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ANNEX 1. PAVEMENT DESIGN METHODS 

 

 

 

 

 

 

1. ANALYTICAL METHODS 

1.1. Hypothesis of Westergaard  

In order to understand the hypothesis of Westergaard (Westergaard, H. M. 

1927) its principles might be explained. The following statements provide the basis for 

its development: 

- A constant thickness concrete slab behaves as an elastic, lineal, isotropic, 

continuous and homogeneous medium, defined by its modulus of elasticity (E) 

and its Poisson coefficient (ʋ). 

- The reaction of the support is considered, in every point, proportional to the 

vertical displacement of itself as if it was supported on springs, with a constant 

of proportionality known as Ballast Module (k). The modeling of the slab-

subgrade contact made by Westergaard is showed in Figure A1.1. 

 

              Figure A1.1 - Westergaard's slab-subgrade contact modeling 
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- The concrete slab is equilibrated under the traffic loads, its own weight, the 

support reactions and the reaction of the continuous slabs.  

 Westergaard proposed some formulas in order to set the stresses and 

deflections produced by a circular load of intensity q and trace radius a, situated on 

different positions of the slab. In any studied case, the primal parameter is the Relative 

Stiffness Radius (l), defined as: 

 
l = √

   

   (    )   

 
 [2.1] 

where 

l: Relative stiffness radius (m)   

E: modulus of elasticity (MPa) 

h: concrete slab depth (m)    

ʋ: Poisson coefficient 

k: Ballast module (MPa/m) 

When the relative stiffness radius is already obtained, Westergaard concluded 

that the stress produced on the slab due to a circular load of magnitude Q and trace 

radius a is defined as: 

 
σmax = 

 

  
 f ( 

 

 
 ) [2.2] 

where 

Q: circular load (N)     

a: trace radius (m) 

As it can be seen, it is remarkable the huge importance of the slab thickness (h): 

the maximum stress produced by a circular load decreases quadratically with the 

thickness. 

 Afterwards, different authors have included modifications to the expressions 

deducted by Westergaard, in order to adjust them to the empiric results. In this way, it 

was obtained empiric expressions for stresses and deflections produced by a circular 

load located in three different positions of the slab (Iannides, 1994). The different 

possible positions of the circular load in the slab can be seen in Figure A1.2. 

Additionally, the respective expression for stress and deflection are also given next. 
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Figure A1.2 – Load positions in a slab 

If the load is applied on the corner of the slab, the expressions for the stress 

and deflection are the following: 

 
σcorner  = 
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Otherwise, the expressions for the stress and the deflection if the load is 

applied in the inner of the slab are: 

 σinner = 
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where 

 b = √(                            if a < 1.724 h [2.7] 

 b = a     if a > 1.724 h [2.8] 

 

Finally, the expressions for the loads applied on the border are: 

 σedge = 
       

  
 *    (
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)       + [2.9] 

 Δedge = 
       

    
 *       (

 

 
)+ [2.10] 

 

For experience, it can be assured that the maximum stresses and deflections 

are produced when the load is applied on the corner. On the other hand, the most 

favorable situation is when the load is applied in the inner of the slab.  



 

Diseño integral de pavimentos industriales de HRF frente a casos especiales de carga 

92 Annex 1 

1.2. ‘Yield line theory’ method  

The elastic analysis equations developed by Westergaard are still used 

extensively worldwide for the design of ground-supported slabs but they have been 

improved in the last years. As a result of these improvements, arose what nowadays is 

known as ‘Yield line theory’ method. The design checks are carried out on both 

strength and serviceability of the slab. The design formulation used is similar to those 

used in the draft Eurocode 2. 

The parameters that control the design of a ground-supported slab at the 

ultimate limit state are not as clear as for general reinforced concrete design, where 

'ultimate' refers to the strength of the structure and 'serviceability' to the limitation of 

crack widths and deflections, among others. For ground-supported slabs, two ultimate 

strength modes of failure of the concrete slab are possible: flexure (bending) and local 

punching.  

