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ABSTRACT 
 

This research is focused on design of Heavy Duty Pavement which is when a pavement loading 

exceeds highway levels. The environment where these conditions occur are for example at 

ports, industrial areas and airport because of the use of heavy vehicles as handling of 

containers by Straddle Carriers, Front Lift Trucks or Reach Stackers, airplanes and more. The 

main emphasis here will be on heavy duty pavements for ports. Different design methods are 

discussed and compared for the pavement design of ports. In this research two different 

design methods are thoroughly analyzed, the British Ports Associations Heavy Duty Pavements 

Manual which is a chart based procedure and the HIPAVE program which is an Australian 

Heavy Duty Pavement Design Guide. Both those methods are widely used around the world.  

  

Furthermore, an analysis is performed to research the plastic properties of the pavement. In 

most design methods, the material properties of the granular materials are assumed as elastic 

when they are not, they are elasto-plastic. A Finite Element Analysis is performed to determine 

if this assumption has significant effect on the design of pavements by comparing models of a 

design pavement section with elastic granular materials and elasto-plastic granular materials.  

 

The main conclusions from the comparison study of different pavement design methods are 

when using the HIPAVE program the total thickness of the design pavement section is smaller 

than using the British Ports Manual. Smaller thickness result in less materials needed for and 

therefor lower cost for the pavement section.  

 

Regarding the plasticity analysis, it is concluded that the assumption to model the behavior of 

unbound granular materials as elastic in pavement design is correct. The Finite Element 

Analysis determined that plasticity does have effect on the behavior of the materials with 

respect to elastic behavior, but there is not a considerable difference in pavement 

displacement between the two analysis. 
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SAMMANFATTNING 
 

Denna studie inriktar sig på dimensionering av tungt belastade ytor. Dessa återfinns typiskt i 

hamnar, industriområden och flygplatser där tungt gods och containrar hanteras. Betoningen 

i denna studie kommer att vara just på hamnbeläggningar. Två olika designmetoder har 

studerats. British Ports Association Heavy Duty Pavement Manual samt HIPAVE som är en 

australiensk modell och programvara. Båda dessa metoder används allmänt runt om i världen. 

Vidare har beläggninsmaterialens plastiska egenskaper studerats. I de flesta 

dimensionetringmetoder antas nämligen granulära material vara elastiska – medan de i 

verkligheten snarare uppträder elastoplatiskt. Beräkningar med finita elementmetoden har 

utförts för att avgöra om detta antagande om elasticitet har någon signifikant effekt på 

resultatet. 

En viktig slutsats är att HIPAVE generellt ger tunnare överbyggnader än British Ports Manual. 

Vad det gäller antagandet om att obundna material uppträder elastiskt så visar FEM-analysen 

att denna förenkling inte nämnvärt påverkar den beräknade nedböjningen.  
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ABBREVIATIONS 
 

AASHTO – American Association of State Highway and Transportation. 

ABT11 – Type of an asphalt Mixture. 

CBGM – Cement Bound Granular Mixtures. 

CBP – Concreate Block Paving, surfacing material. 

CBR – California Bearing Ration, subgrade stiffness. 

CDF – Cumulative Damage, failure criterion. 

FABM – Fly Ash Bound Mixtures. 

HBM – Hydraulically Bound Mixtures. 

HIPAVE – Heavy Duty Pavement tool used in in an Australian guide 

MATLAB – Numerical computing program. 

MEF – Material Equivalent Factor, the ratio between the tensile strength of design material 

and the tensile strength of alternative material. 

SBM – Slag Bound Mixtures. 

SEWL – Single Equivalent Wheel Load, the load from a vehicle is transformed into a single 

load.  
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1. INTRODUCTION 

 

Heavy Duty Pavement is a pavement where the loading exceeds highway levels because for 

example of the handling of containers by Straddle Carriers, Front Lift Trucks or Reach Stackers. 

Many elements of the design methods for highway pavements are not suitable for designing 

heavy duty flexible pavements for functions such as ports, container terminals and airports. 

Typically, the pavements consist of a surface layer, either concrete blocks or asphalt, over a 

stiff layer of a cement bound material to reduce the risk of settlements and rutting over time.  

Design methods that use the calculated stresses and strains within the pavements, together 

with studies of the effect of these stresses and strains on the pavement materials are called 

mechanistic methods. So far there are no design methods available that are 100% 

mechanistic. Design methods that are solely derived from empirical studies of pavement 

performance are called empirical methods. Neither method is optimal on its own, but the 

combination of them both, the Mechanistic-Empirical method, provides a capable basis for 

design. (Matthew, 2007) 

There are many design guides available for heavy duty pavements, some that are specified for 

ports for container handling like the HIPAVE program and others for airports like The Layer 

Elastic Design of Flexible and Rigid Pavements in a Pavement Design for Airfields from the 

United States Army Corps of Engineering. The main emphasis in this thesis will be on heavy 

duty pavements for ports. The design guides for ports are here divided into two categories, 

chart based design and program based design.   

At most container handling facilities, the pavements are affected by two loading regimes. The 

first is that containers are stored in blocks and the second one is the handling equipment that 

operate alongside these blocks. Storage area has to be designed to sustain both types of 

loading because some handling systems require the equipment to enter the blocks, this can 

greatly increase the cost of the pavement. (Meletiou, 1987) 

The most common cause of heavy duty pavement distress is weak ground thus a proper site 

investigation should be performed. (Knapton, 2007) The purpose of site investigation is to 

determine the characteristics, location and the degree the subgrade materials will be affected 

by the pavement construction and the activity on the pavement. The site investigation must 

obtain sufficient information to enable an economic pavement design and so that 

construction work is safe and in a predictable manner. An inefficient site investigation can 

result in undersign of the pavement section that can cause unpredicted conditions during 

construction that could affect the price of the construction and pavement behavior. Thus, a 

thorough site investigation is likely to be more cost effective in the long term. (Moffatt & 

Nichol, 2006) 
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It is important to have detailed information on the types of vehicles that will operate on the 

pavement. At container terminals a wide spectrum of vehicle types are used, such as forklifts, 

straddle carriers, gantry cranes and semi-trailers. The load distribution, loading rate, wheel 

layout and tire pressure can all have a considerable impact on pavement performance. 

Vehicles at ports and container terminals may not always travel along the wheel paths due to 

the size of the site and nature of the operations. The design parameter Vehicle Wander 

represents the directional tracking width of the vehicle or wander width. Estimating the 

payload distribution is a critical factor in pavement design because a small number of heavy 

loads can be more damaging than a higher number of smaller loads. 

The aim of this thesis is to compare different design guides to determine what method uses 

the least amount of materials to withstand the loading on the pavement. In addition, an 

analysis is performed to investigate the influence of plasticity in unbound layers on pavement 

response.  

In most of the design procedures about heavy duty pavement it is assumed that the behavior 

of the unbound granular materials is elastic when in reality it is elasto-plastic. With this 

assumption the pavement performance from the design procedures could be incorrect 

because of the exclusion of the permanent deformation. It is necessary to estimate if the 

assumption of the material behavior is acceptable by examining the difference between 

modelling a trial pavement with both elastic and elasto-plastic behaviors. (Skar, 2015) 

A Finite Element Analysis is to be performed to establish the difference between modelling 

the unbound granular materials as elastic and elasto-plastic. From the analysis it is possible to 

determine if the simplification to model the behavior of unbound granular materials as elastic 

is feasible.  
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2. DESIGN OF HEAVY DUTY PAVEMENT 
 

There are two example of types of design methods that are used for the design of Heavy Duty 

Pavements for ports and container handling. The first one is using a chart based procedure 

like the British Ports Associations Heavy Duty Pavements Manual published by Interpave and 

a program based procedure like the Australian Heavy Duty Pavement Design Guide that uses 

the HIPAVE program. (Knapton, 2007) (Wardle, 2007) 

The main difference between those methods are in the way the traffic on the pavement is 

modelled. The Interpave Manual uses a method that transforms the load into a Single 

Equivalent Wheel Load. However, the HIPAVE program allows the designer to input the vehicle 

properties from the vehicle manufacturer of the equipment’s into the program to calculate 

the loading on the proposed pavement. In this research a comparison will be made of those 

two methods of heavy duty pavements design.  

 

2.1. Design procedures 
 

2.1.1. CHART BASED DESIGN PROCEDURE 
 

The chart based method that is put forward in the Interpave Heavy Duty Pavements Manual 

considers the way the pavement is trafficked by evaluating the Single Equivalent Wheel Load 

(SEWL). The principle of separating design into three essential parts, i.e. selection of the 

surface, proportioning the base and providing a suitable foundation, simplifies the design 

process considerably and thus only one Design Chart, that is used to proportion the base 

course of a heavy duty pavement is necessary.  As the Design Chart is only made for a specific 

type of a base course material the Material Equivalence Factors (MEFs) can be used to 

effectively swap one material for another during the design process compared to other 

methods that have many different design charts for different materials. This means that the 

designer can produce many alternate design solutions using different materials when a design 

has been created using the Design Chart. (Knapton, 2007) 

The manual can be used to design pavements that are applied with highway loading or greater, 

up to the maximum loads encountered on ports and other heavy duty pavements. 

