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ABSTRACT

Many factors influence the rigid pavement's fatigue life. The most important of
these factors are axle loading, the spacing between axles in the one-axle group, and
the type of used tires. This study showed the influence of various rear axle spacings
on the life of fatigue damage and identified the performance of the rigid pavement.
The Finite Element software program DYNA-SLAB was used to calculate the
stresses under the various axles. The fatigue life was assessed by the Mechanistic-
Empirical Design Guide (M-EPDG) equation depending on the result of stresses
from the DYNA-SLAB program, then the Axle Factor for each axle type was
calculated. The results indicated that by increasing axle spacing in the one-axle
group up to 2.20m for tandem and tridem axle, the Axle Factor decreased, giving
the best performance of the rigid pavement. But for quad axles, if the spacing is
more than 2 m, the Axle Factor increased and gives the worst performance of the
rigid pavement.
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1. INTRODUCTION

Two cases of rigid pavement will be analyzed to investigate the pavement life [10-12]
for different axle configurations, including the influence of different axle spacing [13, 14] and
the influence of tire type. To evaluate, compare and determine the pavement response [15-17]
the pavement life for different axle configurations, the following analysis will proceed. The
Ref. [1] displayed that the fatigue life of a plain concrete mixture under different truck axle
configurations was found to be directly defined from a repeated four-point beam test [18,19]
in addition to evaluating the S-N curves for each axle configuration by using load pluses that
were equivalent to the transition of an entire axle group. According to laboratory research [10,
20, 21], for a given stress ratio, the fatigue damage resulting from different axle configurations
within an axle group increased with the number of axles; nevertheless, the damage per axle
was lower when there were multiple axles in the same stress ratio than when there was just one
axle. The Ref[2] determined the vehicle SF31904's physical road structure sample while it was
traveling on the cement concrete pavement. Tensile stress was calculated and analyzed in a
variety of scenarios using the finite element program ABAQUS. The relative curve for slab
and maximum tensile stress [22, 24] were also proven to have a role in the equation. The
findings showed that using the basic structure and earthen foundation module under SF31904
heavy mineral resulted in a lowered maximum stress of less than 30 MPa. Swati Roy Maitra
and others [3] provided a finite element model method for estimating the stress in concrete
pavement caused by the composite of tire load and positive temperature gradient [22,25,26]. A
comparison with IRC: 58 showed that using the IRC approach overstated stress, particularly
temperature stress. In order to assess the curling stress on concrete pavement [27, 30], a
modification of Bradbury's temperature stress coefficient was proposed. Ref. [4] compare
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between the effects of different tire designs on the stress, strain, and deflections that arise from
loading huge Michigan trucks with many axles (11 axles) and a typical semi-trailer with five
axles. ISLAB2000, a finite element computer software application, has been employed. The
standard truck has a higher potential for fatigue damage during the day under a positive
temperature gradient across the slab. According to the results, the Michigan trucks have a
bigger potential for fatigue damage during the night under a negative temperature gradient.
Ref. [5] displayed an estimate of the new fatigue models of the Mechanistic-Empirical
Pavement Design Guide [31, 33, 35] for both types of pavements, flexible and rigid, for
multiple axles loads and to determine the validity of using this method of design in the Arab
Republic of Egypt. The comparison between the results of the Mechanistic-Empirical
Pavement Design Guide and of Michigan Department of Transportation's laboratory tests
indicate that the average overall error was +20%.

2. OBJECTIVS

This study's primary goal is to assess the way rigid pavement performs in response to
different axle spacing by calculating the number of cycles to fatigue failure for rigid pavement
and the Axle Factor (AF) to make a comparison between the different values of the Axle Factor
for each axle spacing.

Table 1: List of the previous fatigue model

Equation Reference
N = 10213 (@)1'2 Darter (1990)
L 1181-121765 (2 o Portland Cement
N'=10 Giz) for05 < (m) =1 Association (1963)
N = 10l761-17.61 (377) Zero-Maintenance (1977)

N = 107736284 ror 7 5 g 05109 N
1‘;’52214 NCHRP (1992)

o o
— 102812737z — <125
for YR

MR
Log N = 1323 (—) +0.588 Foxworthy (1985)
o
3257
= 1:2968 Roesler (1998)
! 9
MR
21.79
2.689
r= | Roesler (2004)
MR
1 - (0.465 SR + 0.088 log log T)
Log N = Rao (2005)
29 0.153 (1- 0297 R)
N o= [ 22 ]3'268 WRen 045 < SR < 0.55Log N
~ ISR - 04325 en V4o = ot = U.ooLog Portlailnc'l Cement
0.9718 — SR Association (1980)

