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Abstract

Presented in this paper is a study to find new AASHTO equivalency factors of military
armoured vehicles with rubber tires on flexible pavement. Four types of military armoured
vehicles with rubber tires were studied, namely Stryker, CM31, Cougar Ridgback, and
HMMWV. A measure of the damaging effect of military armoured vehicles with rubber tires
was achieved by correlating their equivalent loads with the AASHTO equivalency factors. The
equivalent load was developed on the basis of mechanistic - empirical approach. It was found
that the damaging effect of the studied military armoured vehicles with rubber tires is 0.017
to 6.87 times the damaging effect of the standard 18 kips (80 kN) axle load depending on the
thickness of asphalt layer.
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الخلاصة

دراسѧة جدیѧدة لإیجѧاد معѧاملات آشѧتو للعجѧلات المدرعѧة ذات الإطѧارات المطاطیѧة علѧى التبلѧیط الإسѧفلتي. أربعѧѧة             
وCougar Ridgbackو CM31 و Strykerدراسѧتھا وھѧي   أنواع للعجلات المدرعة ذات الإطارات المطاطیѧة تمѧت   

HMMWV         انیكيѧل المیكѧة الحѧتخدام طریقѧرة باسѧا ولأول مѧة لھѧتو المكافئѧد إن    –.تم أبجاد معاملات آشѧد وجѧي. لقѧالتجریب
6.87لىإ0.017 تأثیر الأحمال التخریبي لأحمال ألعجلات المدرعة ذات الإطارات المطاطیة التي تمت دراستھا یتراوح من

) حسب سمك طبقة الإسفلت.kN80مرة مقارنة بتأثیر حمل آشتو القیاسي (
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1- Introduction

Flexible pavements, in Iraq, are designed according to the AASHTO design guide. The
axle load limits are specified by the State Organization of Roads and Bridges (SORB). The
maximum allowed axle load for single axle dual tire is 12 tons. Furthermore, many vehicles
throughout the country violate the specified load limits by carrying additional weights to
decrease the transportation cost and have small spacing between axles. Research has shown
that pavement damage can be more than doubled by axle loads that are only 20 percent over
the permitted maximum (1). Those overweight vehicles cause sever deterioration to the
pavement. The Iraqi authorities generally charges the violating vehicles a penalty based on
their weights. Such penalty could be very small compared to the damage occurring to the
pavement based on these over weights. Also, some vehicles may carry huge weights that the
pavement may not support, so unloading such trucks could be the suitable solution rather than
paying small amount of money and deteriorating the pavement. The effect of the traffic using
these roads should be focused upon carefully from the standpoint of pavement structural
design. Yoder and Witczak (2) reported that this effect includes among other considerations,
the expected vehicle type and the corresponding number of repetitions of each type during the
design life of the pavement. The effect of various types of vehicles (axles) on the structural
design of road pavement is considered by means of the approach of axle load equivalency
factor. In this approach, a standard axle load is usually used as a reference and the damaging
effect of all other axle loads (corresponding to various types of axles) is expressed in terms of
number of repetitions of the standard axle.

The AASHTO standard axle is the 18 kips (80 kN) single axle with dual tires on each
side (2). Thus, the AASHTO equivalency factor defines the number of repetitions of the 18
kips (80 kN) standard axle load which causes the same damage on pavement as caused by one
pass of the axle in question moving on the same pavement under the same conditions. The
AASHTO equivalency factor depends on the axle type (single, tandem, or triple), axle load
magnitude, structural number (SN), and the terminal level of serviceability (pt). The effect of
structural number (SN) and the terminal level of serviceability (pt) are rather small; however,
the effect of axle type and load magnitude is pronounced (3).
There are types of vehicle loads that not included in the AASHTO road test such as the
military armoured vehicles that move on paved roads occasionally during peace times and
frequently during war times. The effect of the military armoured vehicle loads on flexible
pavement  is  not  known,  and  not  mentioned  in  the  literature  up  to  the  capacity  of  the
author's knowledge. Therefore, this research was carried out to find the AASHTO
equivalency factors and the damaging effect of military armoured vehicles that move
frequently  on  our  roads  network  (even  on  small  local  paved  streets)  on  daily  bases  for  more
than six years up to now. There are two main approaches used by researchers to determine the
equivalency factors, the experimental and the mechanistic (theoretical) approach. A
combination of two approaches was also used by Wang and Anderson (4). In the mechanistic
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approach, some researchers adopted the fatigue concept analysis for determining the
destructive effect (5), while others adopted the equivalent single wheel load procedure for such
purposes (6). The mechanistic empirical approach is used in this research depending on fatigue
concept. Following Yoder and Witczak (2), AASHTO design method recommended the use of
18 kips (80 kN) standard axle with dual tires on each side, thus, the AASHTO equivalency
factor Fj is:

           εj
Fj = (——)c  ….………………………………………….…………. (1)
           εs

where, εj ,  εs = the maximum principal tensile strain for the jth axle and the 18 kips
standard single axle respectively and c represent regression constant. Yoder and Witczak (2)

reported that both laboratory tests and field studies have indicated that the constant c ranges
between 3 and 6 with common values of 4 to 5.
Van Til  et.  al.(7) and AASHTO (8) recommended two fatigue criteria for the determination of
AASHTO equivalency factors namely, the tensile strain at the bottom fiber of asphalt
concrete and the vertical strain on sub-grade surface. AASHTO (8) reported a summary of
calculations for tensile strain at the bottom fiber of asphalt concrete (as fatigue criterion) due
to the application of 18 kips standard axle load on flexible pavement structures similar to that
of  original  AASHTO  road  test  pavements.  Also,  AASHTO (8) reported a summary of
calculations for vertical compressive strain on sub-grade surface (as rutting criterion) due to
the application of 18 kips standard axle load on flexible pavement structures similar to that of
original AASHTO road test pavements.

The AASHTO (8) calculated strains are function of the structural number (SN), the
dynamic modulus of asphalt concrete, the resilient modulus of the base materials, the resilient
modulus of roadbed soil, and the thickness of pavement layers. These reported AASHTO (8)

strains which represent (εs) in equation (1) above in addition to Van Til et. al.(7) & Huang (9)

reported experimental values for the constant c in equation (1) above for different pavement
structures.

Huang (9) reported that in fatigue analysis, the horizontal minor principal strain is used
instead of the overall minor principal strain. This strain is called minor because tensile strain
is considered negative. Horizontal principal tensile strain is used because it is the strain that
causes the crack to initiate at the bottom of asphalt layer. The horizontal principal tensile
strain is determined from:
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where, εr = the horizontal principal tensile strain at the bottom of asphalt layer, εx = the
strain in the x direction, εy = the strain in the y direction, γxy = the shear strain on the plane x
in the y direction. Therefore, (εr) of equation (2) represents (εj)  of  equation  (1)  and  will  be
used in fatigue analysis in this research. These two criteria were used in this research to
determine the AASHTO equivalency factors of military armoured vehicles. The tensile strains
at the bottom fiber of asphalt concrete and  vertical compressive strains on sub-grade surface
of similar pavement structures to that of AASHTO road test as reported by AASHTO (8) were
calculated under military armoured vehicles in this research. KENLAYER linear elastic
computer program (9) was used to calculate the required strains, and stresses in this research at
400 points each time in three dimensions at different locations within AASHTO reported
pavement structures under military armoured vehicles.

2- Characteristics of military armoured vehicles

The characteristics of military armoured vehicles which required in this research are
their three dimensions (height, length, and width) in addition to the weight. These features
were obtained from the brochure of their manufacturing company (10,11,12&13) and the website
(14). Four types of military armoured vehicles with rubber tiers were taken for the purpose of
this study as follows (see Figure (1), Table (1), Figure (2), and Figure (2)):

1- Stryker four-axle eight-wheel military armoured vehicle was chosen to represent the
family of four-axle military armoured vehicles with rubber tiers because it is widely
used and can be converted to any other type and purpose.

