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CHAPTER I: INTRODUCTION


The effects of vehicle loads on pavement performance are usually estimated using a system 

based on the American Association of State Highway Officials (AASHO) Road Test data that was 

collected in the late 1950s. Analyses of this data led to the development of empirically derived 

expressions representing the relationships between vehicle loads, pavement performance, and pavement 

design variables. These expressions were then used to develop so-called “load equivalency factors” 

which were used to quantify the effects of different axle configurations and loads in terms of an 

equivalent number of passes of a particular axle configuration and load.  The load equivalency factor 

(LEF) for a particular axle configuration carrying a given load is defined in the following equation: 

Number of standard axle loads to produce given serviceability loss 
LEF = (1.1) 

Number of X-kip axle loads to produce the same serviceability loss 

There are three general approaches to determining LEFs: the empirical approach, the theoretical 

approach, and the mechanistic (or mechanistic-empirical) approach. 

•	 The empirical approach relates observations of the performance or distress of pavements 

(considering pavement type and structural capacity) to the loads that are responsible 

(considering load magnitude, configuration and number of repetitions) for causing the 

damage. This approach is best suited to very controlled loading conditions with a well-

defined pavement structure.  The LEFs derived from the AASHO Road Test are an 

excellent example of the empirically developed LEFs. Empirically derived LEFs offer the 

advantage of being accurate over the range of data from which they were developed. Their 

usefulness in extending beyond the original data ranges into different pavement structures, 

load types, etc., is, however, limited. 

•	 The theoretical approach to developing LEFs utilizes a structural model to calculate the 

response of a given pavement structure (i.e., stresses, strains and deflections) to applied 

loads of varying magnitude and configuration. These responses are then used in fatigue 
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damage models to determine the relative amounts of damage caused by different axle 

configurations and loads. An advantage of theoretical over empirical LEFs is that the 

structural models employ principles of mechanics and, therefore should be valid over a 

broad range of input variables. However, such models often lack adequate calibration with 

field conditions and can result in a gross over or underestimation of damage seen in the field. 

•	 The mechanistic (or mechanistic-empirical) approach is similar to the theoretical 

approach in that pavement responses are determined through the use of a structural model. 

Pavement performance is then estimated using empirical relationships between pavement 

responses and measurements of distress or performance from the field (Rilett and 

Hutchinson, 1988). This type of approach offers a distinct advantage over the other 

methods because it is applicable over a broad range of conditions and is easily calibrated 

with field conditions if careful modeling of pavement responses is done. 

Although the theoretical and mechanistic-empirical approaches to LEF development possess 

several advantages, only the LEFs derived empirically from the AASHO Road Test have been widely 

adopted. The details of the Road Test are described in the next section, along with a discussion of the 

adequacy of the resulting LEFs for current loading parameters and pavement design procedures. 

1.1 History of AASHO Road Test 

One of the most famous pavement testing facilities in the world was the AASHO Road Test, 

which was constructed and operated near Ottawa, Illinois, between 1957 and 1961. This facility was 

one of the earliest and most experimentally sound efforts to evaluate the effects of various pavement 

structural designs and loading parameters on overall pavement performance. The basic formulae 

derived representing the effects of different axle loads and configurations are still used today, even 

though vehicle characteristics and pavement designs have changed considerably (Huhtala et al., 1992; 

and Papagiannakis et al., 1990). 

1.1.1 Purpose 
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Before the AASHO Road Test, the development of pavement design procedures relied heavily 

on theoretical investigations of pavements. Westergaard (1926) developed a model for portland 

cement concrete (PCC) pavements treating the slabs as plates resting on a dense liquid, or “Winkler” 

foundation. Boussinesq (1885) modeled flexible pavements as single-layer, semi-infinite materials for 

the purpose of estimating pavement stresses due to applied loads. Burmister (1943) expanded upon 

this work to develop the layered elastic theory that is still used in the analysis of bituminous pavement 

systems. Although the solutions derived by Westergaard and Burmister were intended for use in 

practical applications, the scope of these solutions was restricted by a number of limiting assumptions 

and idealizations, in particular the assumption that the load consisted of a single contact area or tire 

(Ioannides and Khazanovich, 1983). 

In an attempt to provide information on the effects of multiple wheel loads and axle 

configurations on conventional types of flexible and rigid pavements, the AASHO Road Test was 

developed to establish relationships between pavement performance and design characteristics. For 

example, the dependence between layer thickness and loading parameters to the overall number of load 

repetitions and the present serviceability of the pavement (AASHTO, 1962; and Kenis and Cobb, 

1990). 

1.1.2 Brief Description 

The AASHO Road Test consisted of six test loops made up of both rigid and flexible 

pavements representing a broad range of structural designs and vehicle loading. Identical pavement 

structures were constructed in every test loop, and each travel lane received loading from a single type 

of vehicle. Thus, each pavement type and design was subjected to several different traffic loading 

conditions (over the different loops), while each individual pavement section was subjected to loads 

applied by a single vehicle (AASHO, 1962). Each test lane received 1,113,800 axle repetitions at a 

consistent rate throughout the test period. Vehicle speed was kept constant at thirty-five miles per hour 

(Kenis and Cobb, 1990; and Hudson and McNerney, 1992). 

1.1.3 Type of Data Collected 
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The purposes of the data collection at the AASHO Road Test were to monitor the serviceability 

(performance) of each pavement section and to gain a better understanding of pavement mechanics 

(AASHO Special Report 61G, 1962). The AASHO Road Test used panels of evaluators or “raters” 

to determine the present serviceability rating (PSR) of each pavement section. These evaluations were 

taken periodically over the duration of the test program. 

Each member gave a subjective rating of the ride quality on each pavement section. A scale 

between 0 and 5 was chosen where values of 0 or 1 indicated a poor ride quality, whereas values of 4 

or 5 indicated an excellent ride. Pavement distress measures (i.e. rut depth, cracking, etc.) were taken 

concurrently with the subjective ride assessment to provide a correlation between distress and ride 

quality. Mathematical formulae were developed to provide an estimate of the PSR that would have 

been obtained by the rating panel and was known as the present serviceability index (PSI). 

The present serviceability index (PSI) for flexible pavements was given by the following 

equation: 

PSI = 5.03 - 1.91 * log (1 + SV) - 1.38 RD2 - 0.01 * (C + P)0.5 (1.2) 

where: 

SV : Mean of the slope variance in the wheel paths (as obtained from a 

CHLOE profilometer) 

RD : Average rut depth in the wheel path, in 

C : Area of class 2 and 3 fatigue cracking per 1000 ft2 of pavement surface 

P : Area of patching per 1000 ft2 of pavement surface 

The present serviceability index (PSI) for rigid pavements was given by the following equation: 

PSI = 5.41 - 1.80 * log (1 + SV) - 0.09 * (C + P)0.5 (1.3) 

These models allowed engineers at the Road Test to numerically classify pavement conditions (Hudson 

and McNerney, 1992). 

Empirical performance prediction models were developed through extensive analyses of 
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pavement performance at the AASHO Road Test. The Road Test performance prediction models 

provided an estimate of the number of load applications to failure as functions of serviceability change, 

structural design, and load configurations. The general form of the original Road Test performance 

equation is as follows: (AASHO, 1962; Kenis and Cobb, 1990; and Hudson and McNerney, 1992): 

G
log N = log ρ + (1.4)

β 

where: 

N : Number of load applications 

β : A function of design and load variables that influences shape of the 

serviceability curve 

G : A function of the ratio of loss in serviceability at any time to the total 

potential loss when the serviceability index is 1.5 

ρ : A function of design and load variables that denotes the expected number 

of load applications required to produce a serviceability index of 1.5 

1.2 Development of AASHTO Load Equivalency Factors 

One major breakthrough achieved from the AASHO Road Test was the derivation of load 

equivalency factors (LEFs). LEFs were developed to quantify the relative damage induced by a given 

axle on the pavement section. AASHO used performance equations that related the number of load 

repetitions to the present serviceability of the pavement. An 18-kip (80-kN) single-axle load was 

selected as the reference or standard axle load and configuration. 

LEFPSI = N0 / Nx | PSI (1.5) 

where: 

N0 : Number of 80-kN single axle loads to produce a limiting value of PSI 

Nx : Number of repetitions of selected axle configuration (single or tandem) of 

load x to produce the same limiting value of PSI 
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In 1970, Scala observed that the AASHTO LEFs derived from equation 1.5 are approximately 

equal to the fourth power of the ratio of the actual loads. 

LEFPSI = (Lx/L0)4 (1.6) 

where: 

Lx : Arbitrary axle load 

L0 : Standard axle load (18 kips for single axles, 30 kips for tandem axles) 

The equality between equations 1.5 and 1.6 is often referred to as the “fourth power law” (Trapani and 

Scheffey, 1989; and Kenis and Cobb, 1990). 

The concept of equivalent single-axle loads (ESALs) arose after the detailed LEF data analysis. 

ESALs were developed to convert the arbitrary loads and configurations seen in a mixed traffic stream 

to an equivalent number of 80-kN (18-kip) single axle passes. The ESAL concept was based on two 

assumptions: 

•	 the destructive effect of a number of applications of a given axle group (defined in terms of 

load magnitude and configuration) can be expressed in terms of a different number of 

applications of a standard or base load 

•	 the effects of pavement damage or changes in serviceability accumulate linearly (Ioannides 

and Khazanovich, 1983) 

1.3 Limitations of the AASHO Load Equivalency Factors 

Although the AASHO design equations have provided a valuable and durable standard, the 

limitations of the Road Test have raised concerns regarding the adequacy and accuracy of these 

equations when applied to current pavement designs and vehicle loads and configurations. Some of the 

major concerns regarding the shortcomings of the AASHO Road Test LEFs are summarized below: 

•	 As an accelerated test, the AASHO Road Test could not consider the effects of 

environment, age and mixed traffic patterns. In addition, the AASHO Road Test included a 

limited number of pavement designs constructed on the same soil type in only one climate 

(Trapani and Scheffey, 1989). 
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•	 The AASHO Road Test did not consider the effects of vehicle characteristics (such as 

gross weight, axle and wheel spacing, axle configuration, suspension systems, tire type and 

tire inflation pressure) on pavement damage. Vehicle and tire characteristics have changed 

significantly over the past 30 years and should be addressed to investigate their effects on 

different types of pavements (Sebaaly and Tabatabaee, 1992; Kim, et al., 1989; and 

Trapani and Scheffey, 1989). 

•	 The lateral distribution of truck traffic at the Road Test was not incorporated as a variable in 

the development of the LEF equations. However, research has shown that lateral 

placement of wheel loads has a significant effect on rigid pavement performance. This 

factor should also be considered in pavement design and monitored carefully in pavement 

analysis (Shankar and Lee, 1985; and Kenis and Cobb, 1990). 

•	 Pavement designs have departed significantly from those used on the original AASHO Road 

Test, including different paving materials and structural designs.  It is unlikely that the original 

Road Test models accurately represent the effects of today’s loads on current pavement 

materials and structures. 

•	 Dynamic effects, such as pavement roughness, vehicle suspension, and vehicle speed, were 

not taken into account in the AASHO Road Test. Small dynamic variations can cause 

additional damage to the roadway and should be considered in pavement analysis. (Trapani 

and Scheffey, 1989). 

•	 Other than two-axle trucks, steering axles were not considered to be load axles in AASHO 

Road Test and, therefore, were not blamed for causing any damage. The steering axle of 

some vehicles traveling on today’s highways carry a greater portion of the total load than 

those used in the AASHO Road Test and may significantly contribute to pavement damage 

(Kenis and Cobb, 1990). 

•	 The AASHO Road Test vehicles included single and tandem axles but no tridem axles. 

Tridem axles are common in today’s traffic and the results from the Road Test may not be 

applicable to tridem axles because extrapolation of data outside the range for which the 

LEFs for single and tandem axles is unacceptable. The AASHTO LEF function for tridem 

axles assumes that one pass of a tridem-axle is equivalent to one pass each of a single and a 
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tandem axle. However, this assumption is not supported by theoretical analysis or field 

observations (Rilett and Hutchinson, 1988). 

• The LEFs from the Road Test have not been shown to be applicable for specific distress 

elements, such as rutting. It is quite possible that each specific distress type will have 

different LEF values that are independent of overall pavement serviceability. While 

serviceability represents the sum of the effects of all pavement distresses on ride quality, it 

should not be the exclusive determinant of load equivalency factors (Carpenter, 1992). 

Therefore, it is unlikely that the current AASHO LEFs can be used with any accuracy in 

pavement design procedures that incorporate mechanistic-empirical concepts (i.e., the 

proposed AASHTO 2002 design guide). 

•	 The fourth-power approximation (also known as the fourth-power law) represents the 

simplest “best fit” equation through a set of data. The Road Test data had considerable 

scatter, but this should not be interpreted as LEFs being independent of pavement structure. 

It is impossible to prove the existence of a law of equivalence between loads in terms of 

their damaging effects without consideration of the pavement type and structure. Several 

studies have shown that the power law depends on the type of the pavement and the type of 

failure criteria selected (Ioannides and Khazanovich, 1983; Irick, 1989; and OECD, 1988). 

The AASHO Road Test has provided a firm foundation for pavement design and evaluation 

over the last three decades, but it is evident that the current standards for determining the effects of 

traffic need to be reconsidered. Although the LEFs developed by AASHO are representative of the 

conditions under which they were developed, new parameters in vehicle characteristics, pavement 

materials, and structural designs have created a void in the continuity of pavement damage evaluation. It 

may be appropriate to consider many factors in the development of a more universally applicable set of 

load equivalency factors, including gross weight, vehicle suspension, axle spacing and configuration, load 

distribution between axles and wheels, tire type and pressure, pavement structure and materials, 

dynamic load effects and more. It seems clear that as our knowledge of pavement behavior and 

performance improves, the LEFs derived from the AASHO Road Test are becoming more obsolete. 
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1.4 The Need for Improved Load Equivalency Factors 

With the increasing concerns about the validity and the accuracy of the design equations 

obtained from the AASHO Road Test, pavement design is now in the process of changing from an 

empirical craft to an engineering science. Although there has already been much success in 

understanding the effect of vehicle characteristics, load conditions, and material properties on pavement 

response and performance, there is a clear need for research to validate various structural models. 

Ideally more accurate models relating pavement response to pavement performance will be developed 

to carry pavement engineering into the next millenium. 

9




CHAPTER II: FACTORS AFFECTING PAVEMENT DAMAGE 

AND LOAD EQUIVALENCY 

Apart from various environmental effects, road deterioration is predominantly caused by 

forces applied by repeated truck loads. Trucks apply the largest loads to pavements but the 

applied damage varies from truck to truck. The amount of damage applied depends on gross and 

axle weights, number and location of axles, dynamic impact of loads, tire properties, etc. Many 

experts believe that fatigue failures of pavements are not only caused by the loading 

characteristics but by pavement section details as well. 

The growth of truck traffic has resulted in an increase in the number of loads applied, 

while at the same time axle loads and tire pressures have also increased. New configurations, 

new suspensions, new tires and higher tire pressures have changed the characteristics of the loads 

applied to the pavement surface over the past thirty years. Although new truck designs and axle 

configurations are being considered to minimize the impact of heavy loads on pavement 

performance, the effectiveness of these designs is unknown and it may not be appropriate to 

extrapolate their damage factor from the AASHO Road Test data. 

The relative influence on the pavement response of the following is reviewed: 

• Load (axle weight, gross weight, and load distribution) 

• Vehicle and axle configuration 

• Tire type and pressure 

• Operating conditions (vehicle wander, dynamic loading and roughness) 

•	 Pavement factors (pavement types, structural capacity, layer thickness values and 

material properties) 

• Environmental and seasonal effects 

2.1 Applied Load 

Highway traffic contains an array of vehicles with different weights and axle 

configurations. Current design procedures convert these random loads into an equivalent 

number of applications of an 18-kip standard axle. Traffic analyses are performed to gain 
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information about vehicle types, volumes, and weights present to aid in the conversion from 

random loads to the number of ESALs. 

