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ABSTRACT 

Nowadays, industrial facilities are undergoing massive upgrades and innovations, 

which require moving Superheavy Loads (SHLs), these are loads with a gross vehicle 

weight (GVW) and axle weight exceeding the overweight legal limits and require special 

permits. The axle and tire configurations in SHL permits are variable and often assembled 

to suite the superheavy components being transported. Therefore, a realistic procedure is 

required to model SHL move on flexible pavement, considering that SHL axle and tire 

configurations are non-standard. 

The work presented in this research aimed to establish a new analysis procedure to 

model SHL using a representative Nucleus of axle and tire configurations. A clear 

procedure was proposed to identify SHL representative Nucleus, which when repeated 

across the SHL area, produces maximum stresses under SHL. Then, the Nucleus procedure 

was evaluated using a full factorial study, to assess its accuracy and sensitivity for the 

influence of pavement structure, different SHL cases and pavement analysis temperature. 

Applying the SHL Nucleus concept elements of bearing capacity were investigated. 

A second investigation was also conducted, comparing the SHL-induced state of stresses 

to that under standard truck loading. 

Keywords: Flexible Pavement, Superheavy Load, Bearing Capacity, Stress Level, 

Stress Level Ratio, Superheavy Load Permits.  
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Chapter 1. INTRODUCTION  

U.S. transportation network is the largest in the world, serving millions of business 

establishments, the Bureau of Transportation Statistics reports that more than 10% of U.S. 

GDP is related to transportation activities (1). Trucking accounts for about 80% of 

transportation activities in the United States (2). Many heavy industries, like oil, mining and 

chemical industries, require moving of Superheavy Loads (SHLs), these are loads with a 

gross vehicle weight (GVW) and axle weight that exceed the legal overweight limits, which 

require special permits.  

The number of SHL permits issued annually varies between agencies, the range is 

from fewer than 100 to more than 10,000 per year. The movement of such loads 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 year. The SHL permits consist of about five percent 

of the total issued permits (3, 4, 5).  

It should be noted that the tires used in the transport are often conventional (single 

and wide base), which enables the ready use of existing methodologies and procedures in 

addressing critically important issues such as pavement-tire interaction stresses, pavement 

distress modes and corresponding critical pavement response parameters.  
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1.1. Problem Statement 

The axle and tire configurations in SHL permits are variable and often assembled 

to suite the superheavy components being transported. Therefore, the SHL axle and tire 

configurations are nonstandard. Then the problem is to determine the critical 

combination(s) of the axles that need 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 stresses as 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 configurations. When 

repeated across the whole SHL truck, this Nucleus produces the maximum possible vertical 

stresses under the SHL. For that objective the following tasks have been conducted: 

¶ Collect sample SHL permits from SHA(s), review SHL types and configurations 

and select SHL case(s) for further analysis. 

¶ Propose a procedure to identify the Nucleus of SHL axle and tire configurations, 

which represents the worst case under that SHL. 
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¶ 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. 

¶ Apply the SHL Nucleus concept on elements of bearing capacity investigation. 

Assess the safety factor against general bearing capacity failure, based on the 

average uniform vertical pressure induced by the SHL representative Nucleus at the 

selected critical locations within the pavement structure. 

¶ Apply the SHL Nucleus concept to investigate the SHL-induced stress level, and 

compare it to a standard truck loading stress level. 
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Chapter 2. EXAMPLES OF SHL TYPES AND CONFIGURATIONS  

In this section, the literature reviewed for understanding the SHL types and 

configurations are summarized. It should be noted that Chapter 2 of the Federal Highway 

Administration (FHWA) interim report (DTFH61-13-C-00014) by Hajj et al. (3), 

represented a major resource for this summary. The report documents details on the State 

DOTs that were contacted and information relevant to SHL moves and permits were 

collected. 

2.1. Definition of SHL 

Loads with GVW or axle weight that exceed the legal overweight limits are defined 

as SHL(s), therefore special permits from State Highway Agencies (SHA) are necessary. 

Some of these SHL(s) GVW exceed 3,000,000 lbs, thus requiring 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 (DTFH61-13-C-00014), some of the SHA that 

experience SHL moves exceeding 250,000 lbs were contacted in an attempt to gain 

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. While many researchers studied SHL in the past; to evaluate the effect 

of SHL move on flexible pavements, the appropriate and representative inputs needed for 

such an analysis are not well defined. 
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The information received from five of the contacted SHAs (Arizona, Colorado, 

Louisiana, Nevada, and New York) is summarized in the following sections. It 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 tire 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) are categorized in Arizona under ñClass C oversize/overweightò 

classification. The SHL is defined as any vehicle that is exceeding 250,000 lbs, 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 moves with greater 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 forms. Based on the 

collected SHL permitting information, the GVW ranged from 647,855 to 1,180,000 lbs. 

The total weight per axle ranged from 46,305 to 51,687 lbs. The axle width (measured out-

to-out edges of the outside tires) ranged from 18 ft 4 inch to 20 ft 4 inch. 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 lbs. The edge-

to-edge width of each tire ranged from 8 1/4 inch to 11 inch.  
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Figure 1. Picture. Example of a SHL permit in Arizona: Axle spacing and loads.  
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Figure 2. Picture. Example of a SHL permit in Arizona: Side and a plan view of SHL. 
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The edge-to-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 in Figure 3 (note that drawings are not to scale). 

 
 

 
 

 
 

Figure 3. Illustration. Observed tire configurations in Arizona (not to scale).  
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2.2.2. Colorado Department of Transportation 

SHL(s) are defined in Colorado as the ñDouble Dollyò vehicle which consists of 

two axles adjacent to one another with each axle line consisting of eight tires (Figure 4). 

The Double Dolly has been typically used for large and heavy loads such as refinery 

equipment or electrical transformers.  

Table 1  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 maximum allowable 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 DOT office regarding tire configurations, axle 

configurations, load per axle, and load per tire. 

 
Figure 4. Illustration. Double dolly configuration according to Colorado DOT.  
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2.2.3. Louisiana Department of Transportation 

The truck permit office 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), curfews, 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 million. 

Sixteen different SHL permit forms were received by LDOT truck permit office; 

Figure 5, Figure 6 and Figure 7 illustrate an example of the received permits. All the sixteen 

SHL permit forms received from LDOT truck permit office are presented inAppendix A. 

Based on the collected SHL permitting information, the GVW ranged from 402,240 to 

3,660,551 lbs. The total weight per axle ranged from 56,223 to 130,734 lbs for 12-tire and 

8-tire axles and from 25,639 to 37,368 lbs for 4-tire axle. 

The axle width (measured out-to-out edges of the outside tires) ranged from 17 ft 5 

inch to 24 ft 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 lbs. The edge-to-edge width of each tire 

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 (× 1,000 lbs) 
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Figure 5. Picture. Example of Louisiana SHL permit form (LA -4T-01). 



13 

 

 

 

  
Figure 6. Picture. Example of Louisiana SHL permit form (LA -8T-14). 
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Figure 7. Picture. Example of Louisiana SHL permit form (LA -12T-16). 
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2.2.4. Nevada Department of Transportation 

SHL(s) are categorized in Nevada under ñoversize/overweightò classification. The 

SHL is defined as any vehicle that is exceeding 250,000 lbs. NDOT over-dimensional 

vehicle (OVD) permit office is the responsible permitting issuing unit. Three 

oversize/overweight fee categories exist: (1) Annual permit fee of $60; (2) semi-annual fee 

of $60; and (3) 5-day trip fee of $25. A Microsoft® Excel-based database was received by 

NDOT OVD office including the entire record for oversize/overweight permits from 2004-

2013. A total of 1,398 permits with GVW over 250,000 lbs were observed with a maximum 

recorded SHL of 6,215,938 lbs. 

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 10 years (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 exceeding 200,000 lbs. 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 lbs. Only 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 lbs. Table 3 summarizes the minimum, maximum, average, and median 
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GVW for all 35 permits. The data show an increase in the average and median GVW over 

the years. 

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

Categories 
No. of 

Permits 

Gross Vehicle Weight (lbs) 

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 

Mechanical and Electrical 

Equipment 
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 lbs - New York. 

Year No. of Permits 
Gross Vehicle Weight (lbs) 

Minimum Maximum Average 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 lbs were received 

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

maximum recorded GVW was 855,000 lbs. The total weight per axle ranged from 28,300 

to 52,600 lbs for 8-tire axles and from 22,700 to 24,700 lbs for 4-tire axle. The axle width 

(measured out-to-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 to 6,575 lbs. The edge-to-edge 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 each axle 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 shown in Table 4.  

