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Abstract—The effect of design variables on the modification 

of traffic capacity utilized for rigid highway pavement 

designed by AASHTO procedure was investigated and 

studied. The variation in the total equivalent single axel load 

(ESAL) that a pavement can carry due to a change in the 

overall standard deviation, reliability level, serviceability 

index, slab thickness variation, rupture modulus, drainage 

coefficient, load transfer and elastic concrete and the 

subgrade reaction modulus ratio (Ec/K) has been inspected 

and examined. AASHTO rigid pavement design equation 

was divided into different simple models that introduce and 

explain the relation between the change in each design 

variable and their effect on the total ESAL to be held by 

roadway pavement. The sensitivity analysis was conducted 

for rigid pavement to understand pavement performance 

with the effect of design parameters as design inputs using 

Microsoft Excel. Based on the sensitivity analysis, rigid 

pavement input parameters were ranked from most 

sensitive to insensitive to help pavement design engineers to 

identify the level of importance for each input parameter. 

The results of the analysis showed that pavement thickness 

and reliability have the highest effect on pavement capacity 

while load transfer coefficient, overall standard deviation, 

coefficient of drainage, (Ec/K), present serviceability index 

and modulus of rupture have less effect.  
 

Index Terms—rigid pavement, sensitivity analysis, pavement 

performance, Equivalent Single Axel Load (ESAL), 

Portland Cement Concrete (PCC) 

 

I. INTRODUCTION 

Two different types of pavement can be used; the 

Flexible and Rigid pavements. Rigid pavement is the 

technical expression for any road made of concrete 

material. The main advantage of using the rigid (concrete) 

pavement is its rigidity and durability under traffic 

loading. Rigid pavement is defined simply as a surface 

 

layer made up of Portland Cement Concrete (PCC) slabs 

sits on the top of sub-layers. The durability and the 

hardness of rigid pavement surface are the two main 

reasons for its wide usage; this allows the road to 

function effectively over the pavement life in the 

presence of various repeated traffic loadings. There are 

many applicable procedures for rigid pavement design. 

The American Association of State Highway and 

Transportation Officials (AASHTO) is widely known and 

used method. 

Rigid pavement materials, design, analysis, 

construction, rehabilitation and maintenance have been 

studied widely in the literature [1], [2], [3], [4], [5]. 

Reference [6] considered several models with many 

concepts that helped in pavement performance prediction, 

analysis and design. Reference [7] studied the stress-

strain relationship for the longitudinal cracks in pavement 

using 3D-finite element model of the tire rubber-block. 

They found that there was a nonlinear relation between 

traffic loads and stress intensity of pavement. 

Reference [8] investigated that the design of rigid 

pavement must consider pavement structure with all 

design features to determine the flexural fatigue of 

concrete. Safe and economical design was achieved near 

100% with the use of genetic algorithm to find the 

optimum design needed. Reference [9] presented rigid 

pavements structural performance in California. They 

included seven different types of PCC pavement sections 

and layers in their experiments. Pavement distress 

conditions with its deflection were evaluated and tested 

for the concrete slabs. They showed that thick concrete 

slabs lower the deflection response and decrease the 

propagation of voids under the corners of concrete slabs.  

Reference [10] introduced numerical steps based on 

iterative procedure by finite element method for rigid 

pavements response analysis study. They presented the 

pavement as a beam element in their study. Their results 
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were focused on a parametric analysis study to 

understand the responses of rigid pavements. Reference 

[11] implemented axisymmetric finite element analysis 

study using various design parameters mainly; the elastic 

modulus of subgrade, pavement thickness and pressure. 

They found that rigid pavement has been exemplified as 

elastic material with linear behavior, while soil has been 

presented as nonlinear material by Drucker Prager 

criterion.  

Reference [12] characterized a design procedure of 

concrete highway pavement by Portland Cement 

Association (PCA). They found that both wheel load 

magnitude and the modulus of subgrade reaction are 

affected on pavement thickness determination process 

and value. Reference [13] studied the effect of 

temperature on plain jointed concrete pavements using 

finite element analysis method. They developed 3D-

model for concrete slabs with the presence of longitudinal 

and transverse joints. Their studies were performed 

parametric analysis on thermal-expansion stresses to 

address temperature effects and changes on joints. 