Slab design for flexure at the ultimate limit state is based on yield line theory, 

which requires adequate ductility to assume plastic behavior. At the ultimate limit 

state, the bending moment along the sagging yield lines may be assumed to be the full 

plastic or residual post-cracking value. However, a principal requirement in the design 

of ground-supported slabs is the avoidance of cracks on the upper surface.  

On the other hand, at the ultimate limit state the bending moment along the 

hogging yield lines is limited to the design cracking moment of the concrete, with the 

corresponding partial safety factors. Other important parameters adopted by the 

Hypothesis of Westergaard are the radius of relative stiffness (l) as much as the 

position and influence of the different loads applied all along the slab.  

In the same way that the Hypothesis of Westergaard, the ‘Yield line theory’ 

considers three different load positions in a slab: central load, load at free edge and 

load at corner. In the first case, it is considered an applied load distributed over a small 

area in the interior of the slab. As the load is increased from zero, the first significant 

cracks to form are radial cracks on the bottom of the slab. The equation derivation that 

follows assumes that the load is distributed over a circular area of radius a. 

The second considered loading case occurs when the load is applied on the free 

edge or a free joint of a slab. The critical loading takes place when a loaded area is 

tangent to the free edge of the slab. The last considered case is a slab loaded on a free 

corner. The actual loaded area is assumed to be circular with radius a. 

Differently to the previous hypothesis, the ‘Yield line theory’ presents a graphic 

for each case relating the ultimate load, presented as P/M0 (where P is the total load 

and M0 the sum of the maximum negative and positive moments), with the a/L 

relation (where a is the radius of the circular area affected by the load and L the 
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characteristic length of the slab). The values of P for the central, free edge and free 

corner cases are determined by the following equations: 

 
Pcentral = 
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Otherwise, the design against punching shear of the slab under the effect of 

concentrated loads is based on the approach in the draft Eurocode 2. Anyway, it is a 

conservative approach as it does not take into account the fact that some of the loads 

will be transferred directly through the slab to the ground.  

Regarding to the serviceability, the design process for ground-supported slabs 

should avoid the formation of cracks on the top surface due to the imposed loads. In 

this case the design is also controlled by the draft Eurocode 2.  

 

2. EMPIRICAL METHODS 

2.1. AASHTO (1986/1993) 

The AASHTO (American Association of State Highway and Transport Official) 

method is surely the empirical method that has been most widespread. Its actual 

version dates from 1986 (slightly modified in 1993) and comes for previous 

publications since 1962. It contemplates both flexible and rigid pavements (AASHTO, 

1986). 

This method is based on the results of the macro-assay AASHO Road Test, 

performed between 1959 and 1961, whose main purpose was to determinate the 

relations between the application number of different positions axles and loads and 

the response of many different firms with lays of variable thickness, after analyzing the 

mechanic behavior of 561 different surfaces (flexible, semiflexible, semirigid and rigid).   

The AASHTO sizing method for pavements is organized in the following parts: 

1. Design principles and firms management 

2. Sizing procedures for the firm construction or reconstruction 

3. Sizing procedures for firm rehabilitation 
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4. Directives for the eventual use of analytical methods in the project and in the 

evaluation of the structural sections of the firm  

The first objective in order to dimension a pavement is to determine the Design 

Structural Number, SN, for some initial parameters which have to be set by the 

designer. The SN represents the structural capacity of the firm in relation to the initial 

parameters. Then, the thickness and the materials of each layer have to be 

determinate, characterized by the layer coefficients, as well as the reliability level.   

In order to do this, it is necessary to evaluate the traffic loads, which is done 

homogenizing all the acting loads defined by the load per axle in an equivalent number 

of load applications for a standard axle of 18.000 lbs (82 kN). This is known as 

Equivalent Single Axle Load, ESAL. Then the equivalent factors for single axles and 

tandems will be found through some abacus. However, in this sizing method the light 

vehicles (between 1 and 1.50 tones) are not even slightly influent as they are related to 

an equivalent factor equal to 0.  