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

SHL 

information  

State 

Arizona Louisiana New York 

GVW (lbs) 647,855 ï 1,180,000 402,240 ï 3,660,551 200,000 ï 855,000 

Axle Weight (lbs) 46,305 ï 51,687 25,639 ï 130,734 28,300 ï 52,600 

Number of tires 

per axle 
8 4, 8, and 12 4 and 8 

Axle width 

(measured out-to-

out edges of the 

outside tires) 

18 ft 4 inch ï  

20 ft 4 inch 

17 ft 5 inch ï  

24 ft 7 5/16 inch 

12 ft 10 inch ï  

13 ft 6 inch 

Center-to-center 

distance between 

adjacent axles 

6 ft ï  

12 ft 1 inch 

4 ft 7 inch ï  

11 ft 3/4 inch 

4 ft 11 inch ï  

5 ft 

Tire load (lbs) 5,000 ï 6,460 7,028 ï 16,341 3,538 ï 6,575 

Tire width 8 1/4 inch to 11 inch 1 ft 1/2 inch ï 1 ft 2 inch 1 ft 1/2 inch ï  1 ft 2 inch 

 

Based on the information received, the axle weights for the SHL vehicles were 

anywhere between about 25,000 lbs and 131,000 lbs. An axle can have between 4 and 12 

tires with an axle width anywhere between 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 lbs and as high as 16,341 lbs. On the other 

hand, the tire width varied between 8 1/4 inch and 1 ft 2 inch.  
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Chapter 3. REPRESENTATIVE NUCLEUS OF SHL AXLE CONFIGURATIONS  

The objective of this chapter is to develop a methodology to identify a 

representative Nucleus of axle load configuration for the analysis of SHL moves on flexible 

pavements. This Nucleus can be viewed as representative (or microcosm) of the entire SHL 

configuration based on the vertical stress distribution on top of the pavement layers present 

in the pavement structure. Subsequently, the vertical stress distribution under the entire 

SHL configuration can be estimated by superimposing the stresses calculated under the 

Nucleus axle configuration, hence eliminating the need to model the entire SHL. In the 

event of non-uniform 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 of identifying a representative Nucleus of SHL axle load 

configuration, is to define the shape of the vertical stress distribution, ův, on 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, especially within the 

pavement, e.g., top of the subgrade (SG). The resulting ův distributions are needed in the 

investigation of the Nucleus, in the pavement layer system under 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 Five-Line Load model depicting an axle group is 

shown in Figure 8 and Figure 9. The elevation plot (Figure 8) shows the overlapping of ův 
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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 shown in Figure 10. Case 1 represents no overlapping, 

while Case 3 shows substantial overlapping. The extent of overlapping is significantly 

affected by the surface load configuration and magnitude as well as the pavement layer 

properties and thicknesses. For example in the bearing capacity failure investigation the 

loaded area is required to be of a certain fixed shape (circular or rectangle), and the 

computed ův distribution need to be approximated to one of these shapes. But the question 

remains, how many axles need to be modelled to truly represent the SHL; is it one, three, 

five or more axles. The answer is simply finding the Nucleus of the load pattern that when 

repeated within the SHL area would generate similar stresses as those generated by the 

entire SHL move. Once this is achieved, several investigations could be easily carried out, 

like using the bearing capacity equation to check for failure.  

In chapter Chapter 4 elements of bearing capacity analysis under SHL will be 

presented. Utilizing the Nucleus identified in this chapter, the bearing failure investigation 

can start from the bottom layer (i.e., SG) and progressively include the overlying layers 

one at a time. This means that single layer and multi-layer bearing capacity equations need 

to be used in the investigation. Furthermore, the bearing capacity of such loaded areas may 

require modifications to bearing capacity equations that are appropriate for closely spaced 

loads. 
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Figure 8. Illustration. Five-line model for SHL simulation ï Plan view. 

 
Figure 9. Illustration. Five-line model for SHL simulation ï Elevation view. 

 
Figure 10. Illustration. Various combination of vertical stress distribution within 

pavement. 

To define the shape of the vertical stress distribution, ův, below the pavement 

surface under a SHL move; 3D-Move Analysis® software (6) was used to compute the stress 
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distribution as a function of different axle load configurations, pavement structures, and 

material properties. However, it becomes important to first identify a Nucleus of axle 

configuration that can be considered representative of the entire SHL configuration based 

on the vertical stress influence zone within the pavement structure. In other words, the 

entire SHL configuration can be re-generated by repeating the Nucleus of axle 

configuration pattern across the SHL area. 

Subsequently, the vertical stress distribution under the entire SHL configuration 

can be estimated by superimposing the stresses calculated under the Nucleus axle 

configuration. As a representative example, Figure 11 shows the axle load configuration 

for a SHL from Louisiana with 28 line axles and 8 tires per axle. The GVW was over 3.6 

million lbs with a tire load of 16,342 lb. A most likely representative Nucleus of axle 

configuration consisting of four half axles with four tires each is also shown in Figure 11. 

The assumption is that by having the response under a single Nucleus axle configuration, 

the vertical stress distribution under the entire SHL can be computed by superimposing the 

responses from the various Nucleus axle configurations; hence eliminating the need to 

directly compute the vertical stresses under the entire SHL. Accordingly, it becomes 

critical to develop an approach for identifying the appropriate representative Nucleus of 

axle configuration for every SHL configuration.  

3.2. Determining a Representative Nucleus of Axle Load Configurations 

The objective of this effort is 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, and material properties. 3D-Move Analysis® 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 

pavement structure.  

An incremental tire load approach is used for this purpose. First a single tire (Figure 

12a) is applied to the pavement and pavement responses 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 added (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 representative Nucleus of 

axle load configuration is determined based on vertical stress influence zone (Figure 12c 

and Figure 12d). 
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Figure 11. Picture. SHL axle configuration (Case LA-8T-14) and Nucleus of SHL configuration illustration .

A A 
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(a): single tire (in red). 

 
(b): two tires in traffic direction (in red).  

 
(c): three tires in traffic direction (in red).  

 
(d): four tires in traffic direction (in red).  

Figure 12. Illustration. 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 an example, Figure 

13 shows a simply supported beam  with a unit load placed at a distance x from the left end 

(Point A), with the bending moment influence lines at point B shown below the structure. 

As the unit load moves along the structure, the bending moment at point B is reported in 

Figure 13 (7). 

 

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

The SHL configurations for this analysis were selected from the sample permits 

received from the Truck Permit Office at the Louisiana Department of Transportation and 

Development.  

Table 5 summarizes the SHL information for the received permit samples. Based 

on the collected information, the GVW ranged from 485,736 to 3,660,552 pounds. The 

total weight per axle ranged from 40,478 to 130,734 pounds for both 12-tire and 8-tire 

axles, and from 25,639 to 37,368 pounds for 4-tire axle. The axle width (measured out-to-

out edges of the outside tires) ranged from 17 feet 5 inch to 24 feet 7 5/16 inch. The center 



26 

 

 

 

to center distance between each adjacent axle ranged from 4 feet 7 inch to 11 feet ¾ inch. 

Typically, eight tires exist in each axle with an individual tire load ranging from 5,060 to 

16,341 pounds. The edge-to-edge width of each tire ranged from 1 feet ½ inch to 1 feet 2 

inch. 

Based on the summarized data in Table 5, four different SHL permits were selected 

to represent diverse load cases for the initial investigation of the vertical stress distribution 

below the pavement surface using 3D-Move Analysis®: a 4-tire per axle case (LA-4T-1), 

two 8-tire per axle cases (LA-8T-3 and LA-8T-14) and a 12-tire per axle case (LA-12T-

16). All four cases are shown in bold in Table 5. The actual permit forms are also shown 

in Figure 5 to Figure 7. The following nomenclature is used to define SHL cases: 

(LA - 8T - 3) 

 (SHA - number of tires per axle - serial number) 

3.2.1. Representative Nucleus of SHL configuration Example 

SHL case No. LA-8T-14 axle load configuration is shown in 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 proposed approach. For this case, the GVW was over 3.6 million 

lbs with a tire load of 16,342 lb, which is the maximum tire load within the 16 SHL permits 

presented in Table 5. 
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Table 5. Summary of SHL Characteristics from Louisiana Sample Permits. 

ID 
GVW 

(lbs) 

Axle Weight 

(lbs) 

No. of 

Axles 

Number 

of tires 

per 

axle 

Axle width 

(measured out-to-

out edges of the 

outside tires) 

Center-to-

center 

distance 

between 

adjacent axles 

Tire load 

(lbs) 
Tire width  

LA -4T-1 672,624 37,368 18 Axles 
4 Tires 

7 ft - 11 11/16 inch 4ft - 9 1/16 inch 9,342 1ft - 1 9/16 inch 

LA-4T-2 512,780 25,639 20 Axles 7 ft - 11 11/16 inch 4ft - 9 1/16 inch 6,410 1ft - 1 9/16 inch 

LA-8T-3 485,736 40,478 12 Axles 

8 Tires 

17 ft - 5 13/16 inch 4ft - 9 1/16 inch 5,060 1ft - 1 9/16 inch 

LA-8T-4 589,821 56,223 65,420 10 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 7,028 8,178 1ft - 1 9/16 inch 

LA-8T-5 704,604 58,717 12 Axles 24 ft - 7 3/8 inch 4ft - 9 1/16 inch 7,340 1ft - 1 9/16 inch 

LA-8T-6 717,821 70,193 75,490 10 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 8,774 9,436 1ft - 1 9/16 inch 

LA-8T-7 725,221 71,203 75,600 10 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 8,900 9,450 1ft - 1 9/16 inch 

LA-8T-8 784,164 65,347 12 Axles 24 ft - 7 3/8 inch 4ft - 9 1/16 inch 8,168 1ft - 1 9/16 inch 

LA-8T-9 804,480 67,040 12 Axles 24 ft - 7 3/8 inch 4ft - 9 1/16 inch 8,380 1ft - 1 9/16 inch 

LA-8T-10 1,415,660 78,509 63,057 20 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 9,814 7,882 1ft - 1 9/16 inch 

LA-8T-11 1,500,660 74,678 75,388 20 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 9,335 9,424 1ft - 1 9/16 inch 

LA-8T-12 1,833,960 115,600 74,460 18 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 14,450 9,308 1ft - 2 inch 

LA-8T-13 3,634,092 129,789 28 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 16,224 1ft - 1 9/16 inch 

LA -8T-14 3,660,552 130,734 28 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 16,342 1ft - 1 9/16 inch 

LA-8T-15 4,073,472 113,152 36 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 14,144 1ft - 1 9/16 inch 

LA -12T-16 1,754,220 73,971 72,214 12 Axles 12 Tires 17 ft - 5 13/16 inch 4 ft 7 inch 6,164 6,018 1ft - 2 inch 
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3D-Move Analysis® Software 

The 3D-Move Analysis® was the software of choice to compute the stress 

distribution within the pavement structure; as a function of different axle load 

configurations, pavement structures, and material properties. 

