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ABSTRACT 

 
In this paper, the effect of trucks with multiple axle configurations on flexible 

pavement rutting is investigated using a mechanistic-empirical rut model that takes into 

account the rutting contributions from the various layers comprising the pavement 

structure and in the laboratory. Five different axle types (single, tandem, tridem, quad, and 

8-axle) and five truck configurations (two five-axle and three eleven-axle trucks) were 

analyzed. The mechanistic analysis indicates that there is little to no interaction between 

axles in the vertical strain response within the upper layers, and this interaction increases 

with depth to become significant within the subgrade layer. Despite the interaction between 

axles in the lower pavement layers, the mechanistic analysis still showed that rutting is 

proportional to the gross vehicle weight if the entire strain pulse is used in the calculation. 

The laboratory results show that rutting in the asphalt concrete is nearly proportional to 

the number of axles within an axle group, with larger axle groups causing slightly less rut 

damage per load carried. There was more variation in the results from different truck 

configurations, although trucks with larger axle configurations still showed less damage 

per load carried. The laboratory results also indicate that smaller rest periods between axle 

groups within a given truck configuration have led to more rut damage per load carried as 

compared to the equivalent number of individual axle loads.  
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1 BACKGROUND 

Since rutting is a major failure mode in flexible pavements, researchers have been trying 

to predict rut depth for future rehabilitation and budget allocation. There are two main 

approaches for the prediction of rutting: the first approach assumes that most of the rutting 

results from the subgrade layer only, and is no longer valid based on observations from the field. 

The two most widely used equations related to the subgrade strain model are the Asphalt 

Institute (AI) model (Shook et al., 1982) and the Shell Petroleum model (Claussen et al., 1977). 

The second approach considers the rutting contribution from all pavement layers, and is not 

widely used due to the difficulties in determining the elasto-plastic characteristics of pavement 

materials. However, this approach has been adopted in the newly proposed mechanistic-

empirical (ME) pavement design guide for the U.S. (Witczak and El-Basyouny, 2004.) 

One of the main models related to this approach is the VESYS rutting model that relates 

the plastic strain to the elastic strain through the permanent deformation parameters (PDPs) µ 

and α as follows: 

 
( ) * *n np e

αε µ ε −=
      (1) 

The VESYS rutting model (Moavenzadeh et al., 1974) was derived so that each term of the 

equation corresponds to one pavement layer with two unique permanent deformation parameters 

(α and µ). The form of the model is more applicable for use in mechanistic-empirical design (Ali 

et al., 1998, Ali and Tayabji, 2000). The most essential task in using this model is to accurately 

determine PDPs (α and µ) for each pavement layer within the pavement system. Several 

attempts have been made to estimate these parameters; however agreement between studies 

varies, providing a common but wide range for these parameters. As can be seen in Equation 1, 

α is an exponent and therefore prediction of rutting is very sensitive to it. Equation 2 shows the 

VESYS rutting model for a three-layer pavement system (asphalt concrete, base and subgrade). 
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where: 



pρ  = Total cumulative rut depth (mm), 

i = Subscript indicating axle group, 

K = Number of axle groups, 

h = Layer thickness for AC, combined base and subgrade layers, respectively (mm), 

n = Number of load applications, 

εe = Compressive vertical elastic strain at the middle of the layers, 

µ = Constant of proportionality between plastic and elastic strain, and  

α = Constant indicating the rate of rutting decrease as the number of load applications 

increases. 

 

In this paper, the effect of trucks with multiple axle configurations on flexible pavement 

rutting is investigated using a mechanistic-empirical rut model that takes into account the rutting 

contributions from the various layers comprising the pavement structure and in the laboratory.  

2 CALIBRATED MECHANISTIC-EMPIRICAL RUTTING MODEL 

Salama et al. (2006) backcalculated the PDPs by matching the rut time series data from 

the SPS-1 experiment in the LTPP program. The most novel aspect of this backcalculation 

process involved the application of the approach developed in NCHRP 468 (White et al., 2002), 

which uses transverse surface profiles to locate the layer causing most of the rutting. Using this 

process, the most likely solution for these parameters was obtained for 109 pavement sections 

within the SPS-1 experiment. The backcalculated PDPs were then used in multivariate regression 

analyses to develop models for predicting α and µ for a three-layer pavement system (asphalt 

concrete, base and subgrade). All available material, structural and climatic data used to explain 

rutting were extracted from the LTPP database for those 109 pavement sections. Using simple 

linear regression, α and µ were regressed against these independent variables. The variables that 

have reasonable relationships (relatively higher R
2
) were introduced into the multiple linear 

regression models. The backward regression analysis was used to select the statistically 

significant variables for the final models. Because limited material data availability in the LTPP 

database, only 15 out of 109 sections were used for predicting αAC and µAC; 27 sections were 

used for predicting αbase and µbase; and 17 sections were used for predicting αsubgrade and µsubgrade 

(Salama et al., 2006). Equations 3 to 8 show the PDPs prediction equations for AC (HMA), base, 

and subgrade layers. 