Design Principles 
The principle used in the Manual is that pavements are designed to remain serviceable 

throughout the design life of the pavement. Serviceability failure, in terms of structural 

performance, in a heavy duty pavement usually occurs by either rutting, excessive vertical 

compressive strain in the subgrade, or cracking, excessive horizontal strain in the base. These 

failure modes can be seen in Figure 1. For pavements with bound bases the active design 
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constraint/criterion is the tensile strain in the base whereas for pavements with granular base 

the subgrade compressive strain is the active design constraint. (Knapton, 2007) 

 

Figure 1 Serviceability failure modes in flexible pavement. (Guillermo, 2016)  

 

The manual recommends a specific combination of materials to be used in the pavement 

design, that is commonly used and proved successful.  

Concrete Block Paving (CBP) on cement bound base 

  80mm thickness concrete paving blocks 

  30mm thickness laying course material 

  Cement bound base 

  Crushed rock or cement bound sub-base 

  Capping if subgrade California Bearing Ratio (CBR) is less than 5% 

It can also be used for a wide range of materials by the use of a Material Equivalent Factor 

(MEF) which will be explained in more detail later in the chapter.  

Analysis Technique 
The Design Charts were generated by using the Finite Element method, in which a model was 

made to represent all components of a pavement. The Finite Element Model consists of an 

axi-symmetric cylindrical layered system as seen in Figure 2, modelled by 480 three 

dimensional axi-symmetric Finite Elements. The surface consists of one layer of 24 axi-

symmetric Finite Elements, the base consists of eight layers, the subbase consists of two layers 

and the subgrade is modelled by seven layers of 24 axi-symmetric Finite Elements. (Knapton, 

2007) 
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Figure 2 Finite Element Model used in developing the Design Chart. (Knapton, 2007)  

 

To describe the behavior of each pavement component, elastic properties and Poisson´s ratio 

values were selected. The Design Chart was developed for combinations of base thickness and 

Single Equivalent Wheel Load. (Knapton, 2007) 

Older versions and manuals were analyzed in a different way, when subjected to surface 

loading the actual strains in the pavement were determined at two critical locations. The 

strains were determined by an analysis technique in which each layer within the pavement is 

transformed into equivalent thickness of the pavement’s subgrade material. (Meletiou, 1987) 

This design divides the pavement into foundation, structure (base) and surface for the 

following reasons; the structure thickness can be proportioned to endure the applied loads, 

the foundation can be proportioned to develop sufficient support to the base and surface by 

taking into account ground conditions. (Knapton, 2007) 

Paving Materials 
In the design method described in the Interpave Manual, the pavement layers are a 

Hydraulically Bound Mixture (HBM) as a base layer supporting a concrete block paving. 
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Concrete block paving has become the normal heavy duty pavement surface material 

although many manuals and guides suggest using bituminous concrete. Hydraulically Bound 

Mixtures have been found to be cost effective and low maintenance base material, they 

consist of Cement Bound Granular Mixtures (CBGM), Slag Bound Mixtures and Fly Ash Bound 

Mixtures. (Knapton, 2007)  

 

 

Figure 3 Pavement Build-up with Interpave. 

 

In the Manual the design method consists of selecting a pavement using the C8/10 category of 

Cement Bound Granular Mixture and then substituting alternative materials with a Material 

Equivalence Factor. It greatly simplifies the design process by selecting one standard base 

material in the analysis and substituting other materials with Material Equivalence Factors and 

additionally makes comparison of alternative design solutions easier.  

Material Equivalence Factors (MEF) are defined as the ratio between the tensile strength of 

C8/10 Cement Bound Granular Mixture (𝜎𝐶8/10) and the tensile strength of alternative material 

(𝜎𝑛𝑒𝑤) as seen in the following equation .  

 𝑀𝐸𝐹 =
𝜎𝐶8/10

𝜎𝑛𝑒𝑤
 

 

(1) 

In Appendix there is a list of Material Equivalence Factors for different materials. After the 

thickness of the C8/10 base layer has been established from the Design Chart (𝑑𝐶8/10) the 

equivalent thickness for the projected material for the base layer (𝑑𝑛𝑒𝑤) is calculated with the 

following equation. (Knapton, 2007) 
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 𝑑𝑛𝑒𝑤 = 𝑑𝐶8/10 ∙ 𝑀𝐸𝐹 

 

(2) 

In older methods a collection of design charts were made for many types of materials instead 

of using a Material Equivalent Factors, in one version 120 design charts were made. (Meletiou, 

1987) 

The elastic pavement material properties used in creating the Design Chart are show in Table 

1.  

Table 1 Material Properties used in creating the Design Chart.  (Knapton, 2007) 

Layer Elastic Modulus, E (MPa) Poisson´s Ration 

Surfacing (CBP) 4.000 0,15 

Base (C8/10) 40.000 0,15 

Unbound sub-base 500 0,30 

Unbound capping 250 0,35 

Subgrade 10 x CBR 0,40 

 

Alternative pavement surfacing materials have little impact on the overall pavement strength 

and can thus be substituted by alternative surfacing materials with little impact on overall 

structural performance. The maximum tensile stress in the base is not much affected by the 

stiffness of the surfacing material. The contribution of the surface to the structural 

performance is not insignificant because if the surface layer is omitted the stress in the base 

would increase significantly. (Knapton, 2007) 

The Elastic Modulus of the C8/10 cement bound material base has been assumed with a high 

value for base layers, but taking a high Elastic Modulus value in the model is a conservative 

assumption. Stiff elements develop higher internal stresses than more flexible pavements 

because they attract the load. 

Capping is an unbound layer between the subgrade and the subbase. The capping layer has 

less strength than the sub-base and is only needed when the strength of the subgrade is less 

than 5% in California Bearing Ratio (CBR).  

Pavement Loading 
The loading system to be used on the pavement is transformed to a Single Equivalent Wheel 

Load (SEWL) describing the actual loads so it is essential to gather information about the 

loading environment on the planned pavement to derive the SEWL to use in the design 

process.  

Damages account for how both tire pressure and wheel loads combine to degrade the 

pavement. Different magnitude of wheel loads will cause different degrees of damage to the 

pavement.  (Moffatt $ Nichol, 2006) 

Loading on Heavy Duty Pavements exceed highway levels because of the handling of 

containers by Straddle Carriers, Front Lift Trucks or Reach Stackers. The design load to be used 
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should be the Critical Load, which is defined as the load whose value and number of 

repetitions leads to the most pavement damage. 

The dynamic load factor, fd, takes into account the effects of dynamic loading induced by 

braking, cornering, acceleration and uneven surface. The wheel loads are adjusted by the 

factors represented in Table 2. (Knapton, 2007) 

Table 2 Dynamic load factors.  

Condition Plant Type fd 

Braking Reach Stacker/Front Lift Truck ± 30% 

 Straddle Carrier ± 50% 

 Side Lift Truck ± 20% 

 Tractor and Trailer ± 10% 

 Rubber Tired Gantry Crane ± 10% 

Cornering Reach Stacker/Front Lift Truck 40% 

 Straddle Carrier 60% 

 Side Lift Truck 30% 

 Tractor and Trailer 30% 

 Rubber Tired Gantry Crane Zero 

Acceleration Reach Stacker/Front Lift Truck 10% 

 Straddle Carrier 10% 

 Side Lift Truck 10% 

 Tractor and Trailer 10% 

 Rubber Tired Gantry Crane ± 5% 

Uneven Surface Reach Stacker/Front Lift Truck 20% 

 Straddle Carrier 20% 

 Side Lift Truck 20% 

 Tractor and Trailer 20% 

 Rubber Tired Gantry Crane ± 10% 

 

Where more than one of these conditions apply simultaneously, the dynamics load factor 

should take into account multiple dynamics effects by adding the factors together. Although 

this causes an element of conservatism because full cornering and full breaking applied at the 

same time is a rare situation.   

Static loads from corner casting feet apply very high stresses to the pavement. These stresses 

can be taken by the concrete or surface material but some superficial damage may occur to 

the surface. Containers are usually stacked in rows or blocks with a maximum of five 

containers high. It is unlikely that all containers in the stack will be fully loaded thus the 

maximum gross weights will be reduced in a range from 10% to 40%.  

