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ABSTRACT: The structural condition of in-service airfield pavements, measured in either re-
maining life or strength of the pavement is normally deduced from the FWD response which in-
volves the application of a simulated load in order to model a pavement. The assessment of the
structural condition using NDT technologies including FWD, radar, coring and material testing is
relatively common practice today. FWD tests have a good load and deflection repeatability. Meas-
ured deflections are translated into stresses or strains by back-calculation of the pavement structure.
Whilst measurements are performed in a relatively standardized manner, several interpretation
methodologies have been developed in the last few decades. By applying different evaluation and
interpretation techniques to the same source data different results can be obtained which can lead to
different conclusions and maintenance strategies. This paper addresses a methodology developed in
the Netherlands for assessing the structural condition of rigid and flexible pavement.

1 INTRODUCTION

In the last decade, a lot of effort has been given to harmonize and/or standardize pavement condi-
tion tests and assessment methods. In order to harmonize H/FWD condition surveys in the Nether-
lands, CROW instigated the development of guidelines for calibrating FWD equipment (Crow
1998a). Whilst measurements are performed in a relatively standardized manner, several interpre-
tation methodologies have been developed over the last decades. By using different evaluation and
interpretation techniques on the same source data different results will be obtained by each method
which can potentially lead to different conclusions or maintenance strategies. Therefore guidelines
for flexible road pavement were developed, followed by an evaluation procedure for rigid airport
pavement (Crow 1998b & 1999).
In order to harmonize and standardize measuring and assessment practices, the Dutch Ministry of
Defense initiated the development of an evaluation method to accommodate the structural evalua-
tion and reporting the bearing strength of both rigid and flexible pavement (MoD 2000). This Stan-
dard provides a paramount evaluation method for airport pavements and can be applied to new and
existing pavements. It comprises of (re-design) procedures for in-situ FWD testing, laboratory
testing and modelling the pavement structure e.g. assessing mechanical pavement properties, resid-
ual pavement life and bearing strength assessment (PCN) of both flexible and rigid pavements
(Verbeek et al 2002). The Dutch Standard has been proposed to NATO as a Stanag (Standardized
Agreement) in 2001. The methodology allows for LCN/LCG and ACN/PCN assessment and com-
plies with the ICAO Standards for reporting pavement strength. Hence the methodology can also
be used for civil airport pavement. It should be noted that the principles of the method are applica-
ble to road pavement too.
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2 STRUCTURAL PAVEMENT ASSESSMENT

The assessment of pavement structural condition using NDT technologies including H/FWD, radar,
coring and material testing is relatively common practice today. Falling Weight Deflection (FWD)
testing is a non destructive technique used on flexible and rigid highway and airport pavement. The
structural condition of in-service airfield pavements in-service airfield pavements (remaining life or
pavement strength) is deduced from the FWD response, inducing a test load which allows to model
a pavement. FWD tests have a good load and deflection repeatability. Measured deflections are
translated into stresses or strains by back-calculation of the pavement structure, thus allowing the
determination of feasible maintenance and rehabilitation measures.

Structural pavement condition is a key element in the strategy of airport pavement procedures and
associated airport development plans. Accurate pavement performance predictions are required to
qualify and to quantify the consequences of the operation of NLA on existing pavements. In order
to determine load carrying capacity an understanding of pavement performance characteristics
along with accurate predictions of pavement loading is required. The requirement to understand
pavement performance has resulted in an ever increasing demand for faster and more accurate site
testing systems that will not interfere with the operation of the airport, will allow accurate predic-
tion of pavement deterioration with time and will ensure that any deterioration of the pavements is
identified as early as possible so as to minimize the requirement for major reconstruction work.
This drive has led to the development and use of a number of relatively new non destructive testing
technologies such as Falling Weight Deflectometer (FWD), radar (also known as impulse radar and
ground probing radar - GPR) and roughness measurements (Stet et al 2002). The use of radar data
to target coring locations significantly reduces the number of cores required for constructed layer
thickness investigations and to detect the and to trace boundaries within the asphalt layer. These
non destructive techniques are relatively quick and inexpensive, allowing more of them to be com-
pleted while causing less disruption to traffic than destructive testing.