3D-Move Analysis® software code uses a continuum-based finite-layer approach, 

to evaluate pavement responses due to surface loading. The software is capable of applying 

static as well as moving loads on a pavement structure (8, 9). 3D-Move Analysis® allows the 

user to define multilayer pavement structure, with the capacity of handling a combination 

of viscoelastic, for AC layer(s), and elastic for unbound material layer(s). The layer(s) 

defined as horizontal layer with uniform properties. The viscoelastic material is 

characterized using the mixture master curves, using multiple models (such as MEPDG 

model). The dynamic modulus (|E*|) laboratory data and asphalt binder properties, are 

direct inputs to compute the viscoelastic properties of the AC, as a function of temperature 

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

3D-Move Analysis® load input includes six options; to specify the tire contact stress 

distribution, covering most of the commonly used load configurations. The software is 

capable of handling multiple load combinations, with virtually any shape of contact area. 

In one of the input options the user has the ability to generate a manual load input file, to 

allow for non-uniform tire-pavement normal contact stress distribution, and non-uniform 

interface shear stresses caused by braking and turning forces. 
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3D-Move Analysis® ï Input 

3D-Move Analysis® was used to compute the stress distribution within the 

pavement structure. This leads to identifying the Nucleus 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 three pavement structures were considered for this analysis and are shown 

in Table 6. Work relative to modeling pavement structure No. 2, which consists of 9 inch 

of asphalt concrete (AC) layer on top of 10 inch of crushed aggregate base (CAB) and a 

semi-infinite SG layer is presented in this section. Figure 14 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 elastic. Table 7 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 dense-graded Hot Mix Asphalt (HMA) 

with a PG 64-22 unmodified asphalt binder. 
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Figure 14. Picture. 3D schematic of the pavement structure in 3D-Move Analysis®. 

 

Table 6. Pavement Structures for 3D-Move Analysis®. 

Pavement 

Structure No. 

Layer Thickness (inch) 

Asphalt Concrete Crushed Aggregate Base  Subgrade 

1 6 8 Semi-infinite 

2 9 10 Semi-infinite 

3 12 12 Semi-infinite 

 

Table 7. Pavement Structure No.2 ï Material Properties. 

Layer 

No. 
Layer Type Material  

Thickness 

(in) 

Unit  Weight 

(lb/in³) 

Poisson's 

Ratio 

MR 

(psi) 

1 AC 
Linear 

Elastic\Viscoelastic 
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 
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Table 8. Dynamic Modulus and Phase Angle Data. 

Temp (°F) 
Dynamic Modulus |E* | (psi) 

0.1 Hz 0.5 Hz 1 Hz 5 Hz 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 

Temp (°F) 
Phase Angle (Degrees) 

0.1 Hz 0.5 Hz 1 Hz 5 Hz 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 Analysis® ï Output 

a. Overlap of Stresses 

The analysis output presented in this section focused on vertical stress distribution, 

ův at various depths within the pavement structure for three tires moving in a line; to 

illustrate the effect of overlapping stress distributions.   

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 the tire (represented by circular 

area with a radius, a = 6.586 inch). The vertical stress distribution (ův) was computed along 

the center of the tires (see A ï A in Figure 11) and the stresses from the individual tires do 

not overlap (Figure 15).  
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Figure 15. Chart. ův distribution on top of AC (Z = 0 inch), 3 Tires of SHL. 

However, on the other hand the ův distribution at interior pavement layers, depths 

where z > 0 inch, 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 noticeable (Figure 16). It may also be noted that the stress distribution 

shows peaks and valleys, reflecting the influence of individual tires; the stress distribution 

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

Figure 16 through Figure 19 show the ův distribution at various depths within the 

pavement. As the depth from the pavement surface increases the overlapping of stresses is 

more evident, up to a point where at 72 inch below the SG (Z = 91 inch from the top of the 

asphalt pavement), the ův distribution (Figure 19) is continuous without peaks and valleys. 

Figure 20 is a composite figure that shows the vertical stress distribution at all the depths 

considered. 
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Figure 16. Chart. ův distribution on top of CAB (Z = 9 inch), 3 Tires of SHL. 

 
Figure 17. Chart. ův distribution on top of SG (Z = 19 inch), 3 Tires of SHL. 
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Figure 18. Chart. ův distribution at 12 inch below SG (Z = 31 inch), 3 Tires of SHL. 

 
Figure 19. Chart. ův distribution at 72 inch below SG (Z = 91 inch), 3 Tires of SHL. 
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Figure 20. Chart. ův distribution  at various depths below pavement surface, 3 Tires 

of SHL. 

b. Variation of ův distributions in X-Direction 

In order to observe the role of overlapping as a result of multiple tires, the ův 

distribution at the point of interest (in this case, on top of SG and at the center point of the 

first tire) was computed initially for a single tire. Then an additional tire load is added, 

while the ův distribution at the point of interest is observed. This was followed by including 

additional tires in the X-direction (traffic direction); one tire at a time. Figure 21 shows the 

ův distribution at the point of interest on top of the SG with three combinations of tires: 

one, three and five tires. Additional tires were considered part of the Nucleus until the new 

added tire had minimal influence, on the ův distribution at the point of interest, compared 

to ův distribution due to one tire. For example, the criteria for minimal influence could be 

set to any increase in maximum ův that is less than 1%. 
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Figure 21. Chart. ův distribution on top of SG, adding tires in X-direction. 

c. Variation of ův distributions in Y-Direction 

In a similar fashion additional tire loads were added to the single tire (one tire at a 

time) in the Y-direction (transverse direction). The ův distribution at the point of interest 

computed on top of the SG are shown in Figure 22. This process allows for clear 

interpretation of the role of additional tires on the ův distribution at the point of interest. It 

is seen from Figure 22 that the maximum vertical stress under the first tire is unaffected 

beyond three tires. It should be noted that the influence of adding more tires is affected by 

various factors like the pavement configuration and layer properties. 

Figure 23 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 shown in Figure 24 and Figure 25. It is 
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clear from these figures that beyond a set of three tires, the influence of adding more tires 

are minimal for both X- and Y-directions. 

 
Figure 22. Chart. ův distribution on top of SG (Z = 19 inch), adding tires in Y-

direction 

 
Figure 23. Chart. Change in maximum ův with multiple tires in X-direction. 
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Figure 24. Chart. Normalized maximum ův as a function of number of tires in X-

direction. 

 
Figure 25. Chart. Normalized maximum ův as a function of number of tires in Y-

direction. 
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A representative Nucleus for axle configuration can then be determined based on 

the vertical stress distributions that considered the role of adding the tires in both directions. 

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

influential (traveling direction ñX-directionò and transverse direction ñY-directionò), and 

therefore, the representative Nucleus becomes 5 by 5 Tires (Figure 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 tire under consideration. 

 
Figure 26. Representative Nucleus of SHL axle configuration - Case LA-8T-14. 

3.3. Maximum average stress, qave using Nucleus of Axle Configuration 

The pavement structure considered was 9 inch of AC, 10 inch of CAB, and semi-

infinite SG ï referred to as pavement structure No. 2. The vertical stress distribution, ův, 

under any dual tires, in any given axle, with the influence of two additional tires in each 

direction would produce the maximum possible stress response under these dual tires. The 
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resulting vertical stress distribution, ův, on top of the SG due to the SHL axle configuration 

LA-8T-14 with the Nucleus (5 axles with 6 tires in each axle) is shown in Figure 27 (3D 

view) and Figure 28 (Top view). These figures reveal that the peak amplitude, which occurs 

under the middle two tire (see Figure 28) is about 13.5 psi, while the amplitude at the 

adjacent valley is about 9.2 psi. In other words, the stress at the valley is about 68% of the 

peak. 

The average uniform vertical stress induced by the SHL at the depth of interest shall 

then be evaluated by considering the volume of the vertical stress distribution within an 

imaginary rectangular area; around the middle dual tires (see Figure 28 and Figure 29). The 

average pressure value, qave, is 10.5 psi, calculated by dividing the integrated volume 

within this rectangle, 32.964 kips, (illustrated Figure 29) by the area of the rectangle 

3,135.0 square inch (indicated by the black dashed line in Figure 28). 

The maximum average stress, qave found 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 when investigating some 

elements of bearing capacity failure under SHL, where a certain fixed shape (circular or 

rectangle), with a uniform stress distribution is required. 
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Figure 27. Chart. Vertical stress, ův, distribution on top of SG (Case LA-8T-14: 5 by 

6 Tires; Pavement Structure No. 2) ï 3D-view. 

 
Figure 28. Chart. Vertical stress, ův, distribution on top of SG (Case LA-8T-14: 5 by 

6 Tires; Pavement Structure No. 2) ï Top view. 
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Figure 29. Chart. Vertical stress, ův, distribution at middle dual tires on top of SG 

(Case LA-8T-14; Pavement Structure No. 2) ï 3D-View. 

For bearing capacity investigation the computed ův distribution needs to be 
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distribution. The entire SHL axle configuration of LA-8T-14 is of a rectangular shape (see 
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distributed across the entire vehicle. This means that as a conservative measure, the 

maximum average stress qave of 10.5 psi shall 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 analysis can be carried out to check for failure in the SG using 
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3.4. Procedure to Determine Representative Nucleus of SHL Configurations 

As a representative case, the SHL axle configuration of LA-8T-14 (Figure 11) was 

used thus far to establish the vertical stress distribution on the SG. 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 considered representative of the entire SHL configuration 

based on the vertical stress influence zone within the pavement structure. This Nucleus can 

then be used to calculate the maximum average stress, qave, which can be subsequently used 

in the bearing capacity analysis. The identification of the Nucleus eliminates the need to 

compute the vertical stress distribution under the entire SHL with consideration given to 

specifics of the loaded area. For example, in the case of SHL axle configuration of LA-8T-

14 with 224 tires, a set of dual tires represent the Nucleus for the entire vehicle, eliminating 

the need to model the whole 224 tires. 

