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Abstract

ABSTRACT

This research project represents a continuation of the research programme into Precast
Concrete Pavement Units, “P.C.P.U.”, which 1s based in the Department of Civil
Engineering at the University of Newcastle upon Tyne. The units were referred to as raft
units throughout the thesis which focused on the use of raft units as a full concrete
paving system for aircraft parking, taxiway, and other low speed areas, at airports.

The physical full scale test model was designed and constructed to represent the applied
loading from one of the dual wheel legs of the design aircraft, a Boeing 727-200, when
1t 1s taxiing over a raft unit paving system. It was only possible for the test model to be
provided with a contact area of 200 mm square compared to the real life of 400 mm
square. A theoretical correction was applied to allow for this difference. Sixteen raft
units were tested in pairs using the test model. The tests were divided into three modules

to investigate the effect of the raft unit dimensions, Module(M1); the reinforcement
design, Module(M2); and the raft thickness, Module(M3). The twin loading assembly

applied a repetitive dynamic load which was moved manually between four different
loading positions to represent the aircraft moving across the raft units.

The primary aim of the experimental programme was to identify for the first time the
fatigue life and failure mechanisms of the raft units under the influence of twin dynamic

moving loads, and provide experimental results to enable a more refined numerical
design method to emerge for raft units, as well as to determine the causes of failures and

to recommend remedial measures. Observations were made of vertical deflection,

concrete strains, crack widths and crack patterns, failure load, and failure modes, each of
which were described in detail.

The test observations showed that by increasing each of the following variables, namely,
the aspect ratio, the amount of steel bar reinforcement and the thickness of the raft units,
resulted in each case in an extension of raft unit life. It was found that some form of

uplift restraint on the raft unit should be added to improve the fatigue life for one of the
loading positions and that fibre reinforcement should not be used.

The ultimate load capacity of the raft units was influenced by the loading position, the
applied load level and the number of load repetitions, together with the crack patterns.
Using the results from the raft units that had failed within a specific module, it was
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Abstract

possible to predict the ultimate and reserve load capacity of raft units within the
modules that were only partially fatigued.

Four important conclusions have been established during the research project. Firstly,
based on the test results, an empirical relationship was derived using regression analysis,
relating the number of load repetitions to the aspect ratio, the amount of reinforcement,
the raft thickness, and the applied loading. This will need further verification, but it
should eventually be very useful when estimating the fatigue life of these specific raft
unit models. Secondly, a new design method has been proposed. The design methods for
raft units proposed previously by Bull, Ismail, Annang, Ackroyd, and the British Port
Association were reviewed. The test results enabled a new design method to be
developed which was based on Bull's method but proposed new design charts and tables
for each of the raft units considered in the research project which introduced the
additional variables of contact pressure and the exact loading position. Thirdly, the
measured strains were used to develop strain fatigue relationships for designing raft
units and estimating the reserve design life in a raft unit paving system for the purpose
of maintenance management by relating the accumulated number of load repetitions of a
design load to the permissible concrete strain. The strain fatigue equations were
generated for each of the raft units considered in this research project. Thus, the most
realistic way to control raft unit distress is through the use of a predictive fatigue model.
This should prove invaluable to those involved in the maintenance of raft unit paving
systems. Finally, life cycle cost analysis was conducted for three types of construction
pavement (paving blocks, PQC, and raft units). The analysis demonstrated that the

precast concrete raft units will become a viable alternative to conventional pavement
construction and a real competitive to the concrete paving blocks.

Vv



Notation

Notation

Unless otherwise defined, the meanings of the following symbols are as follows:

a Radius of contact area.

b Etfective width of section.

MR Modulus of rupture.

BM Bending moment.

\Y% R Resistance bending moment at the ultimate hmit state.
BPA British Ports Association.

C Constant which 1s a function of contact pressure.
CBR California Bearing Ratio.

D Pavement damage.

d. Effective depth.

E Modulus of elasticity.

E, Modulus of elasticity of base material.

Ep Allowable base horizontal tensile strain.

E, Modulus of elasticity of steel.

f. Characteristic compressive strength of concrete.

fy Steel yield strength.

H Overall depth of section.

I Second moment of area.

k Modulus of sub-grade reaction.

h Thickness of the raft.

L, Length of the raft.

L, Width of the raft.

LCI Load classification index.

N Number of load repetitions.

Nealc Number of load repetitions from charts.

chp Number of load repetitions from experiment.

N, Equivalent number of the maximumnumber of load repetitions.
Nsg Number of load repetitionsbefore pavement needs relevelling.
N, Number of load repetitions before raft needs replacement.
Neg Ratio of equivalent load cycles to design load cycles.
P Tyre pressure.

PAWL Port are wheel load.

P Maximum contact pressure.

PUS Percentage ultimate concrete stress.

r Radius.

SGBP Sub-grade bearing pressure.

P, Ultimate pressure due to load W, in KN/m?.

Shear stress due to applied load.
Shear stress.

V

v

vVC Ultimate shear stress.
W Applied load.

W, Maximum applied load.




Notation

7 Lever arm.
N, Possion’s ratio.
C Ultimate tensile stress of the concrete pavement.
G Flexural tensile stress induced in a pavement by a load of magnitude L.
C.. Concrete stress at corner.
G, Concrete stress at edge.
. Concrete stress at interior.
b Bar size.
W, Ultimate punching shear load for raft/polystyrene.
Wy, Ultimate punching shear load for raft/Type 1 fill.
R Stress ratio.
o] Angle of load dispersion.
€ Failure strain.
€y Strain corresponding to 1,000 cycles for a particular load.
t Tonne, 1t = 10KN.
T Total number of applied load cycles on the test raft model.
Pl Loading position one.
P2 Loading position two.
P3 Loading position three.
P4 Loading position four.
G Strain gauge transducers.
LVDT Linear variable differential transformer.
. Locations of the LVDT’s (0 to 15)
- Locations of the G (a to P).
a.C. *Alternating current.
d.c Direct current.

F.O.S Factor of safety

Units of Measurements

1ft = 30.48cm = 0.3048m

lin = 2.54cm = 25.4mm

Ift> = 0.0929m?

ltonne = 10KN.

ltonne = 1000kg.

2.21b = lkg.

Hb/f? = 160.3kg/m3.

1lb/in® = 0.07031kg/cm? =0.006895MPA.
IN/mm? = IMPA.
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Chapter -one

INTRODUCTION

1.1 BACKGROUND

There are three phases involved in providing airfield pavements: the planning the

pavement design and the construction works. Planning is the process of site selection
and the design of the layout to meet the internationally accepted standards for the layout
of airfields. Pavement design, the second phase, is the determination of the composition

of the pavements to carry the tyres, movements and weights of aircrafts which are

planned or expected to use the airfield. The construction phase 1s to ensure that the
designed pavement is constructed according to the design specification. Pavement
designs are broadly the same for both civil and military airfields; in detail however,
there are some differences. Civil aircraft have lower tyre pressures and relatively slower

landing speeds when compared to military aircraft; also, the aircraft movement rates are
generally much higher than those at military airfields.

All trafficked areas must be surfaced in some form to keep aircraft maintenance to a
reasonable level and to maintain all year operations. The essential qualities of the
majority of paving systems are their strength, durability, and the ride-quality of their
surface. For the safe operation of aircraft, pavements must not break up through over-
loading, fuel spillage and jet blast attack, or by environmental effects, and in this way
avoid loose materials that would create a hazard. The main aim for pavement design
should be for the pavement to be as maintenance free as possible particularly at heavy
trafficked airports with limited facilities such as a single runway. Major works
extending over periods of weeks, for example, are so highly disruptive to traffic
schedules that they should be avoided as far as possible. With such difficulties in mind,
the designer attempts to provide pavements which will remain safe for the longest
possible time, and a pavement life of at least 20 years initially without major
maintenance works should be a prime objective. The length of the initial design life of
20 years, sometimes, is chosen to minimise the whole-life pavement cost. Some clients

specify a design life up to 40 years, in this case, designers should bear in their mind the
economic design life [see Section 4.7].

Precast concrete technology is well-established in many fields of construction which
involves precast concrete pavement units being manufactured in a plant and then erected

on-site. Concrete pavements typically consist of many slabs of identical dimensions
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which make them ideal structural members for precasting. Precast concreie pavement
units are normally prefabricated off-site and are commonly called raft units. The raft

units are made of dense reinforced or unreinforced concrete, bound at the top edges by a
steel angle frame, which protects the top edges from spalling. Some of the raft units are

fabricated without the steel angle frame. Steel fibre reinforced concrete can be used as
an alternative reinforcement. The combination of plan dimensions, thickness and weight
1s such that heavy surface loads can be evenly distributed through the lower pavement
layers. Raft units vary in size from 1.0m square to 3.2m by 5.3m and occasionally even

up to 10.0m by 2.29m. Aspect ratios, that 1s the ratio between the width and the length
of a raft unit, have been between 0.25 and unity with a thickness of between 75 mm and
220 mm. Most practical work specifies raft units of 2m square in plan (Bull, 1991). A

square raft unit of sufficient dimension (i.e. 2m and over) to allow two way bending to
develop and designed with structural reinforcement, is structurally more efficient than a
long, narrow raft that bends predominately in one direction like a beam. The size and

shape of a paving area necessitates the provision of some special sized and shaped raft
units which are designed to meet specific needs.

The use of raft units has developed rapidly since the early 1960's. Raft units have been
used for temporary roads, airfield and highway repairs, port container terminals, and

pavements subjected to heavy industrial traffic. Their use has been increasing,
particularly where settlement is high due to low bearing capacity soils, and, also where
rapid construction 1s required. Consequently, in these conditions, the raft units have
distinct advantages over other forms of pavements as they can easily be laid, moved, and
re-used. They offer major advantages for pavement repairs. Traffic is only interrupted
during the repair period, and as soon as the repair is completed, the pavement can be
reopened to traffic. A notable example of such a repair was in 1981 at San Diego’s
Lindbergh Field, USA. During this effort, 116 damaged slabs were replaced, at night,

with raft units, while the airfield was kept open to traffic during the day. The use of the
raft units minimises the operational disturbances and maintenance costs, and allows the

airport to continue operation during period of maintenance. Other advantages include:

(1)  they can be easily re-levelled if there should be settlement of the sub-soil;

(11.)  they can be taken up and re-laid where required; for example, they allow easy
access to underground services without damage to the paving system; and

(m.) they provide easy replacement if damage occurs, eliminating the high cost and
interference of excavation in-situ paving.
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The shape of the raft units is predominantly rectangular, although hexagonal shapes
have been cast. Steel fabric and steel fibre reinforcement as well as prestressed concrete
have been used in Europe, and USA (Bull, 1991). Unreinforced precast concrete
hexagons, of 1.25m long and from 100 mm to 140 mm thick; and for heavier aircraft
1.5m long and from 140 mm to 200 mm thick, were used for the first concrete airfields

in the former Soviet Union in 1931-32. Orly airport, Paris, France, in 1947-1958 was the
first airfield to use precast prestressed concrete pavement slabs of triangular shape with
side lengths of 1m and a thickness of 160 mm. In 1956, a 61m square section of airport

pavement was constructed at Finningley, England, UK, of 9.lm by 2.7m precast
prestressed slabs that were 150mm thick. In 1958, a taxiway at Melsbroek, Brussels,

was constructed of 1.25m by 12m precast prestressed slabs, that were 75 mm thick.