2- CM31 triple-axle six-wheel military armoured vehicle was used to represent the
family of triple-axle six-wheel military armoured vehicles with rubber tiers that is
widely used.

3- Cougar Ridgback two-axle four-wheel armoured vehicle was chosen to represent the
two-axle family of military armoured vehicles with rubber tiers because it is widely
used and can be converted to any other type and purpose.

4- M998 High Mobility Multipurpose Wheeled Vehicle (HMMWV). HMMWV
armuored vehicle was chosen also to represent the family of two-axle armuored
vehicles because it is widely used and can be converted to any other type and purpose.
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Figure (1):  Types of military armoured vehicles with rubber tiers used in the
study (10,11,12,13&14)

Table (1): Comparison of features of different military armoured
vehicles(10,11,12,13&14)

Type of military armoured vehicle

Features HMMWVCougarCM31Stryker 8

4.575.306.356.85Length
(m)

2.162.702.52.72Width
 (m)

2.372.691.982.64Height
 (m)

90105100100Max. Speed
(km/h)

3.4817.2416.0018.74Combat Weight
 (ton)
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Figure (2):  Features of military armoured vehicles with rubber tiers used in the
study (10,11,12,13&14)

3- Analysis Methodology

3-1 AASHTO equivalency factors of military armoured vehicles

Three-layer pavement structure was taken as mentioned in the introduction above to
simulate AASHTO original road test pavements as shown in Figure (2). Only one set of
values for the modulus of asphalt layer (E1=1035.5 MPa), the base layer (E2=103.5 MPa), and
the sub-grade modulus (E3=51.7 MPa) was taken from the original AASHTO road test
because it is similar to the modulus values of local materials in practice (6). AASHTO
Poisson's ratios of 0.4 for asphalt layer, 0.35 for base layer, and 0.4 for sub-grade layer were
taken for the purpose of this analysis.

3-1-1 AASHTO equivalency factors of Stryker military armoured vehicle

Stryker four-axle eight-wheel multipurpose military armoured vehicle was used to
represent the family of four-axle military armoured vehicles that is widely used world wide.
Three-layer pavement structure was taken as mentioned in the introduction above to simulate
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AASHTO original road test as shown in Figure (2). The contact areas of the eight wheels
were calculated using three values for tire pressure namely, 0.828, 0.69, and 0.552 MPa
respectively to study the effect of tire pressure on the AASHTO equivalency factors of these
military armoured vehicle loads. The total combat weight of 18.74 tons was distributed
equally on the eight wheels because these vehicles have load distribution mechanism on equal
bases. Figure (3), Figure (4), and Figure (5) were prepared to show the calculated tensile
strains in the direction of x, y, and r at the bottom fiber of asphalt concrete layer respectively
under Stryker military armoured vehicle. These strains were obtained for 400 calculating
points for each one of these figures with a tire pressure of 0.828 MPa and using KENLAYER
computer program (9).

Figure (6) was prepared to show the calculated vertical compressive strains on the
surface of sub-grade layer of AASHTO pavement structure shown in Figure (2) under Stryker
armoured vehicle with a tire pressure (contact pressure) of 0.828 MPa. These strains were
obtained for 400 calculating points using KENLAYER computer program (9).

It  was  found  that  the  calculated  tensile  strains  in  the  direction  of  x,  y,  and  r  at  the
bottom fiber of asphalt concrete layer are much more conservative than calculated vertical
compressive strains on the surface of sub-grade layer under Stryker military armoured vehicle
in comparison with their similar type of strains reported by AASHTO (8), as shown in Figures
from (3) to (6).

Figure (3): Tensile strain in the x direction (εx) at the bottom fiber of asphalt
layer (t1=7.6 cm and t2=56.6 cm).
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Figure (4): Tensile strain in the y direction (εy) at the bottom fiber of asphalt
layer (t1=7.6 cm and t2=56.6 cm).

Figure (5):  Horizontal principal tensile strain at the bottom of asphalt layer (εr)

(t1=7.6 cm and t2=56.6 cm).