The following are the steps for the determination of representative Nucleus for the 

SHL configurations. 

1. Identify SHL case to be investigated (refer to SHL permits). 

2. Identify 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 center distance between each adjacent axles 

2.3.4. Number of Axles 

3. Determine the representative Nucleus of Axle Load Configuration using 3D-Move 

Analysis®:  

3.1. Input: 

3.1.1. Pavement structure and materials properties. 

3.1.2. Axle configuration and contact pressure distribution (from Step 2); using 

incremental tire load approach. 

3.1.3. Response Points (the point of interest could be at any depth(s) under the 

centerline of the first tire) 

3.1.4. Incremental tire load approach is applied starting from a single tire, including 

additional tires in each direction one tire at a time; e.g., X-direction (travel 

direction), one tire then two tires along X-direction 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 specific depth: 

3.3.1.1.1. Calculate maximum vertical stress ův max for the incremental tire 

load. 
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3.3.1.1.2. Normalize the maximum vertical stress for the incremental tire 

loads to the one computed under a single tire. 

3.3.1.1.3. Evaluate the normalized ův max for the incremental tire loads. 

3.3.1.1.4. Determine the influential number of tires in X-Direction. 

Additional tires are considered influential; where the additional 

influence on the ův 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 depths under investigation. 

3.3.2. Repeat Step 3.3.1 for Y-Direction. 

3.4. Determine the Nucleus of axle load configuration; by combining the findings of 

Step 3.3.1 and Step 3.3.2. 

4. Determine the maximum average stress qave using 3D-Move Analysis®: 

4.1. Input: 

4.1.1. Pavement structure and materials properties (similar to Step 3.1.1). 

4.1.2. Axle configuration and contact pressure distribution (from Step 3.4) using 

the Nucleus of axle load configuration. 

4.1.3. Response point(s) with a focus at a specific depth (e.g., 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. Identify peak amplitude and adjacent valleys. 



46 

 

 

 

4.3.1.2. Determine a rectangle area in plan around the target middle tire(s) using 

Step 4.3.1.1. 

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 stress qave, by dividing the integrated volume (Step 

4.3.3) by the area of the rectangle (Step 4.3.2). 

5. Bearing Capacity Analysis using the qave. 

3.5. Nucleus of Axle Load Configuration Full Factorial Experiment 

A full factorial experiment was conducted on the Nucleus concept, implementing 

the methodology above; to study the effect of various pavement structures, load cases and 

pavement analysis temperature. An important emphasis was to develop the ñNucleusò for 

the tire load configuration. Table 9 presents the full factorial experiment. The 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 structures selected for consideration in factorial experiment 

represent thin, intermediate and thick AC pavements (see Table 6). The work presented 

thus far considered the vertical stress distribution on top of the SG resulting from the SHL 

axle configuration of LA-8T-14, and using Pavement Structure No. 2 (9 inch of AC, 10 

inch of CAB, and a semi-infinite SG layer). 
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Table 9. Nucleus Full Factorial Experiment. 

Speed Load Temp. Pavement Structure 

10 mph 

Load Case 

LA-4T-01 

100 °F 

6AC 8B 

9AC 10B 

12AC 12B 

70 °F 

6AC 8B 

9AC 10B 

12AC 12B 

40 °F 

6AC 8B 

9AC 10B 

12AC 12B 

Load Case 

LA-8T-14 

100 °F 

6AC 8B 

9AC 10B 

12AC 12B 

70 °F 

6AC 8B 

9AC 10B 

12AC 12B 

40 °F 

6AC 8B 

9AC 10B 

12AC 12B 

Load Case 

LA-12T-16 

100 °F 

6AC 8B 

9AC 10B 

12AC 12B 

70 °F 

6AC 8B 

9AC 10B 

12AC 12B 

40 °F 

6AC 8B 

9AC 10B 

12AC 12B 

 

A similar analysis was undertaken for other pavement structures identified in Table 

6. The case considered in this section is a thinner pavement structure (Pavement structure 

No. 1), with 6 inch of AC, 8 inch of CAB, and a semi-infinite SG layer. It should be noted 
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that all other 3D-Move Analysis® inputs remained the same as the analysis for pavement 

structure No. 2. 

Variation of ův distributions in X-Direction:  

In order to observe the role of overlapping as a result of multiple tires, the ův 

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 time. Figure 30 shows the 

ův distribution on top of the SG with different combinations of tires, while Figure 31 shows 

ův normalized with respect to the initial single tire case. 

 
Figure 30. Chart. Change in maximum vertical stress, ův, with added tires in X-

direction (Case LA-8T-14; Pavement Structure No. 1). 
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Figure 31. Chart. Change in normalized maximum vertical stress, ův, with added 

tires in X-direction (Case LA-8T-14; Pavement Structure No. 1). 

Variation of ův distributions in Y-Direction:  

Similarly, the values of ův and the normalized values of ův on top of the SG with 

different combinations of tires are shown in Figure 32 and Figure 33.  

 
Figure 32. Chart. Change in maximum vertical stress, ův, with added tires in Y-

direction (Case LA-8T-14; Pavement Structure No. 1). 
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Figure 33. Chart. Change in normalized maximum vertical stress, ův, with added 

tires in Y-direction (Case LA-8T-14; Pavement Structure No. 1). 

 
Figure 34. Chart. Representative Nucleus of SHL (Case LA-8T-14; PS No. 1)  
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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 in Figure 34. 

Maximum average stress, qave using 3D-Move Analysis®:  

The previous step revealed that the Nucleus is found as having one additional tire 

in each direction (traveling direction ñX-directionò and transverse direction ñY-directionò), 

for the given load configuration (LA-8T-14) and Pavement Structure No.1 (6 inch of AC, 

8 inch of CAB, and semi-infinite SG). 

The vertical stress distribution, ův, on top of the SG due to the Nucleus representing 

the SHL axle configuration of case LA-8T-14 is shown in Figure 35 (3D view) and Figure 

36 (Top view). These figures reveal that the peak amplitude, which occurs between the two 

tires (see Figure 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 induced by the SHL shall then be evaluated by 

considering the volume of the vertical stress distribution within a rectangular area; around 

the middle dual tires (see Figure 36 and Figure 37). An average pressure value, qave, of 11.0 

psi, was calculated by dividing the integrated volume within this rectangle, 34.395 kips, 

(illustrated in Figure 37) by the area of the rectangle, 3,135.0 square inches (indicated by 

the black dashed line in Figure 36). 
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Figure 35. Chart. Vertical stress, ův, distribution on top of SG (Case LA-8T-14; 4 by 

4 Tires; Pavement Structure No. 1) ï 3D-view. 

 
Figure 36. Chart. Vertical stress, ův, distribution on top of SG (Case LA-8T-14; 4 by 

4 Tires; Pavement Structure No. 1) ï Top view. 
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Figure 37. Chart. Vertical stress, ův, distribution at middle dual tires on top of SG 

(Case LA-8T-14; Pavement Structure No. 1) ï 3D-View. 

b. Pavement Structure No. 3 (12AC 12CAB) 

In this section a similar analysis was undertaken for the thickest AC pavement case 
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In all cases, other than the loading, the 3D-Move Analysis® inputs remained the same. 

Variation of ův distributions in X-Direction:  

In order to observe the role of overlapping as a result of multiple tires, the ův 

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 time. Figure 38 shows the 

ův distribution on top of the SG for the pavement structure No. 3 (PS No.3) with different 
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Figure 38. Chart. Change in maximum ův, with added tires in X-direction (PS 

No.3). 

Variation of ův distributions in Y-Direction:  

Similarly, ův on top of the SG with different combinations of tires are shown in 

Figure 39. In both directions, additional tires were considered until the new added tire had 

minimal influence on the ův distribution computed under the first tire (say lower than 5%). 

The Nucleus for this case (PS No. 3 ï load case LA-8T-14) is found as having one 
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is shown in Figure 40.   
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Figure 39. Chart. Change in maximum ův, with added tires in Y-direction (PS No. 

3). 

 
Figure 40. Chart. Representative Nucleus of SHL (LA-8T-14; PS No. 3). 
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As expected the maximum vertical stresses on top of the SG decrease with the increase in 

pavement structure thicknesses. 

 
Figure 41. Chart. Change in maximum ův, with added tires in X-direction (for all 

PS). 

 
Figure 42. Chart. Change in maximum ův, with added tires in Y-direction (for all 

PS). 
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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 the SG resulting from the SHL axle configuration of LA-8T-14. A 

similar analysis was undertaken for the SHL load case LA-12T-16 (see Table 5) and is 

presented below. 

a. SHL case No. 2 (LA-12T-16) 

The load case selected for this part of the effort is LA-12T-16, which consists of 

twelve tires in each of its 24 axles, GVW of 1,754,220 lbs, axle weight of approximately 

74,000 lbs and a tire load of approximately 6,200 lb/tire as shown in Figure 7. The 

pavement structure considered is Pavement Structure No. 1 (6 inch of AC, 8 inch of CAB, 

and a semi-infinite SG layer). 

Variation of ův distribution in X-Direction:  

In order to observe the role of overlapping as a result of multiple tires, the ův 

distributions were computed initially for a single tire, followed by the consideration of 

additional tires in the X-direction (traffic direction). Figure 43 shows the ův distribution on 

top of the SG with different combinations of tires, while Figure 44 shows ův normalized 

with respect to the single tire case.  

Variation of ův distributions in Y-Direction:  

Similarly, the values of ův and the normalized values of ův on top of the SG with 

different combinations of tires are shown in Figure 45 and Figure 46 
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Figure 43. Chart. Change in maximum vertical stress, ův, with added tires in X-

direction (Case LA-12T-16; Pavement Structure No. 1). 