R > 0.
0.0828 forS 0.55
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Omax _ Tepfers and Kutti
MOR -~ 1- B(1 - R)log, N 1979

American Concrete
Pavement
Association

-0.217

—-SR™192% [og log (1 - p)
0.0112

Log N =

3. BACKGROUND ABOUT FATIGUE DAMAGE OF RIGID
PAVEMENT

The fatigue damage is the most dangerous and most frequent collapse of the concrete
pavement, which attracted researchers to more attention and more studies to evaluate the age
of fatigue failure in the rigid pavement. There are a lot of methods that were used to evaluate
the fatigue life of rigid pavement, such as the medium stress process, the dispersive energy
method, and the maximum stress method.

3.1.  Previous Concrete Fatigue Models
Table 1 shows the most fatigue models as they are listed in the Michigan Department
of Transportation in MDOT’s study [1] and other different research.

3.2. M-EPDG Fatigue Model
One technique for estimating the rigid pavement's fatigue life is to use the Mechanistic-
Empirical Design Guide (M-EPDGQG). The pavement response to the number of permitted load
repetitions before failure for distinct types of axles (single, tandem and tridem) was assessed
using the empirical function. The M-EPDG uses the following calibrated equation to establish
the fatigue life of concrete pavement [6].

MR; \“
Log (Nijiimn) = CB(=——)  +0437 m
Oilkmn
Where:
Nijkimn = Permissible number of load applications at specifications 1,j,k,l,m,n
i = Age (reports for PCC rupture modulus adjustment, layer bond
quality, shoulder deterioration LTE)
j = Month (accounts for base shift and effective subgrade reaction
dynamic modulus).
k = Axle configuration (single, tandem, and bottom-up cracking tridem;

short, medium, and long top-down cracker)

1 = load level (incremental load for each axle type)
m = temperature difference
n = traffic path

MRi = Modulus of rupture of PCC at age “i” (Psi)
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oi,],k,l,m,n = The used stress at condition (i, j, k, I, m, n).

4. RESEARCH METHODOLOGY

To estimate the operation of concrete pavement below different rear axle spacing, the
following steps were proceeded with:

Calibration constant (2.0, 1.22).

SISJ
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e The horizontal tensile stresses were calculated due to different axle configurations

[tandem, tridem and quad], using conventional tires.

e The fatigue life was calculated using the M-E PDG procedure for concrete pavement.

Axle loads for various groups of axles were computed.

e A comparison was made between the calculated Axle Factors for different rear axle

spacing.

Fig 1. demonstrates descriptions of research methodology used to assess concrete pavement

efficiency.

EFFECT OF AXLE SPACING ON RIGID PAVEMENT
PERFORMANCE IN EGYPT

3

4

~

Calculate the tensile stresses
for different axle spacing in
the one-axle groups
.
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Fig. 1: Flow chart of the research methodology.
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Table 2: The Selected axle spacing
Axle type Axle load (Ib) Tire load (Ib) Axle spacing (in)
51 (1.30m)
59 (1.50m)

71 (1.80m)
Tandem 44092 5512

Axle [20 ton] 83 (2.10m)
87 (2.20m)
91 (2.30m)
51 (1.30m)
59 (1.50m)

: 71 (1.80m)
Tridem 66138 5512

Axle [30 ton] 83 (2.10m)
87 (2.20m)
91 (2.30m)
51 (1.30m)
59 (1.50m)

71 (1.80m
Quad Axle 88185 5512 )

(40 ton] 83 (2.10m)
87 (2.20m)
91 (2.30m)

5. DATA COLLECTION

The truck traffic counts were conducted to determine the percentage of axle spacing in
the one-axle group within the truck traffic volume on some of the Egyptian road networks. The
number of trucks that counted was 130 trucks (50 tandem, 50 tridem and 30 quad). The data
collection was selected from five roads (Arish — Rafah, Arish — Kantara, Cairo — Ismailia desert,
Katamia - AL Ain AL Sokhna and Ring Road). Table 2 shows the selected axle spacing in the
one-axle group.

5.1.  Axle Configurations
This research analyzes the main different axle configurations that are existing over the
Egyptian road network. The axle configurations are tandem axle, tridem axle, and quad-axle,
as shown in Fig. 2.
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Fig. 2: Conventional tire and Axle configuration with loads

5.2.  Calculation of Contact Area
Due to the difference in tire loads, the contact area is changed. But in the case of
different axle spacing, the tire load is 5512 on all axle configuration types. So, the tire's contact
area 1s 8.2 inches in length and 5.7 inches in width. For conventional tires, the truck tire type
used in the analysis is 295/80R22.5. The following formula is used to get the contact area for
a dual tire [7]:

Ac=m (0.3L)* + (0.4L) (0.6L) = 0.5227L> or  L=(Ac/0.5227)"? )
0.3L 2
0.6L Area=05227L 0.6L
l I I 0.8712L:
(Actual Area) (Eauivalent Area)

Where: Ac = equivalent contact area.