Truck axles are broken into three groups: single, tandem and tridem. Single axles are 

categorized as any line of one axle. Tandem and tridem axles are defined as any two or three 

axle configurations respectively, whose longitudinal centers are generally more than one meter 

but no more than 2.44 meters apart between consecutive axles. 

2.1.1 Load Magnitude 

The pavement structure must be able to distribute the total load to the underlying layers 

without causing permanent deformation and excessive stresses and strains in the pavement 

layers. Analysis of many pavement structures has revealed that pavement fatigue damage is not 

a function of gross vehicle weight but of axle weight. Gillespie et al. (1993) determined that axle 

weight and configuration actually govern the magnitude of surface deflections, stresses and 

strains in both rigid and flexible pavements. Gillespie et al. (1994) and Hajek (1990) reported 

that providing additional weight to vehicles does not necessarily indicate an increased level of 

pavement damage and that damage was mostly influenced by the load, number, type, and 

spacing of a vehicle’s axles. 

Flexible Pavement 

Deflections due to truck loads produce stresses and strains that may lead to permanent 

deformation in the surface and subsequent layers of the pavement system. As truck volume 

increases, cyclic strain at the bottom of the asphalt layer leads to fatigue cracking. Gillespie et 

al. (1993) reported that gross weight influenced the rutting of flexible pavement and that a linear 

relationship was observed between gross weight and rutting. 

Rigid Pavements 

There is no association between vehicle gross weight and damage for concrete pavement 

systems. A vehicle with a very high gross weight may cause far less fatigue damage than a 

lighter vehicle if the former is dis tributed over several more axles (Gillespie et al., 1993). 
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2.1.2 Load Configuration 

The number and spacing of axles are important factors for effectively transmitting the 

load onto the pavement surface. An increase in the number of axles provides additional contact 

points, and thus reduces the load at each point. Axle spacing does affect pavement responses, 

such as deflections, stresses, and strains (Hajek, 1990). There are three common types of axle 

configurations used today: single, tandem, and tridem axles. 

Currently, AASHTO transforms the fatigue damage associated with a given axle to an 80 

kN (18-kip) standard single axle with dual tires. Damage factors associated with other 

configurations, such as tandem and tridem axles, are related to the single axle truck in terms of 

load equivalency factors. The AASHO load equivalency factors were developed empirically 

using pavement serviceability indexes. Since the AASHO Road Test failed to consider various 

axle spacing, the load equivalency factors obtained for tandem and tridem axles are believed to 

have been severely underestimated with respect to single axles. 

Single axle loads exhibit the most damaging effect to both concrete and asphalt 

pavements. When heavily loaded trucks pass over the surface, high tensile strains develop 

directly under the wheel load. The Kentucky Department of Transportation analyzed the damage 

factors associated with several axle configurations (Deen et al., 1980). Three vehicles were 

studied and their relationship to the amount of pavement damage was determined and can be 

seen in Figure 2.1. Examination of Figure 2.1 shows that additional payload added to single 

axles creates significantly more pavement damage than tandem or tridem axle configurations. 

Similarly, Gillespie et al. (1993) discovered that single-axle trucks produce the greatest 

amount of pavement damage. Figures 2.2 and 2.3 exhibit the difference in the relative fatigue 

damage for the different axle configurations on rigid and flexible pavements respectively. 

Similar studies have also concluded that single axles with dual tires produced higher load 

equivalency factors than tandem axles with dual tires (Kim, 1989) and tridem axles produce less 

damage than tandem axles (Addis, 1992). 
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Figure 2.1. Increase in damage factor for selected vehicles as load on truck is increased (Deen 
et al., 1980). 

Figure 2.2. 	Relatvie fatigue of rigid  Figure 2.3. Relative fatigue of flexible 
pavement versus axle load  pavement versus axle load 
(Gillespie et al., 1993).  (Gillespie et al., 1993). 
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Flexible Pavement 

Huhtala (1984) compared the horizontal strain measurements that corresponded to 

different loads on different axle configurations. He concluded that the front axle is the most 

detrimental to pavement responses and that a tandem axle with wide-base tires is clearly more 

damaging than a tandem axle with standard dual tires. In addition, tandem axles are superior to 

single axles based on the vertical stresses in both the subbase and subgrade. 

Rigid Pavement 

Figure 2.2, shown previously, displays the difference in the relative fatigue damage for 

different axle configurations applied to a 25 cm (10 in.) rigid pavement. Although it might be 

seen that the power fatigue law has a profound influence, there is no general agreement with the 

fourth-power law that was introduced by AASHTO. Gillespie et al. (1993) explained that 

current knowledge of rigid pavement fatigue is too limited to allow such a generalized 

prediction. Treybig (1983) reported that tandem axle loads might cause more damage than 

single axle loads due to the effects of pumping, loss of support, dynamic loads, and slab curling. 

Axle spacing 

Axle spacing is defined as the distance between each individual axle in a tandem 

configuration and between the first and the third in a tridem axle. The AASHTO design guide 

provides the damage effects of both tandem and tridem axle combinations based solely on their 

load and configuration. However, AASHTO assumes tha t these combinations have the same 

damaging effects regardless of the spacing of the axles within the combination (Hajek and 

Agarwal, 1990). The AASHTO damage equation considers that axles close to each other cause 

less damage than the same axles placed further apart. For example, the damage produced by a 

36-kip tandem axle load is about 30 percent less than the damage caused by two 18-kip single 

axle loads. It has been determined that the effect of axle spacing is more predominant on rigid 

pavements than it is on flexible systems. 

Flexible Pavement 

Since flexible pavement structures are not as stiff as concrete, the load transfer to the 

underlying layers is not as efficient. This causes the maximum stresses to occur near the surface 
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of the asphalt layer. Thin asphalt sections are especially poor at transmitting the load, and 

therefore, multiple axle loads act as a series of separate and independent loads (Gillespie et al., 

1993). 

Huhtala (1984) and Karamihas and Gillespie (1994) reported that axle spacing has little 

effect on flexible pavement fatigue. Fatigue damage is not affected because the compressive 

stress from an additional tire load only extends about one meter from the tire, and the minimum 

axle spacing for most trucks is 1.2 m (4 ft). Therefore, flexible pavements see multiple axles as a 

set of separate loads. However, these findings are only applicable to pavement with an asphalt 

layer thickness between 5 and 17 cm (2 and 7 in). Karamihas and Gillespie (1994) also added 

that rutting is not affected by axle spacing. 

Based on measured strain data, Addis (1992) discovered that under the same loading 

conditions, grouped axles caused significantly less pavement damage than single axles. Tridem 

axles also showed lower fatigue damage than tandem axles, but the difference was not as 

significant. Seebaly (1992) reported that for both thick and thin flexible pavement sections, 

tandem axle configurations caused smaller tensile strains than single axle configurations for the 

identical load, tire type, and pressure. However, when a deformation criterion was considered, 

closely spaced tandem axles were more damaging to flexible pavements than single wheel loads. 

Closely spaced tridem axles are assumed to be even more detrimental. 

Hajek and Agarwal (1990) reported that axle spacing had a significant influence on the 

LEFs, and in particular those obtained from surface deflections. An increase in the axle spacing 

appeared to reduce the pavement damage. The calculated LEFs for tandem axles approached 2.0 

and 3.0 for tridem axles under an 80 kN (18-kips) load. The influence of axle spacing was also 

reported to be directly proportional to the structural capacity. 

Rigid Pavement 

Research indicates that axle spacing has a moderate effect on rigid pave ment damage by 

influencing the magnitude of the longitudinal tensile stresses that develop from axle loading. In 

rigid pavement structures, the stiff pavement material distributes the applied load over a large 

foundation area. Each wheel load causes a deflection basin that varies directly with load 

magnitude. The basin variations are typically small, but the stress changes can be substantial. 
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These basin sizes are generally on the same order of magnitude as typical truck axle 

spacings. Current axle spacings are usually greater than 1.2 m (4 ft) because of truck and tire 

geometrics. Figure 2.4 shows that a compressive basin forms on each side of the tension peak 

that occurs beneath the wheel load. When two axles are in close proximity, the compressive 

stress basin produced by the second axle partially offsets the peak longitudinal tensile stress from 

the first wheel (Gillespie et al., 1993). This phenomenon only occurs when axle spacing is 

between 1.0 and 4.6 m (3.25 and 15 ft). 

Figure 2.4. Stress at the bottom of a rigid pavement slab imposed by a passing axle (Gillespie et 
al., 1993). 

2.1.3 Load Distribution 

The distribution of axle loads is a very critical factor contributing to the fatigue failure of 

pavement structures. Design methods divide the volume of traffic and/or loads into two distinct 

variables: the design load per wheel or axle and the number of load repetitions. Most design 

procedures convert all wheel or axle load configurations and repetitions into a number of 

standard wheel or axle load applications. The conversion is made using load equivalency 

factors, which relate the amount of damage caused by the various axles to the standard axle 

(Uzan and Wiseman, 1983). 

The effect of different axle loads on pavement deterioration was first thoroughly studied 

at the AASHO Road Test. The very common concept of Present Serviceability Index (PSI) was 

developed to quantify the amount of pavement damage. The PSI included cracking, rutting, 

patching, and roughness as road deterioration parameters. The AASHO Road Test data was 

16




analyzed and the effects of the axle loads were expressed by equations. These equations were 

later simplified to the so-called fourth-power law. 

This states that if an axle is twice as heavy as another, its relative effect on pavement 

performance is in the ratio of 24 to 1. Thus, the pavement subjected to the heavier load has only 

one-sixteenth of the expected life of the other. The fourth-power law is expressed by the 

following equation: 

(Px / Py)4 = Ny / Nx (2.1) 

where: 

Px : Axle load x 

Py : Axle load y 

Nx : Load repetitions of axle load Px 

Ny : Load repetitions of axle load Py 

Analysis of the AASHO data indicated that the fourth-power law was not constant, but 

varied between 3.6 and 4.6. Although most researchers agree that an increase in load causes 

additional damage, no consensus has been reached as to the magnitude of it. There is 

considerable literature concerned with the damaging effect of increased axle load and it is not 

possible to present a comprehensive review here. 

The OECD developed an accelerated test facility in Nantes, France to investigate the 

exponent in the power law and compare it to the AASHTO fourth-power law. A comparison 

between 100 kN (22-kip) and 115 kN (26-kip) axle loads was done simultaneously. The OECD 

(1991) concluded that the fourth-power law constitutes only a general description and is an 

approximation of the damaging power of axle loads. It was also reported that a wide variation in 

the power exponent (i.e., between 2 and 9) occurred depending on the degree of pavement 

deterioration, the criterion used for comparison. 

Huhtala et al (1989) reported that the power value varied between 1.80 and 6.68 based on 

the crack percentage and 2.40 and 8.74 based on the crack length. The power value fell between 

1.47 and 5.74 when rutting criteria was considered (OECD, 1991). 

The maximum axle load significantly influences the fatigue damage on both flexible and 

rigid pavements. Single axles with 44 kN (10-kips) on single tires are believed to cause more 

17




damage than 89 kN (20-kips) on a single axle with dual tires (Gillespie et al., 1993). Gillespie et 

al. (1994) reported that typical truck axle weights range from 44 kN (10-kips) to 98 kN (22-kips) 

and result in damage factors of 1 to 20, respectively. This assumes that the damage is related to 

the fourth-power law on both flexible and rigid pavements. 

Deen et al. (1980) studied the effect of the load distribution between axles on the damage 

factor. The damage factors increase when the load distribution between axles of the same group 

increases. They also reported that only ten percent of tandem axles had uniformly distributed 

loads between the two axles and that this corresponding non-uniform distribution can account for 

up to a 40 percent increase in damage. 

Flexible Pavement 

Fatigue damage is a cumulative effect of repeated wheel loads that cause longitudinal 

tensile stresses directly below the center of the tire’s contact area. A similar stress cycle to that 

shown in Figure 2.4 for a rigid pavement occurs in flexible pavements as well. Compressive 

stresses develop as the vehicle approaches and leaves a given point within the pavement 

structure. These compressive stresses are very small in comparison to the tensile stresses below 

the tire. From Figure 2.3, it was clearly seen that the relative fatigue damage of flexible 

pavements increases with load, but this relationship was based on the assumption that the fourth-

power law between load and damage is true (Gillespie et al., 1993). 

Rutting is a load related failure in flexible pavements and is caused by the permanent 

deformation of the surface and/or underlying layers. Gillespie et al. (1993) reported that the 

increase in rut depth observed in flexible pavements is proportional to the axle load and is caused 

by the linear plastic deformation of the pavement layers. 

Rigid Pavement 

The weight and configuration of vehicle axles significantly influences the amount of 

fatigue damage caused on concrete pavements. Fatigue damage is the primary mode of load 

related failure in concrete pavements. Similar to flexible pavements, compressive stresses are 

created as the load approaches and leaves a specified point but are insignificant compared to the 

tensile stresses. Fatigue damage occurs when the concrete layer is unable to handle the peak 

tensile load (Gillespie et al, 1993). 
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A stress cycle caused by an 80 kN (18-kip) axle on a 25 cm (10 in.) thick concrete 

pavement was presented in Figure 2.4 and Figure 2.2 showed the relative fatigue damage of rigid 

pavements. Figure 2.2 suggests that an increased load causes an increases amount of damage, 

but this too assumes that the fourth-power relationship between load and damage is true 

(Gillespie et al., 1993). 

2.1.4 Lateral Placement 

It is commonly assumed in pavement design that the lateral placement of truck wheel 

loads is approximately normally distributed about the mean location of the wheelpath. However, 

previous research by Benekohal et al. (1990) showed that vehicles do not follow the same path 

on the pavement and that, in fact, lateral distributions are often not normally distributed and 

significantly asymmetric. 

Flexible Pavements 

The lateral position of truck traffic does carry much influence in flexible pavement 

fatigue. Corner and edge loading conditions are usually not as critical as interior loads on 

flexible pavements. 

Rigid Pavements 

Lateral placement of truck traffic across the transverse width of the pavement plays an 

important role in the cumulative fatigue damage of rigid pavement structures. Critical stresses 

may occur at various locations across a slab due to discontinuities such as transverse joints and 

edge restraint conditions. In 1926, Westergaard formulated equations that evaluated maximum 

stresses in fully supported slabs using circular, semi-circular, and elliptical load conditions at the 

edge, corner, and interior portions of the slab. From Westergaard’s theory, it was determined 

that free edge stresses were larger than both free corner and interior stresses in the surface layer. 

This assumed that the slab carried the entire truck load. His load conditions simulated a truck 

operating directly on the longitudinal edge of the pavement and assumed that the shoulder 

carried no portion of the load. This condition produced maximum tensile stresses in the bottom 

of the slab directly below the wheel load. 
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Westergaard’s theories work well with fully supported slabs, but fail to accurately predict 

pavement response considering combined effects of load with curling and warping. Conditions 

where the slab curls downward produce maximum tensile strains when the slab is loaded midway 

between the transverse joints and along the edge. Corner loading produces critical tensile stress 

conditions when the pavement structure curls upward. The combined effect of the load, curling, 

and warping stresses should be analyzed when determining fatigue damage of concrete pavement 

structures. 

Studies conducted for the National Cooperative Highway Research Program (NCHRP) 

and (Gillespie et al., 1993) evaluated the effect of lateral edge support on the cumulative fatigue 

damage of concrete pavements. Results from these studies have determined that the type of 

pavement edge, shoulder constraint, and paving width are critical factors that influence 

maximum accumulated fatigue damage. For fully supported slabs without tied shoulders, the 

maximum tensile stress occurs midway between the transverse joints and along the pavement 

edge. Movement of the load towards the interior of the slab at this location causes a great 

reduction to the induced stress. Figure 2.5 indicates that stresses drop significantly as the load 

moves inward a distance of 61 cm (24 in.) from the pavement edge and can then be considered as 

an interior load case. 

Figure 2.5. Peak longitudinal stress versus distance of dual wheel set from lane edge (Gillespie 
et al., 1993). 

Since truck traffic distribution is assumed to be normally distributed for design, the center 

of the wheel load is typically placed 61 cm from the pavement edge. Many agencies thicken 

concrete pavements from the center of the outer wheel path to the edge of the pavement to 
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reduce the fatigue damage caused by edge and corner loading. For other edge cases, the 

maximum accumulated fatigue damage may or may not occur at the edge of the pavement, and 

will require different equivalent damage ratios. 