 
Figure 44. Chart. Change in normalized maximum vertical stress, ův, with added 

tires in X-direction (Case LA-12T-16; Pavement Structure No. 1). 
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Figure 45. Chart. Change in maximum vertical stress, ův, with added tires in Y-

direction (Case LA-12T-16; Pavement Structure No. 1). 

 
Figure 46. Chart. Change in normalized maximum vertical stress, ův, with added 

tires in Y-direction (Case LA-12T-16; Pavement Structure No. 1). 
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additional tire in each direction. The representative Nucleus of SHL axle configuration is 

shown in Figure 47.  

 
Figure 47. Chart. Representative Nucleus of SHL axle configuration (Case LA -12T-

16; Pavement Structure No. 1)  

Maximum average stress qave using 3D-Move Analysis®:  

The vertical stress distribution, ův, on top of the SG due to the SHL axle 

configuration LA-12T-16 with the Nucleus is shown in Figure 48 (3D view) and Figure 49 

(Top view).  
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Figure 48. Chart. Vertical stress, ův, distribution on top of SG (Case LA-12T-16; 4 

by 4 Tires; Pavement Structure No. 1) ï 3D-view. 

 
Figure 49. Chart. Vertical stress, ův, distribution on top of SG (Case LA-12T-16; 4 

by 4 Tires; Pavement Structure No. 1) ï Top view. 

These figures reveal that the peak amplitude, which occurs between the two tires 

(see Figure 48) is about 7.0 psi, while the amplitude 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 case No. 3 (LA-4T-1) 

The work presented so far considered the vertical stress distribution on top of the 

SG resulting from two SHL axle configuration of LA-8T-14 and LA-12T-16. A similar 

analysis undertaken for the SHL load case LA-4T-1 (see Table 5) is presented below. The 

load case selected for this part of the effort is LA-4T-1, which consists of four tires in each 

of its 18 axles, GVW of 672,624 lbs, axle weight of approximately 37,368 lbs and a tire 

load of approximately 9,342 lb/tire as shown in Figure 5. The pavement structure 

considered is PS No. 1 (6 inch of AC, 8 inch of CAB, and a semi-infinite SG layer). 

Variation of ův distribution in X-Direction:  

In order to observe the role of overlapping as a result of multiple tires, the ův 

distributions were computed initially for a single tire, followed by the consideration of 

additional tires in the X-direction (traffic direction). Figure 50 shows the ův distribution on 

top of the SG with different combinations of tires. In this case the values of the maximum 

ův, is relatively small, as a result, the normalized values of ův might indicate a false 

representation of notable increase from tire to tire, while the actual change is less than 0.2 

psi. 

Variation of ův distributions in Y-Direction:  

Similarly, the values of max. ův and the normalized values of ův on top of the SG 

with different combinations of tires are shown in Figure 51. 
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Figure 50. Chart. Change in maximum ův, with added tires in X-direction (LA -4T-

1). 

 
Figure 51. Chart. Change in maximum ův, with added tires in Y-direction (LA -4T-

1). 

In both directions, additional tires were considered until the new added tire had 

minimal influence on the ův distribution computed under the first tire (say lower than 5%). 

The Nucleus for this case (PS No. 2, LA-4T-1) is found as having one additional tire in 
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each direction. The corresponding representative Nucleus of SHL axle configuration is 

shown in Figure 52. 

 
Figure 52. Chart. Representative Nucleus of SHL axle configuration (LA-4T-1; PS 

No. 2). 

c. Summary (Influence of Different SHL Configurations) 

Figure 53 and Figure 54 show the change in maximum vertical stress, ův, with added 

tires in X-direction and Y-direction, respectively for multiple SHL cases. The maximum 

vertical stress on top of the SG was observed to increase with the increase of tire load. 
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Figure 53. Chart. Change in maximum ův, with added tires in X-direction (Multiple 

Load Cases). 

 
Figure 54. Chart. Change in maximum ův, with tires in Y-direction (Multiple Load 

Cases). 

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 

7.5
7.7

8.0 8.1

12.5
12.9 13.1 13.2

5.0 5.2 5.3 5.4

4.0

6.0

8.0

10.0

12.0

14.0

1 2 3 4

M
a
x
.
 
V
e
r
t
i
c
a
l
 
S
t
r
e
s
s
,
 
ů
v
 
(
p
s
i
)

No. of Tires in X-Direction

Load Case

LA-4T-01

Load Case

LA-8T-14

Load Case

LA-12T-16

7.5

8.8 8.9 8.9

12.5

14.8 14.9 14.9

5.0

6.0 6.0 6.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

1 2 3 4

M
a
x
.
 
V
e
r
t
i
a
c
l
 
S
t
r
e
s
s
,
 
ů
v
 
(
p
s
i
)

No. of Tires in Y-Direction

Load Case

LA-4T-01

Load Case

LA-8T-14

Load Case

LA-12T-16



66 

 

 

 

similar analysis was undertaken for two additional temperatures of 70°F and 40°F. A 

summary of the results is presented in this section. The SHL load case considered for both 

analyses is LA-8T-14 and the pavement structure reported is PS No. 1 (6 inch of AC, 8 

inch of CAB, and a semi-infinite SG layer).  Figure 55 and Figure 56 show the change in 

maximum vertical stress, ův, with added tires in X-direction and Y-direction for multiple 

temperatures. The value of the maximum vertical stress on top of the SG decreased, as the 

analysis temperature decreased; which was expected as the pavement stiffness (in 

particular, AC stiffness) increases with the drop in temperature. 

 
Figure 55. Chart. Maximum ův change with tires in X -direction (Multiple 

Temperatures). 

In both directions, additional tires were considered until the new added tire had 

minimal influence on the ův distribution computed under the first tire (say lower than 5%). 

The Nucleus 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 representative Nucleus of SHL axle configuration is 

shown in Figure 57. 

 
Figure 56. Chart. Maximum ův change with tires in Y -direction (Multiple 

Temperatures). 

 
Figure 57. Chart. Representative Nucleus of SHL axle configuration (70°F, 40°F). 
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Chapter 4. ELEMENTS OF BEARING CAPACITY ANALYSIS UNDER SHL 

4.1. Introduction  

In the previous chapter, the Nucleus of SHL axle configuration had been identified, 

and using this Nucleus, the maximum average stress, qave was calculated. In this chapter 

bearing capacity failure will be investigated utilizing the qave developed in Chapter 3. As 

noted, this requires that the loaded area be of a certain fixed shape (circular or rectangle), 

with a uniform pressure distribution, therefore, the computed ův distribution needs to be 

associated to one of these two shapes. The Nucleus of SHL axle configuration of LA-8T-

14 is of a rectangular shape (Figure 28), moreover, the entire SHL axle configuration of 

LA-8T-14 is of a rectangular shape. This means that as a conservative measure, the 

maximum average stress qave of 10.5 psi shall 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. Therefore, the area 

for bearing capacity investigation is assumed to be of a rectangular shape as well. 

4.2. The General Bearing Capacity Equation 

There are three failure modes in soil, the general shear failure, local shear failure, 

and punching shear failure. In this section, the general shear failure of soil shall be 

investigated, where the failure surface at ultimate load is similar to that shown in Figure 

58. Terzaghi (10) presented a comprehensive theory for the evaluation of the ultimate 

bearing capacity of strip shallow foundations, replacing the effect of soil above the bottom 

of the foundation by a uniform pressure. The failure zones under the foundation can be 
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separated into three components, the isosceles triangle (ACD) immediately under the 

foundation with base angles equal to (Ŭ), the Rankine passive component represented by 

the isosceles triangles (CGE and AHF) with base angles equal to (45 ï fô/2) and the 

transitional component in between the triangles, see Figure 58, (11). 

 
Figure 58. Chart. Bearing capacity failure in soil under a rough rigid foundation. 

Several studies (Meyerhof, Hansen and Vesic) followed Terzaghi work, aiming at 

improving the ultimate bearing capacity estimation (12, 13 and 14). Meyerhof (15) suggested a 

more general form for the bearing capacity equation 4.1, accounting for continuous, 

rectangular, square and circular foundations, and for any inclination in the load. 

Meyerhofôs general bearing capacity equation shall be used for the bearing capacity 

investigation presented in this chapter. 

q
u
 = c' Nc Fcs Fcd Fci  +  q Nq Fqs Fqd Fqi  +  İ ɔ B Nɔ Fɔs Fɔd Fɔi  (4.1) 

Where: 

c'  = cohesion 

q  = effective stress at the level of the bottom of the foundation 

ɔ  = unit weight of soil 

B  = width of foundation (or diameter) 

Fcs, Fqs, Fɔs = shape factors 
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Fcd, Fqd, Fɔd = depth factors 

Fci, Fqi, Fɔi = load inclination factors 

Nc, Nq, Nɔ = bearing capacity factors 

 

 

In the following sections, the various components of Meyerhofôs general bearing 

capacity equation are described. 

