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Highlights

• Proposed stress and damage model estimates residual life at pavement measurement scale.
• Traditional stress theories underperform compared to advanced numerical simulations.
• Regression on Westergaard’s formulas enables rapid, closed-form stress calculations.
• Mechanistic–empirical method links tensile stress directly to cumulative fatigue damage.
• Model improves APMS accuracy, aligning design and monitoring for better decision-making.
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Abstract

The Airport Pavement Management System (APMS) of extensive air - side
infrastructures demands a continuous measurement survey, up-to-date mon-
itoring analysis, proactive rehabilitation and maintenance strategy. Reactive
management protocols and current lack of integration in design, survey, and
monitoring procedures undermine the effectiveness of any long-term deci-
sion making processes. In particular, rigid pavement are currently designed
with numerical models and subsequently surveyed with NDT techniques as
plate elementary units. Due to the high computational times and numerical
resources required, FEA analyses are typically averaged on representative
sample units, which inhibits the reliability of the assessment procedure. On
the other hand, the use of theoretical closed-form solutions simplifies the
physical model allowing for rapid evaluation, at the expense of overall accu-
racy. In this study, numerical solutions are taken as a reference for setting
up a multivariate regressive analysis of rapid theoretical models, with vary-
ing pavement and traffic conditions. Hereby, a mechanistic-empirical fatigue
condition assessment is directly established and validated to automatically
infer Cumulative Damage Factor (CDF ) calculation from previous tensile
stress results. Relevant results demonstrate a good viability of the proposed
method against current stress calculation and damage prediction models,
thereby showing potential to contribute to the existing APMS frameworks.
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1. Introduction

1.1. APMS insights

Safety, operability, and durability standards represent crucial concerns
in monitoring and management of airport infrastructures. The uncertainty
derived from superstructural behaviour and loads applied over time demands
a coherent Airport Pavement Management System (APMS) to effectively
guarantee ground and air safe operations to the aircrafts. According to the
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FAA Advisory Circular [1], an APMS is a systematic procedure including
different phases:

1. survey of pavement properties and measurement of load conditions;

2. decaying performance and service life prediction models;

3. life-cycle cost-benefits analysis over curative and/or predictive mainte-
nance interventions;

4. decision making based on optimal resource allocation and efficiency
management policies.

Over time, various experiences with APMS applications have been reported
as successful in providing asset managers with a large-scale coarse infor-
mation about the condition of paved areas ([2]; [3]; [4]). However, despite
being the only regulated macro-scale tool to handle airside infrastructures,
an APMS often struggles to accurately assess the integrity of the paved asset
handled [5], due to the:

• lack of effective management and integration of mechanical and geo-
metrical survey data for residual service life prediction purposes [6];

• reliance on reactive and long-term ineffective monitoring and mainte-
nance policies [7].

Such issues are particularly evident in the specific case of apron stands,
in which surveying the structural properties of the inherent rigid pavement
is a major concern. Unexpected fatigue crack failure can force the airport
manager to close the facility, exposing the airport to air traffic capacity prob-
lems during the concrete casting and maturation time required by pavement
renewal, especially without adequate countermeasures planned.

1.2. Rigid pavement management

At the present state-of-the-art, rigid pavements are designed as theoreti-
cal multilayer elements engineered to withstand the expected air-traffic mix.
Rigid superstructures generally comprise a first main load-bearing layer (un-
reinforced concrete, typically) and an intermediate layer (in cement-treated
crushed aggregates, usually) laid over the subgrade. The intrinsic stiff prop-
erties of these construction materials combined with the high magnitude of
the quasi-static bending loads approximate the behavior of rigid pavement
to elastic solids, which allows for a remarkable simplification of the physical
model, but, on the other hand, requires periodic measurement of mechanical
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properties (namely, elastic module E, Poisson coefficient ν) and geometrical
configuration (i.e., layer thicknesses) for the approximation to be sufficiently
reliable. Most accountable physical models are based on Westergaard’s the-
ories (8; 9) and their subsequent developments. Particularly, Eisenmann’s
and Thomlinson’s [10] are very well-known equations for the calculation of
mechanical and thermodynamic stress fields, respectively.