The use of an uniform method for assessing strength makes strength and condition managerial and
comparable. Essential is calibration of critical design parameters to pavement response, leading to a
sound understanding of pavement behavior. Implementation of these calibrated into modern soft-
ware tools and pavement design and assessment methodologies will ultimately lead to better pave-
ment designs and predictions.

2.1 Outline and Key-values of the methodology

The standardized method is uniform as well as practical and presents guidelines for field-
measurements, laboratory testing, evaluation of field data and gives guidelines for the assessment
of the remaining pavement life. The Standard contains Standard and Recommended Practices
(specifications) that prescribe the structural evaluation of jointed rigid and flexible pavements at
military airfields. The method is as uniform as practical and can predict the remaining structural
life with a statistical accuracy. The Standard presents guidelines and recommended practices for the
evaluation of concrete and flexible pavements:
− Guidelines for performing Falling Weight Deflection measurements and coring
− Guidelines for assessing the required number of FWD tests and cores for a user-defined confi-

dence interval of the survey? Guidelines for testing and determining material strength
− Procedures for back-calculating deflection basins
− Procedures for assessing residual pavement life and bearing capacity
− Statistical techniques to determine the residual pavement life taking into account the interaction

of variable pavement components such as slab thickness, load transfer, material strength as a
structural system.
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The evaluation procedure is shown in figure 1. The evaluation procedure consists of five basic
steps, namely:
1. Inventory
2. Field survey
3. Determination of material properties
4. Determination of structural parameters
5. Structural evaluation comprises

– pavement life assessment
– PCN or LCN/LCG assessment

The purpose of the inventory is to determine what information is available in order to be able to
make an adequate measurement program. A pre-survey or data from PMS systems, construction re-
cords or drawings or by tapping sources of personal knowledge of airport personnel will lead to a
tailor made field measurement program. The Standard gives procedures for geophone arrange-
ments, guidelines for test loads and recommendations for a number of required FWD tests. The
number of FWD tests depend on the desired percentile point and confidence interval for the pave-
ment to be evaluated and assess the corresponding width of the confidence interval.

Figure 1 Evaluation Procedure

The mechanistic based evaluation procedure comprises of:
– Guidelines for performing Falling Weight Deflection measurements and coring (see figure 2).
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– Guidelines for assessing the required number of FWD tests and cores for a user-defined confi-
dence interval of the survey.

– Guidelines for determining material strength and testing.
– Procedures for back-calculating deflection profiles.
– Procedures for assessing residual pavement life and bearing capacity.

Figure 2 Test set-up FWD testing rigid pavements

The method uses a statistical procedure for the assessment of the required number of tests and the
reliability of the evaluation procedure. It also enables evaluation of a pavement for different levels
of probability since the origin of the evaluation method is a probabilistic one.

3 PAVEMENT MODELING

Measured deflections have to be translated into stresses or strains by back-calculation of the pave-
ment structure. The basis of any analytical evaluation method is the structural pavement model em-
ployed. Most pavement re-design methods rely either on Burmister multi-layer theories, on the
well-known Westergaard solutions, or on finite element codes. The latter appears to be elaborate,
but is too time consuming for use in pavement assessment projects. For flexible pavements that is
the determination of the distinct layer moduli of constructed layers and the subgrade from known
layer thickness’. For rigid pavements the slab support conditions at the slab’s edge or mid-span po-
sition are back-calculated.