Reference [14] presented 3D finite elements study for 

concrete pavements on load transfer at doweled joints. 

The results of the study discussed the effect of slab 

curling and foundation type on joint and the potential for 

distress.  Reference [15] reported a design of rigid 

pavements using Westergaard’s analysis that considered 

the pavement as a thin elastic plate on the soil. The study 

showed that the slab deflection depends in the stiffness of 

soil and the flexural strength of concrete slab.   

Reference [16] focused on the determination of critical 

pavement technology element based on ranking of 

priority to achieve the objective of the green highway 

design. Based on the weighted analysis adopted in this 

study, it has been shown that the soil erosion control 

element has achieved first ranking followed by permeable 

and cool pavement. 

Reference [17] carried out a parametric sensitivity 

study to evaluate the influence of design variables on the 

change in traffic capacity used for flexible pavements 

designed by the AASHTO design method. It was found 

that the structural number of the construction materials 

and the subgrade modulus of resilience have the greatest 

effect on the load carrying capacity; whereas the change 

in serviceability index, reliability and overall standard 

deviation levels have relatively less effect. 

The objectives of this study are focused on addressing 

the impact of each design variable change on the total 

ESAL (load capacity) of the pavement and to build 

several models with various relationships between load 

carrying capacity (total ESAL) and each design variables 

help in pavement performance prediction. In this research 

study, a modern parametric sensitivity analysis of 

AASHTO rigid pavement design equation will be studied 

and discussed. Therefore, the authorities can make action 

faster in order to prevent more danger to road users. 

II. METHODOLOGY 

The main criteria of this study gained from AASHTO 

rigid pavement equation that is used for highway rigid 

pavement design. The design equation (see Equation 1) is 

arranged in the following form: 

            
       (1) 

where W18, is the predicted number of 18 kip equivalent 

single axle loads (ESALs); ZR, standard normal deviation 

(function of the design reliability level); S0,overall 

standard deviation; ΔPSI, allowable serviceability loss at 

end of design life; pt, terminal serviceability; k, modulus 

of subgrade reaction (pci); Sc, PCC modulus of rupture 

(psi); Ec, PCC modulus of elasticity (psi); J, an empirical 

joint load transfer coefficient; Cd, an empirical drainage 

coefficient; D, required PCC slab thickness (inches).  

Performing the sensitivity analysis procedure for 

equation variables is satisfied in the studying of its impact 

on ESAL. The analysis is investigated based on main 

criteria depending on varying one of the variables value 

while the others have a fixed value based on the standards 

with a manipulating equation variables description. 

AASHTO Rigid pavement design equation was written as: 

log10(𝑊18) = 𝑋 + 𝐶 , where X is the design 

variable under studying and C is a constant for the other 

equation variables. 

III. RESULTS AND DISCUSSION 

The effect of variation of traffic loadings which are 

performed by ESAL or (W18), reliability, overall 

standard deviation So, ΔPSI which describe pavement 

performance represented by the allowable serviceability 

loss at end of design life, modulus of subgrade reaction, 

PCC modulus of elasticity, joint load transfer, drainage 

and PCC slab thickness on ESAL carried by rigid 

pavement were analyzed and discussed in this study.  

Reliability variable is an indicator for pavement design 

degree of certainty. The main AASHTO equation re-

arranged as shown in Equation 2: 

log(𝑊18) = 𝑍𝑅𝑆0 + 𝐶    (2) 

From the equation, the reliability is performed by its 

standard normal deviation. The relation between the 

reliability and ESAL represented from the derivation of 

the above equation and the re-arranged step as shown in 

Equation 3: 

𝑊18 = 10𝑆0(𝑍𝑅)
     (3) 

Reliability was represented in (ZR) variable with the 

range between 75% and 99%. The overall standard 

deviation (So) ranging from 0.25 and 0.35 based on 

AASHTO recommendation for rigid pavement. The 

average, min and max values of (So) respectively, were 

chosen and substituted in Equation 3 with different values 

of reliability within the ranges mentioned above. Figs. 1, 

2 and 3 were developed to represent the relationship 

described in Equation 3. 

Figs. 1, 2 and 3 describe the logarithmic relationship 

between the change of reliability and the change in ESAL. 
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From the analysis; the change in ESAL due to the 

minimum value of (So) (0.25) has the highest effect 

rather than the other values with coefficient of 

determination; R
2
 equal to 99.78%. 