Therefore, the fatigue criterion governed and was used to calculate the AASHTO
equivalency factors of Stryker military armoured vehicle. The maximum calculated horizontal
principal tensile strains (εr) at the bottom fiber of asphalt concrete layer under Stryker military
armoured vehicle for the AASHTO (8) pavement structures are summarized in Table (2).
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Figure (6): Vertical strain in the z direction (εz) on the surface of sub-grade layer
(t1=7.6 cm and t2=56.6 cm).

The AASHTO (8) reported maximum tensile strains (εt)   at  the  bottom  fiber  of  asphalt
concrete layer for the AASHTO pavement structures under the standard 18 kips (80 kN) are
shown also in Table (2). The values for the constant c of equation (4) for each of AASHTO (8)

pavement structure were obtained from the values of Asphalt Institute as mentioned by Huang
(9). The AASHTO equivalency factors of Stryker military armoured vehicle were calculated
using equation (1) as shown in Table (2).

3-1-2 Effect of tire pressure of Stryker military armoured vehicle on
AASHTO equivalency factors

The  maximum  tensile  strains  in  the  direction  of  x  and  y  at  the  bottom  fiber  of  asphalt
concrete layer and the vertical compressive strains on the surface of sub-grade layer under
Stryker military armoured vehicle for the AASHTO (8) pavement structures were recalculated
using different tire pressure values of Stryker military armoured vehicle to study the effect on
strain values as shown Table (3). These strains were calculated using only one AASHTO
pavement structure shown in Figure (2) above.

It was found that the tire pressure has very small effect on the value of strain and later
on the value of AASHTO equivalency factors of Stryker military armoured vehicle loads.
This can be attributed to the high load magnitude and the interlocking of the effects of eight
loaded tires in three dimensions.

 .
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Table (2): AASHTO equivalency factors of Stryker using fatigue criterion

Modulus Layer 1 = 1035.5 MPa, μ1 = 0.40
Modulus Layer 2 = 103.5  MPa, μ2 = 0.35
Modulus Layer 3 = 51.724 MPa, μ3 = 0.40

Stryker
AASHTO

Equivalency
Factor

cSN
Asphalt
Tensile
strain

(εt)

Source of
Data

Thickness
Layer 2

cm

Thickness
Layer 1

cm

4.44854.4840.0006212AASHTO(1)56.647.62
4.44854.4840.0008670Calculated(2)56.647.62
2.69094.4840.0005395AASHTO(1)47.5010.16
2.69094.4840.0006730Calculated(2)47.5010.16
1.86144.4850.0004561AASHTO(1)59.1812.70
1.86144.4850.0005240Calculated(2)59.1812.70
1.368694.4850.0003897AASHTO(1)50.0415.24
1.368694.4850.0004180Calculated(2)50.0415.24
0.846794.4860.0002854AASHTO(1)52.5820.32
0.846794.4860.0002750Calculated(2)52.5820.32

(1) AASHTO (8) maximum horizontal strain (εt) at the bottom fiber of asphalt layer under the
standard 18 kips (80 kN) axle load for terminal of serviceability (Pt) of 2.0.

(2)  Calculated maximum horizontal principal tensile strain (εr) at the bottom of asphalt layer
under Stryker for load layout shown in Figure (2) above.

Table (3): Effect of tire pressure of Stryker armoured vehicle on strains(*).

Tire Pressure
MPa

Max.
Tensile
Strain

(εx)

Max.
Tensile
Strain

(εy)

Max.
Compressive

Strain
(εv)