The raft units were laid using a fork lift truck. The sub-grade or soil was graded to the
required profiles and then a granular sub-base, preferably in excess of 300 mm thick,
particularly for high loads, was laid and compacted. A lean dry concrete sub-base could
also be used as an alternative. A bedding course of sand, 50 mm thick was placed and
compacted on the sub-base. The bedding layer was used to level the raft units and to
ensure that there was support underneath them. The joints between the raft units were

maintained by the use of steel spacers. The joints were then filled using dry sand, sand
slurry, or similar materials. One unusual feature and an assumption made when
designing the raft units, was the lack of a need for permanent load transferring joints

connecting the raft units. In some cases, such as with high loads, connecting the raft
units was desirable.

The essential qualities of the majority of paving systems was their strength, durability,
and ride-quality of their surface. Due to the safety standard requirements in airport and
highway pavements, the importance of these qualities were even more significant than

In other areas. However, the properties of the surface of the raft units should include:

(1.)  askid resistance with good frictional characteristics:

(11.)  the capability of rapid repair and a low maintenance requirement;
(1) anadequate drainage system;

(iv.)  aresistance to displacement, due to temperature or loading condition;

(v.)  the control of the differential deflection:

(vi.)  an ability to withstand high tyre contact pressures; and

(vit.) a resistance to chemical spoilage, and de-icing agents.
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Finite element analysis has been used to establish design methods for raft units. Recent

design methods that have been developed and based on the finite element analysis have

been proposed by Bull (1986), Ackroyd (1985), Annang (1986), and Ismail (1990).
Also, other design methods have been developed by the British Port Association [see
chapters 3 and 7). The finite element methods offer a more acceptable way of analysing

raft units and avoid the assumption of an infinite slab which 1s necessary when the
Westergaard models are used. Therefore, the existing design methods should not be

used for a new paving system such as raft units without first checking to ensure that the

basic assumptions used in the methods were not effected. The short but intensive use of

raft units has shown that such a paving system should be treated as far as possible as a
separate system from conventional paving design and construction.

This research project relates for the first time the fatigue life to the design parameters
such as plan dimensions, thickness, and reinforcement of the raft units; the effects of
these variables have to be considered in terms of fatigue effects under critical loading
conditions. The critical loading conditions have been considered as the maximum take-
off load of a Boeing B727-200 aircraft with one leg of its undercarriage applied to the
surface and with a traffic width within which 100 per cent of the wheel pathé fall; also
the load distribution was considered to be uniform within the traffic width. The
maximum take-off axial wheel load of B727-200 [i.e. 450kN] was chosen to be the
design load for the raft units that was used in this research. The repair or failure criteria
used for the raft units 1n this research project, were mainly when the raft unit was unable
to accept additional loading conditions due to either fracture fatigue, punching shear, or
uplift deflection equal or greater than 40 mm [see Section 4.7]. This state was called the

ultimate limit state which the raft units could not sustain any further additional load
repetitions, would mean that the raft unit would need to be replaced.

The feasibility study for a paving system is important, as it has financial implications on

the final design. If the pavement becomes unserviceable at an early stage, maintenance
costs become excessive, thus any savings in construction costs and time must ensure
effective design and minimum maintenance costs throughout the pavement design life.
The final selection of a type of pavement construction is based on both initial
construction and future maintenance costs. Unfortunately these are difficult to assess

accurately in a general appraisal since they are dependant on the variations in raw
materials and labour costs, and different construction techniques.

In the future, there 1s scope for expanding and studying the use and design of raft unit

paving systems as an alternative construction. The scope for civil and military use is
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clear, where speed is critical for repair and maintenance works (Bull and Clark, 1991).
Raft units may be considered for high speed traffic such as rapid exit taxiways, runways
and highways but they would need properly designed load transtfer devices and increased
raft unit size, thickness, strength and durability. Load transfer devices should be cheap
and simple to incorporate and use. Any increase in raft unit thickness has certain

limitations due to the increased costs. However, a reduction of raft unit thickness

reduces raft life; where the raft thickness is one of the major parameters which govem
their use due to its effect on raft unit performance. So consideration must be given to a

reduction in raft unit thickness without any negative effect on the allowable deflection

and concrete stress. This can be maintained by introducing load transfer devices at joints
to carry part of the applied load; also the additional reinforcement at the edges and the

corners of raft units, using stabilised base materials; or by improving the raft supporting
system, e.g. the sub-base, and sub-grade can have a similar effect.

1.2 NEED FOR THE RESEARCH

With this background, it is clear that there is a need to investigate the performance of the
raft unit as a paving system. Raft units have been used in airfields mainly for damage

repairs, but not as a full paving system. Usually, clients search for faster construction
alternatives, that have a significant impact on reducing interruptions in air and ground
traffic movement, and thus minimising the whole life costs. Currently, raft units and

interlocking concrete paving systems are the construction alternatives to conventional
pavements when expanding pavement facilities. Interlocking concrete pavement systems

are beyond the scope of this research project and can be found elsewhere (Knapton and
Emery CAA paper 96001, 1996; and Muir, 1996).

Despite the widespread use of raft units as a complete paving system or just as repair
tools (Barber, 1980; Ismail, 1990; Salomo, 1990), their application in airports has so far
been limited only to repairs. This research project focuses on the use of raft units on
airside areas of an airport which are subjected to low-speed, and high load movements.
There 1s a belief that the current use of raft units for the surfacing of heavy duty
pavements, for example, in port areas and for repairing concrete pavements, will be
extended to the airport industry. Recently, further properties of raft units have begun to
be considered in order to develop their use more widely. For this project, it was decided
to look at the fatigue strength of raft units and relate it to the failure mechanism under a
simulated dynamic moving wheel load, and to investigate the effects of reinforcement,

dimension and shape, and the thickness of the raft units on their fatigue life when

1-5



Chapter one : Introduction

subjected to different loading configurations. The proposed test model included the
sub-grade, sub-base, bedding sand, and the raft units [see Chapter 4].

1.3 OBJECTIVES

The aim of this research project was to clarify experimentally for the first time the

fatigue life and the failure mechanism of the raft units under various loading conditions,

and to provide experimental evidence for an analytical design method. The design

parameters used in this research project for raft units were, the plan dimensions,
reinforcement and thickness.

Usually, a model and its prototype are completely similar, but in some cases it i1s not

feasible and impractical to impose complete similarity in a model test. Consequently, a

full scale laboratory test programme for simulating the applied loading from the dual
wheel leg of the design aircraft Boeing 727-200 taxiing over a raft unit paving system,
was designed and constructed allowing only the contact area to deviate from its real size
of 400 mm square to its laboratory size of 200 mm square for reasons discussed in
Section 4.6.2, which required a theoretical correction to be applied [see Section 4.7.1].

The full scale laboratory test programme represented a major and novel test programme
which has generated considerable interest for these working in this field

With this background, the following objectives were set for the research project:

(1.)  to review and present a critical appraisal of the current design methods for raft
units;

(ii.)  to design and construct a test rig that would simulate the applied loading from a

dual wheel leg of the design aircraft Boeing 727-200 taxiing over raft units
paving system;

(111.)  to design an experiment using the test rig to investigate relationships, if any,
between fatigue life and the design parameters for raft units:

(1v.) to determine the causes of failures and to recommend remedial measures for the
design of raft units;

(v.)  todevelop, if possible, a more refined method for the design of pre-cast concrete

raft units , and an empirical relationship between the design parameters tested:

(vi.) to develop a method for estimating the reserve life of a taxiway or an apron

constructed of raft units paving system to improve the management of
maintaining such system;

(vii.) to introduce cost benefit analysis for such a paving system: and
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(viii.) to suggest further research to verify and extend the findings of this research.

1.4 OVERVIEW OF THE THESIS

The various pavement systems were described in Chapter 2 as well as the loading
system affecting their behaviour and failure criteria.

Some of the current design methods and analysis techniques were reviewed in Chapter

3. Also, the current practice carried out at the University of Newcastle upon Tyne on
pre-cast concrete pavement raft units was described.

The author’s experimental programme was described in Chapter 4, which included the
details of the design parameters of the raft units, the test rig, the loading system, the
instrumentation, the plate bearing test, and the general test procedures.

The test results showing the relationship between the design parameters of the raft units

and their fatigue life were presented and discussed in Chapters 5 and 6, respectively.

A method was proposed in Chapter 7 to predict the fatigue life of raft units based on the
experimentai results. Predictions were made of the ultimate load capacity of the tested
raft units in the light of the test results. Relationships for the magnitude of the load, the
number of load repetitions, and the behaviour of the raft unit were developed using
regression analysis. Experimental verification was provided for the design method
proposed by Bull. Relationships for designing and estimating the reserve capacity of raft
units were derived by relating the number of load repetitions to concrete strain, which

would improve the management for maintaining such pavements. A brief appraisal for

the total life costs of such a paving system including cost benefit analysis.

In Chapter 8, a summary of the principal conclusions and design recommendations were
proposed together with suggestions for further research.

I-7



Chapter 2 : Characteristics of Airport Pavements and Loading System

Chapter - Two
CHARACTERISTICS OF AIRPORT PAVEMENTS AND
LOADING SYSTEMS

2.1 INTRODUCTION

The selection of suitable materials for pavement construction 1s usually ensured by the
use of experimentally established specifications. The behaviour of pavement structures

depends mainly on the ultimate strengths of the component materials. Materials used in
pavement construction are normally non-isotropic and hold varying degrees of elastic,
plastic and viscous characteristics. Material characterisation has been used to quantify
their elastic, both linear and non-linear, and their visco-plastic behaviour. The elastic
behaviour is used for the analysis of the resilient response of the pavement structure, and

the plastic behaviour to long term deformation. Also, temperature variation is a
parameter which influence the character of the basic material.

The rapid growth of airport operation during the 1940's led different international
organisations to lay down standards and specifications in order to govern and achieve a
uniform control of airport operation. These technical documents have been used as

codes by operators and designers. The most widely used of these organisations are the
International Civil Aviation Organisation (ICAO), the US Federal Aviation

Administration (FAA), and the UK Civil Aviation Authority (CAA). The overall
performance of aircraft and the performance of functional components (such as, for
example, landing gear, tyres, brakes, speed, centre of gravity) are subject to federal
regulation, which leads manufacturers to present detailed information for each aircraft

using aeronautical terminology. Such information is published in National Aircraft

Standard documents and disseminated by the aircraft companies (see Airbus Industries
(1983) and Boeing Industries (1985)).