2.1.5 Dynamic Effects 

The load applied by a moving vehicle is the sum of the static load and a continuously 

changing dynamic load. The dynamic load causes a local increase in the total load and is the 

result of the vehicle’s response to longitudinal unevenness (roughness) of the road surface. Road 

profile, vehicle speed, vehicle mass, and vehicle suspension system are the principal factors that 

affect the dynamic portion of the total load (Addis et at., 1986). 

2.1.5.1 Factors Affecting Dynamic Load Magnitude 

Roughness is comprised of vertical bounces and roll. Vertical bounces are produced by 

random variations in elevation along the roadway’s wheeltracks and roll is caused by elevation 

differences between the right and the left wheelpaths (Trapani and Scheffey 1989). When a 

wheel encounters roughness, the entire vehicle vibrates vertically and the driving system begins 

to vibrate torsionally. In addition, the vehicle speed changes and causes the driving system to be 

stressed dynamically. These dynamic stresses increase the instantaneous axle loads to values 

well above the static loads. 

Typical roughness values were reported by Karamihas and Gillespie (1994) as 1.25 to 

3.75 m/km on the International Roughness Index (IRI) scale. A smooth road of 1.25 m/km IRI 

represents a pavement serviceability index (PSI) level of approximately 4.25 and a rough road of 

3.75 m/km represents a PSI level of approximately 2.5. They indicated that very rough roads 

increased damage from 200 to 400 percent, while even the lowest levels of roughness produced 

as high as a 50 percent increase in static damage. Because dynamic fatigue damage varies along 

the pavement section, it is evaluated at the 95th percent level. The 95th percentile includes the 

damage caused by the most severe loadings on five percent of the pavement length. They 

reported that the 95th percent level is more sensitive to damage than an average over the total 

section. 

A special report on the AASHO Road Test (AASHTO, 1962) indicated that an increase 

in pavement roughness and/or vehicle speed increased the variation of the dynamic load. 
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Sweatman (1983) and Woodrooffe et al. (1986) examined the effects of vehicle parameters (i.e., 

axle configuration, suspension type, tire pressure, and speed) on dynamic axle loads with 

consideration to pavement roughness. Both studies concluded that pavement roughness created 

substantial variations in the total axle load. 

Many researchers have investigated suspension type and its influence on pavement 

damage. Such studies have included the effects of improved suspension characteristics and the 

interactions among the vehicle, suspension system, and pavement structure. Figure 2.6 illustrates 

some examples of typical suspension systems. 

Gillespie et al. (1983) assessed the relative damage caused by three different tandem 

axles suspension systems: torsion-bar, four- leaf spring, and “walking-beam”. Individual 

damages were measured for each of the three systems under constant load and identical 

pavement structure. The highest amount of damage was produced by the “walking-beam” 

suspension and relatively smaller amounts were caused by the remaining two suspensions. In a 

different study conducted in 1993, Gillespie et al. found that the air-spring tandem suspension 

produced the least amount of damage while the “walking-beam” produced as much as four times 

the amount of damage caused by the static load. 

Extensive research has shown that centrally pivoted tandem axle suspensions (e.g., 

“walking-beam” and single-point) generate the highest dynamic loads (Mitchell and Gyenes, 

1989 and Ervin et al., 1983). However, Hahn (NCHRP 76) reported that these suspensions can 

be improved by the use of suitable hydraulic dampers. In addition, several studies have verified 

that air suspension systems generate the lowest dynamic load and that torsion bar and four-spring 

suspension systems fa ll between the two extremes (Sweatman, 1983; Mitchell and Gyenes 1989; 

and Whittemore et al., 1970). More detailed discussions of suspension type and their respective 

dynamics can found in Sweatman (1983) and Gillespie et al. (1993). 
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Figure 2.6. Commonly used truck suspensions (Sousa, 1988). 
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Sousa et al. (1988) developed a methodology that determined the effect of dynamic loads 

on pavements using the SAPSI computer program. The relative damage effects of three 

suspension types were determined using the following: 

• Time histories of the extreme fiber tensile strain based on dynamic material properties 

•	 Number of load applications to failure calculated by generally accepted fatigue failure 

criteria 

•	 The reduction of pavement life index (RPL) which represents the percentage of 

pavement life consumed by the dynamic effects. The RPL index is given as follows: 

RPL = 1 - NF(suspension) / NF(static) (2.2) 

where: 

NF(static) : Number of load application to failure 

NF(suspension): Number of load application to failure taking into account the dynamic 

effects 

They concluded that dynamic loads effect the life of the pavement and that the magnitude 

depends upon the tandem suspension type. From this study, it was determined that “walking-

beam” suspensions induced the greatest amount of damage and only small reductions in 

pavement life were observed for the torsion-bar and four-leaf suspensions. 

Papagiannakis et al. (1990) studied the impact of suspension type on pavement 

performance under normal traffic conditions. The load frequency distributions for air and rubber 

suspensions were inputted into the VESYS-III-A computer program, and estimates of relative 

damage were outputted. They concluded that the air suspension load variation was less sensitive 

to vehicle speed than that of the rubber suspension. In addition, the rubber suspension was found 

to cause greater damage. 

The total load imposed on the pavement by a moving vehicle is represented as a static 

axisymmetric load. When a vehicle approaches a given location in the pavement, the point 

experiences an increase in vertical stress until a peak is reached when the wheel is directly above 

it and then decreases as the vehicle moves away. This causes a bell shaped stress pulse that has a 

duration of approximately 120 msec for a vehicle traveling 80 km/h (50 mph) (Akram et al., 

1992). 
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Gillespie et al. (1993) reported that speed is one of the most important factors that 

influences dynamic load damage. They reported that speed can affect pavement damage by a 

factor of two or more at the most severely loaded locations. However, it was determined that 

speed and roughness are closely related because the vehicle speed determines how the profile is 

“seen” by the vehicle. They derived a relationship between speed and roughness, which is 

approximated by the dynamic load factor (DLC). 

DLC = σ /F (2.3) 

where: 

F : Mean value of the dynamic axle load probability distribution 

σ : Standard deviation of the dynamic axle load probability distribution 

Harr (1962) utilized structural responses from the AASHO Road Test and indicated that 

the responses were indeed sensitive to vehicle speed. Figure 2.7 illustrates the influence of speed 

on surface deflection values. Whittemore et al. (1970) also used results from the AASHO Road 

Test and noted that higher levels of pavement roughness and/or vehicle speed increase the 

induced dynamic load. 

Figure 2.7. The effect of vehicle speed on peak pavement surface deflections as measured at the 
AASHO Road Test (Harr, 1962). 
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Sweatman (1983) examined the effect of suspension type on dynamic axle loads with 

consideration to surface roughness and vehicle speed. He tested and compared nine suspension 

systems, three traveling speeds, two tire pressures, and two loads of 147 and 177 kN (33 and 40 

kips) for tandem and tridem axles, respectively. Each vehicle traveled over six road roughness 

values that ranged from new to near terminal serviceability. He concluded that road roughness, 

suspension type, and traveling speed indeed have significant effects on dynamic wheel forces. 

Sweatman (1983) categorized suspensions into two groups: those that are significantly 

affected by changes in speed and roughness (“walking-beam”, tandem and single-point tandem) 

and those that are insensitive to the same changes (torsion-bar, four-spring and air-bag tandem, 

six-spring and air-bag tridem). These generalizations were drawn from conversions of the 

dynamic wheel forces into DLCs. The results reported by Sweatman (1983) indicated tha t: 

• Different suspensions exhibited different levels of dynamic response 

• The greatest dynamic loads were produced by “walking-beam” suspensions 

•	 Torsion-bar suspensions with hydraulic shock absorbers worked best in reducing 

dynamic loads 

Flexible Pavement 

Gillespie et al. (1993) reported that surface roughness directly affects the fatigue of 

flexible pavements. Figure 2.8 exhibits the range of fatigue damage caused by various single 

axle suspensions and Figure 2.9 illustrates the damage induced by several tandem axle 

suspensions, both over a typical span of roughness values. It was concluded that trucks are more 

dynamically active, and thus cause more damage, on rougher roads. On the other hand, they 

reported that roughness had a minimal effect on aggregate rutting and that the rut depth along the 

wheelpath was virtually unaffected. 

Karamihas and Gillespie (1994) reported that tandem axle- induced asphalt fatigue varied 

by 25 to 50 percent on moderately rough roads and nearly 100 percent on very rough roads. 

However, single axle suspensions have only a moderate effect on flexible pavement damage 

because stiffness property variations for typical single-axle suspensions are small enough that the 

suspension type only contributes a secondary order of influence. Conversely, it was determined 

that suspension type only added a small fraction of flexible pavement rutting, regardless of axle 

configuration or suspension type. 
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Figure 2.8. Influence of single axle Figure 2.9. Influence of tandem axle 
suspension type on flexible pavement supsension on flexible pavement 
fatigue (Gillespie et al., 1993). fatigue (Gillespie et al., 1993). 

Heath and Good (1985) developed a theoretical model that analyzed the effects of 

suspension types on the flexible pavement DLC. Their model indicated that the vehicle 

configuration of a particular suspension type does not have a significant effect on the DLC. 

Vehicle speed affects the primary response of flexible pavements by the duration of the 

dynamic loading. Although dynamic loads generally increase with speed, the duration of the 

load actually decreases. Therefore, the amount of rutting is decreased by the shorter loading 

periods. Addis (1992) reported that bituminous layers are less capable of distributing load at 

lower speeds and that the stiffness of a bituminous material is proportional to the loading 

frequency or load duration. Hence, the asphalt acts stiffer under rapid loading, which decreases 

the amount of rutting. 

Gillespie et al. (1993) reported that at high speeds the wheel loads pass specific locations 

more quickly, which prevents plastic deformation from occurring. Thus, rutting is reduced 

because of shorter load application times but localized fatigue damage may occur in rougher 

roads. They concluded that rut damage (depth) varies inversely with speed as shown in Figure 

2.10. Similarly, Christison (1978) reported that the surface deflections and strains at the bottom 

of asphalt layer decrease substantially with an increase in speed. Romero et al. (1994) reported 

that deflections decrease as speed increases and that the deflection reductions are always greater 

on rigid sections. 
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Figure 2.10. Relative rut depth caused by various tandem suspension types at IRI 150 in./mi. 
(Gillespie et al., 1993). 

Goktan and Mitschke (95) reported that traffic speed on highways affects road damage in 

terms of stress, deformation, and deflection. As speed increases both the amplitude of the 

dynamic load produced and the deformation decrease. They explained that reductions in 

deflection occur because asphalt layers harden under higher frequency loading. In addition, 

greater rutting occurs in sloped roads or congested areas because traffic slows at these points and 

increases the load duration. Which in turn, decreases the modulus and allows more rutting to 

occur. 

Gillespie et al. (1993) reported that fatigue damage might decrease with speed on smooth 

roads, but increases with speed on rough roads and is shown in Figure 2.11. This is due to the 

fact that the peak tensile strains under the wear course decrease as speed increases when the 

pavement material is considered viscoelastic. When the pavement is rough, the damage is 

increased by the corresponding increase in dynamic loads. The effects of speed and suspension 

type on fatigue damage is explained by the interaction of: 

• Pavement response and viscoelastic behavior of the pavement material 

• Dynamic load and surface roughness 

• The power relationship between the strain and fatigue 
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Figure 2.11. Relative flexible pavement fatigue damage (55 mph ESALs) vs. speed at three levels 
of road roughness (Gillespie et al., 1993). 

Sebaaly and Tabatabaee (1993) performed an extensive field testing program to 

determine the in-service pavement response caused by moving truck loads. They concluded that 

speed has a large effect on the strain response, and more significantly, increases in vehicle speed 

from 32 to 80 km/h cut the extreme fiber tensile strains of the AC layer in half. The results are 

shown in Figure 2.12 and are best explained by the viscoelastic behavior of the asphalt concrete. 

Figure 2.12. Effect of vehicle speed on tensile strain at the bottom of AC layer (Sebaaly and 
Tabatabaee, 1993). 
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Rigid Pavement 

Gillespie et al. (1993) reported that roughness has a moderate influence on rigid 

pavement fatigue and may contain a periodic component that arises from the characteristic shape 

of the slab. This component may tune to vibration modes of certain trucks and trailers, which 

may cause a disproportional damage effect at certain speeds. The curling and warping of 

concrete slabs may provide the greatest opportunity to tune to truck vibrations. Vehicle tuning is 

dependent on many factors such as wheelbase, axle type, suspension properties, load distribution, 

slab length, speed, and pavement distress. They concluded that the incremental damage arising 

from tuning is relatively small in comparison to other factors and recommended that no great 

effort should be put forth to fully characterize the truck population and operating conditions. 

In addition, they determined that roughness in a far more dominant factor in rigid 

pavement systems than is suspension type. Figures 2.13 and 2.14 illustrate the relative damage 

caused by several single and tandem axle suspension types over a broad range of road roughness 

values. It was also reported that the optimized damping of air suspensions provided a 15 percent 

reduction in damage, and they recommended that well-designed and maintained air-spring 

suspensions should be used in place of leaf-spring suspensions to gain a 20 percent damage 

reduction. Upon completion of research, Gillespie et al. (1993) determined that road roughness 

dynamic effects dominate those solely contributed from single or tandem axle suspension types. 

Figure 2.13. Influence of single axle Figure 2.14. Influence of tandem axle 
suspension type on rigid pavement fatigue suspension type on rigid pavement fatigue 
(Gillespie et al., 1993) (Gillespie et al., 1993). 
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Speed affects the fatigue of rigid pavement by increasing the wheel loads, which in turn, 

increases the peak stress and damage. Figures 2.15 and 2.16 illustrate the effect of speed on the 

DLC and relative fatigue damage, respectively. Gillespie et al. (1993) reported that the 

systematic increase in fatigue with speed reflects that an increase in the DLC with speed is 

compounded by a power law relationship. They concluded that increasing truck operating speed 

has a slight increase on the amount of pavement damage. It was suggested that further 

deterioration could be avoided if limiting speeds were employed on roads with substantial 

deterioration. 

Figure 2.15. Influence of speed and tandem Figure 2.16. Influence of speed and tandem 
suspension type on DLC for rigid suspension type on rigid pavement fatigue 
pavement (Gillespie et al., 1993). (Gillespie et al., 1993). 

2.1.5.2 Dynamic Load Analysis 

Two main approaches are used to assess the road-damaging effects of dynamic wheel 

loads: the road stress factor approach and a theoretical calculation of the damage induced by the 

passage of one or more vehicles. 

Road Stress Factor 

It was discovered from the AASHO Road Test that the deterioration rate of a flexible 

pavement is proportional to the fourth power of s vehicle’s static axle load. This has been 

introduced before but is shown again in Equation 2.4. 
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n 
 F z , s t a t  

 4 

= * * n  F z , s t a t   (2.4) 

where: 

n : Number of passes to reach a prescribed value of deterioration 

Fz,stat : Static axle load 

n*,F*
z,stat : Reference values 

The fourth-power rela tionship was criticized because it did not consider many of the 

additional variables that affect pavement damage. In 1975, Eisenmann derived a road stress 

factor, Φ, that was based on the fourth-power law. It is shown in the following equation: 

Φ = E [P(t)4] = (1 + 6 s2 + 3 s4) P4
stat (2.5) 

where: 

P(t) : Instantaneous wheel load at time t 

Pstat : E [P(t)] = Average static wheel load 

s : Coefficient of variation of dynamic wheel load = (Standard 

Deviation/Mean) 

E[ ] : Expected operator 

Eisenmann (1978) modified his original road stress factor, Φ, to help account for the 

effects of wheel configuration and tire pressures: 

Φ = ν (ηI ηII P stat )4 (2.6) 

where: 

ν : “Dynamic” road stress factor 

= 1 + 6 s2 + 3 s4 

ηI : Accounts for wheel configuration 

ηII : Accounts for tire contact pressure 
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In 1984, Mitschke developed a road stress factor, ν, that incorporated the effects of 

dynamic load, tire contact pressure, and the number of tires. Equation 2.6 provides the total 

damage caused by one vehicle with N axles. 