In a design when only one wheel is considered, the maximum horizontal stress occurs under 

the center of the wheel and reduces with distance from the wheel. However, if there are two 

wheels close together the stresses under the wheels affect each other so the stress under 

each wheel is increased by a specific amount related to the proximity of the other wheel. The 
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proximity factors are based on spacing between the wheels and the Effective Depth of the 

slab. The Effective Depth can be approximated with a formula, the following equation, that 

depends on the CBR of the subgrade and it represents the theoretical depth of the slab had it 

been constructed from subgrade material. (Knapton, 2007)  

 
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑑𝑒𝑝𝑡ℎ = 300 ∙ √

35.000

𝐶𝐵𝑅𝑆𝑢𝑏𝑔𝑟𝑎𝑑𝑒 ∙ 10

3

 (3) 

 

The CBR is the only variable in the equation, the other parameters are constants.  

Table 3 Wheel proximity factors.  (Knapton, 2007) 

Wheel  

spacing (mm) 

Proximity factor for effective depth of base of: 

1000 mm 2000 mm 3000mm 

300 1,82 1,95 1,98 

600 1,47 1,82 1,91 

900 1,19 1,65 1,82 

1200 1,02 1,47 1,71 

1800 1,00 1,19 1,47 

2400 1,00 1,02 1,27 

3600 1,00 1,00 1,02 

4800 1,00 1,00 1,00 

 

The wheel proximity factors seen in Table 3 are multiplied with the static wheel load to 

determine the effective wheel load.  

The Manual provides equations to calculate the wheel load for the following handling plants; 

- Front Lift Trucks and Reach Stackers 

- Straddle Carriers 

- Side Lift Trucks 

- Yard Gantry Cranes 

- Tractor and Trailer Systems 

- Mobile Cranes 

In the wheel calculations only one side of the plant is considered and in the case of an 

asymmetrical plant, the heavier side is chosen. 

Base Layer Design 
From the Single Equivalent Wheel Load and the assumed amount of traffic over the design 

period the Design Chart can be used to estimate the thickness of the base layer, see Figure 4. 

The Design Chart only applies to C8/10 cement bound granular mixture but with the use of 

Material Equivalence Factors, the base layer thickness can be estimated for other materials.  
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Figure 4 Design Chart.  (Knapton, 2007) 

 

Foundation Design 
The foundation comprises of a sub-base and a capping layer, if the pavement is constructed 

over a subgrade with a CBR less than 5%. However, if the pavement is constructed over a 

subgrade with a CBR of 5% or more the foundation only comprises of a sub-base.  
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Unbound sub-base and capping thickness for various CBR values. 

Table 4 Subbase and capping thickness.  (Knapton, 2007) 

CBR of Subgrade Capping Thickness (mm) Sub-base Thickness (mm) 

1% 900 150 

2% 600 150 

3% 400 150 

4% 250 150 

5% and greater Not required 150 

 

The California Bearing Ratio of the subgrade must be measured at deeper locations than in 

the case of a highway pavement because in heavy duty pavement the stresses develop at 

much greater depths.   

Unbound materials are the most commonly used materials to construct the foundation 

although hydraulically bound materials may be preferred in some situations. (Knapton, 2007) 

Summary 
This method is a rather easy to use compared to other chart based methods since it simplifies 

the design process by using design charts. This manual is regarded as the benchmark by which 

other heavy duty pavement design methods are evaluated. There are many other design 

manuals and guides that are based on this Interpave Heavy Duty Pavements Manual, like the 

United Nations Monograph on Port Management and The Port of Los Angeles Container 

Terminal and Intermodal Rail Yard Operational Area Consideration for Pavement Design.  

Swedish Table Based Design Method 
The Swedish Soil Concrete Institute (Svensk Markbetong) have also issued a guide for Concrete 

Block Paving for Industrial surfaces (Markstensbeläggningar för Industriytor) that is a table 

and equation based design method.  

It is made for Swedish terrace and divides the country into five climate zones because of 

freeze-thaw cycles. For fine coursed subgrades, with high clay content, the effect of frost 

heavy cycles can damage the pavement, in those areas a minimum pavement thickness is 

required to discard these affects.  

The loading is simplified by only account for 10, 30 and 90 tons of axle-load vehicles and 

calculates the annual average daily. The total passages on the surface is obtained from the 

annual average daily traffic and used to determine with a table the additional material 

thickness needed from the standard design layout proposed in the guide. There are three 

different standard design layouts that can be seen in Figure 5-Figure 7.  (Simonsen, 2006) 
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Figure 5 Standard design layout type A. (Simonsen, 

2006) 

100 mm concrete block paving 

30 mm laying course material 

 

150 mm unbound layer 

 

h unbound strengthening layer 

 

Terrance 

 

 

 
Figure 6 Standard design layout type B. (Simonsen,2006) 

 

 

100 mm concrete block paving 

30 mm laying course material 

100-200 mm asphalt bound layer 

 

150 mm unbound layer 

 

 

h unbound strengthening layer 

 

Terrance 

 

 

 
Figure 7 Standard design layout type C. (Simonsen, 

2006) 

100 mm concrete block paving 

30 mm laying course material 

150 mm unbound layer 

 

 

h cement bound strengthening layer  

 

Terrance 

 

California Bearing Ratio Design Method 
The California Bearing Ratio (CBR) method is the base for the U.S. Military thickness design 

procedures for flexible airport pavements. This method was originally developed in the 1940’s 

for design of airport pavements to support the then new heavy bombers. (Gonzalez, 2006) 

This design process consists of establishing the CBR of the material to be used in a given layer 

and implement this CBR to design curves to determine the thickness required above the layer 

to prevent damaging shear deformation in that layer during traffic. There are 33 different 
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charts, all for different types of aircrafts, with multiple curves for different magnitudes and 

passes. (U.S. Army Corps of Engineers, 2001)  

Even though this CBR method is for the design of airport pavements, the same design 

principles can be used for port and container handling pavement design because the loading 

weight is similar.  

 

2.1.2. PROGRAM BASED DESIGN PROCEDURE 
 

A program called HIPAVE, which was developed by Mincad Systems, is used in the design of 

Heavy Duty Pavement and is the primary tool used in an Australian design guide. The guide 

has applicability to the design and construction of port and terminal container pavements 

around the world even though it was written with emphasis on Australian practices. The scope 

of this Guide is the design of heavy duty flexible pavements for ports and container terminal 

pavements. It focuses on the structural design of the pavement.  

Port pavements have been traditionally designed using chart based empirical process, like the 

British Ports Association Method discussed in previous chapter. Alternatively, many designers 

prefer to use the actual wheel layouts of the vehicles and for that a program is needed. HIPAVE 

has been designed to efficiently handle comprehensive details of the freight handling vehicles 

and the characteristics of the payload distribution for each vehicle. (Wardle, 2007) 

Input Variables 
The following details of the materials in the pavement structure are essential to generate an 

accurate design: 

- Strength/stiffness measurements to compute their load carrying properties. 

- Valuation of typical variations in material properties correlated with changes in 

moisture, temperature, aging and shrinkage during the curing stage.  

- Details on pavement materials deterioration due to fatigue under repeated loading. 

- Performance criteria, that is limiting values of stresses or strains at which a given 

degree of distress will occur. (Wardle, 2007) 

Distress Prediction 
The structural analysis of the pavement is to predict the critical strains and/or stresses which 

are caused by the traffic loading and is used to estimate the allowable loading and associated 

distress of the pavement design. The pavement distress prediction assigned to pavement 

materials, and to the subgrade, are generally a relationship between the strain produced by 

the single application of a load and the number of such applications which will result in the 

material reaching an allowable limit. The allowable limit is connected to a maximum distress 

level of service.  
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A pavement structure subsists of a variation of materials type which all have different distress 

modes. The weakest component is the layer that has the highest Cumulative Damage Factor 

(CDF), that is the material which the allowable loading is the first to be exceeded by the design 

traffic load. The Cumulative Damage Factor is calculated with the following equation.  

 𝐶𝐷𝐹 =
𝑛

𝑁
 (4) 

 

Where n is the number of repetitions of a given response parameter and N is the allowable 

repetitions of the response parameter that would cause failure. When the cumulative damage 

reaches 1,0 the system has reached its design life. If the cumulative damage is greater than 

1,0 the system is predicted to fail before the design life of the system has been reached. 

(Wardle, 2007) 

There are three criteria to determine N: 

- The allowable number of repetitions as a function of the vertical strain at the top of 

the subgrade. (compressive) 

- The allowable number of repetitions as a function of the horizontal strain at the 

bottom of the bituminous concrete or the surface layer. (tensile) 

- The allowable number of repetitions as a function of the horizontal strain at the 

bottom of a chemically stabilized base or chemically stabilized subbase.  

There is no strain criterion for unbound base. (Departments of the Army and the Air Force, 

1989) 

Traffic 
In HIPAVE the axle load values of the vehicles given in specifications provided by the 

manufacturers of the equipment are used in load calculations. One of the unique aspects of 

HIPAVE is that it is able to model vehicle wander.  