 Besides, the AASHTO method introduces the Present Serviceability Index (PSI) 

concept, derived from the AASHO Road Test. It gives an idea of the deterioration 

suffered by the pavement, both from the structural and functional points of view. This 

index depends on the existing irregularities of the concrete slab, like irregular surface 

or cracking, that affect to the quality of the pavement. The PSI is defined by the 

following expression: 

 PSI = 5.41 - 1.80 log (1 + SV) – 0.09 √    [2.14] 

where  

SV: variance of the slope  

C: length of the existing cracks (feet) in a 1000 feet area 

P: existing bumpy surface (feet) in a 1000 feet area 

The ideal PSI value it is supposed to be 5, although actually the PSI value of a 

new pavement is situated between 4.2 and 4.6. On the other hand, the terminal PSI 

value is supposed to be between 2 and 3 (depending on the road importance).  

Furthermore, in the brief modification made in 1993, it was proposed the next 

equation, relating the PSI as a consequence of the ESAL. Therefore, this final 

expression proposed in order to obtain the necessary thickness of the slab depends on 

the serviceability decrease due to the traffic loads, the subsoil expansion and the 

subsoil frost. Due to the complexity of the empiric equation presented by the AASHTO 

method, usually many abacus, nomograms and spreadsheets are used in order to solve 

it.   
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where 

W18: ESAL number  

Ec: concrete’s module of elasticity (lbs. /inches) 

ZR: standard deviation of the normal distribution 

SQ: standard error of the normal distribution  

D: thickness of the concrete slab (inches)   

Pt: final serviceability  

Sc’: MOR, concrete’s flexural strength (lbs. /inches)     

Cd: drainage coefficient  

J: load transfer coefficient     

k: ballast module  

As seen, after 1993 the influence of the environmental factors in the decrease 

of serviceability of the pavement started to be considerate. In this way, there are two 

new concepts added to the previous decrease of the serviceability due to the traffic 

loads: 

- Swelling or subsoil expansion (PSISW) 

   ΔPSIsw = 0.00335 VR PS (1 – e-θt) [2.16] 

       - Frost or subsoil freeze (PSIFR) 

   ΔPSIFR = 0.01 pf ΔPSImax (1 – e-0.02φt) [2.17] 

where 

Ps: percentage of the pavement area susceptible to expansion 

pf: probability of frost percentage (obtained subjectively)  

θ: subsoil expansion ratio    
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φ: frost ratio (mm/day) 

Finally, through a nomogram, the SN value is determined. From this point, the 

thickness and materials have to be found in relation with this value, which is 

determinate from the following expression:  

 SN = a1D1 + a2D2m2 + a3D3m3 [2.16] 

where 

a1, a2, a3: the layer coefficients of the concrete slab, the base course and the subbase course 

respectively. They can be determinate from many abacus. 

D1, D2, D3: the thickness of the slab, the base course and the subbase course,      respectively. 

m2, m3: the drainage coefficients of the base course and subbase course, respectively. They 

depend from the precipitation rate of the zone and the drainage quality that the layer offers. 

Its value is minor than 1.  

As the solution is not unique, it is necessary to impose some thickness 

limitations for constructive reasons and make the economical analysis in order to 

choose the best technical and economical solution. 

 

2.2. Corps of engineers (COE) 

 The COE’s method for the design of industrial pavements is based on the 

concrete’s flexural strength (MOR). This method determines relations for the condition 

of wheel axle loads, defining some Design Index Tables that vary due to the type of 

load applied.  

In the same way, the COE’s method takes as a design condition the stress 

produced in the bottom of the concrete’s slab. Many curves are proposed depending 

on the Design Index, the concrete’s flexural strength and the bearing capacity of the 

ground that supports the pavement, in order to choose the optimum slab thickness. 

 

3. SEMIEMPIRICAL METHODS 

3.1. Portland cement association (PCA) 

Surely, the most important semiempirical method is given by the Portland 

Cement Association (PCA). The current version of this method was published in 1984 

and it is considered as semiempirical because were needed both finite elements 

software, based on the previous explained theory in order to obtain the stresses and 
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deflections produced in the slab, and the experience of the macro-assay AASHO Road 

Test. 