N N 
4 

ν = ∑ ν i =∑ (n I n II n III Fz , stat  ) i (2.7) 
i=1 i = 1 

where: 

νi : Deterioration factor for each axle


nI : Wheel configuration factor for single (nI = 1) and (nI = 0.9) dual tires.


nII : = 1.0 when tire contact pressure is 700 kPa (102 psi) and changes by 0.05


for each 100 kPa (14.5 psi) difference. 

nIII : Coefficient related to dynamic wheel load 

Although this deterioration factor includes more subgroups than the original fourth-power law, it 

fails to consider the effects of axle spacing and tandem or tridem configurations. 

Several researchers criticized the potential use of a road stress factor because it was based 

on the fourth-power law that was derived from the overall serviceability of the pavement sections 

at the AASHO Road Test. These sections included dynamic load effects; thus, the fourth-power 

law indirectly accounts for dynamic wheel loads. Other researchers (Throwner, 1979; Addis and 

Whitmarsh, 1981; and Kinder and Lay, 1988) criticized the stress factor because: 

•	 It assumes that strain is directly proportional to the instantaneous wheel load and 

neglects the effect of vehicle speed and load frequency on surface responses 

•	 It assumes that damage is randomly applied over the entire surface and does not 

account for any concentration of damage in a particular section of the road 

•	 It does not take into consideration the suspension type of the axle, which was shown 

to considerably affect magnitude of the wheel loads 

Analytical Models 

Several analytical models have been developed to study the vehicle/road surface 

interaction. They are divided into two groups: pavement life and single pass models. Pavement 

life models attempt to predict the pavement deterioration over time due to the applied dynamic 
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loads. These models require an empirical relationship between wheel loads and surface profile 

change. The failure prediction models developed by Ullidz and Larsen (1972), Brademeyer et al. 

(1986), and Papagiannakis et al. (1988) were verified for rutting and fatigue cracking using the 

AASHO Road Test data. 

Single pass models attempt to determine the incremental change in damage due one pass 

of a vehicle over a particular portion of the road. O’Connell et al. (1986) and Monismith et al. 

(1988) based their analysis on elastic layer theory and Monismith et al. (1988) incorporated the 

effect of loading frequency on asphalt pavements. Cebon (1987, 1988) accounted for the 

influence of applied load speed and frequency by evaluating the dynamic response of a pavement 

using a beam supported by a damped elastic foundation. 

Monismith et al. (1988) tested three suspension systems and concluded that dynamic 

wheel loads caused greater amounts of damage than the same vehicle’s static load. An increase 

in damage by 19, 22, and 37 percent was observed for torsion bar, four-spring, and “walking-

beam” suspensions respectively. O’Connell et al. (1986) reported that dynamic wheel loads 

cause up to a 25 percent increase in damage but can be cont rolled by a carefully designed 

suspension system. They reported that air suspensions were found to cause more fatigue damage 

than “walking-beam” suspensions but that air suspensions tend to reduce rutting damage. This 

reduction in rutting damage is caused by the reduced compressive strains in the subgrade. In 

addition, it was shown that an increase in tandem axle spacing tends to increase the dynamic 

loads. 

Cebon (1987,1988) reported that dynamic loads are more damaging than static loads 

because the damage is asserted in the worst locations. These critical locations with load 

concentrations are sometimes referred to as the “95th percentile”. They concluded that: 

•	 For typical highway speeds and surface roughness, theoretical dynamic fatigue 

damage can be as high as four times the damage produced by moving static loads 

• Theoretical road damage generally increases with speed 

•	 Critical speeds exist that can cause increased damage due to pitch coupling of the 

axles and increased excitation from the modal response on the vehicle 

Braun and Bormann (1978) developed a dynamic model to study the effects of vehicle 

suspension parameters on dynamic wheel loads. They concluded that: 
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• The damping coefficient affected the magnitude of the dynamic wheel load 

• An increase in distance between the axle damper reduced the dynamic wheel load 

• Shifting of the axle mass towards the center reduced the dynamic wheel load 

• The use of softer tires reduced the dynamic wheel load 

•	 The spring coefficient, the distance between springs, and the use of additional 

stabilizers have only a minor effect on the dynamic wheel load 

Mitshke (1979 and 1983) studied dynamic tire load reduction techniques and concluded 

that: 

•	 The use of softer tires in the vertical direction is very effective at reducing the tire 

contact pressure 

• Better damping is achieved by hydraulic rather than frictional dampers 

•	 Stronger hydraulic dampers between the body and the axle reduce the damping 

coefficient 

•	 The spring coefficient between the body and the axle should be increased to increase 

the damping coefficient 

Flexible pavement 

Papagiannakis et al. (1988) looked at the effects of dynamic loads on flexible pavement. 

They concluded that axle load variation depends on suspension type, pavement roughness, and 

vehicle speed. The observed dynamic load range was from 8 to 42 kN (1.8 to 9.4 kips). They 

concluded that higher levels of pavement roughness and/or vehicle speed generally increase the 

dynamic load variation. 

In 1988, Sweatman looked at the relationship between dynamic load and vehicle 

suspension type. He concluded that each individual suspension system exhibits it’s own level of 

dynamic response. It was determined that “walking-beam” tandem axles produced the greatest 

dynamic load and that hydraulic absorbing torsion-bar suspensions produced the least. 

Rigid Pavement 

Markow et al. (1988) used the “single pass vehicle” analysis to study the effect of 

dynamic loads on jointed concrete pavements. They concluded that: 
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•	 under static loads, slab stresses near the joint are higher than those at mid-panel 

because of discontinuity in the bending stresses 

•	 under dynamic loads, loading near a faulted joint can increase the predicted mid-

panel fatigue damage 

• the “walking-beam” tandem is the most damaging suspension type 

•	 the predicted four-spring suspension induced strains are inversely proportional to 

tandem axle spacing 

• the dynamic load is directly proportional to the “walking-beam” suspension spacing 

• the suspension stiffness and hysteresis strongly affect the dynamic load magnitude 

• tire pressure does not affect dynamic load 

2.1.6 Tire Characteristics 

A tire supports an axle by establishing a relatively small contact area (footprint) between 

the tire tread and the pavement. The interfacial pressure between the tire and the pavement is 

distributed in a highly non-uniform two-dimensional manner over the contact area. The load and 

tire pressure significantly affect this distribution. Most of the contact pressure non-uniformity is 

due to the bending stiffness within the tire structure, but vehicle speed and pavement friction also 

contribute minor effects (Tielking and Roberts, 1987). 

2.1.6.1 Uniform Pressure Distribution Models 

In the analysis of pavement structures, the load is assumed to be transmitted at the tire-

pavement interface across a circular cross section. The load applied at the surface is often 

assumed to be distributed downward through the pavement over a triangular area as shown in 

Figure 2.17. Original models developed by Boussinesq (1885) and Burmister (1943) distributed 

the load uniformly across a circular contact area and were commonly known as uniform pressure 

models. These models described the pressure distribution as circular areas with uniform vertical 

pressure. The effects of tire construction and lateral shear forces were ignored in structural 

analyses. Therefore, only inflation pressure and tire load were considered variables in design. 
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Figure 2.17. Distribution of wheel loads (Deen et al., 1980). 

Yoder and Witczak (1975) calculated the unifo rm pressure as follows: 

a = (P / (p * π  ))0.5 (2.8) 

where: 

a : Radius of circular uniform contact pressure 

P : Total tire load 

p : Inflation pressure 

Studies by Tielking and Scharpery (1980) and Tielking and Roberts (1987) have shown that tire 

structure significantly affects the pressure transmitted to the contact surface and that distributions 

are actually non-uniform. Roberts (1987) concurred with this and stated that the assumptionof 

uniform pressure is only valid if the tire has no structural integrity, such as an inner tube. Akram 

et al. (1992) reported that this assumption greatly simplifies the analysis and has no significant 

effect on strain levels seen in asphalt concrete when thickness exceeds 51 mm (2 in.). There is 

also no change in subgrade compressive strains when the asphalt layer thickness is greater than 

51 mm (2 in.). 

2.1.6.2 Non-Uniform Pressure Distribution Models 

Many studies have shown that tire contact pressures are not uniform but rather have 

unique shapes and distributions that depend on the type and structure of the tire. Extensive use 

of finite element models have given engineers a better understanding of the different forms of 

pressure distribution. 

37




Several studies have used finite element analyses to calculate contact pressure 

distributions based on the deflected shape of the tire. The stress distribution varied along the 

width of the tire patch and depended on the size and type of the tire (Roberts, 1987). Tielking 

and Scharpery (1980) choose a finite element program that incorporated Fourier Transforms to 

develop a tire model. From this model, the contact boundary and interface pressure distributions 

were calculated for a specified tire deflection. The Teilking tire model allowed analytical 

investigations of the effects of tire design variables on contact pressure distribution (Roberts, 

1987). 

Roberts (1987) used the ILLIPAVE structural analysis software to perform comparisons 

between the uniform distribution and Tielking tire models. Both models indicated significant 

tensile strains at the bottom of a thin asphalt concrete layer (less than 51 mm), but the Tielking 

model yielded results in excess of 100 percent higher than those for the uniform pressure model. 

Based on prior research by Chen et al. (1986), Southgate and Mohboub (1992) modified 

the Chevron N-layer program to allow 144 discrete loaded areas and contact pressures to be 

applied per tire to a flexible pavement structure. Each discrete area was converted into an 

equivalent circular area and the corresponding measured contact pressures were applied. The 

pressures ranged from 0 to 950 kPa (138 psi), where the highest pressures occurred along the 

outside edges of the tire under the sidewalls. 

The total tire load remained constant in their analyses and allowed the pressure 

distribution to be the only variable. Only one pavement system was analyzed and consisted of 

150 mm (6 in.) of asphalt concrete on a 305 mm (12 in.) densely graded crushed stone base over 

a relatively weak subgrade. Layer elastic solutions were calculated at the center and the edge of 

the tire and at the midpoint between the center and the edge. Strains were calculated at 25 mm (1 

in.) depth intervals from the top of the asphalt layer to the bottom of the base layer (Southgate 

and Mohboub, 1992). 

Southgate and Mohboub defined work as the action of an outside force on a body and 

strain energy as the total force within the body resisting an equal force applied to the outside of 

the body. Sokolnikoff (1956) defined strain energy density as the internal work per unit volume 

at a given point within the body. The mathematical form is given by the following equation: 
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 1 2 2 2 2 2 2W =  
2λν 2 + µ(ε 11 + ε  22 + ε  33 + 2ε 12 + 2ε13 + 2ε 23 ) (2.9) 

where: 

W : Strain energy density, or energy of deformation per unit volume, or the 

volume density of strain energy, psi 

ε ij : i, jth component of the strain tensor 

µ : E[(2(1+σ)]; Modulus of rigidity or the shear modulus, psi 


E : Young’s modulus, psi 


σ : Poisson’s ratio 


λ : Eσ / [(1+σ) * (1-2σ)]


ν : ε11+ε22+ε33 

Analyses by Southgate and Mohboub (1992) indicated that the maximum work occurred 

under the edge of the tire for the different combinations of loads and tire contact pressures. The 

measured tire contact pressures indicated that they varied greatly within the tire print and that the 

highest pressures were located near the outside ribs. They concluded that tire/pavement 

interaction is too important to be neglected in pavement response analyses and that the use of 

finite element programs might provide target values to aid in the development of rut resistant 

surface mixtures. 

Recent studies (Tielking, 1989; Roberts et al., 1986; Marshek, 1985; and Yap, 1988) have 

provided more realistic information about the contact area distribution and indicated that an 

increase in inflation pressure while held at a constant load, shifted the maximum contact pressure 

to the center of the contact area. However, an increase in load at constant tire pressure resulted 

in a shift of the maximum contact pressure towards the sidewall. Huhtala et al. (1989) observed 

the same trend for passenger cars but saw an opposite effect for truck tires. The maximum 

contact pressure of a heavily loaded truck tire occurs along the tire’s centerline. 

Effect of Tires on Pavement Response 

The most commonly used design relationships between truck traffic and pavement 

performance were developed during the 1962 AASHO Road Test. New axle configurations, 

suspensions, tire characteristics, and higher tire pressures have changed how the load is applied 
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to the pavement surface. Bias-ply tires with cold pressures of 552 kPa (80 psi) were used on all 

test vehicles at the AASHO Road Test (Akram et al, 1992). Tire pressures in excess of 690 kPa 

(100 psi) are commonly used by the trucking industry along with increased axle weights (FHWA 

1984). In addition, new tire designs, such as wide-base single tires and low profile tires, are 

frequently used today (Morris, 1987; Akram et al., 1992). 

The effects of tire type and pressure have generated concern regarding their increased 

damaging effect. The following two sections summarize the findings of previous studies 

regarding the influence of tire type and inflation pressure. 

2.1.6.3 Effect of Tire Type 

Vehicle loads are transmitted from the truck body through the suspension system and 

tires to the pavement surface. The important features of tires are the width, length, and area of 

contact patch. Tire size, ply rating, and inflation pressure are important tire characteristics for 

carrying the load. Two numbers separated by a character, either “R” for radial or “-” for bias-

ply, specify tire sizes. The first number gives the nominal section width and the second denotes 

the nominal diameter of the rim on which the tire is mounted, both in millimeters or inches. The 

aspect ratio is the ratio of section height to width and is multiplied by 100 for low profile tires. 

Wide-base tires, referred to as “super singles”, are commonly used on the non-steering 

axles to replace the traditional dual tire configuration. They are also used on high load steering 

axles for better load distribution. Several states have begun to outlaw the replacement of duals 

with super singles because they are believed to cause more damage. Huthala et al. (1992) 

indicated that pavement response may be affected by tire type since wide-base single tires 

usually produce greater responses than dual tires because the load is spread out more in the latter 

case. 

Wide-base single tires typically range from 400 to 460 mm wide (16 to 18 in.) as opposed 

to the 250 to 305 mm (10 to 12 in.) width for typical radial truck tires (Akram et al., 1992). 

Wide-base radial tires are available in sizes 15R22.5, 16R22.5 and 18R22.5 (385/65R22.5, 

425/65R22.5 and 445/65R22.5; respectively). Low profile tires exhibit a growing desire within 

the tire industry because they reduce the overall vehicle height and allow for an increase in trailer 

capacity. 
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Flexible Pavement 

Research has shown that wide-base single tires cause anywhere from 1.2 to 4 times more 

damage to flexible pavements than dual tires. It was also determined that tandem and tridem 

axles with single tires are less damaging than single and tandem axles with dual tires. 

At the Road and Traffic Laboratory of the Technical Research Center of Finland, Huhtala 

et al. (1989) measured the stresses and strains and evaluated the load equivalency factor for 

different axle loads, tire types, and pressures. Five different tire types were used with three 

separate tire pressures for each tire. The stresses and strains were measured for every tire at 

three different axle loads. 

Huhtala et al. concluded that a clear difference was observed in the measured pavement 

responses over the range of different tire types. They reported that wide-base tires were more 

aggressive than dual tires by a factor of 2.3 to 4. An increase of 20 to 90 percent was seen in the 

damage factor when wide-base tires were used in place of the most common tires. 

Christison et al. (1980) measured tensile strains and surface deflections for various tires 

at similar testing conditions. They concluded that wide-base single tires cause 1.2 to 1.8 times 

the damage to flexible pavements than dual tires. It has also been verified that wide-base single 

tires cause higher deflections than dual tires (Sharp et al., 1986). 

Comparative studies were done that related vehicle speed and damage. Akram et al. 

(1992) used multi-depth deflectometers to assess the relative damage of dual and wide-base 

single tires at several speeds. They reported that at a speed of 90 kph (55 mph), the predicted life 

of asphalt concrete pavements was reduced by a factor of 2.5 to 2.8 when wide-based single tires 

were used. Zube et al. (1965) performed a similar experiment where deflections were used 

rather than damage. They reported that on average, a 24 kN (5.4-kip) load on a wide-base single 

tire is equivalent to an 80 kN (18-kip) load on dual tires. 