To produce a more realistic impact of payload distribution on the pavement HIPAVE allows 

the designer to input detailed container weight distribution.  

High stress areas on the pavement at the sites are at situations where vehicles conduct tight 

turns, break, accelerate or in areas where the surface is uneven and in these situations a load 

multiplication factor is applied to the loading. The load factors in HIPAVE are provided from 

the British Port Association Manual. 

Pavement damage is a function of the cumulative damage generated in the pavement 

materials and subgrade by the traffic over the design period. The accuracy of the design data 

is related to the predictive capacity of the design therefore information about the planned 

traffic of the site, that is number and types of vehicles, should be obtained from the facility 

operator. (Wardle, 2007) 
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Pavement Design 
The design period is the serviceable life of the pavement structure. A defined design period is 

important to avoid costly over or under design.  

The selection of pavement components is effected by the failure of the different pavement 

materials. Poor pavement design may reduce the performance of the pavement however a 

poor construction will destroy the performance. Each passage of a vehicle over the pavement 

area causes damage to pavement material layers resulting eventually in ultimate pavement 

failure.  

Two separate types of failure are considered in the mechanistic empirical design method, that 

is deformation due to subgrade shear failure and fatigue cracking of bound material layers. 

Actually both failure types are a simplification of a complex environment. Presently there is 

no generally accepted purely mechanistic pavement design so a semi-empirical/mechanistic 

approach is used. Subgrade performance models are empirically based on field trials and the 

asphalt is designed to resist premature deformation and flexural fatigue induced cracking.  

The stiffness of the subgrade (𝐸𝑆𝐺 ) is related to the California Bearing Ratio (CBR) of the 

subgrade, seen in the following equation.  

 𝐸𝑆𝐺 = 10 ∙ 𝐶𝐵𝑅𝑆𝑢𝑏𝑔𝑟𝑎𝑑𝑒 (5) 

 

The material specifications have greater effect on the performance of the unbound granular 

layers than thickness design. The materials used need to resist crushing and shear failure 

under the applied stress. The reason of failures in granular layers are usually due to effects of 

poor construction, excess moisture and other factors rather than material inadequacy.  

The Barker-Brabston method developed at the US Corp of Engineers is used to establish the 

stiffness of unbound layers. The stiffness is dependent on the stiffness of the layer below and 

the thickness of unbound layer.  
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Figure 8 Sublayering of Unbound Granular Layers, Barker-Brabston. (Wardle, 2007) 

 Stiffness of unbound layers varies with; 

- the quality of the aggregate, 

- the thickness of the layer, 

- the stiffness of supporting layer, 

- moisture content, 

- stress-state, 

- relative density. 

The US Department of Army and Air Force Technical Manuals for airport pavement design 

state that an asphalt thickness between 75 and 125 mm generally suffices and then fatigue 

cracking will not be considered. At Australian ports a 150 mm thickness of asphalt on unbound 

granular base has produced good performance over decades and fatigue cracking has mostly 

not been detected. (Wardle, 2007) 

In Australia limited research has been done into the performance of cement stabilized 

pavement materials. The concern of using stabilized materials is provoked by the differing 

gravel properties and cement content, the effects of curing prior to traffic exposure and 

potential loss of strength because of debonding of cement treated layers. Cracking at 

construction joint and shrinkage cracking during curing seem unvoidable. 

Other Program Based Methods 
The Layer Elastic Design of Flexible and Rigid Pavements in a Pavement Design for Airfields 

method from the United States Army Corps of Engineers uses a JULEA computer code for 

computing the pavement response, that is the cumulative damage factor at the bottom of the 
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surface layer and at the top of the subgrade. The thickness of the base and subbase layers are 

then adjusted so the cumulative damage factor reaches 1,0. The design traffic is expressed in 

terms of total operations of the design aircraft expected during the life of the pavement, 

converted to a number of strain repetitions. (U.S. Army Corps of Engineers, 2001) 

 

2.2. Comparison of Procedures 
 

This rescearch is to compare the different design procedures discussed in previous chapters. 

A pavement section was designed using both the Interpave Heavy Duty Pavement Manual and 

the HIPAVE program. The same load application was assumed for both methods and the same 

number of load repetitions. The vehicle used in the design is a 90 ton axle-load container 

handler from Svetruck, the front wheel properties of the vehicle can be seen in Figure 9. 

Addtitional vehicle information was obtained from the Techical description manual from 

Svetruck. (SVETRUCK, 2011) Vehicle wander is neglected. The design time is assumed as 25 

years.  

 

Figure 9. 90-ton vehicle (Svetruck 42120-57). (Simonsen, 2006). 

Materials used in the design are the same for both methods and the material properties can 

be seen in Table 5. 

Table 5 Material properties for comparison design. 

Material Interpave HIPAVE 

Asphalt 3.000 MPa 3.000 MPa 

C8/10 CBGM base 40.000 MPa 40.000 MPa 

Crushed rock sub-base 500 MPa Barker-Brabston 

Subgrade CBR 5% CBR 5% 

 

The only difference in material properties is the sub-base crushed rock material because 

HIPAVE uses the Barker-Brabston method, that was explained earlier in the chapter, to 
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determine the strength of the layer and the Interpave uses a constant value for all thicknesses 

and all under layer strengths.  

Asphalt is chosen as the surfacing material because it is the most commonly used surface 

material for pavements. 

In the pavement section design when using the HIPAVE program the pavement layers’ 

thicknesses were optimized to reach the Cumulative Damage Factor of 1,0 for the most 

damaging layer.  

Additionally, the effects of the pavement layer thicknesses from different subgrade strength 

is examined, from California Bearing Ratio 1% to 10%.  

 

2.3. Material Characterization 
 

Determining accurate strength of the pavement materials and subgrade is an important 

procedure. Incorrect material properties can result in premature failure of the pavement 

structure.  

Subgrade 
The subgrade generally has the largest influence on the pavement type, section and 

performance. In the upper part of the subgrade the materials will be affected by loads applied 

to the pavement. Materials that are deeper into the subgrade below the pavement surface 

may not be affected by the all of the traffic but the increased load from the pavement 

materials and stored cargo will cause a change in the load environment. This is especially the 

case at many ports where the terminal area has been developed beyond the natural shoreline. 

(Moffatt & Nichol, 2006) 

A suitable modulus of the subgrade layer for heavy duty pavements is determined similarly as 

in highway pavement structures. Industrial pavements are however often located in areas of 

very weak and complex geological conditions so the need for comprehensive geotechnical 

research is vital to insure a complete understanding of the conditions. It is mentioned that 

stress distribution is considerably different than in normal road pavements because of the 

higher magnitude of loading and load duration.  (Wardle, 2007) 

The repetitive triaxial test is used to determine the modulus of the subgrade. Change in 

moisture has a great impact on the modulus for most subgrade soils. The subgrade soil in 

normal airport constructions is compacted 95 to 100 percent of modified American 

Association of State Highway and Transportation Officials (AASHTO) maximum density and at 

the optimum moisture content for that compaction effort. Fine-grained material stiffness is 

especially affected by increase in moisture content and should therefore preferably be tested 

in the near-saturation state.  (Departments of the Army and the Air Force, 1989) 
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Figure 10 Influence of moisture content on the resilient modulus of a silty clay subgrade. (Molenaar, 2009)  

Figure 10 shows the relationship between moisture content and resilient modulus of silty clay 

subgrades where higher moisture content results in lower resilient modulus and thus lower 

strength.  

Unbound granular materials 
In the heavy duty pavement design process, the depth and quality of the unbound granular 

material is a critical parameter. The unbound layer assists in providing support for the surface 

layer and additionally provides resistance to deformation in the subgrade due to shear failure. 

(Wardle, 2007) 

These materials are characterized by use of a chart in which the modulus is a function of the 

underlying layer and the layer thickness. (Departments of the Army and the Air Force, 1989) 
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Stabilized materials 
Stabilized Materials are unbound materials stabilized by either a chemical and/or mechanical 

process. Granular materials treated with bitumen or hydraulic binders that act as bound layers 

are normally referred to as stabilized or modified if they act as an unbound layer with 

improved properties.  (Wardle, 2007) 

To significantly increase the strength of materials over the untreated natural strength of 

materials, soils are treated with agents such as bitumen, Portland cement, slaked or hydrated 

lime, and fly ash. Chemical stabilization is when Portland cement, lime, fly ash or other agent 

that causes a chemical cementation. The flexural beam test or cracked section criteria are 

used to characterize stabilized materials other than bituminous-stabilized. Flexural modulus 

values determined directly from laboratory tests can be used when the effect of cracking is 

not significant and the computed strain based on this modulus does not exceed the allowable 

strain for the material being used. (Departments of the Army and the Air Force, 1989) 

The objective is to obtain a uniform layer meeting the specification requirements of strength 

and density. This is especially important for cement stabilized materials where the cement 

concrete is relatively low compared to concrete thus mixing and quality control needs to be 

sufficient to produce a homogeneous mix. (Standards for Highways UK, 2003) 

Surfacing materials 
The design objective of the wearing surface is to maximize deformation resistance. It is 

subjected to much greater forces in heavy duty pavement conditions than compared to 

traditional highways. It is essential to design the wearing surface so it has the capability to 

provide both deformation and fatigue resistance under industrial load conditions. (Wardle, 

2007) 

Concrete block paving has become the normal heavy duty pavement surface material 

according to the Interpave manual although many manuals and guides suggest using 

bituminous concrete. 