( )
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where: 

Strain = Strain in the middle of AC layer due to one standard axle, 

P10 = % passing sieve number 10 of the most upper AC layer, 

VFA = % voids filled with asphalt of the most upper AC layer, 

MAAT = Average of daily maximum air temperatures for year (
o
C), 

FI = Freezing index. 
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where: 

modulus = Backcalculated base modulus (psi),  

Thickness = Thickness of base layer used in the backcalculation (mm), 

P200 = % passing sieve number 200, 

GI = Gradation index (as calculated from Equation 9), 

strain = Strain in the middle of the base layer due to one standard axle. 
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where: 

Strain = Strain in the middle of the first 1016 mm of subgrade due to one standard axle, 

GI = Gradation index (as calculated from Equation 9), 

PI = Plasticity index of subgrade layer, 

D32 = Number of days per year with daily maximum air temperature above 32.2 
o
C, 

Wet days = Number of days per year with precipitation greater than 0.25 mm, 

Modulus = Backcalculated subgrade modulus (psi). 
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where: p =  % passing of the individual sieve, and log SS = logarithm of sieve size in mm. 

3 ANALYSIS 

The main objective of this paper is to apply the calibrated mechanistic-empirical rutting 

model to compare the relative rutting damage due to different axle and truck configurations 

(Table 1).  The selection of pavement profiles in this study was designed to examine the effect of 

heavy axle trucks on a thick pavement, where there is interaction in the base and subgrade layers, 

and a thin pavement, where there is interaction in the subgrade layer only.  Table 2 shows the 

layer thicknesses and moduli of the two pavement cross-sections used in the analysis. Section 1 

is hypothetical and represents a thick pavement, while section 2 is from the SPS-1 experiment 

and represents a thin pavement. The layer moduli for the SPS-1 section were backcalculated 

using the MICHBACK computer program (Harichandran et al., 1994).  

Table 1. Axle and truck configurations used in the analysis. 
Axle and truck configurations 

Variable 
(1) (2) (3) (4) (5) 

Axles Single Tandem Tridem Quad 8-axles 

Trucks* 
S5** 

 

S1T2 

 

S1T2Tr2 

 

S3T2Q1 

 

S1T1E1** 

 

* Trucks defined by their axle configuration 

** S5 = Truck with five single axles; SIT1E1 = truck with one single axle + one tandem axle + one eight axle  

Table 2. Pavement cross-sections and moduli. 

AC Base Subgrade Cross-

section # 
Thickness, mm Modulus, psi

*
 Thickness, mm Modulus, psi Modulus, psi 

1 203 450000 914 30000 10000 

2
**

 104 551236 208 55283 23205 
*
 1 psi = 6.89 kPa                    

**
Section 50113 from the SPS-1 experiment (LTPP database) 



 3.1 Calculating strain pulses under multiple axles 

Since there is no available software that can handle larger than tridem axle groups, the 

KENLAYER (Huang, 1993) layered elastic analysis program was used with responses due to 

larger axle groups being calculated by superposition. As shown in Figure 1, the vertical 

compressive elastic strain (VCES) due to multiple axles at the middle of the AC, base, and six 40 

inch (1,016-mm) subsequent layers of subgrade were calculated. The standard axle load used in 

this analysis is 18 kips (80.07 kN) with a tire pressure of 70 psi (482.63 kPa), while the single 

axle load is 13 kips (57.83 kN) with a tire pressure of 100 psi (689.48 kPa). The responses due to 

different multiple axle and truck configurations were compiled from the superposition of the 

appropriate number and spacing of single axles. As an example, Figures 2 and 3 show the VCES 

at the middle of the AC, base, and top subgrade (SG) layers due to an 8-axle group for cross-

sections 1 and 2.  Since the VCES curve flattens and widens as the depth within the subgrade 

increases, only the top subgrade layer is depicted; however, all subgrade layers were considered 

in the calculation.  