Rutting is the result of plastic deformation and it is dependent on the duration and 

magnitude of the load. OECD (1982) reported that wide-base single tires should be considered to 

cause twice as much damage as dual tires and that conventional single tires impart 2.9 times as 

much damage as dual tires. Similarly, Moore (1992) concluded that wide-base tires are between 

30 and 100 percent more damaging than duals when rutting is considered. When fatigue was 

investigated, the super singles cause between 10 and 100 percent more damage. 
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Gillespie et al. (1993) evaluated the rut depth equivalence factors for conventional and 

wide-base single tires over a large range of surface layer thickness. The rut depth equivalence 

factors were also determined at 25 oC (77 oF) and 49 oC (120 oF) because rutting is very sensitive 

to the asphalt concrete temperature. Table 2.1 shows the rut depth equivalence factors for the 

various tires investigated. The factors were related to an 80 kN (18-kip) axle with dual tires. 

They concluded that the wide-based singles were more damaging than duals. In thick 

pavements, where rutting is the main mode of failure, wide-base tires were likely to cause 1.5 to 

2.0 times more damage than dual tires carrying the same load. 

Table 2.1. Rut depth equivalence factors for conventional and wide-based single tires (Gillespie 
et al., 1993). 

Based on the work done by Gillespie et al. (1993), the effect of different tires on 

bituminous pavement fatigue is shown in Figure 2.18. They concluded that single tires with a 53 

kN (12-kip) load on the steering axles were more damaging to pavement fatigue than dual tires 

with an 89 kN (20-kip) load. Wide-base single tires were found to be more damaging than dual 

tires when both tire configurations carried an 89 kN (20-kip) load. In order to regulate the load 

carrying capacity of wide-based tires, it was determined that a load per inch criteria should be 

adopted. A limiting value of 114 N/mm (650 lb/in) of tread width or less was suggested. 
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Figure 2.18. Flexible pavement strain influence functions of conventional single, dual, and 
wide-based single tires (Gillespie et al., 1993). 

Using the Deacon (1969) approach and computer load equivalency models, Bell et al. 

(1996) discovered that single tires created more damage than dual tires for any axle type. They 

also reported that “singling-out” a 28 cm (11 in.) dual tire configuration causes much more 

damage than the same load applied by a wide-based tire. “Singling-out” refers to the removal of 

the inside wheel in a dual configuration and that the vehicle operates on the remaining 28 cm 

tire. Their analysis showed that tandem axles with single tires were less damaging than 

comparably loaded single axles with dual tires. In addition, tridem axles with single tires were 

less damaging than identically loaded tandem axles with dual tires. 

Rigid Pavement 

The effect of tire configuration on rigid pavement fatigue was derived from its influence 

on the peak stress at the bottom of the concrete slab. Figure 2.19 illustrates the effect of different 

tire types on the resulting longitudinal stresses. Table 2.2 presents the effect of tires and 

pavement thickness on the load equivalency factor. Gillespie et al. (1993) concluded that single 

tires increase the stresses by 15 to 21 percent in the bottom of the concrete layer when compared 

to dual tires. They also reported that wide-base single tires increase the stresses by 2 to 9 percent 

in the bottom of the concrete layer when related to dual tires. Thus, conventional single tires and 

wide-base tires are more damaging to concrete pavements than are dual tires. 
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Figure 2.19. Rigid pavement stress influence functions of conventional single, dual, and wide-
based single tires (Gillespie et al., 1993). 

Table 2.2. Rigid fatigue load equivalency factors for single tires of various sizes (Gillespie et al., 
1993). 

2.1.6.4 Tire Inflation Pressure 

Tire pressure has always concerned engineers in terms of distributing wheel loads over an 

adequate contact area in order to minimize the stresses imparted on the pavement. Currently, 

there is a growing concern over the increase in tire pressures that are believed to contribute to the 

increase in pavement damage. Since the AASHO Road Test, the average inflation pressure has 

risen from 550 kPa (80 psi) to 760 kPa (110 psi) to accommodate for the increased load limits. 

Radial tires tend to require higher tire pressures than bias-ply tires because of the belt 

structure and larger footprints. However, the belts help to distribute the contact stresses more 

44




uniformly in radial tires. The net effect of changing from bias-ply to radial tires is a reduction in 

the surface contact pressures (Akram et al., 1992). Haas and Papagiannakis (1986) reported that 

radial tires recommend about a 35 kPa (5 psi) higher inflation pressure than bias-ply tires. 

Furthermore, inflation pressures must increase in order to replace dual tires with wide-base tires 

under same load. 

Flexible Pavement 

An increase in tire pressure has a pronounced effect on thin asphalt sections and a small 

effect on thicker pavements. For thick asphalt, pavement damages is clearly controlled by 

increases in load and not tire inflation pressure (Monismith et al., 1988). 

Using the BISAR computer program, Sebaaly and Tabatabaee (1989) analyzed the effects 

of varied tire types and inflation pressures. Radial, bias-ply, and wide-based tires were tested 

under three different loading conditions and over four different pavement thicknesses. They 

reported that all three tire types caused up to a five percent increase in tensile strain on asphalt 

surfaces thicker than 102 mm (4 in.). Seebaly and Tabatabaee (1989) concluded that inflation 

pressure affected the magnitude of the tensile and compressive stresses for pavements 51 mm (2 

in.) thick. In addition, the greatest effects of tire pressure were found in the wide-base single 

tires, which caused a 40 percent increase in tensile strain when the pressure changed from 896 to 

1000 kPa (130 to 145 psi). Seebaly (1992) concluded that inflation pressure is not a factor if 

asphalt concrete thickness exceeds 152 mm (6 in.). 

From linear elastic analyses, Haas and Papagiannakis (1986) discovered that a tire 

pressure increase from 414 to 827 kPa (60 to 120 psi) under constant load, increased the vertical 

compressive strain near the top of a 203 mm (8 in.) AC layer by as much as eight percent. 

However, the change in tensile strain at the bottom was nearly zero. 

Roberts et al. (1986) used a finite element model and a non-uniform pressure distribution 

model to predict the effects of tire inflation pressure. They concluded the rutting rate for all 

thicknesses of asphalt concrete increased as tire pressure changed from 517 to 862 kPa (75 to 

125 psi). They also observed that high tire pressure increased the amount of fatigue cracking in 

thin asphalt concrete layers (e.g., 25 and 51 mm; 1 and 2 in.). 

From field measurements from instrumented pavement sections, Bonaquist et al. (1989) 

reported that pavement responses were not significantly affected for higher tire pressures. 
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Measured pavement responses increased by ten percent or less for a corresponding increase of 

tire pressures from 524 to 966 kPa (76 to 140 psi). They also reported that deflections predicted 

from layered elastic theory with a uniform pressure distribution matched closely with the 

measured deflections. 

Rigid Pavement 

Gillespie et al. (1993) reported that an increase in the inflation pressure from 517 to 827 

kPa (75 to 120 psi) resulted in a 53 percent increase in damage for wide-base tires. No 

significant increase was observed for conventional tires. This was due to the higher contact 

length sensitivity of the wide-based tires. 

2.2 Environmental Conditions 

Generally, there are two main sources of climatic variations that are detrimental to the 

pavement structure: the ambient and pavement temperature and the soil moisture. The soil 

moisture causes a reduction in the subgrade strength whereas the ambient temperature results in a 

decrease in the asphalt layer stiffness and associated strength. Temperature and moisture 

gradients cause curling and warping of rigid pavement slabs and can greatly increase the stresses 

within the pavement. 

2.2.1 Temperature 

The distribution of heat through the thickness of the slab is dependent on the pavement’s 

material and color. The temperature distribution might be cooler in concrete because the 

coefficient of heat absorption between black and white is approximately 2 to 1 (Harik, 1994). 

For example, a 60o C (140o F) surface temperature for asphalt is equivalent to approximately 49o 

C (120o F) in concrete. However, the coefficient of heat transfer for the two materials is nearly 

identical (approximately 0.98 for asphalt versus 0.96 for concrete). Consequently, the 

temperature distributions are quite similar below the surface. 

Flexible Pavement 

Research indicates that temperature plays a substantial role in the performance of flexible 

pavements. This is due mainly to a decrease in asphalt viscosity as temperature increases 
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causing a reduction of the asphalt concrete resilient modulus. Therefore, it is customary for 

pavement designs to specify softer asphalt grades in colder climates to reduce thermal cracking 

and harder asphalt grades in warmer climates to reduce rutting. 

Thermal cracking is caused by shrinkage of the asphalt layer that starts at the surface and 

propagates down over time. Asphalt has a large coefficient of thermal expansion and thus 

expands or contracts rapidly. The cracks form from quick cooling that induces tensile stresses, 

which exceed the fracture strength of the asphalt. These thermal stresses are very common in the 

northern areas of the United States due to large temperature ranges. 

In addition, temperature influences the amount of fatigue cracking and rutting. Both 

forms of damage occur under heavy loading but are augmented by temperature increases. As the 

temperature changes, thermally induced strains contribute to fatigue cracking rutting forms when 

heavy loads are applied to the softened asphalt concrete. The latter is especially true for full-

depth asphalt concrete pavements because high temperatures allow the asphalt to densify and 

cause permanent deformation or rutting. Figure 2.20 and 2.21 illustrate the influence of surface 

temperature on relative fatigue and rutting damage caused by different truck gross weights and 

configurations. The variation in damage is due to the more critical loading of single tires and the 

reduction of the resilient modulus at elevated temperatures (Gillespie et al., 1993). 

Figure 2.20. Influence of surface temperature on relative flexible pavement fatigue damage 
(Gillespie et al., 1993) 
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Figure 2.21. Influence of surface temperature on relative rutting damage (Gillespie et al., 
1993). 

Rigid Pavement 

The performance of a rigid pavement is strongly influenced by temperature effects. Daily 

variations in temperature cause unequal temperatures of the top and bottom of the slab. When 

the temperature at the top is greater than the bottom, the top tends to expand with respect to the 

neutral axis while the bottom tends to contract. However, the weight of the slab resists the 

expansion and contraction and thus forms compressive stresses at the top of the slab and tensile 

stresses at the bottom. The exact opposite phenomena occurs if the top of the slab is cooler than 

the bottom. These cyclic stress states contribute to the fatigue damage of rigid pavements and 

are called curling effects. 

Teller and Sutherland (1935) studied the effects of temperature and moisture variations 

on PCC pavements. Their results indicated that temperature induced stresses are equa l in 

importance to those induced by the heaviest legal wheel loads. It was also determined that the 

temperature distribution is typically non- linear. 

Even though the temperature distribution throughout the thickness of the slab has been 

determined to be nonlinear, the majority of current analysis methods, including two-dimensional 

finite element models, are limited to linear temperature distributions. Teller and Sutherland 
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(1935) concluded that the uniform temperature gradient would cause the most critical stress 

condition, even though the curved gradient was more typical. If a linear gradient is assumed, the 

maximum computed tensile stresses tend to be higher during daytime conditions and lower for 

nighttime conditions when compared to its respective non- linear distribution (Choubane and Tia, 

1995). Gillespie et al. (1993) concluded that temperature gradients, and the resulting slab 

deformations, have a significant effect on the amount of damage induced by axle loads. Figure 

2.22 illustrates the effect of positive gradients on the fatigue life of the pavement. 

Figure 2.22. Effect of temperature gradients on fatigue life along the length of a PCC slab 
(Gillespie et al., 1993). 

2.2.2 Moisture 

Flexible Pavement 

The AASHO Road Test considered climate variations by using weighted traffic to 

account for seasonal subgrade strength and a relative regional factor. The Road Test site was 

given a value of one for the regional factor and other sites were given factors according to the 

local climate conditions. 

Cumberledge et al. (1974) conducted research and found that the percentage change in 

deflections depended significantly on the moisture variation in the subgrade. The moisture 

variation was attributed to lateral movement of the shoulders, fluctuation in the water table and 

capillary zone, and infiltration through surface cracks. Based on multiple linear regression, 

Cumberledge et al. (1974) proposed the following equation to estimate the change in deflection 

caused by variations in subgrade moisture content: 
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∆ δ60F = 2.8496(∆ MC) + 0.70(%200) + 2.4484 (Tp) - 0.8342(LL) -0.3979 (γd) 

(2.10) 

where: 

∆ δ60F : Percentage change in deflection 

∆ MC : Percentage change in moisture content 

%200 : Percentage by weight passing the No. 200 sieve 

Tp : Total thickness of the pavement system, in 

LL : Liquid limit of subgrade soil 

γd : Dry density of subgrade soil, pcf 

Wiman and Jansson (1990) also performed research that considered the effect of seasonal 

variations on deflection measurements. The test took place in Norway and Sweden over a three 

year period. They concluded that the seasonal variations had little effect on the deflection 

measurements (or vertical strain) if the base and subbase were of good quality but were 

significant if poor materials were used. 

The presence of moisture in the pavement structure also leads to problems with frost 

heaving. Ice lenses typically form in the larger void spaces of frost susceptible soils. The degree 

of frost susceptibility is predominantly a function of the percentage of fine particles but also 

particle shape, grain size distribution, and mineral composition. Marek and Dempsey (1972) 

conducted a study that analyzed stresses and deflections in flexible pavement systems. They 

concluded that the location of the frost line in the pavement system greatly affects the vertical 

stress at the subgrade-subbase interface and the surface deflection. 

Rigid Pavement 

Unlike flexible pavements, the moisture content of the subgrade does not have a 

significant effect on the strengt h and fatigue damage of rigid pavements. However, variations in 

moisture content of the concrete slab do have considerable effects on the behavior of rigid 

pavement. Concrete contracts when it dries and expands as moisture content increases. 

Moisture gradients in the slab cause similar effects as temperature gradients and are called 

warping induced stresses. 
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2.3 Pavement Structure 

There are three typical types of pavements constructed: flexible, rigid, and composite. 

Flexible pavements are layered systems with high quality material on top and inferior materials 

at the bottom. Generally, flexible pavements have four distinct layers; asphalt concrete surface 

or wear course, base, subbase, and the existing subgrade soil. Full depth flexible pavements 

consist of one or more asphalt layer(s) placed on the subgrade. The thickness of the surface, 

base, and subbase, the subgrade strength, and environmental factors contribute to the overall 

strength and performance of flexible pavements. 

Rigid pavements are made with portland cement concrete (PCC) and are constructed in 

one of two methods: placed directly on the subgrade or over a single layer of granular or 

stabilized material. Fewer layers are required for rigid pavements because of the increased 

stiffness over asphalt, and therefore distribute the load over a wider area. The slab thickness and 

subbase strength are the two most important variables affecting the performance and longevity of 

rigid pavements. Subgrade strength, joint load transfer, slab length, and environmental 

conditions also contribute to the overall performance of rigid pavements. 

Composite pavements are typically constructed with a hot mix asphalt (HMA) layer 

placed over an existing PCC layer. This layout provides the pavement with a strong base and a 

smooth and non-reflective surface. Composite systems can also consist of a PCC layer placed 

over an HMA layer. Composite structures are rarely used for new pavements because of the 

relatively high cost, but are usually used for rehabilitation purposes (Huang, 1993). 

2.3.1 Overall Structural Capacity 

The overall structural capacity of a pavement is determined by its ability to transmit load 

through the pavement structure to its underlying layers. Paving materials are selected for each 

layer to effectively transfer the load without causing permanent deformation or cracking in each 

respective layer. Generally the surface material has the largest modulus of elasticity which 

allows the load to be distributed over a large area. This distribution greatly reduces the stresses 

imparted on the weaker sublayers. Pavement structural capacity is largely dependent on each 

layer thickness and corresponding engineering properties. 

At the AASHO Road Test, a structural number was obtained for various flexible 

pavement systems depending on the relative quality of each material. It is an abstract number 
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that expresses the theoretical structural strength of the pavement for given combinations of soil 

support, the total number of ESALs, pavement terminal serviceability, and environmental 

conditions. The structural number for a three-layer pavement can be computed by the following 

equation: 

SN = a1 D1 + a2 D2 m2 + a3 D3 m3 (2.11) 

where: 

Di : Layer thickness 

ai : layer coefficient 

mi : drainage coefficient 

This equation does not have a single unique solution, but an infinite number of satisfactory 

combinations of layer thickness. Typically, economic issues control material thickness selection. 