The use of conventional asphalt mixtures designed for heavy road traffic stress has given good 

functioning for heavy duty pavements, the exception being under highly channelized loading 

by straddle carriers and container corner casting. The reason is because the relatively higher 

stiffness of the base and sub-base layers, provided to protect the subgrade, result in greater 

support for the wearing surface. Additionally, to ensure there is structural integrity and a bond 

with the layer below a minimum asphalt thickness is necessary. (Wardle, 2007) 

The repetitive triaxial tests determines the modulus for these materials. The rate of loading 

and temperature both largely affect the stiffness of the bituminous mixtures. (Departments 

of the Army and the Air Force, 1989) 
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3. MATERIAL BEHAVIOR AND FINITE ELEMENT 
ANALYSIS 

 

Three most important types of fundamental material behavior for pavement materials are 

elasticity, plasticity and viscosity.   

Linear elastic behavior is by definition that the relationship between stress and strain is linear.  

 𝐸 =
𝜎

𝜀
 (6) 

Where E is Young’s Modulus or Elastic Modulus and σ is the stress and ε is the strain.  

The elastic limit is at the point at which the relationship deviates from the linear form and if 

loading is removed before the elastic limit is reached the relationship returns to the origin, so 

the material is elastic. Some materials encounter a reduction in stiffness if loading continues 

beyond the elastic limit up to the yield limit.  

 

Figure 11 Elastic Modulus as a function of Stress and Strain. (Jenkins, 2012) 

Plasticity or plastic behavior of materials is exhibited through non-recoverable deformation. 

Loading that expands over the elastic limit and into plastic behavior results in non-recoverable 

deformation or plastic strain. This is called elasto-plastic behavior and is used to model 

granular materials under repeated loading. Repeated load cycles of the material results in 

permanent deformation with each load cycle some plastic strain accumulates. (Jenkins, 2012) 
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Figure 12 Elasto-plastic behavior and Resilient Modulus.  (Jenkins, 2012) 

 

Viscosity expresses the rate-dependence of bitumen. Bitumen is very stiff and elastic at low 

temperatures and becomes fluid at higher temperatures.  

 

Figure 13 Determination of viscosity.  (Jenkins, 2012) 

  

One distinct mode of material behavior reflects very few pavement materials. The behavior 

types often require to be combined to model material behavior more accurately. (Jenkins, 

2012) 

Table 6 Material behavior of pavement materials.  

Asphalt Visco-elasto-plastic material behavior 

Cement/concrete Elastic material behavior 

Granular materials Elasto-plastic material behavior 
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3.1. Asphalt 
 

Asphalt comprises of granular materials and bitumen. Bitumen is a visco-elastic material and 

it is important to study the rheology to understand the behavior of bitumen and materials 

with bitumen as a binder. Rheology is the study of flow and deformation in materials.  

The most common modes of failure in asphalt surfacing is rutting, fatigue cracking, thermal 

cracking and loss of adhesion. Additives or modifiers can be added to the asphalt mixture to 

decrease the risk of failure. (Jenkins, 2012) 

 

3.2. Concrete and cement stabilized materials 
 

Cement stabilized materials have an elastic behavior, the cement decreases the plasticity of 

the granular materials. Elastic layers act as a continuous, isotropic, homogenous, linear elastic 

medium. 

Durability of stabilized materials is very important. There are a few questions that have to be 

taken into mind when working with stabilized materials:” How long will the effects of 

stabilization last? Has sufficient stabilizer been added? What can be done to ensure that the 

stabilized material performs well for sufficiently long period?” (Jenkins, 2012) 

The problem of stiffness deterioration in pavement systems from localized fracture damage 

in the cement bound granular mixtures are today only taken into account by empirical 

formulas. These formulas would yield unrealistic results in ultimate loading conditions 

because they deal with a limited number of materials in a limited range of design options. 

Cohesive modelling describes the crack in a distinct manner and is one of the primary methods 

to handle localized damage in quasi-brittle materials like concrete. Studies have shown that 

the use of the cohesive model is suitable for the description of the fracture behavior of cement 

bound granular mixtures. (Skar, 2015) 

 The thickness of the cement bound granular mixture and the distance between aggregate 

interlock joints (slab dimensions) are important parameters in the layer. The peak-load 

displacement is highly influenced by thickness whereas the post-peak response is mainly 

controlled by slab dimensions. It is in addition concluded that the fracture process is more 

affected by the fracture energy than the tensile strength.  (Skar, 2015) 
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3.3. Unbound granular materials 
 

It is necessary to have information about the shear strength and resilient modulus in order to 

be able to make a dependable design that accurately estimates the performance of a 

pavement with crushed stone layers. (Jenkins, 2012) 

Like mentioned before most of the design procedures about heavy duty pavement it is 

assumed that the behavior of the unbound granular materials is elastic when in reality it is 

elasto-plastic. So it is necessary to estimate if the assumption of the material behavior is 

acceptable by examining the difference between modelling a trial pavement with both elastic 

and elasto-plastic behaviors.  

The shear properties of crushed rock, Cohesion (C) and Friction angle (φ), can be obtained by 

using the triaxial testing. This requires at least 3 different specimens of the same material to 

be tested at different confining pressures in a triaxial cell.  

The load transmitting ability of granular layers is a function of the stiffness of the layer. This 

stiffness or resilient modulus under dynamic loading is not a single distinct value because the 

granular material is stress dependent. To determine the resilient modulus of granular 

materials the triaxial testing can be used by using dynamic loading at applied vertical different 

stress levels and at different deviator stresses. 

The permanent deformation test is the third type of triaxial test that is important for modelling 

granular materials. The permanent deformation encountered by the specimen is monitored 

over an extended period, sometimes more than 1 million load repetitions. (Jenkins, 2012) 

The development of permanent deformation is affected by several factors like density, stress 

level, principal stress reorientation, moisture content, number of load applications, stress 

history, fines content, grading and aggregate type. (Araya, 2011) 

The plasticity index (PI) is the range of water contents where the soil displays plastic 

properties. The PI is the difference between liquid limit and the plastic limit. When the PI of 

an inorganic soil increases the amount of clay likewise increases, and as the PI decreases 

towards zero the amount of clay and silt decrease to insignificant amounts. (NYSDOT, 2013)  

 

3.4. Finite Element Analysis for plasticity effects on granular 
materials 

 

Mechanistic design methods are usually based on limiting the tensile strain at the bottom of 

the surface layer for fatigue damage, vertical compressive strain at the top of the subgrade 

for overall pavement rutting and the horizontal strain at the bottom of stabilized base for 
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fatigue cracking. Rutting in granular layers is assumed to be small for all cases. The second 

part of the research is an analysis to observe the rutting in the unbound granular layers.  

In the research plasticity effects on unbound granular materials will be analyzed. The program 

used for the Finite Element Analysis for plasticity effects is COMSOL Multiphysics 5.2. It is a 2D 

axis-symmetrical model with a width of 2,5m. The pavement section designed with Interpave 

Heavy Duty Pavements Manual before was used in the analysis with the same material 

properties, except for some additional plastic and viscous properties. As the subgrade 

thickness is infinite in reality, the assumed thickness in the model is 2m. 

Table 7 Elastic properties for analysis. 

Layer Stiffness [MPa] Poisson´s ratio 

Base 40.000 0,15 

Sub-base 500 0,3 

Subgrade 50 0,4 

 

Table 8 Material parameters for analysis.  

Parameter Value 

Bulk modulus 9500 [MPa] 

Density of granular material 1,8 [kg/cm3] 

Density of cement bound material 2,3 [kg/cm3] 

Density of bituminous material 2,4 [kg/cm3] 

 

The unbound granular layer has elasto-plastic behavior with a Mohr-Coulomb yield criterion 

and soil plasticity parameters as 5000 Pa cohesion yield stress, cy, and angle of internal friction, 

φ, 30° or 0,52 rad. (Skar, 2015) The asphalt has visco-elastic behavior and the mixture used is 

ABT11. The properties for the asphalt layer were determined with MATLAB by using the creep 

compliance curve and Laplace transformation. The Generalized Maxwell model was used to 

model the viscoelasticity with the properties seen in Table 9. All parameters used in the model 

can be seen in Appendix 4.  