4.2.1. Bearing Capacity Factors 

Considering that the angle shown in Figure 58 is approximately (45  +  
◖'

2
), the 

values of the bearing capacity factors Nc originally derived by Prandtl (16), Nq presented by 

Reissner (17) and Nɔ driven by Caquot and Kerisel (18) and Vesic (14), for a given soil friction 

angle f₦ are: 

.Ñ ÔÁÎτυ 
◖
Å ◖        (4.2) 

.Ã .Ñ ρ ÃÏÔ◖ᴂ          (4.3) 

.ɾ ς .Ñ ρ ÔÁÎ◖ᴂ         (4.4) 

4.2.2. Shape, Depth, Inclination Factors 

a. Shape Factors 

The values of the shape factors Fcs, Fqs and Fɔs presented by Debeer (19) for a given 

soil friction angle f₦, foundation width B and foundation length L are: 

Fcs=1+ 
B

L
 
Nq

Nc
          (4.5) 
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Fqs=1+ 
B

L
tan◖'          (4.6) 

Fɔs=1-0.4 
B

L
          (4.7) 

b. Depth Factors 

The values of the depth factors Fcd, Fqd and Fɔd presented by Hansen (13) for a 

given soil friction angle f₦, foundation width B and Df (depth of foundation measured from 

the ground surface) are: 

(
╓█

║
 ) 

For (◖ᴂ π): 

Fcd=1+0.4 
Df

B
        (4.8) 

Fqd=1          (4.9) 

Fɔd=1          (4.10) 

For (◖ᴂ π): 

Fcd=Fqd-
1-Fqd

Nc tan◖'
        (4.11) 

Fqd=1+2 tan◖'1-sin◖'2
Df

B
      (4.12) 

Fɔd=1          (4.13) 

 (
╓█

║
 ) 

For (◖ᴂ π): 

Fcd=1+0.4 tan-1  
Df

B
        (4.14) 
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Fqd=1          (4.15) 

Fɔd=1          (4.16) 

For (◖ᴂ π): 

Fcd=Fqd-
1-Fqd

Nc tan◖'
        

 (4.17) 

&ÑÄρ ς ÔÁÎ◖ᴂρ ÓÉÎ◖ᴂ ÔÁÎ     (4.18) 

Fɔd=1          (4.19) 

c. Inclination Factors 

The values of the inclination factors Fci, Fqi and Fɔi presented by Hanna and 

Meyerhof  (15, 20) for a given soil friction angle f₦ and ɓ (inclination of the load on the 

foundation with respect to the vertical) are: 

Fci = Fqi= 1  
ɓ
Á

90Á

2

         (4.20) 

Fɔi =1  
ɓ

◖'
          (4.21) 

4.3. Elements of Bearing Capacity Analysis - SHL case 

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

In this case considered (LA-8T-14) the SHL axle configuration is of a rectangular shape 

(see Figure 11), with set of dual tires equally distributed along each axle, and axles that are 

equally distributed across the entire vehicle. 
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To use the bearing capacity equation a uniform stress distribution is 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 average stress value, qave given by the equation:  

q
ave
= 

ů᷿v .Öx.Öy

(a Ĭ b)
          (4.22) 

In the case presented the average stress value, qave, was found to be 10.5 psi, 

calculated by dividing the integrated volume within the rectangle area, 32.964 kips 

(illustrated in Figure 29) , by the area of the rectangle (a0 × b0) 3,135.0 square inch 

(indicated in Figure 28). 

4.3.1. Subgrade Soil Strength Parameters 

The shear strength parameters of the SG soil (cohesion, c, and friction angle, f) 

were estimated for a soil with resilient modulus, MR, of 5,000psi, using the suggested 

values available in the literature. The cohesion, c, was taken as 1.5 psi and the friction 

angle, f, as 26°. 

4.3.2. Bearing Capacity and Factor of Safety 

Meyerhofôs general bearing capacity equation was used to estimate the bearing 

capacity of the SG soil. A spreadsheet was developed to calculate the bearing capacity 

using Meyerhofôs general equation, Figure 59 shows a picture of the spreadsheet 

calculations. The ultimate bearing capacity qu was found to be 136.2 psi. Knowing that the 
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average stress value, qave, was found to be 10.5 psi; the factor of safety against bearing 

capacity failure was (12.9). 

The factor of safety calculated is high, which indicates that general bearing capacity 

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

truck, B, which makes the third part of equation 4.1 (İ ɔ B Nɔ Fɔs Fɔd Fɔi) the dominant 

component, from the three component of the equation. This might lead to the question, 

whether there are any other smaller widths, b(s), which need to be investigated. Well, the 

concept of the Nucleus 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. Das (Das, 2010) stated that this was theoretically investigated by Stuart 

(Stuart_paper) for granular soils, it was assumed that the geometry of the rupture surface 

in the soil mass is similar to that shown in Figure 58. 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 

angle f. However, these efficiency ratios are greater than 1, in other words these factors 

are improving the bearing capacity under the foundations. This could be attributed 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 zone, with 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 multiple 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 concrete 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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Figure 59. Picture. Bearing capacity calculation spreadsheet using Meyerhofôs general equation.  

INPUT

1. Soil Properties:

KN/m
2 10.34c' Cohesion 1.50psi

degrees 26˒ϥ ° Angle of friction 100%

KN/m3 19.64ʴ Unit weight of Soil 125.00pcf Input Additional q here (qadd):

KN/m
2 5.49q= (ɹDf ) effective stress at the level of the bottom of the foundation 0.80psi KN/m

2 0.00 0.00psi

2. Foundation Geometry:

m 5.31B Width of Foundation (or Diameter) 209.0inch 54.8768

m 38.05L Length of Foundation (or Diameter) 1,498.0inch 13 57.096

m 0.28Df Depth of Foundation measured from ground surface 11.0 inch 10.52

3. Load Inclination:

° 0ʲϲ Inclination of the Load on the foundation with respect to the vertical

OUTPUT

c' N c Fcs Fcd Fci q N q Fqs Fqd Fqi ½ ʴ B Nɔ Fʴǎ FʴŘ Fʴƛ

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

c' Nc Fcs Fcd Fci + q Nq Fqs Fqd Fqi + ѹʴ . b ɹFɹ ǎ Fɹ Ř Fɹ ƛ

+ +

KN/m2

psi

KN/m2 72.54 q applied Maximum applied pressure 10.52psi

FOS = 12.9

q u  = c' Nc Fcs Fcd  Fci   +  q Nq  Fqs Fqd  Fqi   +  ѹ ʴ . b ɹFʴǎ FʴŘ Fʴƛ

SI UNITS US UNITS SI UNITS US UNITS

q u  =
251.636 70.585 617.036

Meyerhof's General Bearing Capacity Equation

12.9 Factor of Safety is OK.

qadd

+ +

q u  =
939.3

136.2

SI UNITS US UNITS
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Chapter 5. ESTIMAT ING STRESS CONDITION UNDER SHL 

In Chapter 3 a procedure to determine the Nucleus of SHL axle configuration had 

been established, and using this nucleus, the maximum average stress, qave was calculated. 

This qave was then used in the bearing capacity investigation, presented in Chapter 4, which 

showed that the factor of safety against bearing capacity failure, in the case investigated, is 

high (FOS = 12.9); which means that no fully -developed failure mechanism is expected to 

occur under SHL. However, the state of stresses within the pavement section under SHL 

might be at a critical level at some areas within the pavement. Additionally, comparing the 

state of stresses under SHL to the state of stresses under a standard truck load (STD) would 

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

5.1. Stress Level Approach 

Many pavement distress predictive methodologies are based on induced state of 

stresses within a pavement section under traffic loads. For example, Hajj et al. (9) used the 

stress invariants to determine the magnitude of deviator and confining stresses required in 

the flow number test to properly estimate the rutting resistance of asphalt mixtures. The 

stress invariant values are the same regardless of the orientation of the coordinate system 

chosen, as suggested by the name invariant (21).  For instance, the first invariant of stress 

tensor (╘) is the sum of all the normal stresses, ůx, ůy, ůz or ů1, ů2, ů3 depending on the 

coordinate system chosen. Likewise, the second invariant of deviator stress tensor (╘╓) is 

related to shear stress.  The octahedral normal and shear stresses (i.e., ůoct and Űoct) at any 

point within the pavement structure are related to the stress invariants as shown in 
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equations 5.1 and 5.2, and therefore they are also invariants.  These octahedral stress 

components in terms of principal stresses can be written as:   

ůoct= 
1

3
 ů1+ ů2+ ů3= 

1

3
 IӶ1        (5.1) 

ȿŰoctȿ= 
1

3
 ů1- ů2

2+ ů2- ů3
2+ ů3- ů1

2= 
2

3
 IӶ2D     (5.2) 

Where ů1, ů2, and ů3 are the major, intermediate, and minor principal stresses, 

respectively, at the point of interest. Equations 5.1 and 5.2 show that stress invariants, ὍӶ 

and ὍӶ, can be obtained when principal stresses are known.  

The octahedral normal and shear stresses become very useful when converting the 

principal stresses observed in the pavement layer under moving dynamic loads to an 

equivalent triaxial laboratory loading condition. The triaxial state in the laboratory is 

achieved by applying a static confining stress, all around a cylindrical sample, using 

compressed air (or water), and then adding a deviator vertical stress using an axial loading 

system (actuator).  The deviator stress, ůd, and the confining stress, ůc = ů2 = ů3, under 

triaxial conditions can be expressed as a function of the octahedral normal and shear 

stresses as follows: 

ůd= 
3

Ѝ2
 ȿŰoctȿ          (5.3) 

ůc= ůoct- 
ůd

3
= ů2= ů3         (5.4) 
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Equations 5.3 and 5.4 show that the equivalent level of deviator and confining 

stresses in the triaxial state can be calculated from the octahedral stresses generated in the 

pavement layer under a moving SHL. However, at failure, the deviator stress, ůdf, and the 

confining stress, ůcf, under triaxial conditions, in terms of MohrïCoulomb failure 

parameters are as follows: 

ůdf + ůcf  = ůcf tan
2 45+

◖

2
+2c tan45+

◖

2
      (5.5) 

Thus, ůdf can be estimated for the equivalent ůcf, using the associated shear strength 

properties (i.e., c and f) of the SG material. One last step is to calculate the stress level (SL 

= ůd / ůdf) at the point of interest by comparing the equivalent ůd due to the SHL move to 

the corresponding ůdf. The SL value is expected 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 on 

top of the SG layer due to a STD move. Thus, allowing for the determination of the SL 

associated with the STD move which can be used as a reference for 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, comparison between the two SL(s) is presented. 