The layer coefficient is a measure of the relative ability of a unit thickness of a given 

material to serve as a structural component. Determination of this coefficient comes from 

material property correlations or controlled road test data. The drainage coefficient is a factor 

that is applied to granular bases and subbases which modifies the layer coefficient. It accounts 

for the relative quality of drainage in that layer and is a function of the layer permeability and the 

amount of time the layer is near saturation. 

Once the structure is in service, the structural properties of each layer can be 

backcalculated. One such method requires Falling Weight Deflectometer (FWD) data. FWD 

testing provides a nondestructive investigation method that closely simulates traffic loading and 

provides information about the in-situ structural capacity. 

Deflection measurements taken at a number of locations within the pavement section can 

be backcalculated to establish the minimum and maximum, mean, and standard deviation of each 

layer modulus (Noureldin, (1994)). Pavement deflections taken at a single point using different 

FWD load levels can provide information that relates layer moduli variations to the stress 

sensitivity of the materials. 

Akram (1993) conducted a study that compared FWD loading to truck loading.  Previous 

research had shown that deflection durations caused by moving trucks were three to five times 

longer than those caused by the FWD. He determined that the deflection pulse duration 
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remained constant with depth from FWD loading but changed with speed and depth under truck 

loading. 

Akram concluded that the best estimate of truck induced vertical compressive strains 

occurred when both the surface and depth deflection measurements were used in the 

backcalculation process. This is opposed to only inc luding surface deflections in the calculation. 

The latter method can overpredict the subgrade modulus and underestimate the magnitude of 

truck induced compressive strains by 15 to 18 percent. In a study conducted at the Minnesota 

Road Research Project, Van Deusen and Newcomb (1994) found that strain gage responses from 

a truck load closely matched the predicted strains from FWD backcalculation parameters. 

2.3.2 Surface Layer Thickness 

In most conventional pavement design procedures, the layer thicknesses are designed to 

ensure that the pavement does not fail within a specified period of time. Failure can be defined 

in many different ways and one such criterion is setting a limiting strain value at a critical 

location in the pavement structure. Strain levels vary with section thickness and, therefore, 

thicker pavement sections witness smaller strains. As a result, thicker sections can endure higher 

loads for a longer period of time. 

Gillespie et al. (1993) pointed out that pavement layer thickness and axle load are the two 

most dominant factors that contribute to pavement damage. Intuitively, if a load is distributed as 

in Figure 2.17, the resulting load applied to the base will be smaller for thicker pavements, thus 

reducing the compressive strains. In addition, the surface thickness affects the maximum 

stresses seen within the layer. The relative fatigue damage induced by various loads and 

configurations on flexible and rigid pavements respectively are shown in Figures 2.23 and 2.24. 

Rutting is also very dependent on surface thickness and it’s influence is shown in Figure 2.25 

(Gillespie et al., 1993). 
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Figure 2.23. Fatigue damage to flexible pavements with a range of wear course thicknesses 
(Gillespie et al., 1993). 

Figure 2.24. Influence of slab thickness on relative rigid pavement fatigue (Gillespie et al., 
1993). 
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Figure 2.25. Rut depth caused by a range of trucks and pavement wear course thicknesses 
(Gillespie et al., 1993). 

2.3.3 Surface Layer Properties 

In general, each layer’s respective material properties do not have a large effect on the 

performance of the pavement system. Instead, the interaction between each of the layers controls 

the pavement response to loading. 

Flexible Pavement 

The resilient modulus of the asphalt concrete is the most important surface layer property 

that governs flexible pavement damage. From the fatigue failure criteria presented by Finn et al. 

(1977, 1986), it can be seen that the number of load repetitions to failure decreases as the 

resilient modulus increases. 

 ε t   MR log N f = 15.947 − 3.291⋅ log 
10− 6  − 0.854 ⋅ log 

103   (2.12) 

where: 

Nf : Number of loads to obtain 10% area of cracking in wheelpaths 

εt : Horizontal tensile strain at the bottom of the asphalt layer 
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MR : Resilient modulus of asphalt concrete, psi 

Rigid Pavement 

Although the compressive strength of concrete is an extremely common method of 

testing strength and quality, the tensile strength, or modulus of rupture, is a more pertinent 

property in pavement design. Generally, as the compressive strength of the concrete increases, 

the tensile strength also increases, but at a decreasing rate. Use of high strength concrete 

increases the modulus of rupture and, therefore, increases the damage resistance of the pavement. 

Based on the fourth-power law, a 50 percent increase in ultimate strength would theoretically 

reduce the damage on rigid pavement by 80 percent (NCHRP 1-25, 1987). 

The Portland Cement Association (PCA 1974) design procedure uses the equivalent 

stress for single and tandem axles. The stress ratio is the equivalent stress of each axle divided 

by the modulus of rupture and is calculated for each axle load and configuration. Because the 

stress ratio decreases as the modulus of rupture increases, the corresponding number of allowable 

load repetitions increases. 

The modulus of elasticity of concrete can be used to describe its stiffness and ability to 

distribute load. It can be estimated from the modulus of rupture using the following relationship 

(ERES, 1987): 

E = (fr – 488.5)/43.5 * 106 (2.13) 

where: 

E : Modulus of elasticity, psi 

fr : Modulus of rupture, psi 

The modulus of elasticity has a significant influence on pavement responses of rigid 

pavement (i.e., deflection, curvature, stresses and strains). The modulus of elasticity is 

commonly used in mechanistic design procedures and especially in finite element analysis for 

better prediction of stresses and strains (ERES, 1987). 
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2.3.4 Properties of Base, Subbase, and Subgrade 

The characteristics of the base and subbase materials vary depending on whether these 

materials are bound or unbound. Both increase the overall strength of the pavement structure but 

bound materials prevent erosion of the foundation material. 

Bases and subbases can be treated with either cement or asphalt. The strength of cement-

treated materials is often represented by the seven-day compressive strength. The resilient 

modulus of cement treated materials is dependent on soil type, material properties, and cement 

content. The strength of asphalt treated bases and subbases is determined by the Marshall 

Stability test. 

For unbound materials, the stability depends on particle size distribution, relative density, 

internal friction, and cohesion. The CBR (California Bearing Ratio), tri-axial tests, or R-values 

often determine strength of the base and subbase materials. The resilient modulus, MR, of 

granular bases is highly dependent on the state of stress. 

Flexible Pavement 

The resilient modulus is the most important material property of the base and subbase 

because it refers to the material’s stress-strain behavior under normal pavement loading 

conditions. Since both the base and subbase function as structural support for the pavement, the 

resilient moduli of these layers play a significant role in the integrity of the structure. Resilient 

modulus varies with seasonal changes and has predominant effects on pavement performance. 

Gillespie et al. (1993) reported that the base and subbase thickness have modest effects on 

flexible pavement fatigue damage. Reduction of base layer thickness from 279 millimeters to 

203 millimeters (11 to 8 in.) and subbase thickness from 420 millimeters to 279 millimeters 

(16.5 to 11 inches) resulted in only a nine percent decrease in rutting. However, even though the 

thickness of the base and subbase layers has little effect on rutting, a thicker base and subbase 

would help mitigate subgrade compaction. 

The resilient modulus of the roadbed soil is a direct parameter for mechanistic design 

procedures and the 1986 AASHTO Guide. This modulus exerts a significant influence on the 

structural requirement of layers placed above the roadbed, and hence, the overall performance of 

the pavement. The AASHTO design procedure requires the use of the effective roadbed soil 

resilient modulus, which accounts for seasonal variations. They also reported that the subgrade 
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had a negligible effect on rutting and a minimal influence on fatigue. However, a weak subgrade 

may significantly increase fatigue damage when thin pavements are used. 

Rigid Pavement 

In rigid pavement design, the roadbed soil and base properties are combined into an 

effective support for the PCC pavement referred to as the composite modulus of subgrade 

reaction, k. It is dependent on several factors including the subbase type, subbase thickness, and 

loss of support factor to account for potential erosion of the subbase material, and the depth to 

rigid foundation. 

The subbase consists of one or more compacted layers of granular or stabilized material 

and provides uniform support, increases the modulus of subgrade reaction, minimizes the effects 

of frost action, and prevents pumping of fine-grained soils. 

Under a rigid pavement, the role of the subbase is different than a subbase or base under 

flexible pavement. The subbase must protect the pavement from erosion to prevent the loss of 

support by a reduction of fine content (ERES, 1987). Gillespie et al. (1993) reported that the 

subgrade strength contributes very little to the overall strength of rigid pavements and has a 

minimal influence on their fatigue damage. 

2.4 Failure Criteria 

Failure criteria are usually established in two different manners. The first uses damage 

equations to calculate the number of loads needed to obtain a pre-determined percentage of 

damage. The second incorporates the overall serviceability of the pavement. At the AASHO 

Road Test, the criterion were established by the general condition of the pavement and were 

indicated by the present serviceability index (PSI). In mechanistic-empirical methods of 

pavement design, several pavement performance models were developed that mainly contained a 

specific type of distress (Huang, 1993). These performance models were either deterministic or 

probabilistic. Deterministic models predict a single number for the life of a pavement, while 

probabilistic models predict the distributions of such expectancies. 

Four deterministic models were found in the literature: primary response, structural 

performance, functional performance, and damage. The primary response models were 

mechanistic, empirical, or empirical-mechanistic (mechanistic model calibrated to field 
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performance). These models predict the primary response of pavement (either calculated or 

measured) due to imposed loads or environmental conditions. Structural performance models 

were models based on distresses such as fatigue or rutting. Functional performance models were 

based on the loss of serviceability or pavement condition. Damage models were derived from 

structural and functional performance models and were developed through regression analysis of 

field test results or empirical-mechanistic programs (Trapani et al, 1989). 

Several damage functions were developed that are usually used to describe the change of 

distress or serviceability. The following is a brief summary of the most popular damage 

functions that are used by design agencies for both flexible and rigid pavements. 

Flexible Pavement 

Fatigue cracking, rutting and low temperature cracking are the three principal distresses 

to be considered in flexible pavement design. Fatigue distress involves the progressive 

formation of cracks under repetitive loads and failure is generally defined when the pavement 

surface is covered with a high percentage of cracks. It is generally based on the third-point 

loading of asphalt beams or the horizontal tensile strain at the bottom of the asphalt layer. The 

failure criterion relate the allowable number of load repetitions to the tensile strain. 

Fatigue Failure Criteria: 

When third-point loading is used, fatigue criterion is based on the extreme fiber strain at 

200 cycles. The general fatigue criteria is expressed as: 

Nf = K1 (1/ε) K2 (2.14) 

where: 

Nf : Number of load repetitions to failure 

ε : Initial strain at 200th load repetition 

K1 , K2 : Regression Coefficients 

When the tensile strain is used, the general failure criterion for fatigue cracking is expressed as: 

N f = f 1 (ε t )− f s ( E 1 )
− f 3 

(2.15) 

where: 
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Nf : Allowable number of load repetitions to prevent fatigue cracking 


εt : Horizontal tensile strain at the bottom of the asphalt layer


E1 : Elastic modulus of asphalt concrete layer (psi)


f1 , f2 , f3 : Constants determined from laboratory fatigue tests with f1 modified to


correlate with field performance observations 

AASHTO Model 

Based on the research conducted at the AASHO Road Test in Ottawa, Illinois, an 

empirical fatigue criterion was developed. The equation accounts for the roadbed soil and the 

drainage coefficients for granular bases and subbases. The design criterion for an 18-kip single 

axle load is given by the following equation: 

log [∆PSI / (4.2 - 1.5)] 
log W18 = 9.36 log (SN + 1) - 0.20 + 

0.4 + 1094 / (SN + 1)5.19 

+ 2.32 log MR - 8.07 + ZR S0 . (2.16) 

where: 

SN : Structural number 

∆PSI : Change in serviceability 

MR : Effective roadbed resilient modulus 

ZR : Normal deviate for a given reliability 

S0 : Standard deviation 

The Asphalt Institute Fatigue Model 

Based on the results of the AASHO Road Test, the Asphalt Institute (1982) developed the 

following fatigue model for flexible pavements: 

Nf = 0.0796 (εt)-3.291  (Et)-0.854 (2.17) 

where 

: number of 18-kip ESALsNf 

εt : Tensile strain at the bottom of the asphalt concrete (AC) layer 
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Et : Resilient modulus of AC layer 

The Shell Pavement Design Manual Fatigue Model 

Based on the results from the AASHO Road Test, Shell Pavement Design Manual 

(Claussen et al., 1977) developed the following equation: 

Nf  = 0.0685 (εt)-5.671  (Et)-2.363 (2.18) 

where: 

Nf : number of 18-kip ESALs 

εt : Tensile strain at the bottom of the asphalt concrete (AC) layer 

Et : Resilient modulus of AC layer 

Finn et al. Fatigue Model: 

Finn et al. (1977) developed the following fatigue model for flexible pavements: 

log Nf (10 %) = 15.947 - 3.291 (log (ε / 10-6) - 0.854 log (E/103) (2.19) 

log Nf (45 %) = 16.086 - 3.291 (log (ε / 10-6) - 0.854 log (E/103) (2.20) 

where: 

Nf : number of 18-kip ESALs 


ε : Tensile strain at the bottom of the asphalt concrete (AC) layer 


E : Resilient modulus of AC layer 


RISC Distress Fatigue Model 

Based on the results of the AASHO Road Test, Majidazadeh and Ilves (1983) developed 

the following fatigue model for flexible pavements using the linear elastic layer theory: 

Nf = 7.56 x 10-12 (εR)-4.68 (2.21) 

where: 

Nf : number of 18-kip ESALs 

εR : strain 
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Rutting Failure Criteria: 

In terms of rutting in flexible pavements, the general failure criterion is expressed as: 

Nd  = f4 (εc)f5 (2.22) 

where: 

Nd : Allowable number of load repetitions to limit permanent deformation 

εc : Compressive strain on top of subgrade 

f4, f5 : Constants determined from road tests or field performance 

The Asphalt Institute Rutting Model 

The Asphalt Institute (1982) provided the most common design model for roadbed soil 

rutting based on the roadbed soil strain as follows: 

Nf = 1.365 x 10-9 (εv)-4.477 (2.23) 

where: 

Nf : Allowable number of load repetitions to limit permanent deformation 

εv : Maximum vertical strain at top of roadbed soil 

Shell Pavement Design Manual Rutting Model 

Based on the results from the AASHO Road Test, Shell Pavement Design Manual 

(Claussen et al., 1977) developed the following subgrade strain equation: 

Nf = 6.15 x 1017 (εv)4.0 (2.24) 

where: 

Nf : Allowable number of load repetitions to limit permanent deformation 

εv : Maximum vertical strain at top of roadbed soil 

University of Nottingham Model 

Brown et al. (1978) at the University of Nottingham developed the following criteria 

from the Great Britain Road results and was based on compressive strain, εc,: 
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Nf = 3.00 x 1015 (εc)3.57 (2.25) 

where: 

Nf : Allowable number of load repetitions to limit permanent deformation, 

εc : Compressive strain on top of subgrade 

Finn et al. Rutting Model 

Finn et al. (1977) developed the following rutting model for flexible pavements using the 

number of 18-kip ESALs, vertical compressive stress and the surface deflection as follows: 

AC layer less than 152 mm (6 in.): 

log RR = -5.617 + 4.343 log d - 0.16 log (N18) - 1.118 log (σc) (2.26) 

AC layer greater or equal than 152 mm (6 in.): 

log RR = -1.173 + 0.717 log d - 0.658 log (N18) - 0.666 log (σc) (2.27) 

where: 

d : Surface deflection, mils (10-3 in) 


N18 : Equivalent number of 18-kip single axle load 


σc : Vertical compressive stress at the interface of AC layer and subbase or 


subgrade, psi 

Thermal Failure Criteria: 

Thermal fatigue cracking is caused by cyclic tensile strains in the asphalt layer due to 

daily and seasonal temperature changes and is very similar to cracking caused by repeated 

vehicle loads. Thermal cracking of asphalt pavements includes both low temperature cracking 

and thermal fatigue cracking. When the temperature fa lls below -23 oC the pavement contracts, 

which builds up a thermal tensile stress in the asphalt concrete. This thermal stress causes the 

very familiar transverse cracking in the northern United States and Canada. It is possible for 

thermal cracking to occur in milder regions, but only if the asphalt cement is excessively stiff or 

hardened from the aging process. Thermal cracking of pavement can be estimated if the mix 

stiffness, fracture strength characteristics, and site temperature are known. Research by Finn et 

al. (1986), Ruth et al. (1982), Lytton et al. (1983), Shahin and McCullough (1972) and Christison 
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et al. (1972) offer additional review of thermal cracking. Huang (1993) and NCHRP 1-26 (1990) 

reported that Shahin and McCullough (1972) and Lytton et al. (1983) are the most 

comprehensive models that examine both temperature cracking and thermal fatigue cracking. 