0.828 0.0008670 0.0008640 0.0002530

0.690 0.0007700 0.0007670 0.0002500

0.552 0.0006580 0.0006550 0.0002490

(*):  Maximum strains εx , εy , and εz  were calculated for the pavement structure shown in
Figure (3), (E1=1035.5 MPa, E2=103.5 MPa, E3=51.7 MPa, t1=7.6 cm, t2=56.6 cm,
μ1=0.4, μ2=0.35, and μ3=0.4).
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3-1-2 AASHTO equivalency factors of CM31, Cougar, and HMMWV military
armoured vehicles
The same procedure mentioned in paragraph 3-1 above to determine the AASHTO

equivalency factors of Stryker load as shown in Table (2) was repeated to determine the
AASHTO equivalency factors of CM31, Cougar, and HMMWV military armoured vehicles
except that the dimensions and weights CM31, Cougar, and HMMWV armored vehicles were
used instead of the dimensions and weight of Stryker. Table (4), Table (5), and Table (6) were
prepared following the same procedure in preparing Table (2) to show the AASHTO
equivalency factors of CM31, Cougar, and HMMWV vehicles load respectively. Also, the
fatigue criterion governed and was used to calculate the AASHTO equivalency factors of
CM31, Cougar, and HMMWV military armoured vehicles load. The maximum calculated
horizontal principal tensile strain (εr) at the bottom of asphalt layer under CM31, Cougar, and
HMMWV vehicles load for load layout shown in Figure (2) above for the AASHTO (8)

pavement structures are summarized in Table (4), Table (5), and Table (6) respectively.

Table (4): AASHTO equivalency factors of CM31 using fatigue criterion

Modulus Layer 1 = 1035.5 MPa, μ1 = 0.40
Modulus Layer 2 = 103.5  MPa, μ2 = 0.35
Modulus Layer 3 = 51.724 MPa, μ3 = 0.40

CM31
AASHTO

Equivalency
Factor

cSN
Asphalt
Tensile
strain

(εt)

Source of
Data

Thickness
Layer 2

cm

Thickness
Layer 1

cm

4.3604.4840.0006212AASHTO(1)56.647.62
4.3604.4840.0008630Calculated(2)56.647.62
2.6204.4840.0005395AASHTO(1)47.5010.16
2.6204.4840.0006690Calculated(2)47.5010.16
1.7994.4850.0004561AASHTO(1)59.1812.70
1.7994.4850.0005200Calculated(2)59.1812.70
1.2974.4850.0003897AASHTO(1)50.0415.24
1.2974.4850.0004130Calculated(2)50.0415.24
0.7504.4860.0002854AASHTO(1)52.5820.32
0.7504.4860.0002680Calculated(2)52.5820.32

(1) AASHTO (8) maximum horizontal strain (εt) at the bottom fiber of asphalt layer under the
standard 18 kips (80 kN) axle load for terminal of serviceability (Pt) of 2.0.
(2)  Calculated maximum horizontal principal tensile strain (εr) at the bottom of asphalt layer
under CM31 for load layout shown in Figure (2) above.
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Table (5): AASHTO equivalency factors of Cougar using fatigue criterion.

Modulus Layer 1 = 1035.5 MPa, μ1 = 0.40
Modulus Layer 2 = 103.5  MPa, μ2 = 0.35
Modulus Layer 3 = 51.724 MPa, μ3 = 0.40

Cougar
AASHTO

Equivalency
Factor

cSN
Asphalt
Tensile
strain

(εt)

Source of
Data

Thickness
Layer 2

cm

Thickness
Layer 1

cm

6.8674.4840.0006212AASHTO(1)56.647.62
6.8674.4840.0009550Calculated(2)56.647.62
5.0094.4840.0005395AASHTO(1)47.5010.16
5.0094.4840.0007730Calculated(2)47.5010.16
3.9574.4850.0004561AASHTO(1)59.1812.70
3.9574.4850.0006200Calculated(2)59.1812.70
3.7294.4850.0003897AASHTO(1)50.0415.24
3.7294.4850.0005080Calculated(2)50.0415.24
2.1344.4860.0002854AASHTO(1)52.5820.32
2.1344.4860.0003380Calculated(2)52.5820.32

 (1) AASHTO (8) maximum horizontal strain (εt) at the bottom fiber of asphalt layer under the
standard 18 kips (80 kN) axle load for terminal of serviceability (Pt) of 2.0.
(2)  Calculated maximum horizontal principal tensile strain (εr) at the bottom of asphalt layer
under Cougar for load layout shown in Figure (2) above.