The advent of the heavy and wide body aircrafts has brought a new concern for
pavements and pavement design. These aircraft, each weigh nearly one million pounds
(1.e. 454, 545 kg). Therefore, it was necessary on the ground to support either the aircraft
by providing more wheels within the main landing gear or by strengthening the
pavement. Thus, the primary purpose of pavement deign is to provide adequate support
for the imposed loads. The capacity of a pavement to carry an aircraft has been
expressed by a single number using the appropriate standard load classification curves

and/or a computer program such as Load Classification Number (LCN), Load
Classification Group (LCQ), or Pavement Classification Number (PCN). The PCN is a
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number expressing the bearing strength of a pavement for unrestricted operations by an
aircraft with a classification (ACN) of the same number. It is a component of the ICAO
ACN-PCN method for reporting strength pavement.

The degree of pavement loading by individual aircraft is normally provided in a series of

tables and figures designed to cover the requirements of pavement loading throughout

the aircraft operation. The various phases of aircraft operation include static, slow taxi,

steady-state turns at various speeds and turn radii, take-off roll, roughness, landing
impact, and braking.

2.2  TYPES OF PAVEMENT CONSTRUCTION

Historically, pavements have been divided into two broad categories, flexible and rigid
pavement . These two categories can be sub-divided further into one of the types shown
in Figure 2.1. The paving materials and construction techniques vary from one type to
another. There are two main elements in a pavement structure namely the surface
material and the base. The former must be of a high durability and strength to resist
severe surface loads, contact stresses and the relative fatigue damage; whereas the latter
spreads the load so that the sub-grade is not over stressed. The sub-base layer is
provided only when the pavement is constructed on a weak sub-grade and 1s subjected

to high load and high fatigue life. Pavements derive their ultimate support from the
underlying sub-grade and the behaviour of each of the other paving layers.

Pavement performance depends to a large extent upon the types of paving materals
chosen. The basic requirements for a pavement structure to fulfil are:

(i.)  to provide a comfortable and uniform riding quality for the passengers and the
crew;

(ii.) to be strong enough for the pavement to spread the imposed traffic stresses
through the underlying layers to the sub-grade;

(iii.) to control frost action by including frost resistant material in the pavement;

(iv.) to provide the pavement surface with a good drainage system and a skid resistant

texture despite the extensive introduction of anti-skid brake units in the aircrafts;
and

(v.) to provide a minimum capital and maintenance costs throughout its life.

Airport and road pavements have much in common in which the general principles

applying to one apply also to the other. However, several distinct differences exist
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between the two types of pavement regarding the quantitative values assigned to each
factor; namely, the magnitude of the applied load, the tyre pressure, the geometric
section of the pavement, and the number of load repetitions applied to the pavement

during its design life. For instance, tyre pressures on aircrafts are higher than on trucks
where the former may be as high as 2.76MPa and the latter are in the range of 0.42MPa

to 0.825MPa. Lateral placement of the heavy traffic on roads is usually close to the edge
of the pavement. In contrast, traffic on an airfield is concentrated primarily in the centre
of the pavement. Other differences are the sub-grade characteristics and the required
length of pavements for airports which relatively is much smaller than for roads. Thus,

when designing a road, the designer has an additional decision to make, that is, whether
to recommend a uniform design throughout the cross-section based on the weakest soil

strength in the area, or a number of cross-sections tailored for different sub-grades, and
which take account of the effect of economic and construction factors.

2.2.1 Flexible Pavements

The flexible pavement mainly consists of a relatively thin wearing surface constructed
over a base and sub-base resting on the compacted sub-grade. Flexible pavements
consist of a series of layers, with the highest quality materials at or near the surface.
Hence, the strength of a flexible pavement is a result of building up thick layers and
thereby distributing the load over the sub-grade, rather than by the bending action of the
slab. The thickness design of the pavement is influenced by the strength of the sub-

grade. The load-carrying capacity of a flexible pavement is brought about by the load-
distributing characteristics of the layered system.

The two main design criteria which are used in flexible pavement design methods are
the maximum tensile strain in the asphalt and the maximum compressive sub-grade
strain [see Fig. 2.2.b]. In both cases, the maximum allowable values depend on the
number of load repetitions expected in the design life of the pavement. The levels of
strain will clearly depend on the magnitude of the wheel load. These design criteria have

been set to limit the permanent deformation in the layers and the fatigue cracks.

Prevention of excessive rutting 1s dealt with by limiting the maximum vertical strain on
the sub-grade [see Fig. 2.2.b].

It is common practice to construct flexible airport pavements with either cement or

bitumen-bound bases even though an unbound base or sub-base with good grading and a
high level of compaction can provide the desired performance. This is particularly true

on good and dry sub-grades, but not on wet sub-grades. The bound base materials
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normally specified by the different agencies are rolled dry lean concrete (DLC), Portland
Cement, dense macadam or Marshall base courses. The designed thickness of the base

layer can be made up of any one or a combination of these materals. For instance, for

the majority of UK sub-grades, it is advisable to use the DLC as the first layer above the
formation.

The top layer placed on the base of the flexible pavement is normally called the
bituminous surface. The standard minimum thickness for the bituminous surface over
critical areas is 100mm, and 75mm for non-critical areas. The 100mm thickness is
usually made up of a 40mm wearing course on a 60mm basecourse. Additionally a

20mm thick open macadam friction course is provided. The purpose of the surface is to
provide:

(i.)  an high stability to resist the shearing stresses induced by heavy wheel loads and
high tyre pressures;

(11.) a durable hard-wearing weatherproof surface free from loose material which
presents a foreign object damage (FOD) hazard for the engine of aircrafts;

(i1i.) a good readability and non-skid qualities; and

(tv.) a resistance to damage caused by jet blast (excessive heating) and/or fuel
spillage.

The principal bituminous surfacing materials used by the different agencies are either a

combined Marshall asphalt wearing and basecourse or an hot rolled asphalt wearing
course on a macadam base course.

Failure in flexible pavements may result from full-depth fatigue cracking of the
bituminous surfacing or permanent deformation in the pavement layers with an eventual
shear failure (Shahin, 1994). The failure can be related to an excessive movement within
the constructed pavement layers resultiﬁg from poor materials quality and poor
construction of the sub-grade, sub-base, base, or surface course. The primary failure
mode for pavements with bound bases is likely to be rutting with associated heave due
to shear failure of the sub-grade. Rut depth at failure depends on a number of factors.
including the magnitude and configuration of the load, the sub-grade and the base
characteristics, the pavement thickness and the lateral distribution of the aircraft wheel
paths. For pavements subject to channelised trafficking (e.g. taxiway) by medium to
heavy single wheel geared aircraft the acceptable rut at the end of the design life is
unlikely to exceed 15mm in depth and 1.5m in width. For pavements subject to less

channelised trafficking (e.g. centre section of runway) by heavy multi-wheel geared
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aircraft, the rut depth should be within the range of 20 to 40mm and the width may be in

excess of Sm (Dept. of Transport, 1989), "Guide to Airfield Pavement Design and
Evaluation".

Failure associated with overloading by the aircraft results in surface deformation and the
formation of a network of cracks in the bituminous top surface, this progresses
(accelerated by the ingress of water and possibly frost action) until small pieces of the
surface or individual stones work loose. At this stage the pavement has failed, 1n that it
cannot fulfil its main function of carrying aircraft safely. Assuming that the granular
layers have been satisfactorily laid and compacted, the cause of failure is excessive

deformation of the sub-grade which has led to the repeated imposition of unacceptably
high stresses and strains within the surfacing and its final failure.

2.2.2 Rigid Pavement

The concrete pavement is a traditional form of construction used in airports, highways,
harbours, and other industrial areas such as the storage of heavy containers. It provides a
smooth and comfortable riding surface which is hard wearing and can sustain the oil
spillages and the heat engine of an aircraft. Generally 1t rests on a relatively thin base
and sub-base layers which distribute wheel loads over a wide area of sub-grade by the
integrity of its rigidity and modulus of elasticity. The concrete pavement can provide the

most convenient solution to the paving problem particularly for pavements subjected to

high loads.

There are two forms of rigid construction, reinforced and unreinforced concrete
pavements which may incorporate load transfer devices such as dowel joints, to share
the load between adjacent slabs. The unreinforced concrete pavement is unsuitable for

use in areas subjected to heavy and high movement of traffic and/or site settlement

which can lead to severe cracking in the early stages of the fatigue life. It is not widely
used and those that do exist are either severely cracked or not heavily loaded.

Reinforced concrete is more widely used. The steel content has to be designed to
minimise the width of cracks, to increase fatigue life, and to reduce thermal cracks

under the combined stresses of wheel loading and the substantial temperature gradient
through the slab. The differential in the daily temperature at the top and bottom surfaces

of a slab induces both hogging and sagging along both axes of the slab, hence top and

bottom reinforcement in both directions are essential. Due to the overall expansion and
contraction, the pavement is designed with an appropriate joint system.
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A well designed concrete pavement can provide a very durable surface providing that
sub-grade settlement is prevented. A differential settlement in the sub-grade layer will

increase the induced bending moments under loading and therefore, cause rapid and
severe cracks in the concrete surface. There are three significant causes of strain in a
concrete slab, the applied load, warping of the slab due to temperature gradients through
the concrete, partly or wholly resisted by boundary restraints and slab weight. Finally,
the overall contraction and expansion due to temperature variations are partly or wholly
resisted by boundary restraints. Heavy reinforcement ensures fine cracks, prevents
cracks opening up, and shear load transfer is maintained by mechanical aggregate
interlock. Reinforced concrete pavements that have been laid are generally 200mm to
250mm thick, with both top and bottom reinforcement. The thickness design of a

concrete pavement depends on the loading conditions and the function of such a
pavement (see Chapter 3).

The rigid pavement utilises flexural strength to distribute the load from the aircraft
undercarriage to the sub-grade. Cracking of the concrete due to a high stress level for the

material to withstand, may initiate pavement failure. It should be noted that a crack in
the concrete pavement does not, in itself, constitute failure but may lead to it.

2.2.3 Precast Concrete Raft Units

Precast concrete slabs, commonly called raft units, have been used extensively for

industrial pavements and roads as well as airfields. The raft units have been used to

build new pavements and to repair existing pavements. They can be prestressed or can
include fibre reinforcement to improve significantly their strength and load-carrying

capacity, as well as to suit a particular purpose. As shown in Chapters 5 and 6, steel
fibre reinforcement alone is not recommended for pavements subjected to high loads.

The raft umts have a steel angle along the top edges to prevent spalling and to maintain

the unity of the raft unit after cracking. They are designed as single units with or without
load transfer between adjacent rafts.

Several countries produce this type of pavement. The most widely known concrete raft

units are manufactured by Stelcon which is based in the Netherlands. The Stelcon rafts
are manufactured in the UK by Redlands Aggregates Limited under licence to Stelcon
Precast and precast prestressed concrete pavement slabs have been used in different
industries for a specific function in Europe, US, Japan, and the former Soviet Union.

They have been used for temporary construction, highway and airfield repairs,
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pavements subjected to heavy industrial traffic, airfield construction and port container
terminals.