Rigid Pavement 

Fatigue cracking, faulting, and pumping are the major distress elements of concern for 

rigid pavement design. Fatigue failure in rigid pavement is mostly caused by the edge stresses at 

mid-slab. 

Fatigue Failure Criteria: 

The allowable number of repetitions to fatigue failure depends on the stress ratio between 

the tensile stress and the concrete modulus of rupture. Several relationships between field 

performance and laboratory data were developed to calibrate fatigue criteria. 

AASHTO Model 

Data obtained from the AASHO Road Test lead to the development of the fatigue failure 

criteria. The original equation was modified to account for conditions other than those that 

existed in the road test. The design criterion for 18-kip single-axle load is given by the following 

equation: 

log [∆PSI / (4.5 - 1.5)] 
log W18 = 7.35 log (D + 1) - 0.06 + 

0.4 + 1.624 x 107 / (D + 1)8.46 

Sc Cd (D0.75 - 1.132) 
+ ZR S0 + (4.22 - 0.32 pt) log { } 

215.63 J [D0.75 - 18.42 / (Ec / k)0.25] 

(2.28) 

where: 

D : Slab thickness, inches 

∆PSI : Change in serviceability 

pt : Terminal serviceability index 
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E : Modulus of elasticity of concrete, psi


ZR : Normal deviate for a given reliability


S0 : Standard deviation


J : Load transfer coefficient


k : Modulus of subgrade reaction, psi 

Cd : Drainage coefficient 

AASHTO/ARE Fatigue Model 

Based on the results of the AASHO Road tests (Treybig, 1978), the Austin Research 

Engineers developed the following fatigue model for rigid pavements based on the number of 

18-kip ESALs using elastic layer theory with two circular loads to represent the wheel load: 

Nf = 9.73 x 10-15 (εR)-5.16 (2.29) 

where: 

Nf : Number of load applications to failure 

εR : Radial strain 

PCA Fatigue Model 

The PCA (1966,1974) developed the following design curve: 

Log Nf = 11.78 - 12.11 (σ/fr) for 0.5 < (σ/fr) < 1 (2.30) 

and Log Nf > 5.725 for (σ/fr) < 0.5 (2.31) 

where: 

Nf : Number of load applications to failure 

σ : Applied Stress, psi 

fr : 90 day Modulus of rupture, psi 

KENSLAB Fatigue Model 

Huang (1985) developed the following fatigue model for rigid pavements using the 

number of 18-kip ESALs: 

Log Nf = 11.737 - 12.077 (σ/Sc) for (σ/Sc) > 0.55 (2.32) 
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Nf = ( 5.2577 / (σ/Sc - 0.4325) )3.268 for 0.45 < σ/Sc < 0.55 (2.33) 

Nf = unlimited for (σ/Sc) < 0.45 (2.34) 

where: 

Nf : Number of load application to failure 

σ : Applied Stress, psi 

Sc : Modulus of rupture of concrete, psi 

Vesic and Saxena Fatigue Model 

Based on the results of the AASHO Road Test, Vesic and Saxena (1974) developed the 

following fatigue model for rigid pavements using Westergaard’s plate theory (1926): 

Log N = (Log 22500) - 4 Log (σ / MR) (2.35) 

where: 

N : The number of 18-kip ESALs 

MR : Modulus of rupture, 790 psi 

σ : the maximum combined tensile stresses in the wheel path 

Darter Fatigue Model 

Darter (1977) developed the Zero Maintenance fatigue model for plain- jointed concrete 

pavements. 

The fatigue equation for a 50 percent confidence interval is: 

log N = 17.61 - 17.61 (σ / MR) (2.36) 

The fatigue equation for a 25 percent confidence interval is: 

log N = 16.61 - 17.61 (σ / MR) (2.37) 

ARE Fatigue Model 

Using data from the AASHO Road Test (Treybig, 1978), the Austin Research Engineers 

developed the following fatigue model for rigid pavements using elastic layer theory: 
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log N = Log(23,440) - 3.21 Log (σ / MR) (2.38) 

where: 

N : the number of 18-kip ESALs 

σ : the mid-slab stresses 

RISC Distress Model 

Majidazadeh and Ilves (1983) developed the following distress model for rigid 

pavements using plate theory and data from the AASHO Road Test: 

log N = Log (22,209) - 4.29 Log (σ / MR) (2.39) 

where: 

N : the number of 18-kip ESALs 

σ : stresses 

Cornelissen Fatigue Model


Based on an experimental study, Cornelissen (1984) and Cornelissen and Siemes (1985) 


developed a fatigue model of plain concrete in uni-axial tension and cyclic tension-compression


loading.


The fatigue model based on uni-axial tension tests was: 

log N = 14.81 - 15.52 (σmax / ft) + 2.79 (σmin / ft) (2.40) 

The fatigue model based on cyclic compression-tension tests was: 

log N = 14.81 - 15.52 (σmax / ft) + 2.79 (σmin / fc) (2.41) 

where: 

ft : Tensile strength of concrete, psi 

fc : Compressive strength of concrete, psi 

Other Distress Failure Models: 

The pumping or erosion failure is often based on corner deflections. Huang (1993) 

reported that more rational methods are needed for analyzing pumping because pumping is a 
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function of several factors, including type of subbase and subgrade, the amount of precipitation, 


and drainage quality. Faulting failure is difficult to mechanistically generalize, but regression 


models and empirical models have been developed. However, these models are limited only to 


the conditions under which they were developed. Additional research is needed and should 


include sections of varying design characteristics (Huang, 1993).


NCHRP 1-26 (1990), COPES (Darter et al., 1985), and Purdue University (Van Wiji, 1985 and 


Van Wiji et al., 1989) developed prediction models for pumping. Based on the COPES database, 


faulting models for both doweled and undoweled joints were developed (Huang, 1993).


Use of Modeling 

The two most common methods of determining pavement damage are experimental 

measurements and computer modeling. The field approach is often considered the best 

evaluating method, but it is extremely expensive and time-consuming. Computer modeling is 

not as realistic as full-scale field work, but it is much less expensive and can provide quick 

responses to complex questions. 

The empirical design or analysis approach is based on the results of experiments which 

require making several observations to ascertain the relationship between the input variables/ 

design parameters and the output variables/performance. However, it is not necessary to 

establish a scientific relationship that explains the mechanism involved. Most design methods, 

such as AASHTO, were empirically derived based on certain failure criteria. The various design 

components are obtained from regression analysis of the empirical data. 

The mechanistic approach applies elementary physics to ascertain the pavement response 

from a given set of load characteristics, material properties, layer thickness, and climatic 

conditions. A mechanistic-empirical pavement design combines aspects of both the empirical 

and mechanistic design procedures. The mechanistic portion allows calculations of various 

responses throughout the pavement system, and the empirical component relates these responses 

to overall performance criteria. Mechanistic-empirical design procedures present several 

advantages: 

• Define/utilize material properties 

• Include aging and environmental effects on material properties 
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• Accommodate several load configurations and magnitudes 

• Relate actual pavement behavior to material properties 

The mechanistic-empirical design model variable inputs include layer thickness values 

and material properties, traffic conditions, and climatic conditions. Pavement responses are 

determined for each combination of input variables and transfer functions relate the responses to 

the pavement performance. Calibration of these transfer functions is essential to 

develop/evaluate/verify the mechanistic based structural analysis and design procedures 

(NCHRP 1-26). 

As computer use has become more prevalent, modeling has become a more valid mode of 

studying pavements. However, it is still hard to develop a model that accurately simulates a 

heavy vehicle passing over a pavement. Trucks and pavements have countless variables that can 

affect their interaction in different ways. Most simulations have considered the pitch and bounce 

motions of rigid-framed vehicles only and little has been done to study the effect of roll motion 

and vehicle frame flexibility. It is unrealistic to develop a single simulation that considers all the 

pavement and vehicle parameters. Most studies have looked at a small number of variables, 

allowing the results to concentrate on a specific aspect of pavement damage. 

NCHRP 1-26 (1990) collected the technical literature and performed a detailed 

examination of existing programs for both flexible and rigid pavements. The literature review of 

analytical models was presented and recommendations were formulated for each model reviewed 

under NCHRP 1-26 (1990). Please refer to this report and its appendices for a comprehensive 

review and the evaluation of the different models. 

Flexible Pavement 

Mechanistic analysis/design procedures have been developed for flexible pavements 

using elastic layer and finite element modeling methods. Several elastic layer theory 

(CHEVRON, BISAR, KENLAYER, ELSYM5, WESLEA) and finite element method 

(ILLIPAVE, MICH-PAVE) models were utilized to develop the mechanistic flexible pavement 

analysis. The output from either the elastic layer theory or finite element analyses are usually 

stresses, strains, or deflections at critical locations. 
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Elastic Layer Theory 

The thickness, Poisson’s ratio, and elastic modulus of each layer within the pavement 

section is required to complete the layered elastic analysis. In addition, the magnitude, 

geometry, and number of loads are needed to perform the analysis. The layered elastic theory 

allows the calculation of stresses, strains, or deflections at any location in the system, but it is 

also able to handle multiple wheel loads. 

Finite Element Analysis 

The major strength of finite element programs is their ability to more realistically model 

material/soil properties and non-uniform tire contact pressure distributions (NCHRP 1-26,1990 

and Roberts,1987). An additional advantage over the elastic layer theory is that either a linear or 

non- linear stress-strain behavior can be incorporated. Unlike the linear relationship, the non-

linear takes into account the load magnitude and the response when determining the effective 

modulus. 

Rigid Pavement 

The mechanistic analysis/design of rigid pavements determines stresses through the use 

of plate theory or finite element analysis techniques. The critical pavement responses are 

calculated at locations where failure is expected. The location of these stresses varies depending 

on the edge support and the slab geometry, but usually lie near the corner, edge, or interior 

portions of the slab. 

The rigid pavement mechanistic design approach has several advantages over empirical 

procedure. First, any pavement structure can be modeled and analyzed using this method. 

Second, different design factors can be directly considered, analyzed, or evaluated. Finally, the 

pavement can be designed specifically to limit the distress of it. The mechanistic design 

approach has two major disadvantages: it can be very complicated, and distress model analysis 

can be very extensive. Also, this approach addresses only slab cracking and neglects other 

distress types such as faulting, spalling, or pumping. 
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Plate Theory Analysis 

During the 1920’s, Westergaard developed analytical expressions that yielded stresses, 

strains, and deflections in jointed concrete pavements. His equations determined the maximum 

tensile stresses at three locations: the top of the slab for a corner loading condition, the bottom of 

the slab for a center slab loading, and the bottom of the slab for edge loading. However, 

Westergaard’s equations presented several limitations and did not represent field conditions: 

• Corner, edge and center of slab stresses are only estimated 

• Shear and friction forces can not be neglected 

• The Winkler foundation assumption is not accurate for the edge condition 

• Presence of voids and variations in support are not accounted for 

• Equations cannot evaluate stresses caused by multiple wheel loads 

• Plate theory equations can not accommodate different load transfer conditions 

• The original equation for edge stress is inaccurate 

• Several equations attributed to Westergaard were found to be inaccurate 

Finite Element Analysis 

Finite element analysis utilizes theories of material behavior and mechanics to predict the 

pavement response to a set of conditions. Several finite element programs were developed 

specifically for the analysis of rigid pavements, such as ILLI-SLAB (Tabatabaie et al., 1980), 

JSLAB (Tayabji and Colley, 1986) and WESLAYER (Chou, 1981). Several other general finite 

element programs were applied to rigid pavements, such as ADINA (1981) and ABAQUS 

(1989). Several researchers have verified the accuracy and reliability of these models. 

The finite element analysis posses several advantages over plate theory calculations: 

• Slab of any arbitrary dimension (uniform and non-uniform) can be analyzed 

• Voids or loss of support beneath a slab can be considered 

• Single and/or multiple wheel loads can be placed at any location on the pavement slab 

• Moisture, temperature, and traffic conditions can be applied simultaneously 

• Multi- layer pavement systems can be modeled as either bonded or unbonded. 

• Multiple slabs and cracks can be modeled with various load transfer conditions 

• Both linear and non-linear stress-strain behavior of materials is permitted 
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• Arbitrary shoulder conditions can be considered 

However, the finite element analysis should be applied with proper modeling of the mesh and 

element members. In addition, special consideration should be taken regarding the load and 

support conditions, slab geometry and configuration, and critical stress/deflection locations. 
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CHAPTER III: PREVIOUS RESEARCH ON LOAD 

EQUIVALENCY FACTORS 

3.1 AASHO Road Test 

The primary objective of the AASHO Road Test was to establish relationships between 

pavement performance and design characteristics. Detailed performance analysis provided empirical 

design equations that were based on the load and pavement design variables. In addition, formulas 

were developed that computed the number of load applications needed to cause a specified level of 

present serviceability. The AASHO Road Test produced large amounts of data and empirical 

relationships were drawn between the following: 

• pavement structure and traffic factors 

• pavement response, distress, and performance 

Over the two year testing period, the traffic for each test section was limited to a single vehicle 

type with fixed loading parameters. All of pavement structures were subjected to at least two 

combinations of loading and as many as six. Therefore, observations of the effects of load variation on 

constant structural parameters and vise versa were possible. However, most of the derived equations 

are applicable to only one loading condition. Furthermore, no effort was made to evaluate the effects of 

mixed traffic conditions on the performance of the AASHO Road Test sections, when in reality, loading 

conditions are generally mixed and change continuously. 

One of the major outcomes from the AASHO Road Test was the derivation of load 

equivalency factors (LEFs) that described the relative pavement damage produced by different vehicle 

loads. The AASHO LEFs were developed from relationships drawn between the number of load 

repetitions and the present serviceability of the pavement. Equation 1.1 showed the general form of the 

AASHO LEF formula. For convenience, the LEFs were related to an 80 kN (18-kip) standard single 

axle load with dual tires. The damaging effects of other axle loads were expressed in terms of 

equivalent single axle loads (ESALs). The ESAL concept was developed to convert the arbitrary loads 
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seen in a mixed traffic stream to an equivalent number of standard axle passes. They were based on 

two assumptions: 

• 	 the destructive effect of a number of applications of a given axle group can be expressed in 

terms of a different number of standard load repetitions 

• the effects of pavement damage accumulate linearly 

The AASHO LEFs are dependent upon the level of pavement deterioration and the type and 

strength of the pavement structure. Thus, for the same load magnitude and quantity, there are different 

LEF values for various pavement types, layer thicknesses, subgrade condition, and pavement distress. 

3.2 Alternative Equivalency Concepts 

Several load equivalency relationships and factors were derived from the pavement 

response/distress/performance relationship. These relationships predict the number of given load 

applications at which a particular distress/performance variable will reach a specified failure or terminal 

level. These LEFs are dependent upon the distress variable, its failure level, and the relationships used. 

A detailed examination of several pavement response-based equivalency factor methods was presented 

by Hudson et al. (1992) and is summarized in Table 3.1. 