Table 9 Viscus properties for analysis, prony series. 

i Gi [MPa] τi [s] 

0 8,397 - 

1 625,7 1,58 

2 168,1 14,56 

3 43,21 163,3 

4 8347 0,0154 
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The boundary conditions are defined as follows: 

- Roller at the bottom of the subgrade. 

- Roller at the right side of the pavement layers because of symmetry. 

- Boundary load at the top of the asphalt layer. The load is applied with a step function 

at a distance that can be seen in Table 10. The load is the same as for the comparison 

calculations before, 680 kN.  The load is transformed into pressure, σ, with the area of 

the tire of the vehicle.  

𝜎 =
𝐹

𝐴
=

680.000

0,2772 ∙ 𝜋
= 2821 𝑘𝑃𝑎 

Table 10 Step function for loading. 

Step Location From To 

Step2 0,277 1 0 

 

So the boundary load applied is: 𝐹𝑧 = −𝑠𝑖𝑔𝑚𝑎 ∗ 𝑠𝑡𝑒𝑝2(𝑟[1
𝑚⁄ ]). 

The mesh chosen for the analysis is “Finer” and is shown in Figure 14. 

A time dependent study was performed for 48 hours. 

 

 

Figure 14 Meshed model. 
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4. RESULTS 
 

The results are reported in two parts, the first one is the comparison of the design procedures 

and additional subgrade reaction. The second part presents numerical results regarding the 

simplifications in material behavior of granular materials.  

4.1. Comparison of Procedures 
 

4.1.1. CHART BASED DESIGN 
 

In the Chart Based Design, the Interpave Heavy Duty Pavements Manual was used. The loading 

conditions and other pavement properties were given in chapter 2.2. The calculations and the 

design process can be seen in Appendix 1. The following pavement section was the result of 

this process: 

 

100 mm Asphalt surface 3.000 MPa 

200 mm C8/10 CBGM base 40.000 MPa 

1200 mm Crushed rock subbase 500 MPa 

 5% CBR subgrade 50 MPa 

 

The failure criterion is at the bottom of the base layer and the Finite Element Model used to 

create the Design Chart calculates the strains at that location in the pavement structure.  From 

the Design Chart the base layer should be 550 mm but because of cost and for more effective 

construction of the pavement the C8/10 CBGM base layer is chosen as 200 mm instead and the 

350 mm left is transformed to crushed rock with a Material Equivalent Factor. The Material 

Equivalent Factor for crushed rock subbase material is 3, see table in appendix, so the 

remaining thickness becomes 350 ∙ 3 = 1050 𝑚𝑚. In addition to the 1050 mm, Table 4 shows 

that the subbase should be 150 mm thick of crushed rock so the total thickness of the subbase 

layer is 1200 mm of crushed rock. 

 

4.1.2. PROGRAM BASED DESIGN 
 

For the program based design the HIPAVE program was used. For the loading of the pavement 

the vehicle properties from the Svetruck Techical description manual were inputted to the 

program for both the front axle and the back. Materials were chosen as the same used in the 

Interpave Heavy Duty Pavements Manual and the same thickness for the surface layer and the 
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base layer to be able to compare the results. The following pavement section was obtained 

with the program: 

100 mm Asphalt surface 3.000 MPa 

200 mm C8/10 CBGM base 40.000 MPa 

1850 mm Crushed rock subbase Barker-Brabston 

 5% CBR subgrade 50 MPa 

 

The HIPAVE program uses Cumulative Damage factor to calculate the failure criterion. The 

cement stabilized base layer is the controlling layer of the system that is the material which 

the allowable loading is the first to be exceeded by the design traffic load. In Table 11 the 

calculated Cumulative Damage Factor for each layer is shown, observe that there is no damage 

factor for the subbase layer because there is no strain criterion for unbound base.  

Table 11 Cumulative damage factors for all layers in HIPAVE, comparison design.  

 

In Figure 15 the Cumulative Damage Factor for the C8/10 Cement bound granular material base 

layer is shown, X=0 corresponds to the centerline of the vehicle. As the CDF reached almost 

1,0 the system has reached its design life.  

 

Figure 15 Cumulative Damage Factor for the base layer, comparison design.  

With the HIPAVE program the pavement section thickness is much greater, that is the 

unbound granular subbase layer is 650 mm thicker. However, the thickness combination in 

this design is not the optimal one when using the HIPAVE program. With a slight increase in 

thickness of the cement stabilized base layer the subbase layer thickness decreases 

significantly. The optimal design structure is shown in Table 12 in addition with the Interpave 

design for the same base thickness to compare.   
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Table 12 Optimal design with HIPAVE.  

Layer HIPAVE Interpave 

Asphalt surface 100 mm 100 mm 

C8/10 base 230 mm 230 mm 

Unbound granular subbase 860 mm 1110 mm 

Subgrade 5% CBR 5% CBR 

 

The Cumulative Damage Factors for all the layers in the optimal design can be seen in Table 

13 and in Figure 16 the Cumulative Damage Factor graph for the C8/10 Cement bound granular 

material base layer. 

Table 13 Cumulative damage factors for all layers in HIPAVE , optimal design. 

 

 

Figure 16 Cumulative Damage Factor for the base layer , optimal design. 

When comparing the optimal design in HIPAVE with the Interpave method it shows that using 

the HIPAVE program is a more economic method for pavements design of Heavy Duty 

Pavements. The pavement section thickness is 250 mm less when using HIPAVE and that 

results in substantially more material needed for the construction.  

The main difference between these two methods is the unbound granular material subbase. 

The HIPAVE program uses the Barker-Brabston method to estimate the stiffness of the 

subbase layer that is the stiffness is dependent on the stiffness of the layer below and the 

thickness of unbound layer, see Figure 8 in chapter 2.1.2. However, in the Interpave Manual 

the stiffness of the subbase is the same for all thicknesses and subgrade strengths. 
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4.1.3. EFFECTS OF SUBGRADE STRENGTH 
 

The stiffness of the subgrade is an important factor in pavement design. As the stiffness of the 

subgrade increases the thickness of the pavement decreases. In the analysis both increase and 

decrease in stiffness, from the 5% used in the design problem above, were researched. First 

look at the results from HIPAVE. 

 

Table 14 HIAPVE design for different %CBR, change in subbase thickness. 

Layer CBR 10% CBR 8% CBR 6% CBR 5% CBR 4% CBR 3% CBR 2% CBR 1% 

Asphalt surface 

(mm) 

100 100 100 100 100 100 100 100 

C8/10 CBGM base 

(mm) 

230 230 230 230 230 230 230 230 

Crushed Rock  

Subbase (mm) 

320 550 750 860 1130 1260 1450 1700 

Total thickness 

(mm) 

650 880 1080 1190 1460 1590 1780 2030 

 

 

Figure 17 Effect of Subgrade strength with HIPAVE, change in subbase thickness. 

In the HIPAVE program the effects of subgrade strength on pavement thickness was analyzed 

both in regard to subbase thickness and base thickness.  According Table 14 and Figure 17 the 
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subbase thickness is very dependent on the strength of the subgrade. The subbase thickness 

increases linearly when the subgrade stiffness decreases, after 4%. 

Table 15 HIPAVE design for different %CBR, change in base thickness.  

Layer CBR 10% CBR 8% CBR 6% CBR 5% 

Asphalt surface (mm) 100 100 100 100 

C8/10 CBGM base (mm) 200 200 200 200 

Crushed Rock Subbase (mm) 1400 1600 1750 1850 

Total thickness (mm) 1700 1900 2050 2150 

 

 

Figure 18 Effect on Subgrade Strength with HIPAVE, change in base thickness.  

When the Cement Bound Granular Material base thickness was decreased to 200 mm in 

HIPAVE when the stiffness of the subgrade increased the unbound granular layer had to 

increase substantially, seen in Table 15 and Figure 18. The reason for decreasing the CBGM 

base layer thickness is mostly cost effected. According to HIPAVE the unit cost of unbound 

granular subbase material laid and constructed is 20 $/m3 and for a Cement Bound Granular 

Material with stiffness modulus E=3.500 MPa is 85 $/m3. The C8/10 material has the stiffness 

modulus E=40.000 MPa and therefor has substantially more cement in the mixture and thus 

more expensive than the material with stiffness modulus of E=3.500 MPs. Although the 

Cement Bound Granular Material is more expensive than unbound materials it could be more 

expensive for the whole pavement to decrease the thickness of the base layer because of the 

considerably thickness of the subbase instead.  
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The result for the Interpave method is shown in the following table. 

Table 16 Interpave design for different %CBR.  

Layer CBR 10% CBR 8% CBR 6% CBR 5% CBR 4% CBR 3% CBR 2% CBR 1% 

Asphalt surface 

(mm) 

100 100 100 100 100 100 100 100 

C8/10 CBGM base 

(mm) 

230 230 230 230 230 230 230 230 

Crushed Rock  

Subbase (mm) 

990 1020 1050 1110 1140 1230 1290 1380 

Capping (mm) - - - - 250 400 600 900 

Total Thickness 

(mm) 

1320 1350 1380 1440 1720 1960 2220 2610 

 

 

Figure 19 Effect of subgrade strength with Interpave.  

