’ 2.
Go| /
0.00 4 1
25 30 35
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Figure 71. Chart. Stress Level ratio versus friction angle (for multiple cohesion
values).

Zone 3 Red.is defined as the zone where the SL of the SHL under consideration
is at or abovehe SL of STD; when lower bound of soil properties are selected (c = 1 psi).
This zone is represented figure 71 with white color zone. If the SL of th8HL under
consideration, falls in this zone, the SHL shall not be allowed to move, unless some serious

mitigation measures take place, to lower down the SL of the SHL under consideration to

the green zone.
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Chapter 6. CONCLUSIONS AND RECOMMENDATIONS

6.1.Conclusions

Theobjective of this research was to establish a new analysis procedure to model a
SHL using a representative Nucleus of the SHL axle and tire configurafitwes.

followings are the conclusions of thissearch.

SHL permitscollectedfrom SHA(s),varied in GWV, tire load and configurations
The permits collected from Louisiana DOT, represented the widest varieiyllyof
documented permit cases. Total of sixteen cases analyzed and summarizadrable5,
andall the sixteen permits collected from Louisidd@T are presented iAppendix A

Three critical cases were selected for further investigation.

The concept of the SHL representative Nucleusintasduced, characterized as a
cluster of the load pattern that when repeated within the SHL area, would produce the
maximum possible vertical stresses under the SHL. A step bypstepdurewas then
establishedo identify the Nucleus of SHL axle anddiconfigurations utilizing the

vertical stress distribution within the pavement structure

A full factorial studywas then conductet verify the procedure andssess the
sensitivity of the Nucleus proceduxethe influence of pavement structure, diéiet SHL
cases and pavement analysis temperafline. study concluded that the procedure is

applicable tall the variables studied amdtable observations are
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1 The maximum vertical stresses on top of the SG decrease with the increase in

pavement structurinicknesses.

1 The maximum vertical stress on top of the SG was observed to increase with the

increase of tire load.

1 The maximum vertical stresses on top of the SG decreased, as the analysis
temperature decreased; which was expected as the pavementsstiffipasticular,

AC stiffness) increases with the drop in temperature.

The SHL Nucleus conceptias then applien elements of bearing capacity
investigatonUsi ng Meyer hof 6 s gene thadafethfactoragamgt c a p a
general bearing capity failurehave been investigatedomparing the average uniform
vertical pressure, induced by the SHL representative Nucleus, to the bearing capacity, at

the depth of interest.he bearing capacity analysis concluded that:

1 The factor of safety againsearing capacity failure is high (FOS = 12.9), meaning
that no failure mechanism was developing under SHL. However, the state of

stresses within the pavement section under SHL should be investigated.

The SHL Nucleus concept was then applied to furtherstiyate the state of
stresses under SHandthencompare the stress level under SHL to that undetandard

truck load and the investigation concluded that:
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1 The maximum stress level under SHL was less than 1, meaning that the failure
stresses are no¢ached yetThe maximum stress level occurred at the corners of
the load, where deviator stress is still at the peak zone while the confinement and

accordingly the deviator stress at failure are dropping significantly.

1 The stress level under S higherthanthe stress level under standard trieken
if the failure is not reached, a high stress level in the 8&L result inserious

permanent deformation.

1 A Stress Level Limit is proposed to permit SHL move on flexible pavernasgd

on stress levels under standard trucks.

6.2. Recommendations

Theproceduresstablished in this researchigentify the Nucleus of SHL axle and
tire configurations, utilied the vertical stress distributioon top of the subgrade only.
Further investigation stuld be carried out to verify the procedure at various depths within

the pavement structure

Thefactorial study verikd the proceduréor the influence of pavement structure,
different SHL cases and pavement analysis temperdunneever,other importanfactors
could be investigated, such as differ&@ mixtures different material properties and

modeling of material properties (stress dependency of the material).

The SHL Nucleus concept was applied to investigate the state of stresses under

SHL, andcomparet to the stress level under SHL, a similar concept could be investigated
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using strains, instead of stresses. This could pvalgablein the absencef in-situ soill

strength parameters (c ahd
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APPENDICES

Appendix A.: Louisiana Department of Transportation SHL permits

The permits collected from Louisiana DOT, represented the widest variety of
properly documented permit cases. Total of sixteen cases were analyzed and summarized
below. The sixteen permits collected from Louisiana DOT are present&ayure 72

throughFigure88.

Table 12. Summary of SHL Characteristics from Louisiana Sample Permits.

Number Axle width Center-to-
D GVW Axle Weight No. of of tires (measured out center distance Tire load Tire width
(Ibs) (Ibs) Axles per to-out edges of between (Ibs)
axle the outside tires) | adjacent axles

LA-4T-1 672,624 37,368 18 Axles ) 7 ft- 11Y56inch 4ft - 9Y16inch 9,342 1ft - 1%6inch
LA-4T-2 512,780 25,639 20 Axles e 7 ft- 11%16inch 4ft - 9Y16inch 6,410 1ft - 1 %6 inch
LA-8T-3 485,736 40,478 12 Axles 17 ft- 5%%6inch 4ft - 9Y16inch 5,060 1ft - 1 %6 inch
LA-8T-4 589,821 56,223 65,420 | 10 Axles 17 ft- 5%%6inch 4ft - 9Y16inch 7,028 8,178 | 1ft-1°%sinch
LA-8T-5 704,604 58,717 12 Axles 24 ft- 7%ginch 4ft - 9Y16inch 7,340 1ft - 1 %6 inch
LA-8T-6 717,821 70,193 75,490 | 10 Axles 17 ft- 5%¥6inch 4ft - 9Y16inch 8,774 9,436 | 1ft-1°%sinch
LA-8T-7 725,221 71,203 75,600 | 10 Axles 17 ft- 5%¥6inch 4ft - 9Y16inch 8,900 9,450 | 1ft-1°%sinch

LA-8T-8 784,164 65,347 12 Axles 24 ft- 7%ginch 4ft - 9Y16inch 8,168 1ft - 1 %6 inch

LA-8T-9 804,480 67,040 12 Axles | 8Tires 24 ft- 7%ginch 4ft - 9Y16inch 8,380 1ft - 1 %6 inch
LA-8T-10 1,415,660 | 78,509 63,057 | 20 Axles 17 ft- 5%%6inch 4ft - 9Y16inch 9,814 7,882 | 1ft-1°%sinch
LA-8T-11 1,500,660 | 74,678 75,388 | 20 Axles 17 ft- 5%¥6inch 4ft - 9Y16inch 9,335 9,424 | 1ft-1°%sinch
LA-8T-12 1,833,960 | 115,600 | 74,460 | 18 Axles 17 ft- 5%%6inch 4ft - 9Y16inch 14,450 | 9,308 1ft- 2 inch
LA-8T-13 3,634,092 129,789 28 Axles 17 ft- 5%¥6inch 4ft - 9Y16inch 16,224 1ft - 1 %6 inch
LA-8T-14 3,660,552 130,734 28 Axles 17 ft-5%ginch | 4ft - 9 ¥sinch 16,342 1ft - 1%6inch
LA-8T-15 4,073,472 113,152 36 Axles 17 ft- 5'%¥16inch 4ft - 9 Y1ginch 14,144 1ft - 1%6inch
LA-12T-16 1,754,220 73,971 72,214 12 Axles | 12 Tires | 17 ft-5%6inch 4 ft 7 inch 6,164 6,018 1ft - 2inch
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Figure 81. Picture. Example of Louisiana SHL permit form (LA-8T-10).



