The overall standard deviation identifies the 

performance prediction of pavement materials and the 

amount of traffic will occupy the facility. Equation 4 was 

arranged to show the relationship between (So) and 

ESAL in the presence of the average, min and max values 

of reliability based on the range between 75% and 99%. 

𝑊18 = 10𝑍𝑅(𝑆0)
   (4) 

Different values of (So) were taken based on the range 

0.25 and 0.35 with considering the reliability values. Figs. 

4, 5 and 6 show the effect of overall standard deviation 

on ESAL based on equation 3 with the ranges 

respectively. 

Figs. 4, 5 and 6 describe the logarithmic relationship 

between the change of overall standard deviation and the 

change in ESAL. From the analysis; the change in ESAL 

with the change of (So) due to the minimum value of 

reliability (75%) has the highest effect rather than the 

other values with coefficient of determination; R
2
 equal 

to 99.5%. 

 

Figure 1.  Effect of reliability on ESAL with the average So-value. 

 

Figure 2.  Effect of reliability on ESAL with the min. So-value 

 

Figure 3.  Effect of reliability on ESAL with the max. So-value 

 

Figure 4.  Effect of standard deviation on ESAL with the average 
reliability value 

 

Figure 5.  Effect of standard deviation on ESAL with the with the min 
reliability value 

 

Figure 6.  Effect of standard deviation on ESAL with the max. 
reliability value 
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The difference between terminal (Pt) and initial 

serviceability (Pi) is defined as; loss in serviceability 

index (ΔPSI). The value of initial established for rigid 

pavement depends on AASHTO standards was 4.4, while 

the terminal was 2.5 used. Based on the above values of 

serviceability; ΔPSI range from 0.5 to 2.5. Equation 5 

was arranged to show the relationship between (ΔPSI) 

and ESAL in the presence of the average, min and max 

values of pavement thickness (D) based on the range 

between 6 and 14 inches. 

 𝑊18 = 10𝒍𝒐𝒈((𝜟𝑷𝑺𝑰)/𝟑)/𝟏+{𝟏.𝟔𝟐𝟒∗𝟏𝟎𝟕/(𝑫+𝟏)𝟖.𝟒𝟔}   (5) 

Different values of ΔPSI were taken based on the 

range 0.5 and 2.5 with considering the average, min and 

max values of thickness (D). Figs. 7, 8 and 9 show the 

effect of present serviceability index on ESAL based on 

Equation 5 with the ranges respectively. 

The above figures (Figs. 7, 8 and 9) describe the 

logarithmic relationship between the change of present 

serviceability index and the change in ESAL. From the 

analysis; the change in ESAL with the change of (ΔPSI) 

due to the minimum value of pavement thickness (6) has 

the highest effect rather than the other values with 

coefficient of determination; R
2
 equal to 98.9%. 

Pavement thickness (D) is an important variable in 

rigid pavement design. Equation 6 was arranged to show 

the relationship between the change in thickness (D) and 

ESAL in the presence of the average, min and max values 

of present serviceability index based on the range 

between 0.5 and 2.5. 

𝑊18 = 107.35 log(𝐷+1)−0.06+
𝑙𝑜𝑔(

∆𝑃𝑆𝐼

3
)

𝑋
  (6) 

Where;  

𝑋 =  1 + [
1.624 ∗ 107

(𝐷 + 1)8.46
] 

Different values of D were taken based on the range 

between 6 and 14 inches, with considering the ΔPSI 

values. Figs. 10, 11 and 12 show the effect of thickness 

on ESAL based on Equation 6with varying in ranges 

respectively. 

Figs. 10, 11 and 12 describe the power and exponential 

relationships between the change of pavement thickness 

and the change in ESAL. From the analysis; the change in 

ESAL with the change of (D) due to the maximum value 

of present serviceability index (2.5) has the highest effect 

rather than the other values with coefficient of 

determination; R
2
 equal to 99.99% with power 

relationship. 

 

Figure 7.  Effect of present serviceability index on ESAL with the 
average D value 

 

Figure 8.  Effect of present serviceability index on ESAL with the min. 