When the California Bearing Ratio decrease from 5% the thickness of the pavement section 

increases highly. In the Interpave Heavy Duty Pavements Manual the subbase layer is not 

directly affected. Since the effective depth in the design process is dependent on the subgrade 

stiffness the base layer thickness is affected by change in subgrade stiffness. In this analysis 

the base thickness of 230 mm of C8/10 Cement Bound Granular Mixture is chosen and there for 

the rest of the needed base thickness according to the Design Chart will be transformed into 

the crushed rock subbase material with Material Equivalent Factor. This is the only way the 

subbase is affected by the change in subgrade stiffness. The main difference in thickness when 

the subgrade CBR is less than 5% is because of the capping layer. The capping layer is made of 

granular material that has lower strength than the subbase material.  
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However, when the California Bearing Ratio increase the thickness of the pavements section 

does not decrease that much, only by 200 mm from 5% to 10% CBR.  

Table 17 Interpave design for different %CBR, change in base thickness.  

Layer CBR 10% CBR 8% CBR 6% CBR 5% 

Asphalt surface (mm) 100 100 100 100 

C8/10 CBGM base (mm) 200 200 200 200 

Crushed Rock Subbase (mm) 1080 1110 1140 1200 

Total thickness (mm) 1390 1410 1440 1500 

 

 

 

Figure 20 Effect on Subgrade Strength with Interapve, change in base thickness.  

The change in base thickness with the Interpave method does not have a much effect on the 

total pavement thickness as seen in Figure 20. This is the opposite of the HIPAVE method in 

Figure 18 where the total pavement thickness is very dependent of the base thickness.  
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Figure 21 Comparison of HIPAVE and Interpave for different % CBR.  

In conclusion, Figure 21 shows the comparison of both methods which demonstrates that the 

HIPAVE program always produces a pavement section with less thickness than the Interpave 

method. The main difference is in pavements with a California Bearing Ration that is higher 

than 5% where the thickness of the pavements in HIPAVE decreases substantially when the 

Interpave is almost constant.  

 

4.2. Finite Element Analysis of Material Behavior of Unbound 

Granular Materials 
 

The pavements section was analyzed with the COMSOL Finite Element Model. The purpose 

was to determine if the assumption to model the behavior of the unbound granular materials 

as elastic and not elasto-plastic does have effect on the pavement deformation. The pavement 

section used in the analysis was the following: 

100 mm Asphalt surface 

230 mm C8/10 CBGM base 

860 mm Crushed rock subbase 

 5% CBR subgrade 
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The deformations were calculated at points which were located 1 cm below the top of the 

layers and 1 cm above the bottom of the layers.  

 

Figure 22 Total displacement for elastic analysis.  

 

Figure 23 Total displacements for elasto-plastic analysis.  
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In Figure 22 and Figure 23 the displacement can be seen for first when the unbound granular 

materials have elastic behavior and in the second when they have elasto-plastic behavior. The 

graph for the elastic analysis shows that the materials reach maximum deformation, 

approximately 1,23 mm, during the first hour of loading and the decreases until it reaches 

stability after 10 hours of loading. For the plastic analysis the deformations for all the 

materials, except the asphalt layer, reach the same maximum deformations as in the elastic 

analysis but the difference between the analysis are that the deformations do not decrease, 

instead the deformations are constant at the maximum. However, the asphalt layer does not 

stay constant but increases until it reaches stability after 10 hours of loading.  
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5. DISCUSSION AND CONCLUSIONS 
 

In this thesis project a comparative study of heavy duty pavement design was performed for 

the designing a Heavy Duty Pavement for ports and container handling terminals. A pavement 

section was designed using two design methods, a chart based design method and a program 

based design method and then compared. The loading, subgrade properties and the surface 

layer thickness were fixed parameters and the base thickness and subbase were variable 

parameters.   

Because of cost and to make the construction of the pavement more effective the cement 

bound base should not be very thick thus the base thickness was chosen around 200 mm. This 

base thickness was however not the optimal one when using the HIPAVE program because of 

a very thick subbase layer, thus with a slight increase in thickness of the base the subbase 

thickness decreases significantly. The optimal base thickness when using the HIPAVE program 

was determined as 230 mm. This shows that the HIPAVE program does not handle slim bases 

well because the difference in the total thickness, when using a 200 mm base compared to 

the 230 mm base, is very high.  

When using the optimal base thickness for the HIPAVE program a design pavement section 

was made using both methods. For these conditions the subbase thickness decreases more 

rapidly in the HIPAVE program with the increase in base thickness and therefor the HIPAVE 

program provides a better pavement section for Heavy Duty Pavements than the Interpave 

method. The subbase thickness difference between the design methods is proportionally 

more than the increase in base thickness that was required for the optimal design and therefor 

the HIPAVE method uses less materials that results in less cost for the pavement.  

Another advantage of the HIPAVE program is it deals better with the effect of change in the 

California Bearing Ratio of the subgrade. The reason for that is the strength of the subbase is 

related to the CBR of the subgrade and therefor the thickness of the pavement decreases 

more proportionally than in the Interpave method with an increase of CBR.  

Additional disadvantage of the Interpave method are the approximations made in the 

calculations of the loading and load repetitions. These approximations are reasoned in the 

manual and should be safe to make, however in the HIPAVE program no assumptions like 

these are made so the results are more accurate.   

Without performance verification it is impossible to say that one method is better than the 

other but the HIPAVE program considers more accurate loading, traffic patterns and material 

interaction. 

Considering the analysis for the plasticity effects on unbound granular materials the study 

shows that plasticity does have effect on the pavement response. The displacements when 

plasticity is taken into account are greater compered to when the behavior of the unbound 
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materials are assumed as elastic. This result coheres with the definitions for plasticity and 

elasticity because plastic materials have a permanent deformation when loads are applied. 

Thus, when elasto-plastic materials, like the unbound granular material in the pavement 

structure, are applied with a load the displacements are greater because of the combination 

of the plastic permanent deformation and the elastic reversible deformation.  

It may be concluded that, at least for the elastic-plastic parameters used in the present study, 

there is not a considerable difference in pavement displacement between the two analysis, 

elastic and elasto-plastic. The main difference is in the behavior of the displacement with time. 

From this it can be concluded that the assumption to model the behavior of unbound granular 

materials as elastic in pavement design is acceptable. This assumption simplifies the design 

process substantially because elastic behavior is linear and is therefore easier to predict.  
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APPENDIX 
 

1. Interpave Heavy Duty Pavements Design Calculations 
 

Loads 
The load 869 kN applied through the front axle. (see Figure 9) 

Static load applied through each front wheel is: 869 𝑘𝑁
4⁄ = 224 𝑘𝑁 

 

Wheel proximity 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑑𝑒𝑝𝑡ℎ = 300 ∙ √
35.000

𝐶𝐵𝑅 ∙ 10

3

= 300 ∙ √
35.000

5 ∙ 10

3

= 2664 𝑚𝑚 

Assume that the load contributed at the inner front axle wheel is critical. 

Apply proximity factors for distances 500 mm, 2500 mm and 3000 mm. 

Wheel  

spacing (mm) 

Proximity factor for effective depth of base of: 

1000 mm 2000 mm 3000mm 

300 1,82 1,95 1,98 

600 1,47 1,82 1,91 

900 1,19 1,65 1,82 

1200 1,02 1,47 1,71 

1800 1,00 1,19 1,47 

2400 1,00 1,02 1,27 

3600 1,00 1,00 1,02 

4800 1,00 1,00 1,00 

 

Interpolate from the table above. 

For distance 500 mm 

2000 mm: 1,82 +
600−500

600−300
(1,95 − 1,82) = 1,86 

3000 mm: 1,91 +
600−500

600−300
(1,98 − 1,91) = 1,93 

2664 mm: 1,86 +
2664−2000

3000−2000
(1,93 − 1,86) = 𝟏, 𝟗𝟎 

 

 



  Appendix 
 

42 
 

 

For distance 2500 mm: 

2000 mm: 1,00 +
3600−2500

3600−2400
(1,02 − 1,00) = 1,02 

3000 mm: 1,02 +
3600−2500

3600−2400
(1,27 − 1,02) = 1,25 

2664 mm: 1,02 +
2664−2000

3000−2000
(1,25 − 1,02) = 𝟏, 𝟏𝟕 

 

For distance 3000 mm: 

2000 mm: 1,00 +
3600−3000

3600−2400
(1,02 − 1,00) = 1,01 

3000 mm: 1,02 +
3600−3000

3600−2400
(1,27 − 1,02) = 1,15 

2664 mm: 1,01 +
2664−2000

3000−2000
(1,15 − 1,01) = 𝟏, 𝟏𝟎 

 

This means that the effective single load is scaled up by 𝐵 = 1 + 0,90 + 0,17 + 0,10 = 2,17 

Static effective wheel load is 224 𝑘𝑁 ∙ 2,17 = 486 𝑘𝑁 

 

Dynamics 
The dynamic load factors for a container handler are, from Table 2. 