 
Figure 1. Division of the subgrade layer into several sub-layers. 
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(c) Subgrade layer (SG1) 

Figure 2. Vertical strain pulses due to 8-axle group on thick pavement (section 1). 

-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
2.0E-04
2.5E-04

0 200 400 600 800

Distance, in

S
tr

a
in

 
(a) AC layer 
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(b) Base layer 
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(c) Subgrade layer (SG1) 

Figure 3. Vertical strain pulses due to 8-axle group on thin pavement (section 2). 

 



3.2 Calculating rut damage caused by multiple axles 

The calibrated mechanistic-empirical rutting model makes it possible to mechanistically 

compare the rut damage due to different axle and truck configurations for specific pavement 

sections. The PDPs for the two cross-sections were calculated from the developed regression 

equations (3 to 8). It should be noted that the pavement layer thicknesses and moduli shown in 

Table 2 were inputs for these equations, whereas all other variables were assumed at the mean 

values of the range used to develop the regression equations (Salama, 2005). Table 3 shows the 

calculated PDPs for these cross-sections. 

 

Table 3. Calculated PDPs. 

 αAC µAC αbase µbase αSG µSG 

Cross-Section 1 0.702 0.537 0.741 0.134 0.873 0.010 

Cross-Section 2 0.594 0.271 0.716 0.129 0.910 0.037 

 

As shown in Figures 2 and 3, the 8-axle responses (VCES) in the middle of the AC layer have 

lower interaction levels, and the interaction level increases with depth until the 8-axle response 

becomes one, wide pulse at deeper sub-layers. To study the effect of the strain pulse duration and 

the interaction on rutting calculation for different axle and truck configurations, two different 

procedures were used: 1) sum the rutting damage due to only the strain values underneath each 

axle within an axle group, and 2) sum the rutting damage due to the strain values underneath the 

axles (procedure 1) as well as those outside the axle group (at consistent intervals) until the strain 

becomes negligible. The reasoning behind the second procedure is that the entire strain influence 

curve should be considered since it defines the total response due to the event of an axle group or 

a truck passing over a given point in the pavement. A diagram illustrating these two procedures 

for calculating rut damage due to an 8-axle group is shown in Figure 4. The rutting due to one 

million repetitions of different axle and truck configurations were calculated using both 

procedures for each layer for both cross-sections. The results are presented next. 
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Figure 4. Strain influence curve under an 8-axle group. 

(1 inch = 25.4 mm) 

3.3 Results 

The rut depth for individual layers and the total rut depth due to one million repetitions of 

different axle and truck configurations were calculated for pavement sections 1 and 2 using both 



procedures. The results were normalized to the rut depth caused by a single axle to study the 

relative effect of different axle and truck configurations on pavement rut damage, and are shown 

in Figures 5 through 8 in terms of ‘axle factors’ (AF) and ‘truck factors’ (TF), as defined below: 

axle single a  toduedepth Rut 

group axlegiven  a  toduedepth Rut 
=AF     (10) 

axle single a  toduedepth Rut 

kgiven truc a  toduedepth Rut 
=TF     (11) 

 

The results show that when there is no strain interaction between axles, both procedures 

for calculating the rut depth show rutting damage proportional to the number of axles. This is the 

case for AC layer of cross-section 1 and AC and base layers of cross-section 2. On the other 

hand, when there is strain interaction between the axles, the first procedure (accounting only for 

the strain values under the axles) would lead to the conclusion that multiple axles are more 

damaging relative to the same number of single axles (Figures 5 and 6). This result is due to the 

fact that procedure 1 ignores the strains outside the axles and the effect of these strain values 

becomes more important at higher levels of interaction. However, since these strain values do 

result in rutting damage, it is not logical to ignore them. Calculating the rut depth by accounting 

for all strain values (strain underneath and outside the axles) shows that whether there is strain 

interaction or not, the axle and truck factors are proportional to the number of axles (Figures 7 

and 8). This is to be expected since: (1) using the entire strain influence curve would give the 

total response of the pavement system; (2) the analysis assumes linear elastic response; and (3) 

the VESYS model assumes that the plastic strain is proportional to the elastic strain. This 

suggests that procedure 2 should be favored over procedure 1 when calculating the rut depth due 

to multiple axle and truck configurations using mechanistic analysis. 