As the physical model struggles to account for complex load applications,
such as those exerted by multiple-wheel aircraft gears, equivalence coefficients
have been empirically proposed to reconduct these conditions to an Equiva-
lent Single Wheel Load (ESWL) [10] that complies with Westergaard’s base
assumptions and, thereby, allows for the application of such synthetic mod-
eling.

The monitoring techniques adopted in APMS convey the surveyed data
into a mechanistic analysis, applied at the scale of a representative pavement
sample unit, namely, a set of concrete slabs. In these regards, significant
scientific advancements have been achieved in recent decades in increasing
the efficiency of data monitoring and collection, while raising the accuracy
of mechanical modeling of the pavement and multiple load interactions. On
the one hand, the use of Non-destructive Testing (NDT) and Remote Sens-
ing methods has been widely acknowledged as a means of gathering rapid
survey information on the physical condition and mechanical response of the
pavement ([7]; [11]; [12]). Among the others, most spread techniques with
relevant fields of application in APMS have been synthetically listed in Table
1.

Application NDT method Reference
Layer thickness and cracking, moisture, corro-
sion and deep distresses

GPR [13]; [14]; [15];
[16]

Vertical deflection, bearing capacity, layer
elastic module, deep distresses

FWD, HWD [17]; [18]; [19];
[20]

Vertical displacements and subsidence InSAR [21]; [22]
Superficial distresses and moisture content Spectral, RGB,

IRT Imaging
[23]; [24]

Superficial distresses, geometric configuration LiDAR [25]; [26]

Table 1: Main use of NDT and Remote Sensing in rigid pavements assessments

However, limitations in accuracy derived from both the physical approx-
imation of the pavement to an elastic solid and the use of equivalent loads
have been successfully overcome by adopting numerical approaches based on
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finite element analysis (FEA) [9], typically run by ad hoc software. Impor-
tant research efforts have been paid to demonstrate the reliability of FEA in
determining the general mechanical behavior of these layered media loaded
by exactly-modeled aircraft gears, as shown in further detail in Table 2.

Application FEA environment Reference
Finite 2-D plate pavement simula-
tion

KENSLAB, ILLISLAB [10]; [27]

Finite 3-D brick pavement simula-
tion

EVERFE, FEAFAA [28]; [29]

Finite 3-D brick pavement design
and residual life

FAARFIELD, ANNFAA [30]; [31]

Table 2: Main use of FEA in rigid pavements assessments

1.3. Gap in knowledge
Despite the huge evidence for robustness and reliability of FEA techniques

in design procedures, open challenges remain, limiting the applicability of
these evaluations in high-productive large-scale protocols. In particular, due
to computational demand, Ioannides and Donnelly [32] stated that it may
be difficult to adopt FEA for mechanical simulations conducted at the ele-
mentary unit, i.e., concrete slab. In addition, such algorithms often run on
closed-source software that inhibit the procedure from being repeated at the
local scale and specific material properties. This involves the simulations
to be generally performed on pavement scenarios considered representative
of the paved area, thereby contributing to the potential misleading of local
maintenance and rehabilitation prioritization.

Hybrid combinations of FEA and closed-form solutions have also been ex-
plored [43], verifying the plate-soil nonlinearity interaction with a rapid para-
metric solution on varying subgrade stiffness loaded with two commercial
aircraft. Moreover, Mathi and Nallasivam [40] have tested a modified West-
ergaard’s method on two air traffic loads to study the influence of the elastic
modulus of a concrete plate and thickness on the bottom tensile edge and
interior stress distributions. Although these rapid approaches in the litera-
ture lack to account for richer aircraft databases and pavement properties,
both methodologies rely on testing the effect of physical variables through
numerical results.
Conversely, the first FEA-reliant machine learning [47] and artificial intel-
ligence [31] efforts to rigid pavement stress prediction models have proven
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successful results on extremely large simulation datasets. However, these al-
gorithms, by definition, struggle to explain the physical influence of various
pavement characteristics and loading conditions. In addition, these are pro-
prietary models not available to external users.