Initially, this rigid pavement design method was only set for reinforced concrete 

pavements, both jointed and continuous. Later, many authors have proposed some 

modifications to the original method in order to be useful for FRC pavements. 

In this way, it has been proposed the fact that the addition of steel fibers to the 

concrete increases the concrete’s modulus of rupture (MOR). Accordingly, a new 

parameter is introduced to relate the concrete’s MOR and the SFRC’s MOR (known 

from now on as MOR’). This parameter is the equivalent flexural strength ratio, Re,3, 

obtained through experimental assays (Altoubat S. A. et al., 2004). Therefore, the 

present relation comes in the following expression: 

 MOR’ = MOR (   
    

   
) [2.17] 

 

Known this and after many experiments, it is possible to increase the modulus 

of rupture between 20 and 50% for a SFRC with a fiber percentage lower than 0.5% of 

the total volume. This can mean reductions of the pavement thickness around the 20 

and 30%, depending on other factors. 

Setting aside the SFRC concepts, the determinant factors in the PCA design 

method are the following: 

- Traffic: it is defined by the distribution by axle load and its typology.  

- Modulus of rupture (MOR or MOR’): it is the concrete’s flexural strength at 28 

days.  

- Bearing capacity: it is defined by the Ballast Module (k), defined previously.  

Mixing the finite elements software and the experience, the PCA method, 

unlike the other methods, presents two different design standards, each one with his 

own set of tables and abacus, obtained from diverse theoretical formulations, in order 

to simplify the designer’s work (PCA, 1984). Both design standards are the following, 

also showed in Figure A1.3.  

 Fatigue standard 

 Erosion standard 
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Figure A1.3 – PCA method 

Fatigue standard 

The fatigue standard comes with the accumulative damage over time concept, 

produced by thousands of load cycles. This damage is defined by the next expression: 

 
   ∑

  

  

 

   

 [2.18] 

where  

ni: number of repetitions predicted for the load group i 

Ni: number of repetitions admitted of the load group i 

m: number of load groups   

The ni and m values are obtained from the traffic prognosis made to estimate 

the future traffic variables. Meanwhile, the Ni values are given by the following 

equations (Packard and Tayabji, 1985): 

 log Ni = 11.737 – 12.077 (
σ

  
) if 

σ

  
       [2.19] 

 
Ni = (

      
σ

  
        

)
     

  if 0.45 < 
σ

  
 < 0.55 [2.20] 

 Ni = unlimited    if 
σ

  
 ≤ 0.45 [2.21] 

where 

σ: stress produced by a i load  

Sc: ultimate flexural strength of the concrete slab 

Therefore, for those load groups which produce a stress in the inferior slab 

lower than the 45% of its ultimate flexural strength it does not matter how many 

repetitions of the load groups are applied, as they do not cause fatigue in the slab. 

PCA method 

Fatigue standard 

Total fatigue 
percentage 

Erosion standard 

Total erosion 
percentage 
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Erosion standard 

 The main objective of the erosion standard is to introduce the pumping effect 

that the loads produce and the posterior slab breakage due to an irregular surface of 

the slab-subgrade contact. For this reason, the erosion standard does not depend on 

the stresses produced on the slab but on the deflections caused by the loads. This 

possible slab breakage justifies the conditions the esplanade requires, although the 

major part of the stresses is absorbed by the concrete slab. Probably the most 

important concept in this standard is the power or work rate (P) defined as:    

 
Pi = 268.7 (

   

       
) [2.22] 

where 

pi: stress under the slab on its corner (lb/in)    

h: slab thickness (in) 

k: ballast module (lb/ft) 

Furthermore, there is an expression to obtain the number of admissible 

repetitions (N):  

 log Ni = 14.524 – 6.777 (C1 Pi - 9.0)0.103 [2.23] 

where  

C1 = 0.9 for granular bases or 1.0 for stabilized bases 

Finally, in the same way that the fatigue standard, it is defined an accumulative 

damage (in this case it is defined as a percentage): 

 
                   ∑  

  

  

 

   

 [2.24] 

where  

C2 = 0.06 in pavements without concrete verges or 0.94 in pavements with concrete verges. 