3.1 Design concepts for flexible pavement

Over the years a  gradual transition took place moving from empirical pavement design methods to
rational design concepts using mechanistic-empirical calibration concepts. However, in airport
pavement design the CBR method is still frequently used. The US Army Corps of engineers CBR
method (Method S77-1) for the design of aircraft pavements was calibrated against full-scale traf-
ficking test on unbound pavements conducted 30 years ago. This method used single layer analysis
and therefore had no direct mechanism for measuring the superior load spreading characteristics of
the bound layers. Bound layers were increasingly being used, however, and were typically ac-
counted for within the empirical design by using layer equivalency factors.
The Burmister layered elastic method was introduced into regular design practice for flexible
pavements in the mid-1990's, with the release of the computer program LEDFAA by the U.S. Fed-
eral Aviation Administration (FAA 1995b), the Australian-developed program APSDS (Rickards
1994) and also the PAVERS program (Stet et al 2001). These tools facilitated the treatment of
bound layers, eliminated the need for the 'equivalent single wheel load', and removed the require-
ment for 'design aircraft'. In the case of APSDS and PAVERS, its method for dealing with aircraft
wander meant that the pass-to-cover ratio' was no longer required.
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In design, pavement responses (stresses, strains and deflections) are used to estimate the develop-
ment of pavement distress (rutting and fatigue cracking). Various standardized methods (FAA &
ICAO), based on the CBR approach, do not provide a realistic representation of Multiple Wheel
Load Interaction effects on pavement responses. The arrival of "New Generation Aircraft" (NGA)
such as Boeing's 777 and the European A380 which is scheduled for 2006 has generated wide-
spread concern about the effect of Multiple Wheel Load Interaction on the response (and perform-
ance) within empirical pavement design methods. It is believed that more advanced structural mod-
els are capable of better representing the response interaction from NGA landing gears, but these
have not been verified with field data. In 1999 the FAA's National Airport Pavement Test Facility
initiated full-scale testing to establish design criteria for the current trend in NGA gears. Calibrated
design criteria are also being developed at the A380 Pavement Experimental Program (A380 PEP)
in Toulouse, France.
Mechanistic-empirical calibration can be done by using calibrated transfer functions which relate
critical stresses and strains in a multi-layered (or rigid) pavement structure to an allowable number
or load repetitions. No matter what the transfer function is used, it is important to carefully cali-
brate the function so that the predicted distress can match with field applications.

3.2 Design concepts for rigid pavement

Rigid pavement thickness design is either still based on the classical Westergaard solutions or is
based on a more comprehensive finite element rigid pavement model to resolve the shortcomings
of the layered elastic Burmister model. The latter gives a principally better representation of the
slab edges and joints, but is time consuming for use in pavement assessment projects. Because of
the ability to quickly compute edge stresses, the attractiveness of Westergaard's solutions have
never diminished and rigid pavements are commonly modeled as a slab on-grade system. The well
known Westergaard equations are still much appreciated as in most cases the edge stress condition
is critical. The Westergaard model uses a dense liquid Winkler foundation model. In general the
Westergaard-Winkler model overestimates the values of deflection and bending stress in a concrete
slab. However, because of the ability to compute edge stresses, the attractiveness of Westergaard's
solutions have never diminished.

The Pasternak foundation is a more realistic representation and encompasses the disadvantages of
the Westergaard-Winkler and Burmister model. The introduction of a horizontal linkage, Paste r-
nak's shear constant, in Winkler's model is a remedy for the discrepancies between Westergaard's
theory and the multi-layer theory, while the great advantages of Westergaard's model (edge and
corner loading) are maintained. The Pasternak Foundation model can be considered as a linked
spring system. The model is an improvement of Westergaard's slab on a Winkler dense liquid
foundation. The constant, k, defines the subgrade and/or foundation as in classical works of rigid
pavements. The modulus of subgrade reaction on the slab is k times the deflection, and represents
the reactive pressure to a load induced deflection. Pasternak’s parameter G can be seen as a hori-
zontal spring, which is connected to Winkler's spring. For G=0, one arrives at Winkler’s founda-
tion.

Since the limited slab dimensions and the support conditions of subgrade and joints are vital parts
of the structural evaluation, CROW (1999) developed a single slab model that was capable of com-
bining all advantages. Van Cauwelaert mathematically solved the problems for rectangular interior
and edge loads in 1997. The boundary conditions of the theoretical model at the edge presume a
difference in deflection between loaded and unloaded joint sides, thus allowing for some shear
transfer through the joint (shear force left of the slab is equal to shear force of right slab side) and
assumes no moment transfer through the joint (M=0). Based on Van Cauwelaert's closed form inte-
gral approach, codes for backcalculating and computing vertical stress on the foundation and the
bending stresses at the bottom of the slab have been programmed.
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Back and forward calculation can be done with PAVERS for all slab coordinates and multiple
loads placed on the rectangular slab. The slab support conditions, i.e. the foundation parameters are
back-calculated taking the resonance Young’s modulus of the concrete as fixed input. Multiple
loads can be placed anywhere on the slab. Hence, back-calculation can be done for the center and
edge position. The closed form mathematical solving technique allows to use n-number of loads,
overcoming the ESWL concept which can be considered as one of the major draw backs of the
classical Westergaard equations.