Flexible Pavement 

Several models have been developed to determine LEF values for flexible pavements. The 

LEFs are calculated from measured or theoretical pavement responses, such as pavement strain, 

deflection, or stress. The LEFs are assumed to be a function of the pavement response as follows: 

LEFr = (Ri / RESAL)n (3.1) 

where: 

LEFr : Load equivalency factor based on pavement response 

Ri : Pavement response r to the ith load 

RESAL : Pavement response r to one ESAL 

n : Exponent to ensure equality between equation 1.1 and equation 3.1 
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12k-Load 18k-Load 24k-Load 24k-Load 32k-Load 40k-Load 

Weak 
Pavement 

0.169 1.001 2.971 0.269 0.652 1.072 

Strong 
Pavement 

0.185 1.022 2.931 0.632 1.475 2.380 

Weak 
Pavement 

0.526 1.296 2.360 0.979 1.848 2.931 

Strong 
Pavement 

0.861 1.492 1.833 1.522 2.251 2.732 

Weak 
Pavement 

0.469 1.560 3.305 0.450 1.061 1.907 

Strong 
Pavement 

0.701 1.761 2.687 0.626 1.225 1.794 

Weak 
Pavement 

0.324 1.576 4.514 2.604 6.526 12.711 

Strong 
Pavement 

0.771 2.020 2.900 34.74 61.19 80.95 

Weak 
Pavement 

0.381 1.634 4.431 21.71 47.49 83.27 

Strong 
Pavement 

0.592 1.927 3.357 68.35 127.01 184.34 

Weak 
Pavement 

0.346 1.624 4.326 23.45 49.46 84.55 

Strong 
Pavement 

0.597 1.906 3.302 78.22 140.62 200.38 

Weak 
Pavement 

0.230 1.012 2.963 0.632 1.825 4.153 

Strong 
Pavement 

0.254 1.036 2.855 1.036 2.887 6.437 

Weak 
Pavement 

0.565 1.259 2.146 1.060 1.865 2.810 

Strong 
Pavement 

0.876 1.427 1.714 1.569 2.222 2.639 

Weak 
Pavement 

0.230 1.012 2.963 0.632 1.825 4.153 

Strong 
Pavement 0.254 1.036 2.855 1.036 2.887 6.437 
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Table 3.1. Load equivalency factor results (Hudson et al., 1992). 
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There are two major problems that arise from this type of LEF approach. The first is that the 

LEFs are dependent on the pavement distress type and severity. The second is that one number 

characterizes an axle load whereas the response can be rather complex. Different results may occur 

because of various computational procedures; therefore, one procedure should become universally 

accepted (Hajek and Agarwal, 1990). 

Two methods are commonly used to evaluate the effects of various load applications based on 

the pavement response values: discrete summation and integration. The discrete method uses only peak 

and trough values of the response curve, whereas the integration methods use the whole response curve. 

Discrete Method: 

The pavement response, which causes a specific structural distress, is identified and used to 

calculate the LEF by summing peak to trough responses as follows: 

Σ (ri)n 

LEFr,m = (3.2) 
(RESAL)n 

where: 

LEFr,m : Load equivalency factor for pavement response r and method m 

ri : Discrete pavement response for load cycle i and method m 

n : Exponent to ensure equality between equation 1.1 and equation 3.1 

The exponent can vary depending upon the response parameter and the procedure used to obtain it. 

Integration Method: 

The integration method characterizes single or multiple loads by integrating the response over 

the duration period. This method takes into consideration the temporal and spatial variability of the 

load. The integration method appears to be more practical than the discrete because it: 

• accounts for load duration and magnitude effects on the pavement strain 

• includes the rate of loading influence on pavement damage 
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• eliminates the ambiguity in the peak and trough selection required for discrete methods 

The pavement response, which causes a specific structural distress, is identified and used to 

calculate the LEF by integrating the curve as follows: 

∫ |ai
n| dt 

LEFr,m = (3.3) 
∫ |as

n| dt 
where: 

LEFr,m : Load equivalency factor to pavement response r and method m 

ai : Pavement response for load i at time t 

n : Exponent to ensure equality between equation 1.1 and equation 3.1 

Hajek and Agarwal (1990) reported that the validity of this method has not been proven and no analysis 

was reported to predict n. 

Strain Based Load Equivalency Factor Methods 

Battiato, Camomilla, Malgarini and Scapaticci (1984) 

Based on strain measurements from an experimental site in Italy, Battiato et al. (1984) 

developed load equivalency factors with respect to a 107 kN (24-kip) load on a single axle with 

conventional dual tires. The following relationship was obtained: 

Fi = c Wa (3.4) 

where: 

Fi : Load equivalency factor for load i 

c, a : Regression coefficients 

Battiato et al. (1984) reported that the exponent, a, does not follow the fourth-power law but depends 

on the axle type. It has a maximum value of 3.0. 
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Southgate and Deen Method (1984) 

Southgate and Deen (1984) introduced a strain energy approach as follows: 

ew = (2 W / E)0.5 (3.5) 

where: 

ew : Work strain 

E : Young’s modulus of elasticity 

W : Strain energy, W, of a body 

The CHEVRON N-layer program was used to find a relationship between the work strain, ew, and the 

asphalt concrete extreme fiber tangential strain, ea, as follows: 

log(ea) = 1.1483 log(ew) - 0.1638 (3.6) 

log(N) = -6.4636 log(ew) - 17.3081 (3.7) 

the load equivalency factor was determined by: 

Fi = N18 / NL (3.8) 

where: 

N18 : Repetitions calculated by equation 3.7 due to an 80 kN (18-kip) load on a 

dual-tired single axle 

NL : Repetitions calculated by equation 3.7 due to the total load on the axle (s) 

Using regression analysis, they developed relationships between load equivalency factors for various 

axle configurations and axle loads, Ai, as follows: 

log Fi = a + b + log A i + c (log Ai)2 (3.9) 

They also developed an adjustment factor that accounted for axle spacing and tire pressure as follows: 
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log (adj) = -1.5897 + 1.5052 log x - 0.3374 (log x)2 (3.10) 

and 

log (adj) = A + B log p + C (log p)2 (3.11) 

where: 

adj : Adjustment factor 

x : Spacing between two axles of a random group, in 

p : Tire contact pressure, psi 

A,B,C : Regression coefficients 

Hudson, Seeds, Finn and Carmichael Model (1986) 

Using theoretical analysis (ELSYM5 computer program), Hudson et al. (1986) developed load 

equivalency factors that accounted for various loads, tire pressures, the modulus of roadbed soil, the 

subbase/base thicknesses, asphalt concrete thickness, and axle type. Separate damage models were 

obtained using the pavement responses (i.e., maximum asphalt concrete tensile strain, εAC, maximum 

asphalt concrete tensile stress, σAC, maximum asphalt concrete shear strain, γAC, maximum asphalt 

concrete shear stress, τAC, and maximum vertical strain on roadbed soil, εRS). The load equivalency 

factor is calculated as follows: 

(Nf)18/1/75 

ex/c/p = (3.12) 
(Nf)x/c/p 

where: 

e : Load equivalency factor 

x : Load magnitude, kips


c : Load configuration (1 for single axles, 2 for tandem axles)


p : Tire pressure, psi


Nf : Repetition to failure


(Nf)18/1/75 : Repetition to failure from an 80 kN (18-kip) single axle load and a 517


kPa (75 psi) tire pressure 
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Christison Model (1986) 

This model is also known as RTAC model. The Christison model was originally used for the 

analysis of measured pavement responses as part of the Canadian Vehicle Weights and Dimensions 

Study. The longitudinal strains at the bottom asphalt concrete, pavement surface deflections, and 

pavement temperature at various depths were determined. For single axle loads, the LEFs were 

calculated on the basis of the strain measurement as follows: 

n 
LEFi = Σ (Si / Sb)C (3.13) 

1 
where: 

Si : Longitudinal interfacial tensile strain recorded under the applied axle 

load or leading axle group under consideration 

Sb : Longitudinal interfacial tensile strain recorded under the standard single 

axle load 

C	 : Slope of the deflection-anticipated traffic loading relationship (equal to 

3.8 for the Canroad Study) 

The Si’s were determined from the longitudinal interfacial tensile strain profile. Christison (1986) also 

developed load equivalency factors based on deflections as discussed in the deflection-based methods 

below. 

Hajek (1989) 

This method uses the total response under each axle from the rest position. The peak is taken 

through the rises and the falls in the strain history. This procedure is identical to the ASTM standard 

practice of cycle counting for fatigue analysis. The LEFs, Fi, are calculated on the basis of the strain 

measurement as follows: 

Fi = (S1 / S18)C + (S2 / S18)C + (S3 / S18)C (3.14) 
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where: 

S1 : Strain observed under axle group i for the largest load-deflection cycle 

S2 : Strain observed under axle group i for the 2nd largest load-deflection cycle 

S3 : Strain observed under axle group i for the 3rd largest load-deflection cycle 

S18 : Strain observed under the standard axle load 

C : Slope of the strain-anticipated traffic loading relationship 

Deflection Based Load Equivalency Factor Methods 

Christison Model (1986) 

This model was developed at the same time as the RTAC strain model. For single and tandem 

axle loads, the LEFs were calculated on the basis of the deflection measurements as follows: 

single axle: 

LEFi  = (Di / Db)C (3.15) 

where: 

Di : Deflection under axle load 

Db : Deflection under the 80 kN (18-kip) single and dual axle loads 

C	 : Slope of the deflection-anticipated traffic loading relationship (equal 3.8 

for the Canroad Study) 

tandem axle: 

n-1 
Fi = (Di / Db )C  + Σ (ei / db)C (3.16) 

1 
where: 

di : Maximum deflection under each leading axle 

db : Deflection under the 80 kN (18-kip) single and dual axle loads 

ei : Difference between maximum deflection under the second axle and the 

intermediate deflection between axles 

n : Number of axles in the axle group 
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Di and Db are determined from the surface deflection profile. 

Christison et al. (1986) used a least-squares regression analysis to develop relationships 

between the load equivalency factor obtained from deflection, strain, and the vehicle gross weight as 

follows: 

Fi = k (Wi)C (3.17) 

where 

Wi : Gross weight in kg * 1000 

k, C : Constants 

When deflection responses were considered from equation 3.17, the k and C constants varied from 

0.00023 to 0.0040 and 2.207 to 3.02, respectively. When strain responses were considered from 

equation 3.17, the k and C constants varied from 0.000153 to 0.1149 and 1.2318 to 3.405, 

respectively. 

Christison et al. (1986) also concluded that LEFs based on the strain responses are more 

sensitive to pavement structure than those determined from deflection responses. The strain ratios and 

the LEFs tended to decrease when the asphalt concrete thickness, T, increased as follows: 

log Fi = 0.578 + 0.0155 T (log Wi) -0.0669 T (3.18) 

Hutchinson, Haas, Meyer and Papagiannakis Model (1987) 

This method utilizes the total response under each axle from its static position. The peak is 

taken through the rises and falls in the pavement response curve. Similarly to the 1989 Hajek method, 

this too is identical to the ASTM cycle counting standard procedure. Hajek and Agarwal (1990) 

reported that this method is considered an improvement over the Christison model. The LEFs, Fi, are 

calculated on the basis of deflection measurement as follows: 

Fi = (D1i / Ds)C + (D2i / Ds)C + (D3i / Ds)C (3.19) 
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where: 

D1i : Deflection under axle group i for the largest load-deflection cycle 

D2i : Deflection under axle group i for the 2nd largest load deflection cycle 

D3i : Deflection under axle group i for the 3rd largest load deflection cycle 

Ds : Deflection observed under the standard axle load 

C	 : Slope of the deflection-anticipated traffic loading relationship (C = 3.8 for 

the University of Waterloo Study) 

Using non-linear regression analysis, relationships were also developed to account for the effect of 

vehicle speed and pavement temperature as follows: 

tandem axle: 

Fi = 0.0002703 Li
2.3909  T0.6867  Vi

-0.04979 (3.20) 

tridem axle: 

Fi = 0.0003278 Li
2.1291  T0.6700  Vi

-0.06135 (3.21) 

where: 

Li : Load on axle group i, metric tonnes 

T : Temperature, oC 

Vi : Vehicle speed, km/hour 

Hajek Model (1989) 

This method utilizes the same principal as the 1989 Hajek strain model where the peaks are 

determined from the baseline to the most extreme value. The LEFs, Fi, are calculated on the basis of 

deflection measurements as follows: 

Fi = (D1 / D18)C + (D2 / D18)C + (D3 / D18)C (3.22) 

where: 

: Deflection under axle group i for the largest load-deflection cycleD1 
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D2 : Deflection under axle group i for the 2nd largest load deflection cycle 

: Deflection under axle group i for the 3rd largest load deflection cycle 

: Deflection observed under the standard axle load 

D3 

D18 

C : Slope of the deflection-anticipated traffic loading relationship 

Stress Based Load Equivalency Factor Methods 

Jung and Phang (1974) 

Jung and Phang (1974) derived load equivalency factors from top of subgrade vertical 

deflections measured on several Canadian and AASHO Road Test flexible. Based on theoretical 

studies and correlation regression analysis, the following load equivalency factor, Fi, was obtained: 

Fi = (Wi/Ws) 6 10-0.09 (Pi-Ps) (3.23) 

where: 

Wi : Subgrade vertical deflection due to the applied axle load 

Ws : Subgrade vertical deflection due to the standard axle load 

Pi : Applied axle load 

Ps : Standard axle load 

Additional Load Equivalency Factor Models 

Rilett and Hutchinson Model (1988) 

Rilett and Hutchinson’s (1988) mechanistic LEF approach was based on the model developed 

by Christison (1986). Christison’s model assumed that load associated pavement damage was 

governed by load-deformation cycles under various axles. A regression analysis was performed to 

investigate the effect of axle load, vehicle speed, pavement temperature, and axle spacing. The general 

equation is given as: 

LEF = CONSTANT * Ll * Tt * Vs * Xa (3.24) 

where: 

L : Load on axle group 

84 



T : Pavement temperature 

V : Vehicle velocity 

X : Axle spacing 


a, l, s,t : Regression parameters 


Individual regression analyses were performed using data from all sites between the LEF values and axle 

load, vehicle speed, and pavement temperature for single, tandem, and tridem axle groups. These LEFs 

deviated greatly with those developed by AASHTO. 

single axle: n = 75 observations, r2 = .43 (weak correlation) 

LEF = 0.00013563 * L2.159 (3.25) 

tandem axle: n = 597 observations, r2 = .90 (good correlation) 

LEF = 0.00013563 * L2.698 * X-0.396 (3.26) 

tridem axle: n = 597 observations, r2 = .74 (moderate correlation) 

LEF = 0.0008276 * L2.669 * SN-0.251 * V0.074 * X-0.168 (3.27) 

where: 

SN : Pavement Structural Number 

Carpenter (1992) 

Carpenter (1992) developed LEFs based on the progression of rutting. The relationships 

between LEF values, terminal rut depth, and axle load are as follows: 

single axle: 

LEF = 1.83 x 10-5 (RD) 0.3854 (SW) 3.89 (3.28) 

tandem axle: 

LEF = 1.113 x 10-4 (RD) 0.0279 (TW) 2.778 (3.29) 
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where: 

RD : Terminal rut depth selected for the criteria, in. 

SW : Single axle weight, kips 

TW : Tandem axle weight, kips 

Seebaly Model (1992) 

Seebaly (1992) developed LEF models based on damage factors that considered the effects of 

tire characteristics. The pavement response LEFs were developed as follows: 

Nf (specific tire) 
Damage Factor = 

LEF10% = 

LEF45% = 

LEF = 

where: 

Nf (any tire) 

Nf (specific tire, specific pressure, specific single axle load) 

Nf (any combination) 

Nf (specific tire, specific pressure, specific single axle load) 

Nf (any combination) 

RR (any combination) 

RR (specific tire, specific pressure, specific single axle load ) 

(3.30) 

(3.31) 

(3.32) 

(3.33) 

Nf : Number of axle repetitions to reach failure 

RR : Response Monitored, either the tensile strain at the bottom of the asphalt 

concrete (AC) layer, ε, surface deflection, d, or vertical compressive 

stress at the interface of AC layer and subbase, σc. 

Rigid Pavement 

Different models have been proposed to determine LEFs for rigid pavements, but the most 

recognized are the AASHTO values. Similar to flexible pavements, LEFs for rigid pavement are 
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calculated from measured or theoretical pavement responses and are assumed to obey equation 3.1. 

All flexible pavement models described are applicable to rigid pavements. No specific models were 

reviewed herein. 
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