The use of raft units for particular solutions, such as container terminals which require a
very high load capacity and good durability, 1s very common. Often these terminals are
built on fill areas and are subjected to large sub-grade settlements. Precast concrete raft

units provided the required strength for large concentrated loads and have been used for
several container terminals in UK and in Europe (Barber, 1980, and Patterson, 1976).

The early port pavements were designed for much smaller loads. For example, in the
mid 1950's, the maximum gross weight of a four-axle rigid lorry was 22.35 tonnes.

Currently, in container terminals, axle loads of up to 800kN are common with 450kN
container corner casting loads (Barber, 1980).

The use and development of the raft units were demonstrated in detail in Chapter .
Also in the UK an extensive research and development programme at the University of
Newcastle upon Tyne has been undertaken and produced design methods for reinforced
concrete raft pavement units by different researchers [see Chapters 3 and 7].

2.2.4 Concrete Block Pavements

Concrete blocks are a relatively new form of pavement surfacing compared with
conventional pavement systems. Concrete block pavements have been used for many
years in Belgium, the Netherlands, Germany, Denmark, and used for road construction
since the early 1970's. There was an obvious caution in applying such a form of

pavement made up of small individual blocks of concrete and whether they would
perform successfully.

A concrete block pavement usually comprises three different layers of construction

(Barber, 1980). A granular sub-base is prepared according to the specification for road
and bridge works (Dept. of Transport, 1976) and over this a screed of 50mm to 80mm of
uncompacted sand is laid. The bedding sand layer is similar to that used for raft units

and acts as a regulating layer to cover any surface unevenness of the sub-base. The
finished surface combines the high strength concrete blocks. The base or sub-base is the

critical factor in pavement design. For concrete blocks, it is generally found that a

granular sub-base is sufficient for areas carrying loads of the same order as road traffic,

but for heavy loading, such as container handling areas, a cement bound base is required
(Barber, 1980).
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Concrete blocks are manufactured by several firms and are available in a variety of
shapes and colours. They are generally hand sized, having overall plan dimensions of
100 by 200mm, but when laid they form an integral pavement surfacing. The concrete
blocks are generally available in three thicknesses, 60mm, 80mm, and 100mm. For
general trafficking, including heavy loads, 80mm thick concrete blocks are usually
adopted; 100mm thick are recommended by some manufacturers for heavy duty use and

the 60mm blocks are considered to be suitable only for non-trafficked areas (Knapton
and Barber, 1979).

The concrete blocks are laid by hand. They can be laid in either a stretcherbond or a
herringbone pattern. It 1s generally accepted that the herringbone pattern should be used
for rectangular blocks and for heavily trafficked pavements since it is not only
increasing the strength, but also gives better resistance to horizontal braking and

acceleration forces. If this pattern 1s used, with the line of blocks set either perpendicular

to or at 45 degrees to the line of tratfic, then there is no significant difference in the
performance of rectangular and shaped blocks (Barber, 1980)

The interlock of the concrete blocks by filling the joints with compacted sand, gives the
necessary structural rigidity. The blocks are laid with joint widths of between zero and

omm. However, the vibration evens these out giving a typical joint width of 3mm.

Adequate edge restraint is necessary since interlock will be lost if the blocks are allowed
to move horizontally.

The essential qualities of any aircraft pavement are strength and durability with good

frictional, rideability, and drainage characteristics. The concrete blocks provide a

durable and tolerant torm of construction. The riding quality is not as good as that from
an asphaltic surface, but has proved adequate for straddle carrier operation, and traffic
with static and low speed movement such as the three cross taxiways adjacent to the
main runway 18R/36L at Dallas/Fort Worth International Airport DFW, USA
(Faxwerthy, 1991) and at Luton Airport, UK (Emery, 1986). Most recent use of paving
blocks, however, was the construction of a 1000m long and 20m width airstrip and a

small apron for light weight aircraft in Thevenard Island -Western Australia (Muir,
1996).

Since the concrete blocks spread the applied loading, pavement thickness design 1s
similar to that used for conventional flexible pavements. The concrete blocks and sand

layer can be used in lieu of the same thickness of asphalt. The block surfacing

constitutes an integral pavement course having elastic properties analogous to those of
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conventional flexible paving materials. Therefore, design recommendations for the
concrete blocks were developed in the UK based on the sub-base design curves of the
design method Road Note 29 (Knapton, 1976). An extension to these design

recommendations uses road-base design curves from Road Note 29 in a modified form
to accommodate the block surfacing in heavily trafficked roads (Lilley and Walker,
1978; and Lilley, 1978). In this design method, wheel loads are converted to standard
axles using equivalence factors given in Road Note 29. The sub-base and road-base are

proportioned from the relevant design charts to allow for the load carrying capacity of
the block surfacing.

A design solution based on the CBR value and the cumulative number of standard
(8,200kg) axles which the pavement must withstand, was used to design the concrete
blocks (Knapton et al., 1986). Other approaches for the design of a heavy duty concrete
block pavement is that using the British Ports Association design method (Knapton et

al., 1986), and the Civil Aviation Authority of UK, paper 96001 (Knapton and Emery,
1996).

2.2.5 Composite Pavement Construction

Pavements comprising flexible and concrete layers overlaying each other as well as an
asphaltic surfacing over a cement bound base material are termed composite
construction. The composite construction is widely used in container handling ports,
highways, and airfields, and has performed well and demonstrates the feasibility of this
type of construction (Barber, 1980, Burt and Bcc, 1986, and Westall, 1966),
respectively. The pavement overlay is required when the existing pavement is no longer

serviceable or when the pavement must be strengthened to carry greater loads than
considered in the design. Therefore, the selection of a suitable surfacing is critical.

The method of designing and evaluating composite pavements depends on the pavement
structure, and their behaviour and failure mode. Composite pavements are either flexible
overlays on concrete slabs or concrete overlays on a flexible pavement. The first can be
divided into three types which use relatively thin flexible overlays, thick flexible
overlays or fall between the thin and thick flexible overlays (Dept. of Transport, 1989).
The thin overlay is designed to convert the thickness of the overlay to an equivalent
concrete thickness which is added to the underlying concrete thickness and then the
pavement is treated as a rigid pavement. The thick overlays are designed to convert the

thickness of the concrete slab to an equivalent thickness of bound base material which is
then added to the thickness of the overlying flexible overlay; the pavement then is
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treated as a flexible pavement. The third type which falis between the other two types
and cannot be defined as rigid or flexible, is designed by interpolation. The design of a
concrete overlay on a flexible pavement is the same as the design of a concrete
pavement on a grade. The modulus of sub-grade reaction, "k", 1s determined by plate-
bearing tests made on the surface of the flexible pavement. Several agencies specify that

no "k" value greater than 500 Ib. per cubic inch (135734.4 kN/m3) be used when
designing rigid overlays for flexible pavements (Packard, 1973).

2.2.6 Practical Experience - Field Trial Tests

There are two distinct types of test that can be used for the life-testing of a pavement.
The first type involves tests using real traffic conditions and the other type using

simulated loading conditions. The tests involving real traffic conditions are usually

carried out in non-laboratory conditions, due to the size of the area required to achieve a
full scale pavement test.

In the absence of full-scale test data and field experience of raft unit paving system, a
series of full-scale raft unit pavement tests was set up for this research. The test
programme of this research involved the simulation of the loading conditions of real

aircraft operations applied to full-scale raft unit pavement (see chapter 4). Simulation

was used because it was not possible to acquire a site where real traffic conditions could
be observed passing over real raft units.

However, the field test has the advantage of giving results in a natural environment and
under real traffic conditions. This validates the results greatly if the test was conducted

over the pavement life which is usually equal to or greater than 20 years, and the traffic
and environmental conditions were controlled. However, in most cases, a good pattern

of future pavement life can be obtained in the first few years, and there may be no need
for further periods. The field tests are costly and need a long time to undertake,
particularly on sites with major climatic and sub-grade variations, and covering a wide

variation of the materials and their thicknesses. Despite all these constraints, some field

trials have been carried out to assess rapid repair systems for airport pavements.

During the late 1960s, tests were carried out at the Military Engineering Experimental

Establishment at Christchurch to examine the use of raft units for rapid runway repaitr.
The foundation used at Christchurch was 75 mm of 10 mm single size Lytag laid on

shingle. A sand bedding layer was used and sand was brushed into joints. No

compaction was used. The tested raft units were subjected to a wheel load of a fighter
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aircraft and settlements up to 38 mm were recorded. This inadequate system was not
developed further.

In the early 1980s, the US, German and Dutch airforces developed similar rapid runway
repair system. The design comprised bulk ballast rock fill with geotextile lining in the

crater bowl, and a base layer of fine gravel (10 mm single size) 100 -150 mm thick, laid
on a geotextile layer. Compaction was used on the top of the ballast fill (two passes of a

10 tonnes vibrating roller), but not on the base layer, which was just screeded and
levelled. The raft units were laid and bedded in with several passes of the vibrating

roller per row of the raft units. In such repairs, bedding in settlements up to 40 mm

were typical (Bull, 1990). The British airforce adopted a similar but more conservative

approach, using a base layer of 20 mm single size stone and raft units of 200 mm thick.

In 1985, both US and UK research agencies developed these repair systems for military
strategic transport aircraft (C5 Galaxy) and wide-bodied aircraft (Tristar). It was a
major trial for developing such a system that was suitable for such large aircrafts. A
large number of aircraft movements were made across the repair and no more than 25
mm settlement was recorded with the most critical area being at the interface between
the repair and the original pavement. Clearly, great care is needed in this area. Also, a

variety of gap-filling techniques were tried. These included special fast-curing cement

mortars and asphalt mixes but the fibreboard strip was essential to permit raft unit
movement under load.

2.3 TYPES AND CHARACTERISATION OF CONSTRUCTION
MATERIALS

2.3.1 General

To design new pavement structures and to estimate the load carrying capacity or plan
rehabilitation for existing structures requires definitions of the materials' characteristics

and the dimensions of the various layers that are being considered for or actually

comprise a pavement structure. The selection of appropriate materials depends on the
design or rehabilitation methodology that is being used. The selection of the materials is

usually ensured by the use of empirically established specifications, based on simple
grading or proportion classifications. All materials used in pavement construction are

non-isotropic and exhibit varying degrees of elastic, plastic and viscous characteristics.
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Despite the diversity of paving materials and construction techniques, most pavement

structures can be classified as one of the previous categories discussed in Section 2.2.

There are two main elements in a pavement, namely surfacing material and the base.

The soil foundation for both flexible and concrete pavements 1s termed the sub-grade.

The surfacing material must be of high durability and strength in order to resist severe

deteriorations. The base is the structural component of the pavement which distributes
the load.

Modern flexible and rigid pavements consist of three main layers, surfacing, roadbase

and sub-base. The bituminous surfacing in a flexible pavement is generally sub-divided
into a wearing course and a base course, laid separately. The base and sub-base may also
be laid in composite form using different materials which are designated the upper and
lower road-base or upper and lower sub-base (Burt and B.C.C., 1986). The concrete

pavement can be laid only with two layers, the concrete slab and the sub-base. In this

section, a brief summary of the material characteristics which have been associated and
adopted by the principal analysis and design methods, is presented.