4- Discussion of results and Conclusions

It was found that the military armoured vehicles with rubber tires have a pronounced
damaging effect on flexible pavement in terms of AASHTO equivalency factors as follows:

1- The AASHTO equivalency factors of Stryker military armoured vehicle load were found to
be from 0.85 to 4.45 based on fatigue criterion. Increasing the thickness of the asphalt layer
pavement decreases the AASHTO equivalency factors of Stryker military armoured
vehicle load. This means that the structural damaging effect Stryker military armoured
vehicle load on flexible pavements of secondary and local roads is higher than its
damaging effect on the flexible pavement of major roads and highways. It was found that
increasing the tire pressure has very small effect on the AASHTO equivalency factors of
Stryker military armoured vehicle load from the theoretical point of view due to the high
magnitude of Stryker military armoured vehicle load.
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Table (6): AASHTO equivalency factors of HMMWV using fatigue criterion.

Modulus Layer 1 = 1035.5 MPa, μ1 = 0.40
Modulus Layer 2 = 103.5  MPa, μ2 = 0.35
Modulus Layer 3 = 51.724 MPa, μ3 = 0.40

HMMWV
AASHTO

Equivalency
Factor

cSN
Asphalt
Tensile
strain

(εt)

Source of
Data

Thickness
Layer 2

cm

Thickness
Layer 1

cm

0.5124.4840.0006212AASHTO(1)56.647.62
0.5124.4840.0005350Calculated(2)56.647.62
0.1764.4840.0005395AASHTO(1)47.5010.16
0.1764.4840.0003660Calculated(2)47.5010.16
0.0804.4850.0004561AASHTO(1)59.1812.70
0.0804.4850.0002590Calculated(2)59.1812.70
0.0424.4850.0003897AASHTO(1)50.0415.24
0.0424.4850.0001920Calculated(2)50.0415.24
0.0174.4860.0002854AASHTO(1)52.5820.32
0.0174.4860.0001150Calculated(2)52.5820.32

 (1) AASHTO (8) maximum horizontal strain (εt) at the bottom fiber of asphalt layer under the
standard 18 kips (80 kN) axle load for terminal of serviceability (Pt) of 2.0.
(2)  Calculated maximum horizontal principal tensile strain (εr) at the bottom of asphalt layer
under M998 HMMWV vehicle for load layout shown in Figure (2) above.

2- The AASHTO equivalency factors of CM31 military armoured vehicle load were found to
be from 0.75 to 4.36 based on fatigue criterion. Increasing the thickness of the asphalt layer
pavement decreases the AASHTO equivalency factors of CM31 military armoured vehicle
load. This means that the structural damaging effect CM31 military armoured vehicle load
on flexible pavements of secondary and local roads is higher than its damaging effect on
the flexible pavement of major roads and highways.

3- The AASHTO equivalency factors of Cougar military armoured vehicle load were found to
be from 2.13 to 6.87 based on fatigue criterion. Increasing the thickness of the asphalt layer
pavement decreases the AASHTO equivalency factors of Cougar military armoured
vehicle load. This means that the structural damaging effect Cougar military armoured
vehicle load on flexible pavements of secondary and local roads is higher than its
damaging effect on the flexible pavement of major roads and highways.

4- The AASHTO equivalency factors of HMMWV military armoured vehicle load were
found to be from 0.017 to 0.512 based on fatigue criterion. Increasing the thickness of the
asphalt layer pavement decreases the AASHTO equivalency factors of HMMWV military
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armoured vehicle load. This means that the structural damaging effect HMMWV military
armoured vehicle load on flexible pavements of secondary and local roads is higher than
its damaging effect on the flexible pavement of major roads and highways.

5- Recommendations

Based  on  the  results  of  this  study,  an  economic  evaluation  for  the  cost  of  damage  that
had been caused by the frequent movement of military armoured vehicles with rubber tires on
the whole national road network during the last six years is required. Also, another study is
necessary to determine the damaging effect of military armoured vehicles with rubber tires on
the national road network during summer seasons.
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