3.3 Software tool

Implementation of calibrated design criteria into modern software tools allows the designer to ac-
cess the full advantages of the layered elastic method, including treatment of wander, and quickly
produce designs for complex aircraft mixes and layered structures that are consistent with the
original design concept.

Whilst the Standard does not recommend specific software, use of a system such as Pavers brings
many benefits. Pavers is an acronym for PAVement Evaluation and Reporting Strength. In brief,
Pavers is an assessment and design tool, which allows the pavement engineer to back-calculate
flexible and rigid structural pavement parameters and define and allows use of calibrated failure
criteria for all pavement materials. Hence, the effect of different pavement materials, strengths,
traffic and aircraft load or complex aircraft mixes can quickly be explored.
Pavers has been developed from UEC-Slab software (Crow 1999). The latter is distributed in the
Netherlands only. Several UEC-Slab models have already been improved and extended and a
multi-layer suite has been added. Sharing knowledge is central to the philosophy of the developers
of Pavers and a registered membership of the Pavers User Group is automatic upon purchase of the
Pavers system (Stet et al 2001). As a User Group member, one can help decide what the next im-
provement to the program will be. License fees are essential to improve the program. To cater for
the on-going development a reimbursement is asked. Visit www.pavers.nl for more info, for a free
download of the draft Standard or to request a demo version of the Pavers program by e-mail.
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Figure 3 Input screen of Pavers.

The lineair elastic multi layered model pavement model is developed by Van Cauwelaert, who also
contributed to the development of Weslayer. The multi-layer model is a classical linear elastic
Burmister multi-layered structure. The layers are isotropic except for the bottom layer where ani-
sotropy is addressed by different moduli in the horizontal and vertical direction. The interface be-
tween two adjacent layers can be varied between full friction to full slip. The latter aspect needs
clarification. In the first Burmister multi-layer model the layers are assumed to remain fully in
contact. This is expressed by equalizing the vertical stresses, thee vertical deflections and the shear
stresses at the bottom of the upper layer and at the surface at the adjacent lower layer. Burmister
suggested two extreme situations for the horizontal interface conditions. One is the full friction
case by setting the horizontal displacements to be equal and secondly full slip is gained by setting
the shear stresses to be zero. The algorithm of the multi-layer model is developed by Van Cau-
welaert. He uses two separate definitions to define the range between full friction and full adhesion.
The first intermediate condition expressing the relation between the horizontal displacements and
the shear stress is proposed by de Jong et al (1973) and is referred to as the BISAR solution:
Where

− µ i+1 is the displacement at the surface of layer i+1
− µi is the displacement at the bottom of layer i
and 0 = α =1 with α=1 for the full friction case and for the full slip case α=0. β is introduced to
make the formula dimensionally correct. This relation allows for the expression of all intermediate
conditions between full friction and full slip. However, it has no real physical meaning and it seems
not to be possible to measure the value of α in situ. Therefore, one could suggest an other partial
friction condition:

( ) ( ) rziiiiii uu τβαα =−− +11

( ) iuui α=+ 1
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This solution is referred to as Van Cauwelaert’s Weslay solution. Here the  value of α can be
measured in situ by with the French Ovialimètre device as developed by the LCPC (Laboratoire
Central des Points et Chaussées, Paris).

Several UEC-Slab models have already been improved and extended. For instance a multiple
slab model. In principle the Westergaard solutions are valid for slabs on granular bases. However,
the FAA recommends the use cemented bases when aircraft with an operating mass over 45 tons
use the pavement. For this reason, Pavers extended the single slab to a triple slab model suited for
concrete bases using Pasternak foundation model. Partial friction, elastic moduli and thickness of
the concrete slabs can be varied. Note that the multi-slab model in Pavers, can eventually become
part of an update of the CROW program. Listed below are a number of novelties. This list is by no
means comprehensive; it concentrates on the highlights.
− Windows oriented help files clarifying the models and program,
− Deflection basis and construction data can be read directly from Excel files,
− Automated back-calculation routine for bulk processing of flexible pavement data,
− A versatile routine to fix certain input parameters (e.g. percentage of slip, thickness, Young’s

moduli),
− Database with ‘known’ fatigue relations for asphalt, cement concrete, cemented base materials,

subbases and subgrade. The user can either select one of the many predefined relationships or
input the constants of the transfer function using a tool to determine the constants of the asphalt
fatigue relationships,