2.3.2 The Base

The base 1s defined as the layer of material that lies immediately below the surface of a
pavement, and the sub-base is a layer of material between the base and sub-grade. It may
be constructed of stone fragments, slag, soil aggregate mixtures and stabilised soil, dry

lean concrete, dense bituminous macadam, and Marshall asphalt. The prime requirement

for the base 1s to increase the load supporting capacity of the pavement by distributing
the load through the pavement. The basecourse must possess high resistance to

deformation in order to withstand the high pressures imposed upon it. The stiffness or
elastic characteristics of the materials are required in designing a pavement. For both

road and airfield pavements, the base should be compacted to at least 100 per cent
standard AASHO densities.

2.3.3 The Sub-base

The sub-base performs three functions, as a structural layer, a working platform, and an

insulating layer against freezing where the sub-grade material might be weakened by the
action of frost. It may be constructed of a granular material such as crushed rock, gravel,
crushed concrete or well burnt non-plastic shales, and cement stabilised materials. It is
agreed generally that an untreated granular layer of sub-base will develop moderate

strength when compacted to a high density, thus providing additional strength to the
pavement at relatively low cost. A firm underlying layer is required to achieve this level
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of compaction. Therefore, the strength of the granular sub-base layer is a function of the
strength of the underlying material and layer thickness.

Type 1 and Type 2 are granular sub-base materials defined by the Department of
Transport (Dept. of Transport, 1976). The materials used for Type 1 sub-bases are
crushed rock, crushed slag, crushed concrete. For Type 2 sub-bases, additional materials
are used such as natural sands and gravels. The grading limits for Type 1 and Type 2
sub-bases are specified in the Department of Transport Specification (Dept. of
Transport, 1976 and 1992). The grading and moisture content limits for Type 2 sub-

bases were selected on the basis of laboratory research, so that the material would, under
the specified moisture condition, have a laboratory CBR value of not less than 30 per

cent (Croney, 1991). Other procedures are available for cohesive soils to estimate a

design value from the plasticity index of the soil (Powell et al., 1984). In the UK

conditions, a relationship was established to determine the elastic stiffness directly from
the plasticity index (PI) (Black and Lister, 1979):

S = 70 - PI (2.1)

where,

S; 1s expressed in MPa and PI 1s expressed as a percentage.

Sometimes, the availability of good quality materials, with or without self-cementing
properties, can make conventional granular base and sub-base construction a practical
and economic choice. However, this type of construction is only recommended on good
dry sub-grades, where it 1s possible to achieve the necessary high level of relative
compaction which is not always the case in practice, for concrete airfield pavements,
granular sub-base courses may be used if the sub-grade layer was weak and an

improvement in the sub-grade support was provided by the granular sub-base. In this

case, the cost of the sub-base layer should be weighed against the savings realised on the
thickness of the base courses and the concrete surface.

The eftective elastic stiffness of a granular layer depends to some extent on the
thickness and stiffness of the other layers. It is more dependent on the type of material,

state of compaction, water content, and grading of the granular material. In areas where

acceptable base and sub-base materials are expensive, cement stabilised materials and
asphalt bound materials offer important economic advantages.
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2.3.4 Cement Stabilised Materials

Cement can be used to enhance the strength of granular material for the base or the sub-

base layers. The material is defined basically as an aggregate of some kind, with low
cement and low water contents added to give modest strength at low workability. The
strength needs at least 7 days to develop. The cement stabilised sub-base provides a
highly impermeable layer that reduces the amount of surface water reaching the sub-

grade, as well as provides strong support for the pavement. The high strength of the

cement stabilised sub-base permits the use of thinner concrete pavements for given
loading conditions.

The current policy of the Department of Transport is to construct pavements with bound
bases. The cement- or bitumen-bound bases have been used for flexible pavements
while the dry lean concrete base has been used for rigid pavements. In general, the
bound bases are highly recommended in the case of pavements subjected to regular
trafficking by heavy aircraft with high tyre pressures. On the other hand, pavements with

bound bases permit the use of a less stringent specification and give structural benefits
over pavements built on unbound bases, allowing a saving in thickness over the granular
base and sub-base requirement. The bound base designs provide an economic and

practical solution and most significantly give reliable performance. (Dept. of Transport,
1989)

2.3.5 The Sub-Grade

The soil immediately below the formation is referred generally to as the sub-grade. The
performance of the pavement is affected by the characteristics of the sub-grade
especially for flexible pavements where the required thickness depends greatly on the
shear strength of the soil. The function of the sub-grade is to provide a support to the
pavement and the wheel load imposed on it. Desirable properties which the sub-grade
should possess include strength, drainage, ease of compaction, and permanency of
compaction and strength. The pavement structure must reduce the stresses on the sub-
grade due to traffic loading to a level that ensures that there is only very limited
deformation at the end of the design life. The magnitude of stresses in the sub-grade at
formation level is strongly influenced by the stiffness of the sub-grade and the
deformation caused by these stresses is related to the strength of the sub-grade. Thus

both stiffness and strength of the sub-grade affect its performance and the level of
stresses generated in all the overlying pavement.
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For adequate sub-grade construction, several basic principles should be followed at all
times, including proper compaction of the sub-grade, construction of adequate
subdrains, and adequate field control. Both stiffness and strength of the sub-grade are
strongly influenced by moisture conditions. Apart from its eftect on the strength of the
sub-grade, inadequate drainage can have adverse effects on the stability of granular
foundation layers subjected to prolonged saturation and thus deny the normal basis of
design. It has been shown that sub-grades that become very wet during construction

subsequently reach lower equilibrium strengths than those that are kept dry and well
drained (Black and Lister, 1979).

Sub-grade stiffness is a critical factor in defining pavement deformation and 1s usually
characterised by the modulus of sub-grade reaction (k), or by the elastic modulus, (Ej).

Regardless of whichever factor is chosen to define and control the deformation, field
measurements are required to maintain the necessary quality control over the
construction. The assessment of sub-grade strength and stiffness is usually made in the
field and can be applied to laboratory samples compacted at the appropriate field
moisture content, by the CBR test, the plate bearing test for getting the modulus of sub-

orade reaction (k), and in some cases the dynamic penetrometer (British Standards
Institution, 1990). The CBR test, although giving unrealistically low results on wet

cohesive soils near saturation, is generally accepted and practical measure that can be
used to give an estimate of both stiffness and strength. In situ CBR values are not
normally representative of the equilibrium sub-grade strength under a pavement. The
equilibrium CBR value can be estimated from laboratory tests (Black, 1961, and Black,
1962). Sub-grade strength also needs to be measured when existing pavements are being

reconstructed. This can be carried out by in-situ CBR testing in pits or by making
boreholes and using the cone penetrometer (Black, 1963).

The sub-grade stiffness can be characterised by its resilient or elastic behaviour, and
permanent or plastic behaviour. These are generally regarded as the relationships
between applied stress and recoverable strain, and permanent strain and number of load
repetitions, or design life. Relationships have been developed between the elastic
modulus (E) and the CBR by several researchers. Since an elastic modulus is required

for analytical design methods, the expression E; = 10x(CBR) N/mmZ2 has been widely
adopted (Heukelom and Foster, 1967). This relationship is purely empirical in form.

It has been observed that more pavement failures occur in locations where the pavement
has been placed on sub-grade in cut sections and particularly where the sub-grade

transitions from cut to fill sections. In these situations, it is necessary to provide a
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transition zone at that section to preclude pavement break-up at these locations. A

capping layer will be suitable for such a transition zone. The sub-grade of compacted fill
material provides better support.

Sub-grades with a CBR value less than 5 per cent require a suitable capping layer of low
cost, local material, as recommended by the Department of Transport, (1989) and
Powell et al., (1984). This capping layer is designed to provide a working platform as
well on which sub-base construction can proceed with minimum interruption from wet
weather, and to minimise the effect of a weak sub-grade on pavement performance. The
capping layer reduces the risk of damage to any cement bound materials above the
capping layer during construction operations and can thus improve the structural
contribution of these layers. It was observed that such capping layers also minimise any

reduction in the strength of the sub-grade during wet weather and any consequential
adverse etfect on its final equilibrium strength (Black and Lister, 1979).

The Poisson’s ratio of the sub-grade should be known although it does not have a large

etfect on the results from an analytical design method. This parameter has typical values
ranging from 0.4 to 0.5 for cohesive soils and from 0.2 to 0.35 for granular soils, while
for non-cohesive soils the value approaches 0.3 (Yoder and Witczak, 1975). In the

British Port Association (BPA) manual, the following relationship proposed by
Heukelom and Foster, (1960) has been used:

n=10.82 -0.1log.E, (2.2)
where,

E; = elastic modulus of the sub-grade (N/mmz)
1L = Poisson's ratio

While most pavement designers believe stabilised materials will give better performance
than their unstabilised counterparts, there is wide belief that a comparison of
thicknesses, which would yield equal pavement performance, must depend on many
factors such as the quality of materials, position in the pavement structure, load
magnitude and climate. Details of material requirements and construction methods for

quality stabilised and unstabilised bases, sub-bases and sub-grades are given in the
appropriate references of this chapter.
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2.4 LOADING SYSTEM

2.4.1 Introduction

Airport design and construction has become one of our modern day skills. Airport

pavements, however, are related uniquely to the aircraft itself and its operating qualities.
The considerations which tie the pavement and the aircraft together are simply, that the
pavement must physically support the aircraft during all its ground phases with a
minimum safety risk when taking-off and landing. Such risk includes ingestion of

stones, slush and water into the engines of the aircraft due to the poor design of the
comers, edges, and the drainage system of the pavement.

A conventional take-off involves an acceleration phase until the rotation speed is
reached, whereupon the nose is lifted and the aircraft climbs away to a prescribed climb

speed. The conventional landing involves descent on a controlled path, to cross the
threshold at a speed which allows the pilot to round-out for an airborne touch-down.

Once the aircraft has landed on the ground, the prerequisites for a prompt, safe stop and

running on taxiways and aircraft parking, lie in the proper choice of the aircraft and
airfield pavement characteristics.

The characteristics of the aircraft which affect pavement strength design are aircraft all-
up weight, percentage load oun the nose wheel, wheel arrangement, main leg load, tyre

pressure, and contact area of each tyre. Table 2.1 shows these data for aircraft currently

in use. The all-up weight of one of the largest civil aircraft in service, the Boeing 747, is

now over 350 tonnes with tyre pressures of 1.30 N/mm2. It retains, however,

conventional dual-tandem (DT), four wheel bogies for the main undercarriage gear [see
Plate 2.1c], but requires four main units to carry the increased weight.

At present 23.45 tonnes is about the maximum load carried on one wheel. A large
number of wheels is, therefore, needed to bear the weight of large aircraft like the
Boeing 747, the C-5A Galaxy, and the Douglas DC-10. A wide variety of wheel
arrangements 1s possible. The standard and the most common undercarriage categories
are single wheel (sin.), dual wheel (D), and dual-tandem (DT) units [see Fig. 2.3]. The

airfield pavement designer may well have to consider a number of non-standard wheel
arrangements such as complex wheels (COM) [see Plate 2.1d].