In a similar mechanistic analysis of the effect of heavy-vehicle characteristics on pavement 

response and performance using a viscoelastic layered response model, Gillespie et al. (1993) 

calculated the rut depth for different truck configurations by integrating the influence function 

due to a moving load, which resulted in rutting damage that is proportional to the axle load.  
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(b) section 2 

Figure 5. Axle factors – procedure 1. 
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(b) section 2 

Figure 6. Truck factors – procedure 1. 
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(a) section 1 
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(b) section 2 

Figure 7. Axle factors – procedure 2. 
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(b) section 2 

Figure 8. Truck factors – procedure 2. 

4 LABORATORY RESULTS 

The same axles and trucks used in the mechanistic analysis (Table 1) were simulated in the 

laboratory using multiple pulse loadings. The samples used in this laboratory experiment were 

prepared according to the new simple performance testing (SPT) procedure (Witczak et al., 

2002). A uniform asphalt concrete mix (4E3-MDOT) was used to produce cylinders that are 3.7 

in (94 mm) in diameter and 6 in (152mm) in height with an average air void content of 4.22% 

after coring. The unconfined cyclic compression load tests were conducted using an MTS 

electro-hydraulic test machine at a controlled temperature of 100
o
F (±1

o
F) and at three stress 

levels. The samples were gradually heated inside the test chamber over the course of 12 hours 



before starting the actual test to insure uniform temperature throughout the mass of the specimen.  

Two steel plates (one at the top and another at the bottom) were used to distribute the load evenly 

over the cross-sectional area of the specimen. Two linear variable displacement transducers 

(LVDTs) were placed on the sample to measure vertical deformation.  The specimens were 

subjected to cyclic haversine pulses. The series of cyclic uniaxial compression tests were 

conducted using different multiple load pulses. The pulses were designed to simulate different 

axle/truck configurations. The ratio of loading/unloading duration to rest period was held 

constant at a 1:9 ratio. For single axles, the loading duration was found to be 0.08 s to simulate a 

load moving at 30 mph; therefore a rest period of 0.72 s was used. For multiple axle and truck 

configurations, the loading time was taken as the time corresponding to the response due to the 

first axle until the time when the response due to the last axle dies out. The samples took from 4 

to 5 hours until total failure at high stress level for all axle and truck configurations, 9 to 11 hours 

at medium stress level, and 45 to 50 hours at low stress level.  

Figure 9 shows the laboratory-derived axle factors (defined as the ratio of the flow number 

corresponding to a single axle to that of the axle group in question). The figure indicates that 

rutting damage in asphalt concrete due to different axle configurations is approximately 

proportional to the number of axles within an axle group, although the damage caused by larger 

axle groups appears to be slightly lower per load carried. Figure 10 shows the truck factors for 

the five truck configurations. The results show more variations, with the truck factors for the 

five-axle truck ranging from 6 (S1T2 truck) to 8 (S5 truck), and those of the 11-axle trucks from 

10 (S1T1E1 truck) to about 14 (S1T2Tr2 and S3T2Q1 trucks). These variations may be partly 

explained by the following reasons: (i) The rest period between axles within a given truck 

configuration is not the same as that for the individually tested axles; (ii) the sequence of axles 

varies from one truck configuration to another. However, the results do indicate that grouping of 

axles resulted in reduced damage per load carried. The 5-axle trucks with two tandem axles 

(S1T2) produced less damage than the truck with only single axles (S5). Also, the truck with the 

8-axle group (S1T1E1) produced less rut damage that the other 11-axle trucks. It should be noted 

that the truck that has a quad axle (S1T2Q1) as a maximum axle group shows similar or slightly 

higher truck factor  than the one with tandems and tridems (S1T2Tr2) because it has 3 single 

axles. For a more detailed discussion of this laboratory experiment, see (Salama, 2005). 
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Figure 9. Axle factors for different axle configurations. 
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Figure 10. Truck factor for different truck configurations. 

 

5 CONCLUSION 

The results from mechanistic analyses showed that there is little to no interaction between 

axles in terms f vertical strains within the Ac layer. For the vertical strains within the base layer, 

the interaction between axles increases with increasing AC layer thickness. On the other hand, 

there is always high interaction between axles in the subgrade layer vertical strain response. 

Despite the interaction between axles, the mechanistic analysis in this study indicates that the 

rutting damage is proportional to the number of axles within an axle group or truck. Laboratory 

results confirmed the near proportionality of rut damage for multiple axles. However, the same 

cannot be said for truck configurations, where the variable rest periods between axle groups 

appear to affect the cumulative rut damage differently.  
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