5.1.1. Pavement Stress Level ï SHL Truck  

The identified Nucleus of SHL axle configuration is used to calculate the stress 

tensor, ůij, at any location within the pavement layers. The components of the stress tensor 

are presented in equations 5.6 and the state of stresses is shown in Figure 60. 
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† „ †
† † „

        (5.6) 

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

5.1.1.1. Procedure to Determine the Stress Level in Flexible Pavement 

The steps followed to estimate the stress level (SL) under a SHL or a STD, at any 

given point of interest in the pavement layer are shown below. The work presented in this 

section focused on top of the SG as the zone of interest. 

a. Stress Tensor 

The stress tensor time-histories on top of the SG due to the Nucleus of SHL axle 

configuration LA-8T-14, 5 axles with 6 tires in each axle (shown in Figure 27 and Figure 

28) was evaluated (see section 3.2.1 for details of obtaining pavement responses). The 18-

wheel semi-trailer truck with GVW of 80,000 lbs, was used to calculate the stress tensor, 

ůij, under STD, for comparison with the SHL-induced state of stresses. The STD 

configuration used in this study is shown in Figure 61. It should be noted that all other 3D-

Move Analysis® inputs remained the same as presented in section 3.2.1. 
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b. Principal Stresses 

The stress tensor, ůij, time-histories produced by 3D-Move Analysis® on top of the 

SG and under each, the SHL Nucleus and the STD, are used to calculate the principal 

stresses, i.e., eigenvalue of the stress tensor. Since the stress tensor is symmetric, it can be 

decomposed into a diagonal tensor with the eigenvalues on the diagonal. The components 

in the diagonal are the principal stresses when the stress tensor has no shear stresses, as 

presented in equation 5.7. 

ÄÅÔ „  „ϽὍ  
„ π π
π „ π
π π „

       (5.7) 

 
Figure 61. Picture. 18-wheel semi-trailer truck (STD), Total load is 80,000 lbs. 
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A MATLABÈ code was developed to calculate the principal stresses from ůij, 

making use of a built-in function that calculates eigenvalues (eig.m) for every point in the 

ůij time-histories produced by 3D-Move Analysis®. The MATLAB® code 

(Principal_Stresses.m) is presented in Appendix B.  

The principal stresses were then used to calculate the octahedral stresses using 

equations 5.1 and 5.2. The magnitude of ůd and ůc in the triaxial test are then evaluated 

from the octahedral stresses generated in the pavement layer under a moving load (SHL 

and STD).  

Knowing the shear strength parameters of the SG soil (cohesion, c, and friction 

angle, f) and based on the estimated ůc in the triaxial test set-up, the deviator stress at 

failure, ůdf, value can then be calculated using equation 5.5. 

The final and important step is to calculate the stress level at the point of interest 

defined as the ratio of ůd to ůdf. After calculating the stress level under both loads (SHL 

and STD), a ratio between the stress level under SHL to the SL under STD can be 

determined. A value greater than 1 indicates that the SL under SHL is higher than the SL 

under STD. 
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5.1.1.2. Results of Proposed SL Methodology ï SHL 

a. Stress Tensor and Principal Stresses 

In the Nucleus investigation the center of the middle tire of the Nucleus consistently 

experienced the maximum vertical stresses. Figure 62 shows a similar trend; the normal 

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

 
Figure 62. Chart. Stress Tensor and Principal Stresses under SHL (middle 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 seen in Figure 63 the SL 

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

(0.45).  
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Figure 63. Chart. SL and Triaxial Stresses under SHL (middle of Nucleus). 

This indicates that the maximum stress level is not present at the middle of the 

Nucleus, where the vertical stresses are higher, but rather at the edges. At the edge location 

the combination of vertical stresses, ůd, and the confinement, ůc, are such that the SL is 

much higher. This observation suggests that the middle of the Nucleus might not be the 

critical point for investigating the SL under SHL.  

Therefore, every point within the Nucleus and on top of the SG need to be 

investigated, to identify the critical zones for SL. A 3D plot showing the contour of the SL 

under the SHL Nucleus, on top of the SG, is shown in Figure 64. It is observed that the SL 

values on the edges are higher than those in the middle, and the critical location for the SL 

is at the corners of the Nucleus. In this case, the maximum SL is observed at the corner 

(0.91), versus SL(s) of (0.67), observed at the edges of the Nucleus, and (0.45) observed in 
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the middle of the Nucleus. Accordingly, the critical location for the SL under SHL, is 

expected at the corners of the SHL, with SL(s) at the edges higher than in the middle. 

 
Figure 64. Chart. SL contour under SHL Nucleus. 

5.1.1.3. Comparison between the SHL and STD 

The procedure discussed in section 5.1.1.1 was followed to estimate the SL under 

a STD, which consisted of 18-wheel semi-trailer truck. The zone of interest was at the edge 

tires and on top of the SG, where the critical locations for the SL are expected. Figure 66, 

shows the normal stresses, and the principal stresses (ů1, ů2 and ů3), under the STD. The 

peak values of principal stresses (ů1, ů2 and ů3) due to the STD (3.18 psi, 0.93 psi and 0.64 

psi respectively) are much lower than those observed under SHL (ů1=10.72 psi, ů2=5.30 
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Figure 65. Chart. Stress Tensor and Principal Stresses under SHL (edge tire). 

 
Figure 66. Chart. Stress Tensor and Principal Stresses under STD (edge tire). 

The SL estimated under STD showed a similar trend to that observed under SHL, 

the SL critical locations are at the corners of the loaded area of the STD. Figure 68, shows 
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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 vs 0.56 for SHL vs STD) (see Figure 69). 

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

 
Figure 68. Chart. Stress Level and Triaxial Stresses under STD (edge tire). 
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Figure 69. Chart. Stress Level ï SHL vs. STD (edge tire). 

5.2. Sensitivity of Stress Level Approach to Soil Strength Properties 
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combination of c and f within the target range was investigated. Figure 70 shows the SL 

observed under both SHL and STD for the upper and lower bounds of c values as a function 

of f. All the SL values calculated are presented in Table 10 and Table 11.  

 
Figure 70. Chart. Stress Level ratio as a function of SG friction angle. 

Figure 70 shows the SL under SHL is 20% to 90% higher than the SL under STD, 

within the range of c and f investigated. 
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a rutting indicator. However, looking at the Stress Level Approach, the following 
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Table 10. SL under SHL and STD, for range of cohesion and friction angle of SG ï 

part 1. 

c 

(psi) 
f° 

SL = ůd/ůdf ůd ůdf SL ratio 

(SHL/STD) 
STD SHL STD SHL STD SHL 

1.0 

25 0.8 1.2 0.8 7.5 3.7 6.4 1.4 

26 0.8 1.1 0.8 7.5 3.8 6.6 1.4 

27 0.8 1.1 0.8 7.5 3.9 6.9 1.4 

28 0.8 1.0 0.8 7.5 4.0 7.2 1.4 

29 0.7 1.0 0.7 7.5 4.1 7.5 1.4 

30 0.7 0.9 0.7 7.5 4.2 7.9 1.3 

31 0.7 0.9 0.7 7.5 4.4 8.2 1.3 

32 0.7 0.9 0.7 7.5 4.5 8.6 1.3 

33 0.7 0.8 0.7 7.5 4.6 8.9 1.3 

34 0.6 0.8 0.6 7.5 4.7 9.3 1.3 

35 0.6 0.8 0.6 7.4 4.9 9.7 1.2 

36 0.6 0.7 0.6 7.4 5.0 10.1 1.2 

37 0.6 0.7 0.6 7.4 5.1 10.6 1.2 

38 0.6 0.7 0.6 7.4 5.3 11.0 1.2 

39 0.5 0.6 0.5 7.4 5.4 11.5 1.2 

40 0.5 0.6 0.5 7.4 5.6 12.1 1.2 

1.5 

25 0.6 0.9 0.6 7.8 5.3 8.2 1.7 

26 0.6 0.9 0.6 7.8 5.4 8.6 1.6 

27 0.5 0.9 0.5 7.8 5.6 8.9 1.6 

28 0.5 0.8 0.5 7.8 5.7 9.3 1.6 

29 0.5 0.8 0.5 7.8 5.8 9.6 1.6 

30 0.5 0.8 0.5 7.8 6.0 10.0 1.5 

31 0.5 0.7 0.5 7.5 6.1 10.0 1.5 

32 0.5 0.7 0.5 7.5 6.3 10.4 1.5 

33 0.5 0.7 0.5 7.5 6.5 10.9 1.5 

34 0.5 0.7 0.5 7.5 6.6 11.2 1.5 

35 0.4 0.6 0.4 7.5 6.8 11.7 1.4 

36 0.4 0.6 0.4 7.5 7.0 12.2 1.4 

37 0.4 0.6 0.4 7.5 7.2 12.7 1.4 

38 0.4 0.6 0.4 7.5 7.4 13.2 1.4 

39 0.4 0.5 0.4 7.5 7.6 13.8 1.4 

40 0.4 0.5 0.4 7.5 7.8 14.3 1.3 
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Table 11. SL under SHL and STD, for range of cohesion and friction angle of SG ï 

part 2. 