Arrcraft loads are transmitted to the pavement through the landing gear. The portion of

the load imposed by each leg will depend on the position of the centre of gravity with
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reference to the main and auxiliary (nose) legs. The load supported by each leg i1s
transmitted to the pavement by one or several rubber-tyred wheels.

A major consideration in the design and evaluation of a pavement is the effect of the

traffic intended to use the pavement. For a particular aircraft or traffic mix, the
following traffic information should be considered in pavement design and evaluation.

(i.)  Gear configuration of the design aircraft.
(ii.)  Contact (tyre) pressure of the design aircratt.
(iii.) Maximum take-off weight.

(iv.)  Annual aircraft movements.

(v.) Lateral distributions of loads on taxiways and runways, and longitudinal
distribution of loads on runways.

(vi.) The aircraft speed.

(vii.) Special loading considerations (e.g. braking, turning movements, and jacking).

2.4.2 The Effect of Aircraft Undercarriages

The choice and location of the landing gear is usually dictated by the particular layout of

the aircraft; the final arrangement depending on the shape and volume of the space
which is available to house the entire unit when retracted.

Most aircraft have a tricycle type undercarriage arrangement comprising two main

wheel gears near the centre of gravity of the aircraft and a nose wheel gear which carries
5 per cent to 10 per cent of the total aircraft load. The number of wheels on the main

gears varies with the type and weight of the aircraft [see Fig. 2.3]. The main gears with

four or more wheels, for practical design purposes, are treated as dual-tandem. Tandem
gears are not very common and can be treated as duals when using the design charts.

The concept of an equivalent single wheel load (ESWL) for a multi-wheel group is
somewhat delicate. Equivalence can be based on one criterion only, it will be valid for
that one aspect and only for some assumed part in the pavement. The pattern of strain

and stress, for instance, which a multi-wheel undercarrtage imposes on the pavement

will differ from the pattern imposed by a single wheel. Computations for determining
equivalent wheel and axle loads are based on equal deflection or the equal stress

criterion. The validity of the equivalent single wheel load depends upon how dominant

an influence the criterion selected affect pavement performance. The use of the ESWL
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concept was introduced to simplify the design analysis of multiple wheels (Yoder and
Witczak, 1975).

The stress within the surface of a pavement due to the applied load depends upon the

load on the undercarriage unit, the spacing of the wheels within the bogie, the tyre
pressure and the precise position of the undercarriage in relation to the pavement. These
parameters have a potential effect on the magnitude and the behaviour of both the stress
and deflection at the top surface of a pavement immediately under a twin wheel and at
the bottom surface of a pavement (Yoder and Witczak, 1975). The average failure load

for the two wheel arrangements was always less than twice that of one wheel, and about
the same as half that of four wheels. This is to say, there is a strong presumption that if

the comner of a slab 1s loaded by only two of the four wheels of a four wheel bogie, this
is the worst case (Dawson and Mills, 1970).

In cases where separate undercarriage legs are so close that the effects of wheels from
adjacent legs appreciably interact, the combined effect of the wheels from both

undercarriage legs must be considered as a single complex undercarriage (ICAO, 1983).
However, such cases result in load interaction and affect the calculations of obtaining
the Aircraft Classification Number (ACN) which are based on one main wheel gear
only. Therefore, a correction factor for adjacent gear load interaction should be applied.

The procedure for assessing the loading effect of adjacent main wheel gears and the
correction factors are stated in (Dept. of Transport, 1989).

In the following stages of aircraft design, the designer may wish to study the effect of
various wheel spacing on pavement stresses. A computer programme developed by the
PCA 1n 1967 , was used in a limited study for dual and dual-tandem gears (Packard,
1967). The data in the program was expressed as relative stress so that the relationship
can be applied for any gear load. Generally, the programme shows for each inch
(25.4mm) that spacing is increased, stress is reduced by slightly less than 1 per cent.
Changing the dual spacing from 30in (762mm) to 36in (914.4mm) reduces the stress by
about 5 per cent. Only minor effects are indicated for the other variables, namely, radius
of relative stiffness and contact area. For dual-tandem gear, changing dual spacing
changes stress at the rate of about 1 per cent per inch (25.4mm), changes in tandem
spacing have slightly less effect. For equal loads, increasing the dual-tandem gear

spacing from 30in (762mm) by 55in (1397mm) to 36in (914.4mm) by 60in (1524mm)
decreases stress by about 9 per cent.
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2.4.3 Selected Aircraft Loading

It is a general practice to design or evaluate a pavement based upon a design aircraft
which will operate regularly from an airport.

In different design procedures, a pavement design chart or formula is prepared outlining

the operational classification of the various pavements at the airport for the aircraft

under consideration. Each method gives a slightly different pavement requirement in
terms of overall depth and individual layer thicknesses.

Pavement design is always based on parameters of sub-grade strength, materials to be

used in the pavement layers, type of trafficking and length of service required.

Undercarriage configurations, individual wheel loads, and forecast frequencies of

aircraft movements which may use the airport, are the most significant parameters
which need special and delicate considerations during the design tasks. Since the traffic

forecast is a mixture of a variety of aircraft having different landing gear types and

different weights, the effects of all traffic must be accounted for in terms of the design

aircraft. The loading conditions applied throughout the tests included in this thesis are a

simulation for traffic mix with the same undercarriage or converted to the same landing
gear of the design aircraft Boeing 727-200; and different take-off weight. The
conversion to the equivalent annual departures and into the same landing gear
configuration should be determined by the appropriate formula such as that used by

FAA (FAA, 1978). For this computation 95 per cent of the gross weight of the aircraft is
assumed to be carried by the main landing gear.

After all these considerations of the all-up weight, the next important factors are the
landing gear configuration, and the operating frequencies of aircrafts. However, it was
found that the heaviest aircraft which requires the greatest pavement thickness was the

Boeing 727-200 and was thus used as the design aircraft [see Plate 2.1 b]. The total

gross weight carried by the dual wheel landing gears of the design aircraft was 94.318
tonnes with a wheel spacing of 865 mm.

2.4.4 Aircraft Weight Limitation

The traftic mixture consists of a variety of aircraft having different landing gear types
and different weights and tyre pressure with different frequencies. In order to assess
their effect on the structural performance of pavements, all load contributions of the
different aircraft sizes must be quantified and related to a specific characteristic.

Attempts have been carried out to reduce mixed traffic to a single parameter such as
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Load, Aircraft and Pavement Classification Numbers (LCN), (ACN), and (PCN)
(Packard, 1967).

An economic analysis relating the cost of pavement upgrading to the penalty cost
associated with adding gears and wheels to aircraft to provide adequate flotation for

current pavement design criteria has been performed (Ledbetter, 1976). Adequate
flotation implies distributing the total mass of the aircraft over a larger area to keep

pavement stresses within acceptable limits. In this analysis, the question that had to be

answered was, whether or not the FAA policy on pavement strength should be changed
due to the advent of both wide body jets and the possible addition of an aircraft

weighing up to 680 tonnes to air carrier fleets in the future. Of course, the basis for the
answer was mainly economic. However, the basic assumption of the possible additional
aircraft is unlikely to happen at least in the near future due to its compatibility with the
existing airport facilities in general including pavement characteristics. Therefore, the

cost analysis for aircraft and pavements recommended that the practical alternative of

increasing the number of gear bogies to aircraft was more acceptable and economic than
upgrading the existing airport pavement and changing the current FAA policy.

The effects of dynamic loading induced by aircraft performance on a pavement during
landing and at the point of rotation for take-off as well as during low and high speed
taxiing, braking, turning operations and surface unevenness are difficult to evaluate and
need more research. A study of the responses of a typical flexible and rigid airport
pavement to static and dynamic loading was undertaken by Ledbetter (Ledbetter, 1976).
In this study, two series of full scale tests using B727 and C880 instrumented aircraft

and runways were made. In general aircraft dynamic wheel loads have had a significant
effect on airport pavements; specifically,

(i.)  the increased magnitudes of aircraft wheel loads that result from aircraft modes

of operation, pavement unevenness, and aircraft structural characteristics during
moving ground operations, and

(1i.) the dynamic load phenomena associated with the materials used in the
construction of both rigid and flexible pavements.

It was shown that none of the basic aircraft ground operating modes induced pavement
responses (elastic plus inelastic) greater than those occurring for the static mass of the

aircraft, even though the aircraft dynamic loads were as much as 1.2 times the static

load. For landing performance, the measured aircraft loads showed that high horizontal
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loads were applied to the pavement surfaces during turning. Where at the deepest layers
monitored (i.e. 990 mm to 1300 mm for the flexible pavement and 380 mm to 610 mm

for the rigid pavement) the responses to various modes of aircraft operation of the

flexible and rigid pavements were 10 per cent and 30 per cent of their surface responses,
respectively (Ledbetter, 1976).

Aircraft tyres treads which produce surface stresses higher than the tyre pressure due to
the load concentration on the tread bars. For a given load, an increase in tyre inflation

pressure reduces the net contact area, resulting in an increase in contact pressure. The
contact areas are non-uniform with localised areas of high pressure, and the contact
distribution can change with increases in tyre pressure. Without the treads, the contact
distribution is uniform and equal to the tyre pressure. The contact area is then equal to
the wheel load divided by the tyre pressure. it was found that near the centre of the tyre
contact area, pressures were uniform and closer in magnitude to the tyre pressure
(Okamoto and Pachard, 1989). Although this increases the stresses within the concrete
surface, the stress concentrations are substantially dissipated through the pavement
structure, and therefore, the effect on structural design parameters is negligible.

Increasing the tyre pressure increases the pavement stresses in the surface which result

in high stress concentration due to decreased surface curvature. For practical design, the
tyre pressure produces the intensity of the applied load on pavement. Okamoto and
Pachard (1989), showed that there was no significant difference in pavement response
between the non-uniform pressure and uniform pressure net area distribution. The
change in stress and detlection was less than 2 per cent and 1 per cent, respectively.

The thickness required for pavements subjected to parked or slow-moving aircraft
should be based on the static mass of the aircraft, as is the current practice. This applies
to the parking aprons, taxiways other than high speed exit areas, and runway ends. In
high speed exit areas and other areas that are subjected to high speed aircraft operations
only, design should be based on an analysis of the design loading to the pavement and
the pavement response to dynamic loading. For an economic pavement design, in high-
speed areas, high horizontal loads are applied to the pavement surface which requires

high strength pavement surfaces rather than an increase in the overall thickness of the
pavement.

2.4.5 Aircraft Traffic Mix

Among the most important factors to be evaluated in the structural design of airport

pavements are the effects of aircraft type, traffic volume, and mode of operation of the
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aircraft. The effect of aircraft traffic mix involves consideration of the various aircraft

types expected to be encountered within the design life, the anticipated number of

movements of each aircraft type within the design life, and the lateral wander effect of
atrcraft within the traffic mix. Also the mode of aircraft operation is primarily concerned

with the speed at which the aircraft operates on the design pavement area. Other design

criteria for airport pavements include the number of load repetitions that the pavement

will receive during its fatigue life. The load repetition is an aircraft movement over a
particular point on the pavement which normally constitutes a pass.