L = Length of contact area

5.3.  Curling Stress
The curling stress due to alteration in temperature between the upper and lower parts of
the PCC was added to the calculated stress derived from the DYNA-SLAB program. The
following equation shows the edge curling stress due to a 1 C change between the top and
bottom of the slab [8].

C.REReR(At)
O—t= 5

3)
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To calculate the coefficient in the direction of calculated stress, we should determine

the radius of relative stiffness:
4 EXKX3
l= |[———— “4)
12(1 — u?)k

Where:
Y~ = Slab (Edge or Interior or Corner) warping stress
E = Modulus of elasticity of PCC (4.0E+06) psi
E = Thermal Coefficient of PCC (5 x 107%/K )
At = temperature differential between the top and bottom of the slab (1.5" C= 52K )
Cx = coefficient in direction of calculated stress
I = Radius of relative stiffness
H = Slab thickness (13-inch)
K = Modulus of subgrade reaction (150 psi)
p = Poisson’s ratio for PCC (0.15)

4 EXn3 4| 4.0x10%K133 .
=" —— = | =22X2% = 473 incK
12(1—-pu2)k 12(1-0.152)150 (5)
L 15x12
-= 22 -38
l 473

From Fig. 3 get Cx = 0.40

_ 040R4.0x 10 x5x 10 %x 52

Oy = > = 208 psi (6)

s
T

o
(#4]
T

Values of Cxand Cy
o
™
:

0.4 Fremmeeees 1
0.2 e e rrm g e e e

0 . i i i i i

0 2 4 6 8 10 12 14
Values of Lx/ and Ly
Fig. 3: warping stress coefficient
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5.4.  Estimate the Cycle Number to Fatigue Failure Using M-EPDG
To estimate the number of cycles to fatigue failure, the DYNA-SLAB finite element
program was used to determine the tensile stress under various axle configurations (tandem,
tridem and quad). The assumptions that were taken in the program and a constant in all cases
are:

Modulus of elasticity = 4.0 E+06 Psi.

Poisson ratio = 0.15.

Slab thickness = 13 inches.

Dual spacing = 16.4 inches.

Modulus of subgrade reaction = 150 p.

Load transfer in the x direction is by the dowel bars only.

Dowel and concrete interaction = 1.52E+06.

The average contact area of a dual tire is 8.20 in length and 5.70- in width inch.
Dimension of slabs = 12-inch wide * 15-inch long.

6. RESULTS

6.1.  Influence of various rear axle spacing on the fatigue life of rigid pavement
The distances between truck axles in the one-axle group differ depending on the truck's
type and purpose. According to the Egyptian Code, there are two types of spacing between the
axles in the one-axle group, which are less than 2 m. In distances greater than 2 m, the contact
area of a conventional tire is 10.7 inches in length and 7.4 inches in width due to a 5512 Ib tire
load. The Axle Factors for each axle group were determined based on [1]:

1

AF = Damage of tRe axle group  Nf of axle group _ Ny standard axle(18 Kip)

(7

Damage of single axle 1 N¢ of axles
Nf of single axle

6.1.1. Tandem Axle

The tandem axle load is 20 t (44 Kip) with a conventional tire type. The axle spacing
in the one-axle group is (1.30 m, 1.50 m, 1.80 m, 2.10 m, 2.20 m and 2.30 m). Fig. 4 displays
the stress-time curve due to axle load using the Finite Element software DYNA-SLAB.

6.1.2. Tridem Axle

The tridem axle load is 30 t (66 Kip) with a conventional tire type. The spaces between axles
in the one-axle group are (1.30 m, 1.50 m, 1.80 m, 2.10 m, 2.20 m and 2.30 m). Fig. 5 displays
the stress-time curve due to axle load using the Finite Element software DYNA-SLAB.