− A database containing over 200 aircraft with details on gear geometry, load and ACN data and
a routine for LCN/LCG and PCN assessment,

− Lateral wander concept is employed in asphalt pavements to determine the heaviest trafficked
pavement strip and to determine the most critical joint in a rigid pavement. The different
tracking paths of aircraft types relative to pavement centerline are taken into account. Any de-
gree of wander can be specified and the effect of wander is rigorously treated, hence eliminat-
ing the need of the pass-to-cover-ratio concept,

− Statistical tools for the calculation the required number of H/FWD measurements and the Boot-
strap and a tool to determine Winklers k-value and Pasternak’s G parameter from an eccentric
plate bearing test.

− Several graphical presentation of the results.

4 REPORTING PAVEMENT STRENGTH

Airfield pavements must not be overstressed to avoid deterioration or excessive maintenance
costs. For this purpose NATO bodies have used the LCN (Load Classification Number) method for
classifying and reporting pavement strength (DoCED 1971). The LCN-concept can be defined as a
certain number of load repetitions of the critical LCN load. This critical load depends on the airport
facility employing fighter, bomber or transportation aircraft. NATO considers to use ICAO's ACN-
PCN reporting method for civil airports as an update for the current methodology. In 1981, ICAO
has promulgated the ACN/PCN method as the single universal system for determining the weight
limitation of aircraft operating on airport pavements by a procedure of comparing an airport’s
Pavement Classification Number (PCN) with an Airplane Classification Number (ACN) (ICAO
1981). According to this world-wide standard, aircraft can safely operate on a pavement if their
ACN is less than or equal to the pavement load bearing capacity or PCN. An aircraft having an
ACN equal to or less than the PCN can operate without weight restrictions on a pavement. The
ACN/PCN system ensures that both aircraft and pavement can be utilized to their maximum extend
with-out detrimental effects. According to the Design Manual (ICAO 1995) the method is meant
only for publication of pavement strength data in the Aeronautical Information Publication (AIP’s).
It is not intended for design or evaluation of pavements, nor does it contemplate the use of a spe-
cific method by the airport authority either for the design or evaluation of pavements. Although the
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Design Manual states that any method may be used to determine the load rating of the pavements,
it is obvious that the use of layered elastic method in conjunction with calibrated failure criteria is
preferred.

5 ASSESSING PAVEMENT CONDITION

5.1 Back-calculation

The structural pavement parameters is determined by comparing measured deflections with calcu-
lated deflections using the mathematical models. The structural pavement parameters e.g. the con-
crete slab and its foundation characteristics and the elastic moduli of distinct pavement layers in
flexible pavements are derived from an iterative computer based technique in which a deflection
bowl is calculated from assumed combinations of input values. The structural parameters are ad-
justed until the computed deflections and SCI under a given load agree closely with the corre-
sponding measured deflections and surface curvature index (SCI). If the calculated deflection at
each point matches the measured values to within a fit of 2%, no further refinement is required.
The structural parameters obtained this way are considered representative for the pavement struc-
ture under consideration. The back-calculation is done for at least 30 slabs or flexible deflection
points. Since the modulus of the concrete has a profound influence on the deflections, this value is
assessed from resonance tests according to NEN-EN 13296. The method relates the dynamic
Young's modulus and the longitudinal (compression) velocities α and the transversal velocity β in
an infinite medium:

In which:
Ed = dynamic Young's modulus [Pa].
ρ = material density [kg/m3]
α = longitudinal velocity [m/s]
β = transversal velocity [m/s]
ν = Poisson ratio

The slab support parameters k and G are assessed in an iterative computer based technique in
which a theoretical deflection basin is calculated and compared to the real deflection measured at
site. The assessment is be performed on the data of all measured slabs. The model allows for back-
calculating in the interior and edge position. For the latter use is made of the deflection ratio which
is an input parameter defined as the deflection of the unloaded slab edge to the deflection at the
adjacent loaded slab edge. An indication of the shear transfer (γ) at the edge is obtained from the
deflection ratio For R=0 (γ=0) there is no load transfer and for R=1 (γ=1) there is full load transfer.
The shear transfer at the slab edge is:

( ) ( ) ( )νβρ
ν

νν
αρ  + 1 2 *  *  = E

 - 1
2 - 1 *  + 1

 *  *  = E
2

d
2

d and

R+1
2R

 = γ



10

Figure 4 Back-calculating rigid pavement.