 

Sizing process 

 The sizing process in the PCA method is very simple, as it consists in studying 

separately the fatigue and the erosion standards. For the fatigue standard, there are 

some main steps to follow:  

1. Choose a trial thickness 
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2. Obtainment of the equivalent stresses (σe) for loads in singles axles or tandem  

from different tables 

3. Obtainment of the Stress Ratio Factor, defined as: 

 FT = 
  

  
 [2.25] 

4. Obtainment of the admissible repetitions number (Ni) for each load type from 

an abacus. For high loads applied, the Ni value is extremely low. On the other 

hand, for a Stress Ratio Factor lower than 0.30, Ni is practically unlimited.  

5. Obtainment of the total fatigue percentage, summing up every value obtained 

from the quotient between ni and Ni. 

To continue, the steps that will be followed for the erosion standard are very 

similar to the fatigue standard ones, just changing the tables and abacus used: 

1. Use of the same trial thickness chosen in the fatigue standard. 

2. Obtainment of the erosion factors for loads in single axles or tandems, using 

the corresponding table (depending on having or not concrete verges in the 

pavement and dowels in the joints). 

The erosion factors play the same role as the Stress Ratio Factor; the smaller 

they can be, the most profitable will be.  For this reason, it is important to have 

a K value as high as possible, in order to guarantee the minimum erosion in the 

slab base. 

3. Obtainment of the admissible repetitions Ni for each load, again from an 

abacus.  

4. Obtainment of the total erosion percentage, summing up every value obtained 

from the quotient between ni and Ni. 

Once both damage percentages (fatigue and erosion) are gotten, there are 

three possible situations: 

- If one of the percentages is higher than 100, it will be necessary to enhance the 

trial thickness and repeat all the sizing process. 

- If both percentages are much lower than 100, the chosen thickness will be 

oversized, so it is possible to reduce its value and repeat all the sizing process. 

- If both percentages are lower than 100 but are close to it, the trial thickness is 

correct.  
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Finally, it is appropriate to comment the fact that the modulus of rupture 

(MOR) just influences to the fatigue standard. This means that in a SFRC respect to 

plain concrete, all the other factors being equal, the accumulated damage caused for 

the fatigue will be lower. Sometimes, this fact will make an important difference 

between SFRC and plain concrete. In this way, the use of SFRC pavements can mean a 

decrease of the necessary thickness, when the erosion standard is not determinative 

above the fatigue one.  

3.2. Wire reinforced institute (WRI) 

The next most common semiempirical method is the one carried out by the 

Wire Reinforced Institute. It is really similar to the PCA one, as it assumes MOR as the 

concrete’s strength capacity. It also proposes many tables and abacus in order to 

dimension the minimum slab thickness for wheel axle loads and uniformly distributed 

loads, but it does not contemplate variable loads neither concentrated loads.  

The determinant factors in the WRI method are the following: 

- Modulus of rupture (MOR or MOR’): it is the concrete’s flexural strength at 28 

days.  

- Wheel axle loads 

- Concrete’s module of elasticity (Ec) 

- Subbase strength  

The sizing process proposed by the WRI is now described: 

1. Choose a trial thickness 

2. Determinate the ‘relative effort parameter’, through graphics and abacus 

3. Once the ‘relative effort parameter’ is found, it is used in other abacus in order 

to determinate the design moment in the section.  

4. Finally, the design moment value is introduced in the final verification abacus, 

depending on the MOR and design values, to determinate the final slab 

thickness. 

When the loads applied in the section are considered as uniformly distributed 

the sizing process is identical but after the “relative effort parameter” determination, 

there are some particularly curves for the uniformly distributed loads conditions, that 

help to determine the final slab thickness based on the supposed distance between 

the joints. 
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