6.1.3. Quad Axle

The quad axle load is 40 t (88 Kip) with a conventional tire type. The spaces between axles in
the one-axle group are (1.30 m, 1.50 m, 1.80 m, 2.10 m, 2.20 m and 2.30 m). Fig. 6 displays
the stress-time curve due to axle load using the Finite Element software DYNA-SLAB.
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Figure [4-4] Stress-time curve for different spacing for TADT
Fig. 4: DYNA-SLAB tensile stress of tandem axle for different axle spacing.
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Fig. 5: DYNA-SLAB tensile stress of tridem axle for different axle spacing
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Fig. 6: DYNA-SLAB tensile stress of quad axle for different axle spacing
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Table 3 displays the total tensile stress for various axle spacing due to axle load using
the Finite Element software DYNA-SLAB. Additionally,

Table 4 shows the number of cycles to fatigue failure [NF] for each axle by using M-
EPDG equation. The Axle Factors were calculated to compare the different axle spacing and
the effect on the performance of rigid pavement under axle load. Table 5 shows that Axle
Factors for each axle group depends on the standard axle of 18 kip.

Table 3: Total stress due to longitudinal stress plus curling stress

; Stress (Psi)
Axle group Axle Spacing
(m) Axle[1]  Axle[2] Axle[3]  Axle[4]
1.30 313 312
1.50 310 308
Tandem axle 1.80 305 296
(20 ton)
(44 Kip) 2.10 297 295
2.20 295 294
2.30 296 291
1.30 294 300 303
1.50 290 297 295
Tridem axle 1.80 285 281 292
(30 ton)
(66 Kip) 2.10 285 279 291
2.20 288 282 290
2.30 285 284 291
1.30 288 284 282 280
1.50 262 280 279 289
Quad Axle 1.80 256 280 279 289
(30 ton)
(88 Kip) 2.10 257 281 281 291
2.20 258 282 280 291
2.30 259 284 283 293
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Table 4: Number of cycle load to fatigue failure

Axle Spacing (m)

1.30
1.50
1.80
2.10
2.20
2.30
1.30
1.50
1.80
2.10
2.20

2.30
1.30
1.50
1.80
2.10
2.20
2.30

SINAI International Scientific Journal (SISJ), 2025, 1(3)

Axle [1]
204582
231503
296619
426014
469803
465384
498609
631770
792294
800868
693884
811737
701620
3216139
4579359
4505084

4054135
3912694

33

Axle [2]
212164
261311
457367
475218
496859
594312
321564
425596
997919
1105597
940528
854603
872946
1070096
1059938
988539

942085
855068

N

Axle [3]

383142
488216
546408
593393
631770
577431
941047
1119413
1090746
1021531
1058750
912001

Axle [4]

1044030
650829
663903
575065
597385
538954
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Table 5: Axle Factor using M-EPDG equation.

Axle group Axle Spacing(m) Total AF

1.30 4.69

1.50 3.98

Tandem axle 1.80 2.72
(20 ton)

(44 Kip) 2.10 2.18

2.20 2.02

2.30 1.87

1.30 3.78

1.50 2.92

Tridem axle 1.80 2.00
(30 ton)

(66 Kip) 2.10 1.88

2.20 2.00

2.30 2.02

1.30 2.24

1.50 1.80

Quad Axle 1.80 1.75
(30 ton)

(88 Kip) 2.10 1.93

2.20 1.94

2.30 2.14

7. DISCUSSION

Fig. 7 shows that if the spacing between axles in the one-axle group increases, the Axle
Factor decreases with a rise in the number of cycles to fatigue failure, and that gives the best
performance of rigid pavement. It is allowed to increase the axle spacing to 2.20 m with the
same axle load for tandem and tridem axles. But when the axle spacing increases to more than
2.20 m, the Axle Factor increases because there is no overlap between axles in the one-axle
group. For quad axles, the AF increases if the spacing between axles was raised to 2 m, leading
to the worst performance of rigid pavement and not allowing the axle spacing to increase more
than 2.0 m.
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Fig. 7: Comparison between Axle Factor due to different axle spacing

8. CONCLUSION

This research studies the influence of different axle spacings (1.30, 1.50, 1.80, 2.0, 2.1,
2.2, and 2.3 m) on the performance of rigid pavement using DYNA-SLAB program. The aim
of this analysis is to calculate the stress and determine the Nf, which is used to calculate the
Axle Factor (AF) for each axle an to make a comparison between them. The following points
summarize the results of this research:

e By increasing the number of axles in the one-axle group, the performance of rigid
pavement increases with a decrease in Axle Factor.

e According to analysis for tandem and tridem axles, it is allowed to increase in the axle
spacing to 2.20 m with the same axle load. But when the axle spacing increases to more
than 2.20 m, the Axle Factor increases because there is no overlap between axles in the
one-axle group.

e For quad axles, if the spacing between axles is raised to 2m, the AF increases.
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