Pavements are often designed for operations by a specific type of aircraft, called
standard or design aircraft, so the calculation of the loading system is relatively straight
forward. Other approaches are adopted for mixed traffic operations. Although both
methods consider the aircraft and traffic repetitions, the philosophy used in handling
these atfects are quite different. Normally, in the former design approach, only the
heaviest or the most damaging aircraft is used and the damage effects of the other
aircraft types are ignored. The procedure relying on a standard aircraft type within the
atrcraft traffic mix normally includes the use of determining the equivalent damage
eftects of all the aircraft types in the mix expressed in terms of the number of repetitions
of the standard aircraft and thereby to calculate the number of equivalent coverages by
the standard aircraft. While the magnitude and configuration of the wheel loads are the

dominant factors in the design of airport pavements, therefore the forecast of aircraft

traffic mix for an airport should be converted to the standard aircraft within the mix (see
Section 2.4.2).

2.5 RANGE AND FREQUENCY OF LOADING

It is well established that heavier wheel or axle loads are more damaging to a pavement
than lighter ones. The distribution of aircraft weights were described in sections 2.4.2
and 2.4.4 of this Chapter. In these sections, it was quite obvious that the magnitude and
configuration of the wheel loads were the dominant factors in the design of airfield
pavements. [t 1s not the heaviest loads which are the most damaging to a pavement, but

where magnitude and frequency combine to give a critical condition. The effect of
fatigue caused by load repetition is an important concept for designing a pavement.

However, pavements subject to high frequencies of tratficking have to be significantly
thicker than those subject to low frequencies (Packard, 1974).

The appropriate frequency of trafficking depends on the number of coverages during the

design life of a pavement. The coverages are effected by the design life, pattern of
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trafficking and mixed traffic. An-aircraft movement over a particular portion of the

pavement normally counts for a pass or repetition. The total number of repetitions are

considered as the total number of movements. The mixed traffic analysis 1s used to
design the effect of aircraft operations at different gross weights. The details of mix
traffic analysis are described in ICAO, FAA, DOT manuals, and others (ICAO, 1933,
Dept. of Transport, 1978 and 1976, and Rada and Witczak, 1991). The relationship

between passes and coverages depends on the main gear wheels, the width of the tyre
contact area and the lateral distribution of the aircraft wheel paths relative to the

pavement centre-line (i.e. lane channelling). The number of coverages which represent

the number of times a particular point on the pavement is expected to receive a
maximum stress as a result of a given number of aircraft passes, is calculated:

Passes

Coverage = ————M8m
Pass — to — Coverage Radio

In normal circumstances pavement deterioration is gradual, becoming noticeable over a
period of a few years. This deterioration can be due to surface weathering or structural
fatigue or both factors. It 1s recommended that the structural design life should be in a

range of 20 to 40 years (Dept. of Transport, 1978 and 1989). More details about fatigue
characteristics can be found in Chapters 3 and 7.

2.6 LANE CHANNELLING

Aircraft moving along an airport pavement possess some lateral wander associated with
its movement. The net effect of this wander is that the number of aircraft passes is not
equal to the number of coverages at a given point in the pavement. The coverages

resulting from operations of a particular type of aircraft are a function of many factors
that were stated in the previous Section 2.5. Fundamental to the current procedure for

converting aircraft passes to coverages is the assumption that aircraft wheel-paths for 75
per cent of operations are uniformly distributed over a certain pavement width (Hosang,

1976). The wander varies significantly with the type of pavement characteristic under
consideration. In some cases, the channelling is very important in pavement design; for

example, vehicle movements in a highway are restricted within a lane width of the same
order as the track width.

In airfield operations, the shapes of the lateral distribution patterns for take-offs are
generally narrower than those for landings and both of them are different from the

behaviour 1n taxiways particularly high speed taxiways. Relatively, the lateral
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distributions of an aircraft on a runway are affected by crosswinds, wet pavements, and
night operations.

The standard deviations for take-offs, landings, and taxiways are different. The standard
deviation defines the distribution of wheels across a pavement and provides an estimate

of the proportion of traffic covering a particular point on the pavement. A study carried
out by Hosang, 1975, showed that the computed standard deviations for individual types

of aircraft, compared at the various airports, generally varied from 0.91m to 2.4m for

take-offs and from 1.2m to 2.7m for landings (Hosang, 1975). Also, there was no
consistent correlation of the standard deviation with respect to type or size of aircraft.

The standard deviations of the lateral distributions on high speed exit taxiways are
generally greater than those on runways and are affected by the aircraft operational flow
pattern and the exit configuration. It was found that the standard deviations of high-
speed taxiways ranged from approximately 2.4m to 3.2m, with the upper limit probably
more representative of typical exit configurations and their normal use (Hosang, 1975).

2.7 AIRCRAFT/PAVEMENT INTERACTION AND OPERATION

With the advent of the wide-bodied aircraft, and perhaps merely the stage of
development that has been reached in aviation, there has been a strong interest in
pavement behaviour on the part of aviation industry groups other than those directly
concerned with pavement design. Major aircraft industries, as well as their Aircraft
Industries Association (AIA), have shown a strong interest in pavement requirements
for aircrafts. Similar interest in pavements has been evident on the part of the
International Air Transport Association (JATA); the Aircraft Operators Council

International (AOCI); the Intemational Civil Aviation Organisation (ICAO); and the Air
Line Pilots Association (ALPA).

The increase in the number of aircraft operations at the airports coupled with the
continual growth of aircraft size and weight, are adding new dimensions of concern to

atrfield pavement design. This represents a broad concern for the interaction of aircraft

and pavements, and points to the need for better understanding and definition of the
effects of aircraft on pavements and of pavements on aircraft.

There has been a broad awakening to the problems of aircraft and supporting pavement
Interaction, particularly on the part of those concerned primarily with the aircraft.
Through the years there has been a strong trend towards widening the concepts of
pavement design. This began with little more than load, thickness, and some evaluation
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of the in situ strength of the sub-grade. Concepts have been expanded to include

material quality, climate effects, tyre pressure, frequencies, multiple wheels, mixed
traffic, skid resistance and roughness.

The development and operation of an aircraft cannot be undertaken with safety in so far
as ground handling ts concerned, without full knowledge of the loading characteristics

of the aircraft and the load bearing properties of the airfield pavement on which it is to

operate. For instance, the aircraft classification number, pavement classification number
(ACN, PCN) is the standardised ICAO method for reporting airport pavement strength.
With this system, both the structural effect of an aircraft and the load carrying capacity
of the pavement are expressed in terms of a standard single wheel load. The
management of airport operations is greatly simplified by the fact that the effects of
various gear configurations on a pavement can be compared directly in terms of the
standard single wheel load. The PCN is based on a required design life, thus, operating

an aircraft with an ACN larger than the pavement's PCN will shorten the design life of
the pavement.

The problem of pavement unevenness is of concern to many operators in the airport and
aircraft industries. Airport owners and operators are required to ensure that smoothness
is maintained. Aircraft manufacturers are required to design their aircraft with a good
ride quality and structural integrity for both air and ground operations. One of the

objects of each is to minimise both aircraft structural damage and passenger and crew
discomfort during ground operations.

2.8 ENVIRONMENTAL EFFECTS

Concern for the environmental effects of pavements is expanding, and significant
research has been made in developing means of treating climatic variation. The response

of a pavement is affected by the environmental conditions such as temperature and

moisture in which 1t is situated. The design considerations associated with these factors

are material stiffness, frost heave, and volume changes. Thermal stress depends on
pavement temperatures.

The response of asphalt treated materials is temperature dependent, which influences

their behaviour in pavement sections. Temperature changes cause thermal stresses in
bituminous, asphalt concrete, and portland cement concrete pavements. The distribution

of temperatures in pavement layers can be estimated from weather data as average air

temperatures and their daily ranges by using various solutions such as the heat-
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conduction equation (Barber, 1957, and Pretorius, 1969). Also temperature can be
measured using a temperature sensor such as copper-constant thermocouples (Janoo and

Berg, 1991). The surface and pavement temperatures are used for pavement analysis and
design.

The water table is usually 3m or more below the surface. The soil generally 1s highly

impervious to subsurface water flow and there is very little transmissibility of surface or
subsurface water through the soil material. The water (i.e. moisture content) affects the

responses of materials in pavement sections or layers to load and may cause undesirable

volume changes like frost heave. Moisture content influences mainly the sub-grade and
the unbound pavement materials. By increasing the moisture content of soil, its
consistency can be varied from semi-solid to plastic to liquid.

For design purposes, the effect of moisture content can be evaluated by measuring the
properties of untreated materials in the saturated condition using the soaked CBR test.

The percentage of moisture content (i.e. Liquid and Plastic Limit (LL, PL), and Plastic
Index (P1)), based on dry weight, at which each change in consistency occurs, can be

determined using the Atterberg tests. It is widely known that soils with high plasticity

indices are much less desirable for sub-grades or base courses than those having lower
indices.

Frost and thaw depths can be determined using the surface temperature measurements.
The frost and thaw depth can be accurately estimated for soil such as silty clay, sand.
and silty sand by using the zero Celsius isotherm. It must be kept in mind that increasing
thaw depths do not necessarily result in a drained layer above the frozen layer. In fact,
observations indicated that trapped water in the sub-base layers during the early spring

has a great impact on pavement performance during the thaw period (Janoo and Berg,
1991).

The load transfer efficiency is affected by temperature and the thaw depth. It was found

that at the beginning of the spring thaw the load transfer efticiency followed the
pavement temperature trend and then remained constant or underwent very small

changes with pavement temperature (Janoo and Berg, 1991). Also, it was concluded that
the initial high load transfer efficiency may be due to a frozen or partially frozen sub-

base and/or sub-grade. As thawing progresses into the pavement structure, the load
transfer efficiency decreases even though the pavement surface temperature increases. A

pavement with a good drainage system, will drain the excess water and its load transfer
etficiency will recover and increase with time.
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2.9 Total Life Cycle Costs

The total life cycle cost concept is a means of comparing the total cost of different types

of pavement. The components of the total life cycle cost comprise :
e [nitial construction cost

e Maintenance cost

e Salvage cost

Since some of the components ,e.g. periodic maintenance, will be incurred at a future

date, these future costs must be discounted to a present value using an appropriate
discount rate and added to the initial construction cost in order to compare alternatives.
Discount rate can be defined as the minimum attractive rate of return on an investment.

It is difficult to predict the year on year discount rate over a design life of say forty years
for a pavement but values of 5,10 and 15 per cent are often used in economic

comparisons of pavements. By using a discount rate, it is possible to evaluate the
present

worth of a future cost. The basic equation for determining present worth as stated in the
CAA paper 9600, (Knapton and Emery, 1996) is:

PW = c+M,(-1—-31r—r) e +M.[1—i——l;]n' - §()” (2.3)

where:
PW : Present Worth.