D value 

 

Figure 9.  Effect of present serviceability index on ESAL with the max. 
D value 

 

Figure 10.  Effect of pavement thickness (D) on ESAL with the average 

PSI value 

 

Figure 11.  Effect of pavement thickness (D) on ESAL with the min. PSI 
value 
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Figure 12.  Effect of pavement thickness (D) on ESAL with the max. 
PSI value 

Modulus of Rupture (Sc’) is an important design 

variable of rigid pavement. Equation 7 was derived to 

show the relationship between the change in rupture (Sc’) 

with the range between (500 to 1200 psi) and ESAL in 

the presence of the average, min and max values of (D), 

load transfer coefficient; (J) with the values between (2.3 

to 3.8) and (Ec/K) ratio.  

𝑊18 = 103.42 log(𝑆𝑐′

𝑋⁄ )
    (7) 

  

where;  

𝑋 = 215.63 𝐽 ∗ [𝐷0.75 − (
18.42

(
𝐸𝐶

𝐾⁄ )
0.25)] 

Different values of Sc’ were taken based on the range 

between 500 and 1200 psi with considering the D, J and 

(Ec/K) values. Figs. 13, 14 and 15 show the effect of 

modulus of rupture on ESAL based on Equation 7 

respectively. 

The exponential relationships between the change of 

modulus of rupture and the change in ESAL were shown 

in Figs. 13, 14 and 15. From the analysis; the change in 

ESAL with the change of (Sc’) due to the average, 

minimum and the maximum values of D, J and (Ec/K) 

have the same effect with coefficient of determination; R
2
 

equal to 98.59% with exponential relationship. 

The coefficient of drainage (Cd) is an essential design 

variable in rigid pavement for drainage purposes. It 

depends on the percent of time pavement structure is 

exposed to moisture levels. Equation 8 below was derived 

to show the relationship between the change in drainage 

coefficient (Cd) with the range between (0.7 to 1.25) 

based on AASHTO standards with the changing in ESAL 

with the presence of the average, min and max values of 

(D), load transfer coefficient; (J) with the values between 

(2.3 to 3.8), (Ec/K) ratio and (Sc’) with their standard 

ranges.  

𝑊18 = 10
3.42log(

𝑆𝑐′∗𝐶𝑑

𝑋
)
   (8) 

  

where;  

𝑋 = 215.63 𝐽 ∗ [𝐷0.75 − (
18.42

(
𝐸𝐶

𝐾⁄ )
0.25)] 

Various values of (Cd) were taken based on (0.7 and 

1.25) range considered D, J, (Ec/K) and Sc’ values. Figs. 

16, 17 and 18 show the effect of coefficient of drainage 

(Cd) on ESAL based on Equation 8 above.   

The exponential relationships between the change of 

coefficient of drainage and the change in ESAL were 

shown in Figs. 16, 17 and 18. From the analysis; the 

change in ESAL with the change of (Cd) using the 

average, minimum and the maximum values of D, J, Sc’ 

and (Ec/K); have the same effect with coefficient of 

determination; R
2
 equal to 99.36% with exponential 

relationship. 

 

Figure 13.  Effect of modulus of rupture on ESAL with the average D, J 
and (Ec/K) values 

 

Figure 14.  Effect of modulus of rupture on ESAL with the min. D, J and 
(Ec/K) values 

 

Figure 15.  Effect of modulus of rupture on ESAL with the max. D, J 
and (Ec/K) values 
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Figure 16.  Effect of drainage coefficient on ESAL with the average D, J, 

Sc’ and (Ec/K) values 

 

Figure 17.  Effect of coefficient of drainage on ESAL with the min.  D, J, 
Sc’ and (Ec/K) values 

 

Figure 18.  Effect of coefficient of drainage on ESAL with the max.  D, 
J, Sc’ and (Ec/K) values 

The effect of load transfer coefficient (J) on the change 

of ESAL could be shown using Equation 9that was 

derived from rigid pavement AASHTO equation. The 

range of load transfer (J) from 2.3 to 3.8 was used for 

relation study.  The relationship between the change of 

load transfer (J) coefficient and ESAL in the presence of 

the average, min and max values of D, J Cd and Sc’ was 

described in equation 8 below.  