5.2 Pavement assessment

The residual pavement life is assessed by deducting the historical load repetitions from the initial
allowable number of load repetitions corrected for lateral wander. The accumulated pavement
damage is assessed by adding the damage of the aircraft, taking into account the position of the
loads on the pavement. Wander effects are addressed with a normalized beta-distribution. The
damage is the reciproke of the allowable number of  aircraft passages. According to the Palmgren-
Miner hypotheses, the structural pavement life is used when the cumulative damage number is
equal to 1 and the residual life is nil. If the allowable number exceeds the number of historical
repetitions, the residual life can be calculated based on the difference of allowable and past traffic,
and the future traffic.

For the calculation of the residual life, it is necessary to have details on the traffic which has
used the pavement in the past and also to forecast the use of the pavement in the future. Wander ef-
fects are addressed  with a normalized beta-distribution (HoSang 1978).

Figure 5 Lateral wander & pavement life assessment & thickness design of asphalt pavement

The complex frequency distribution and different gear loads are analytically transferred into a
fatigue damage distribution of the pavement along different tracks and positions on the slab or
flexible pavement. Accumulation of the effects of the number of load repetitions is made on the ba-
sis of Miner's damage hypothesis for all pavement materials, i.e. concrete, flexible layers, founda-
tion subbase layers and subgrade. For cement concrete, the modulus of rupture must be determined
for a number of cores. Based on the historical traffic data, present structural condition and traffic
forecast, insight in future structural deterioration is gained. Accumulation of the effects of the
number of load repetitions is made on the basis of Miner's damage hypothesis. The residual pave-
ment life is assessed by deducting the historical load repetitions from the allowable number of load
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repetitions corrected for lateral wander. The procedure described is used to assess the structural
condition of all measured FWD locations. Once the residual life of all the individual slabs or indi-
vidual asphalt test locations is calculated, the residual pavement life of an entire pavement section
can be determined.

6 STATISTICAL CONCEPT

Due to a natural deviation in material strength and constructed layer thickness, pavements do not
fail suddenly but gradually. Hence the life of one slab differs from an other. Therefore the residual
life procedure of the pavement is based on an analysis of individual evaluation results. Results
based on an FWD survey enables the possibility to determine the pavements’ strength with a cer-
tain statistical precision. Statistics are often applied to determine the quality of a population based
on a limited number of random samples e.g. test results. Frequently, a log-normal distribution with
a known shape is adopted. However, this is not necessarily the case when evaluation the strength of
a pavement with individual test results.

The Bootstrap method should be used in cases where the shape of the distribution is not known
(Van den Bol-de Jong, 1997). In general terms, the Bootstrap method is a generic simulation
method to assess the precision of a statistic without knowing the distribution of this statistic. The
Bootstrap method allows to estimate the limits of a confidence interval for a parameter based on
this statistic. Therefore the Bootstrap method allows to estimate the limits of a confidence interval
for a parameter based on this statistic. So called Bootstrap samples with replacement are drawn
from the original sample of test results. Say 5000 Bootstrap samples are drawn. For each of the
Bootstrap samples the statistic is calculated. So now there are 5000 replicates of the statistic from
which the distribution of the statistic may be derived. A rough 95% confidence interval may be de-
rived by taking the 2.5th percentile and the 97.5th percentile of this distribution.

Figure 6. Example of Bootstrap
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7 CLOSURE

The objective of this paper is to document on the development a structural pavement assessment
and design procedure. The Standard presents guidelines and recommended practices for the
evaluation of concrete and flexible pavements. This method has several advantages. Perhaps the
most important one, is that it allows for calibration of critical design parameters to pavement re-
sponse, leading to a better understanding of pavement behavior. Implementation of calibrated trans-
fer functions into modern software tools and pavement design and assessment methodologies will
ultimately lead to better pavement designs and predictions. The tools are available and are con-
stantly being improved. The tools and can assist airport authorities and responsible pavement engi-
neers to make structural pavement condition and roughness a practical and managerial pavement
parameter.
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