C :Present cost of initial design or rehabilitation activity.

M; : Cost of the i maintenance or rehabilitation alternative in terms of present costs.
r : Discount rate.

n, :Number of years from the present to the i maintenance or rehabilitation activity.

: Salvage value at the end of the analysis period.

S
Z : Length of the analysis period in years.
n
(-1-—_}_—;) = Single payment Present Worth Factor (PWF).

Salvage cost is a residual value at the end of the analysis period and should be expressed
as a negative value in the whole life cycle cost analysis. It was considered that any
salvage cost in a concrete pavement will be very small, say 10 per cent of its original
value. Some other activities such as old sealant materials and overlay treatments to

surface, were assumed to have no salvage value since there useful lives have been
exhausted during the analysis period (FAA, AC150/5320-6C, 1978).
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The life cycle cost of airfield pavement and similar paved areas was considered by

different authorities in terms of initial construction cost, maintenance cost, salvage value
and present worth value.

Three concrete block surfaced taxiways had been constructed at Dallas, Fort Worth
International Airport (DFW) during 1990 (Larry et al, 1991). This type of pavement was
selected due to its ease of construction, and its ability to shorten runway closures. The
installation costs were comparable to the alternate Portland cement concrete pavement,
and the maintenance costs were expected to be lower. A DFW study concluded that
construction of Taxiways B and C, and other associated taxiways, significantly reduced
delays and costs. By using concrete paving blocks instead of conventional concrete
pavement, the DFW reduced its mightly construction runway closures from 14 to 12
hours. This two - hour reduction saved more than $37,000 (£25,000) daily in delays to

the airlines. Over the 114 - night construction period that savings amounted to
$4,232,000 (£2,821,334).

New development of a new international airport (DIA) in Denver, USA during 1990.
Primary airfield elements included 6 - runways with associated taxiways and parking

aprons (Loy and Warren, 1991). Life cycle cost analyses were conducted for both full-
strength Portland cement concrete (PCC) and Asphalt concrete (AC), in accordance with

FAA AC.150/5320-6C, 1978. Present worth economic analysis with a 4 per cent

discount rate was used over 20-year and 40-year design lives. The results of the life

cycle cost analyses were obtained as the life cycle costs over the 20 and 40 year design

lives, of the PCC were less than the AC by 19 per cent and 37.7 per cent respectively.
Based on these analyses, the full-strength pavement "PCC" was preferred.

A new | km (0.625 m) runway associated with a small parking apron (i.e. total area of
26,000 m*) were completed on Thevenard Island, Western Australia, using concrete
paving block in March 1995 (Muir, 1996). The consulting Engineers of this project
investigated different pavement altemnatives including concrete paving blocks. Life cycle
cost analyses 15-year design life and construction period of 6-weeks indicated that the
concrete paving blocks was the most suitable option. The initial construction cost for
this option was AUD $2.4m, where for other options such as the cement stabilising
sand; and prime and two coat seal were AUD $1.1m and AUD $1.5m respectively.
Technically, however both these options required regular maintenance that increased the
total life cost to values higher than that of the paving blocks. The asphalt concrete

option of an initial construction of AUD $1.9m was considered but would still require
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some maintenance. Based on the life cost analyses and pavement performance, 1t was

decided that the concrete paving blocks presented the most attractive option.

With this brief in mind, it was felt that similar analysis should be carried out for the

precast concrete raft units as a new paving system for airfields [see Section 7.8].

2.10 Summary of Chapter

A brief review on the interaction between the aircraft and pavement was presented.
Airport pavement, however, are related uniquely to the aircraft itself and its operating

qualities. The considerations which govern the pavement and the aircraft together are

simply, that the pavement must physically support the aircraft during all its ground
phases with a minimum safety risk when taking-off and landing.

Historically, pavements have been divided into two broad categories, flexible and rigid
pavement. These two categories can be subdivided further into one of the types shown
in Figure 2.1, which includes the conventional pavement (asphalt and PQC) the concrete
block pavement, and the precast concrete raft units pavement. There are two main

elements in a pavement structure riamely the surface material and the base. The
behaviour of pavement structures depends mainly on the ultimate strengths of the

component materials. Material characterisation has been used to quantify their elastic
and visco-plastic behaviour.

Pavement performance depends to a large extent upon the types of paving materials
chosen. The basic requirements for a pavement structure to fulfil are:

(i.) to provide a uniform riding quality,

(i1.) to be strong enough to carry the traffic and control the environmental effects,

(i11.) to provide a good drainage system and a skid resistance, and
(iv.) to provide an economical life cost.

The increase in the number of aircraft operations at the airports coupled with the
continual growth of aircraft size and weight, are adding new dimensions of concemn to
airfield pavement design. The rapid growth of airport operation during 1940’s led
different international organisations to lay down standards and specification in order to
obtain a uniform control of airport operation. The advent of the heavy and wide body
aircraft has brought a new concern for pavement design and airport operation.
Therefore, 1t was necessary on the ground to support either the aircraft by providing

more wheels within the main landing gear or by strengthening the pavement. However,
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the characteristics of the aircraft which affect pavement swrength design are aircraft all-

up weight, wheel configuration, and contact pressure.

The total life cycle cost concept was introduced by comparing the total cost of airfield
pavement and similar paved areas that considered by different authorities was 1llustrated

in terms of initial construction cost, maintenance cost, salvage value, and present worth

value.
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Chapter - Three

DESIGN REVIEW: CONVENTIONAL PAVEMENTS AND
PRECAST CONCRETE RAFT UNITS

3.1 INTRODUCTION

There are many pavement design methods which are based on past experience and on
theoretical analyses. Neither of these two approaches are satisfactory within themselves.
Complete reliance upon past experience of pavement performance needs a relatively
long time before a new concept can be proven. On the other hand, theoretical equations
are based upon simplified assumptions which cannot be universally applied. A balance
between these two approaches would probably give a more comprehensive design
solution. The methods vary from the use of charts to sophisticated computer analysis. It
would appear that past research particularly in recent years contributed to the
development of improved methods of pavement design which would have the potential

impact to provide solutions to pavement problems as well as increasing the reliability of

the design.

Elastic mathematical models have been developed for most design methods, and the
majority of research has been based on this approach. Although pavement behaviour is
not truly elastic, plastic behaviour is much more difficult to model and some of the

relevant parameters are not known with sufficient accuracy.

Several complete design methods have been based on the multi-layer elastic model. The
finite element theory provides a ready method of solution for plastic and elastic

behaviour in a multi-layered system. In these methods all pavement materials are
assumed to be homogeneous, 1sotropic with infinite horizontal dimensions.

The raft units have been widely used throughout the world as a paving system for
highways, industrial cargo areas and as pavement repairs for airports. The complexities
of either an analytical or an empirical solution to the design of raft units are due to the
non-linear behaviour of the pavement components in terms of stress, strain and
deflections, and the lack of information on fatigue performance. None of the analytical
solutions which are used to design infinite pavements, are suitable for the analysis of
raft units, where 1t 1s necessary to consider the finite size of the raft unit, the layered
foundation, the loading positions, and the tyre contact area. Most of the design methods
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for raft units are based on using finite element analysis combined with Westergaard's
analysis for concrete pavements (Westergaard, 1926). The original Westergaard
pavement analysis has been criticised in favour of finite element analysis due to some of
its assumptions. Vesic and Saxena (1969) have shown that the combined tensile stress in
a cement concrete pavement 1s the best indicator of pavement performance. They
developed relationships which were used for developing a new design method for raft
units namely the Bull design method (Bull, 1986). The maximum principle tensile strain

in the raft units and the maximum compressive strain were used as the critical
maintenance criteria for the pavement.

3.2 DESIGN METHODS FOR CONVENTIONAL PAVEMENTS

There are many design methods in current use and not all of them can be covered here.

The major constraint in the development of a satisfactory theoretical basis for pavement
design has been a lack of detailed information on the properties of the materials.

Many highway and airport test pavements have been constructed and monitored around
the world in order to reach a sufficient advanced understanding of the behaviour of the

materials. The following pavement trials were specifically relating to road pavements
and represented the most popular and well known experiments.

(1)  W.AS.HO. Road Test (Western Association of State Highway Officials); and
(1.)  A.A.5.H.O. Road Test (American Association of State Highway Officials).

Both trials took place in USA toward the end of the 1950 decade.

The principal aim of these tests was to examine the effects of various axle loads and
wheel configurations on the performance of both flexible and rigid road pavements. One
of the major conclusions of the A.A.S.H.O. Road Test was the development of

equivalence damage factors for different axle loads. The tests showed that damage

sustained by a pavement was dependent on the vehicles axle load, but independent of
pavement structure (see Section 3.11.3).

The development of empirical pavement design methods has been investigated widely.

American design methods have been reviewed extensively by Yoder and Witczak,
(1975). The different design methods used in Europe were discussed by Peattie, (1975),

and details of several specific methods can be found elsewhere. An empirical design
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method that has been used widely in the UK is Road Note 29 (Road Research
Laboratory, 1970; Powell et al, 1984; and DOT-HD?26/94, 1994).

There are several airport pavement design methods in common use. There 1s no
universally accepted method available at present although a great deal of research has
and is being carried out on a world wide basis. The .C.A.O. Pavement Design Manual

lists the following alternative design methods without any particular recommendation
(ICAO, 1977):

o (Canadian Practice

o US (FAA) Practice
e LCN Method

« French Practice

. UK (DOE) Practice

In addition, various other design methods such as Portland Cement Association (PCA)
and Corps of Engineers. A brief discussion for the American specifications can be found
in Westergaard, (1926). The design method used for airport pavements in the UK was

issued by the Department of the Environment (DOE), (1989). When these methods are
used, then, each give a slightly different pavement requirement in terms of overall depth
and individual layer thicknesses. Designers prefer to check the design of a pavement by
two or more of the methods including their own favoured method. Then a decision on
the pavement construction 1s made on the basis of the calculated layer thicknesses

coupled with experience of the performance of airport pavements at the particular
airport itself or elsewhere that offers a similar environment.

The main feature of these design methods is the use of empirical design charts. Due to

the variation in the stress distribution of single, dual, and dual tandem gear aircraft,

separate flexible pavement design charts for each of these landing gear arrangements
have been used in designing airport flexible pavements.

Two of these design methods have been chosen to outline briefly their procedure; they

are the Portland Cement Association (PCA) and the Federal Aviation Administration
(FAA).
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PCA Design Method:

This method is based on design charts produced for several specific aircraft. The
modulus of elasticity of the concrete is assumed to be 4,000,000 psi (27590 N/mm?) and

Poisson's ratio for the concrete was 0.15. The variations in E and p, have only a slight

effect of about 5 per cent and 8 per cent on thickness design, respectively (Packard,
1973).

The basis of these charts was developed from,;

(i.)  the performance of existing pavements on both civil and military airfields;

(ii.)  the full-scale pavement loadi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>