𝑊18 = 10
3.42log(

𝑆𝑐′∗𝐶𝑑∗(𝐷0.75−1.132)
𝑋

⁄ )
     (9) 

Where;  
𝑋 = 215.63 ∗ 𝐽 ∗ (𝐷0.75 − 1.5489) 

Various values of (J) were chosen based on (2.3 and 

3.8) range; with considering on D, J, Cd and Sc’ values. 

Figs. 19, 20 and 21 show the effect of load transfer 

coefficient (J) on ESAL based on Equation 9 above. 

The exponential relationships between the change of 

load transfer coefficient and the change in ESAL were as 

shown above. From the analysis; the change in ESAL 

with the change of (J) using the average, minimum and 

the maximum values of D, J, Sc’ and Cd; have the same 

effect with coefficient of determination; R
2
 equal to 99.56% 

with exponential relationship. 

The variation of (Ec/K) is dealing with the 

compressive strength of material with the modulus of 

subgrade reaction. Equation 10 below was derived to 

show the relationship between the change in (Ec/K) based 

on AASHTO standards and the change in ESAL value 

with the presence of the average, min and max values of 

D, J, Cd and Sc’. 

𝑊18 = 10
3.42log(

𝑆𝑐′∗𝐶𝑑∗(𝐷0.75−1.132)
𝑋⁄ )

        (10) 

where;  

𝑋 = 215.63 𝐽 ∗ [𝐷0.75 − (
18.42

(
𝐸𝐶

𝐾⁄ )
0.25)] 

All possible values of (Ec/K) were chosen with the 

considered of D, J, Cd and Sc’ values. Figs. 22, 23 and 24 

show the effect of (Ec/K) on ESAL based on Equation 10 

above. 

The logarithmic relationships between the change of 

(Ec/K) and the change in ESAL were shown in Figs. 22, 

23 and 24. From the analysis; the change in ESAL with 

the change of (Ec/K) using the maximum value of D, J, 

Sc’ and Cd; has the highest effect with coefficient of 

determination; R
2
 equal to 99.18%. 

 

Figure 19.  Effect of load transfer on ESAL with the average D, J, Sc’ 
and Cd values 

 

Figure 20.  Effect of load transfer on ESAL with the min.  D, J, Sc’ and 
Cd values 

W18 vs.Cd

Cd

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

W
1

8
(T

h
o

u
sa

n
d

s)

0

50

100

150

200

250

300

y = 618.06e
3.5758x

R² = 0.9936

W18 vs.Cd

Cd

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

W
1

8
(T

h
o

u
sa

n
d

s)

0

50

100

150

200

250

300

y = 2887.2e
3.5758x

R² = 0.9936

W18 vs.Cd

Cd

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

W
1

8
(T

h
o

u
sa

n
d

s)

0

50

100

150

200

250

300

y = 234.62e
3.5758x

R² = 0.9936
W18 vs.J

J

0 1 2 3 4

W
1

8
(M

il
li

o
n

s)

0

10

20

30

40

50

60

y = 1E+08e
-1.134x

R² = 0.9956

W18 vs.J

J

0 1 2 3 4

W
1

8
(M

il
li

o
n

s)

0

10

20

30

40

50

60

y = 7E+06e
-1.134x

R² = 0.9956

International Journal of Structural and Civil Engineering Research Vol. 10, No. 1, February 2021

© 2021 Int. J. Struct. Civ. Eng. Res 40



 

Figure 21.  Effect of load transfer on ESAL with the max.  D, J, Sc’ and 

Cd values 

 

Figure 22.  Effect of (Ec/K) on ESAL using the average value of D, J, 

Sc’ and Cd 

 

Figure 23.  Effect of (Ec/K) on ESAL using the min. value of D, J, Sc’ 
and Cd 

 

Figure 24.  Effect of (Ec/K) on ESAL using the max. value of D, J, Sc’ 
and Cd 

IV. CONCLUSIONS 

The results of this study implied that the variation of 

rigid pavement thickness has the highest effect on the 

load carrying capacity of the pavement structure. This 

effect was confirmed by the high value of the coefficient 

of determination (99.99%). Variation in the reliability of 

rigid pavements has the second highest effect on 

pavements’’ load carrying capacity. The variation in load 

transfer coefficient, overall standard deviation, coefficient 

of drainage, (Ec/K), present serviceability index and 

modulus of rupture have respectively lower effect on the 

rigid pavements’ load carrying capacity than thickness 

and reliability. 
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