c 

(psi) 
f° 

SL = ůd/ůdf ůd ůdf SL ratio 

(SHL/STD) 
STD SHL STD SHL STD SHL 

2.0 

25 0.4 0.8 0.4 7.9 6.9 9.9 1.8 

26 0.4 0.8 0.4 7.9 7.1 10.2 1.8 

27 0.4 0.7 0.4 7.9 7.2 10.6 1.8 

28 0.4 0.7 0.4 7.8 7.4 10.9 1.7 

29 0.4 0.7 0.4 7.8 7.6 11.3 1.7 

30 0.4 0.7 0.4 7.8 7.8 11.8 1.7 

31 0.4 0.6 0.4 7.8 8.0 12.2 1.7 

32 0.4 0.6 0.4 7.8 8.2 12.7 1.7 

33 0.4 0.6 0.4 7.8 8.3 13.1 1.6 

34 0.4 0.6 0.4 7.8 8.5 13.7 1.6 

35 0.3 0.6 0.3 7.8 8.8 14.2 1.6 

36 0.3 0.5 0.3 7.8 9.0 14.7 1.6 

37 0.3 0.5 0.3 7.8 9.2 15.3 1.6 

38 0.3 0.5 0.3 7.8 9.5 15.9 1.5 

39 0.3 0.5 0.3 7.5 9.7 16.0 1.5 

40 0.3 0.5 0.3 7.5 10.0 16.6 1.5 

2.5 

25 0.4 0.7 0.4 7.9 8.5 11.4 1.9 

26 0.4 0.7 0.4 7.9 8.7 11.8 1.9 

27 0.3 0.6 0.3 7.9 8.9 12.2 1.9 

28 0.3 0.6 0.3 7.9 9.1 12.7 1.8 

29 0.3 0.6 0.3 7.9 9.3 13.1 1.8 

30 0.3 0.6 0.3 7.9 9.5 13.6 1.8 

31 0.3 0.6 0.3 7.9 9.7 14.1 1.8 

32 0.3 0.5 0.3 7.9 10.0 14.6 1.8 

33 0.3 0.5 0.3 7.8 10.2 15.0 1.7 

34 0.3 0.5 0.3 7.8 10.5 15.5 1.7 

35 0.3 0.5 0.3 7.8 10.7 16.1 1.7 

36 0.3 0.5 0.3 7.8 11.0 16.7 1.7 

37 0.3 0.5 0.3 7.8 11.3 17.3 1.7 

38 0.3 0.4 0.3 7.8 11.6 18.0 1.7 

39 0.3 0.4 0.3 7.8 11.8 18.7 1.6 

40 0.2 0.4 0.2 7.8 12.2 19.4 1.6 
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5.3.1. Stress Level Limit 

Based on the step by step procedure explained in section 5.1.1.1 the critical SL(s) 

under the SHL and STD can be combined to identify differentiating zones of concern. The 

following three zones are suggested. 

Zone 1: Green. It is defined as the zone where the SL of the SHL under 

consideration is at or below the SL of STD, representing the agency design load limit of 

the pavement. It should be noted that the more conservative SG properties shall be used in 

the calculation of this zone. For illustration purposes, Figure 71 was generated using the 

examples presented in section 5.1.1.3, where Zone 1 is represented with a green color zone. 

In this case, the upper limit of SG cohesion is selected (1.5 psi). If the SL of the SHL under 

consideration falls in this zone, the SHL can be allowed to move without any need for 

mitigations or special requirements. 

Zone 2: Orange. It is defined as the zone where the SL of the SHL under 

consideration is at or above the conservative SL of STD, but the SL is within the SL of 

STD, when lower bound of SG properties are selected (c = 1 psi). This zone is represented 

in Figure 71 with an orange color zone. If the SL of the SHL under consideration, falls in 

this zone, the SHL can be allowed to move after taking some mitigation measures to take 

down the SL of the SHL under consideration to the green zone. 
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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 above the SL of STD; when lower bound of soil properties are selected (c = 1 psi). 

This zone is represented in Figure 71 with white color zone. If the SL of the SHL 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 

The objective of this research was to establish a new analysis procedure to model a 

SHL using a representative Nucleus of the SHL axle and tire configurations. The 

followings are the conclusions of this research. 

SHL permits collected from SHA(s), varied in GVW, tire load and configurations. 

The permits collected from Louisiana DOT, represented the widest variety of fully -

documented permit cases. Total of sixteen cases were analyzed and summarized in Table5, 

and all the sixteen permits collected from Louisiana DOT are presented in Appendix A. 

Three critical cases were selected for further investigation. 

The concept of the SHL representative Nucleus was introduced, 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 by step procedure was then 

established to identify the Nucleus of SHL axle and tire configurations, utilizing the 

vertical stress distribution within the pavement structure. 

A full factorial study was then conducted to verify the procedure and assess the 

sensitivity of the Nucleus procedure to the influence of pavement structure, different SHL 

cases and pavement analysis temperature. The study concluded that the procedure is 

applicable to all the variables studied and notable observations are: 
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¶ The maximum vertical stresses on top of the SG decrease with the increase in 

pavement structure thicknesses. 

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

increase of tire load. 

¶ The maximum vertical stresses on top of the SG decreased, as the analysis 

temperature decreased; which was expected as the pavement stiffness (in particular, 

AC stiffness) increases with the drop in temperature. 

The SHL Nucleus concept was then applied on elements of bearing capacity 

investigation. Using Meyerhofôs general bearing capacity equation the safety factor against 

general bearing capacity failure have been investigated, comparing the average uniform 

vertical pressure, induced by the SHL representative Nucleus, to the bearing capacity, at 

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

¶ The factor of safety against bearing 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 further investigate the state of 

stresses under SHL, and then compared the stress level under SHL to that under a standard 

truck load, and the investigation concluded that: 
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¶ The maximum stress level under SHL was less than 1, meaning that the failure 

stresses are not reached yet. The 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. 

¶ The stress level under SHL is higher than the stress level under standard truck. Even 

if the failure is not reached, a high stress level in the SHL can result in serious 

permanent deformation. 

¶ A Stress Level Limit is proposed to permit SHL move on flexible pavement, based 

on stress levels under standard trucks. 

6.2. Recommendations 

The procedure established in this research to identify the Nucleus of SHL axle and 

tire configurations, utilized the vertical stress distribution on top of the subgrade only. 

Further investigation should be carried out to verify the procedure at various depths within 

the pavement structure. 

The factorial study verified the procedure for the influence of pavement structure, 

different SHL cases and pavement analysis temperature, however, other important factors 

could be investigated, such as different AC 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, and compare it to the stress level under SHL, a similar concept could be investigated 
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using strains, instead of stresses. This could prove valuable in the absence of in-situ soil 

strength parameters (c and f).  
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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 presented in Figure 72 

through Figure 88. 

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

ID 
GVW 

(lbs) 

Axle Weight 

(lbs) 

No. of 

Axles 

Number 

of tires 

per 

axle 

Axle width 

(measured out-

to-out edges of 

the outside tires) 

Center-to-

center distance 

between 

adjacent axles 

Tire load 

(lbs) 
Tire width  

LA -4T- 1 672,624 37,368 18 Axles 
4 Tires 

7 ft - 11 11/16 inch 4ft - 9 1/16 inch 9,342 1ft - 1 9/16 inch 

LA-4T-2 512,780 25,639 20 Axles 7 ft - 11 11/16 inch 4ft - 9 1/16 inch 6,410 1ft - 1 9/16 inch 

LA-8T-3 485,736 40,478 12 Axles 

8 Tires 

17 ft - 5 13/16 inch 4ft - 9 1/16 inch 5,060 1ft - 1 9/16 inch 

LA-8T-4 589,821 56,223 65,420 10 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 7,028 8,178 1ft - 1 9/16 inch 

LA-8T-5 704,604 58,717 12 Axles 24 ft - 7 3/8 inch 4ft - 9 1/16 inch 7,340 1ft - 1 9/16 inch 

LA-8T-6 717,821 70,193 75,490 10 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 8,774 9,436 1ft - 1 9/16 inch 

LA-8T-7 725,221 71,203 75,600 10 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 8,900 9,450 1ft - 1 9/16 inch 

LA-8T-8 784,164 65,347 12 Axles 24 ft - 7 3/8 inch 4ft - 9 1/16 inch 8,168 1ft - 1 9/16 inch 

LA-8T-9 804,480 67,040 12 Axles 24 ft - 7 3/8 inch 4ft - 9 1/16 inch 8,380 1ft - 1 9/16 inch 

LA-8T-10 1,415,660 78,509 63,057 20 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 9,814 7,882 1ft - 1 9/16 inch 

LA-8T-11 1,500,660 74,678 75,388 20 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 9,335 9,424 1ft - 1 9/16 inch 

LA-8T-12 1,833,960 115,600 74,460 18 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 14,450 9,308 1ft - 2 inch 

LA-8T-13 3,634,092 129,789 28 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 16,224 1ft - 1 9/16 inch 

LA -8T-14 3,660,552 130,734 28 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 16,342 1ft - 1 9/16 inch 

LA-8T-15 4,073,472 113,152 36 Axles 17 ft - 5 13/16 inch 4ft - 9 1/16 inch 14,144 1ft - 1 9/16 inch 

LA -12T-16 1,754,220 73,971 72,214 12 Axles 12 Tires 17 ft - 5 13/16 inch 4 ft 7 inch 6,164 6,018 1ft - 2 inch 
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Figure 72. Picture. Example of Louisiana SHL permit form (LA-4T-1). 
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Figure 73. Picture. Example of Louisiana SHL permit form (LA-8T-2). 
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Figure 74. Picture. Example of Louisiana SHL permit form (LA-8T-3). 



105 

 

 

 

 
Figure 75. Picture. Example of Louisiana SHL permit form (LA -8T-4). 



106 

 

 

 

 
Figure 76. Picture. Example of Louisiana SHL permit form (LA-8T-5). 
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Figure 77. Picture. Example of Louisiana SHL permit form (LA -8T-6). 
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Figure 78. Picture. Example of Louisiana SHL permit form (LA -8T-7). 
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Figure 79. Picture. Example of Louisiana SHL permit form (LA-8T-8). 
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Figure 80. Picture. Example of Louisiana SHL permit form (LA-8T-9). 
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Figure 81. Picture. Example of Louisiana SHL permit form (LA-8T-10). 


