Breaking:   ±0,3 

Cornering:  0,4 

Acceleration:  0,1 

Uneven surface: 0,2 

The total dynamic load factor is: 0,7 = 70%. 

There is an element of conservatism in the use of this number of repetitions because it 

assumes full cornering and breaking will be applied each time so the Dynamic factor could 

be reduced to either 0,3 or 0,4. 

Single Equivalent Wheel Load (SEWL): 

1,4 ∙ 486 = 680 𝑘𝑁 
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Design Life 
Most frequently trafficked part of the pavement sustains 180 passes over one spot per day 

and the pavement is to be designed for a life of 25 years. 

Number of passes through design life: 

180 ∙ 365 ∙ 25 = 1.642.500 

The number of passes could be reduced to say 10% of the calculated value. 

These judgements can be made only with a detailed knowledge of the proposed operation of 

the facility.  

Full SEWL of 680 kN and number of passes is reduced to 250.000. 

 

Design Chart 
The Design chart shows that 550 mm thickness of C8/10 CBGM is required for the pavement 

base.  

Because of cost and to make the construction of the pavement more effective we only want 

to use 200 mm of C8/10 CBGM and therefor need to transform 350 mm of C8/10 to crushed 

rock with a Material Equivalent Factor. The MEF for crushed rock is 3 so the thickness of the 

becomes 350 ∙ 3 = 1050 𝑚𝑚. 

 

Design for Pavement Foundation 
For subgrade with 5% California Bearing Ration Table 4 show that the thickness of the 

subbase should be 150 mm and no capping.  

We can add the thicknesses of the crushed rock together so the subbase layer becomes 

1050 + 150 = 1200 𝑚𝑚. 

 

Final Pavement 
100 mm Asphalt 3.000 MPa 

200 mm C8/10 CBGM base 40.000 MPa 

1200 mm Crushed rock sub-base 500 MPa 

 5% CBR subgrade 50 MPa 
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2. Material Equivalence Factors 
 

Material Grouping Preferred Pavement Base Construction Material Material  
Equivalence  
Factor 

Hydraulically Bound 
Mixtures 

Material  
strength 

Relevant Standard  

C1,5/2,0 to BS EN 142227-1 1,74 

C3/4 to BS EN 142227-1 1,38 

C5/6 to BS EN 142227-1 1,16 

C8/10 to BS EN 142227-1 1,00 

C12/15 to BS EN 142227-1 0,87 

C16/20 to BS EN 142227-1 0,79 

C20/25 to BS EN 142227-1 0,74 

C1,5/2,0 to BS EN 142227-2&3 1,74 

C3/4 to BS EN 142227-2&3 1,38 

C6/8 to BS EN 142227-2&3 1,10 

C9/12 to BS EN 142227-2&3 0,95 

C12/16 to BS EN 142227-2&3 0,85 

C15/20 to BS EN 142227-2&3 0,79 

C18/24 to BS EN 142227-2&3 0,76 

C21/28 to BS EN 142227-2&3 0,72 

C24/32 to BS EN 142227-2&3 0,68 

C27/36 to BS EN 142227-2&3 0,63 

Concrete C8/10 to BS8500-1 1,00 

C12/15 to BS8500-1 0,87 

C16/20 to BS8500-1 0,79 

C20/25 to BS8500-1 0,74 

C25/30 to BS8500-1 0,65 

C25/30 to BS8500-1 including 20kg/m3 steel fibre 0,60 

C25/30 to BS8500-1 including 30kg/m3 steel fibre 0,55 

C25/30 to BS8500-1 including 40kg/m3 steel fibre 0,50 

C28/35 to BS8500-1 0,62 

C32/40 to BS8500-1 0,60 

C32/40 to BS8500-1 including 20kg/m3 steel fibre 0,55 

C32/40 to BS8500-1 including 30kg/m3 steel fibre 0,50 

C32/40 to BS8500-1 including 40kg/m3 steel fibre 0,45 

C35/45 to BS8500-1 0,58 

Traditional Cement 
Bound Materials 

CBM1  
(4,5 N/mm2 minimum 7-days compressive cube strength) 

 
1,60 

CBM2  
(7,0 N/mm2 minimum 7-days compressive cube strength) 

 
1,20 

CBM3 
(10,0 N/mm2 minimum 7-days compressive cube strength) 

 
1,00 

CBM4 
(15,0 N/mm2 minimum 7-days compressive cube strength) 

 
0,80 

CBM5 
(20,0 N/mm2 minimum 7-days compressive cube strength) 

 
0,70 

No-fines Lean Concrete for Permeable Paving 1,00 

Material Grouping Preferred Pavement Base Construction Material Material  
Equivalence  
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Factor 

Bitumen Bound  HDM as defined by SHW 0,82 

DBM as defined by SHW 1,00 

HRA as defined by SHW 1,25 

Unbound Materials Crushed rock sub-base material of CBR≥80% 3,00 

Concrete Block Paving Concrete Block Paving as a surfacing 
(80 mm blocks and 30 mm laying course) 

1,00 
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3. MATLAB Code 
clc 
close all 
clear all 

  
%Creep compliance data 
%Mixture properties 
D1 = 7.12e-4; 

  
D0 = 5.95e-5; 

  
m = 0.634; 

  
t=0:1000; 

  
%Creep compliance 
Dt=D0+D1.*(t).^m; 

  
figure 
hold on 
plot(t,Dt,'r','LineWidth',2) 
hold on 

  
title('Creep Compliance vs time','FontSize',14); 
xlabel('time (sec)','FontSize',14); 
ylabel('Creep Compliance (1/MPa)','FontSize',14); 

  
%Laplace transformation 
Ds = gamma(1+m).*Dt; 
Es = 1./Ds; 
Et = Es./gamma(1+m); 

  
%General Model 
K = 9500;       %Bulk modulus MPa 
Gt = (3*K.*Et)./(9*K-Et); 

  
figure 
hold on 
plot(t,Gt,'r','LineWidth',2) 
hold on 

  
% General model: 
%      f(x) = G0+G1*exp(-(x/tau1))+G2*exp(-(x/tau2))+G3*exp(-

(x/tau3))+G4*exp(- 
%                     (x/tau4)) 
% Coefficients (with 95% confidence bounds): 
%        G0 =       8.397 
%        G1 =       625.7 
%        G2 =       168.1 
%        G3 =       43.21 
%        G4 =        8347 
%        tau1 =        1.58 
%        tau2 =       14.56 
%        tau3 =       163.3 
%        tau4 =      0.0154 

  
% G0+G1*exp(-(x/tau1))+G2*exp(-(x/tau2))+G3*exp(-(x/tau3))+G4*exp(-

(x/tau4)) 
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4. Parameters and Variables for COMSOL model 
 

Parameter Value Definition 

h4 100 mm Thickness of asphalt layer 

h3 200 mm Thickness of base layer 

h2 1200 mm Thickness of subbase layer 

h1 2000 mm Representative of infinite subgrade 

width 2,5 m Width of pavement section in 
analysis 

E3 40.000 MPa Modulus of base layer 

E2 500 MPa Modulus of subbase layer 

E1 50 MPa Modulus of subgrade 

nu3 0,15 Poisson´s ratio of base 

nu2 0,3 Poisson´s ratio of subbase 

nu1 0,4 Poisson´s ration of subgrade 

G0 8,397 MPa Prony series coefficient 

g1 625,7  

g2 168,1  

g3 43,21  

g4 8347  

KO 9500 MPa Bulk modulus 

tau1 1,58 s  

tau2 14,56 s  

tau3 163,3 s  

tau4 0,0154 s  

rho1 1,18 kg/cm3 Density of granular materials 

rho3 2,4 kg/cm3 Density of cement bound materials 

rho4 2,5 kg/cm3 Density of bituminous materials 

c1 12,105  

c2 118,867  

T1_ref 283,15 K Reference temperature 

Tp 283,15 K Model temperature 

Fz 680 kN Force acting on surface 

sigma 2821 kPa Pressure from the force 

c 5000 Pa Cohesion yield stress 

friction 0,52 rad Angle of internal friction, φ 

 
Variable Equation Definition 

E4 9 ∙ 𝐾0 ∙ 𝐺0

3 ∙ 𝐾0 + 𝐺0
 

Modulus of asphalt 

nu4 3 ∙ 𝐾0 − 2 ∙ 𝐺0

2(3 ∙ 𝐾0 + 𝐺0)
 

Poisson´s ration of asphalt 
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