According to its definition [33], an APMS is expected to ultimately cal-
culate a CDF for each functional unit monitored, based on survey data and
expected traffic. However, to rely on quality results in acceptable computing
times, stress fields are generally calculated by FEA at the scale of sample
units, i.e. a group of 20 slabs, approximatively. Being the mechanical behav-
ior averaged over space, the effectiveness of subsequent cumulative damage
prediction models may be locally undermined, thereby leading to potential
misestimate in the prioritization hierarchy.

In this sense, there is currently a gap-in-knowledge in CDF direct calcula-
tion, which generally limits to the pavement monitoring and inventory only.
The calculation of bottom-up fatigue damage is driven by the computation
of bottom tensile stresses developed at the base of the concrete layer due
aircraft’s static bending loads. Being the mechanical behaviour averaged as
functional units of analysis on indirect structural parameters’ measurement,
additional degree of uncertainty in measurement must be accounted as well
towards CDF calculation.

Accordingly, this work explores the feasibility of a statistical method that
combines the lightness of theoretical-based design models together with the
accuracy of FEA in order to set up a FEA validated health assessment pro-
tocol suitable for local-scale evaluation even in large, concrete paved areas,
such as aprons and holding bays.

2. Methodology

By integrating the inputs of annual traffic mix and pavement properties
of each fundamental unit, a unique CDF parameter can be assigned to each
specific pavement unit of measurement for which the relevant static stress
field is known. This would involve the maintenance and rehabilitation prior-
itization hierarchy to be actually drive by survey data, thereby representing
a further step towards an effective and extensive strategy of proactive main-
tenance and management of the paved asset.

6



With the aim of proposing a method based on rapid theoretical equations
for determining a CDF remaining service life parameter per individual rigid
pavement unit through survey data, the methodology shown in Figure 1 has
been adopted and listed hereafter.

• A set of pavement geometrical and mechanical properties is selected,
whereas a dataset of aircraft gear loads is collected. These input data
are used to generate a number of simulation scenarios.

• The Westergaard’s applicability is hence evaluated against equivalent
numerical outputs. This comparison assesses the actual attitude of
the simplified elastic theory to account for non-linear rigid pavement
behaviors.

• A multivariate regression prediction model is run on Westergaard’s
solutions over FEA results, taken as reference for the various pavement
and loading conditions.

• The multivariate model is then tested over a different aircraft dataset
for validation purposes.

• Lastly, this rapid tensile predicition model drives an automatic bottom-
up fatigue cumulative damage factor algorithm for each aircraft config-
uration, potentially up datable by survey routines.

3. Input data

On the analysis scale, a coherent stress analysis can be achieved by up-
dating external loads and the geometrical and mechanical response of the
rigid pavement.

3.1. Air–Traffic Mixture Characterisation

The breakdown of the operating air-traffic mix is to acknowledge the
magnitude and point of application of static loads on the rigid superstructure
over its remaining service life. Each aircraft in the spectrum of interest differs
in annual traffic distribution, gear geometric configuration, and wheel-track
mechanical force applied as specifically published by aircraft manufacturers
in technical manuals. The total static load cycle exerted on the area of
application by n coverages of ith airplane is measured in terms of magnitude,
frequency, and distribution by the following properties:
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Figure 1: Scheme of the proposed methodology

• Mechanical layout, identifying for each airplane landing gears longitu-
dinal and transversal configuration (e.g., single, tandem or tridem axles
carrying single or dual wheels), maximum take-off weight (MTOW ),
tire inflation pressure, center of gravity location, load distribution be-
tween main and nose landing gears (GW ). By reconstructing the phys-
ical scheme of forces governing the aircraft undercarriage, the weight
(P ) exerted by each gear leg and, ultimately, single wheel is determined.

• Geometrical footprints, concerning the static interaction of aircraft
weighing tires with airport pavement. Dividing the single wheel load
by the tire inflation pressure, the tire contact area is evaluated and the
correspondent tire contact width (Tw) and length (Tl) are estimated
(36). To account for the load superimposition, it is recommended to
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consider longitudinal axles (e.g., single, tandem, tridem) and transverse
wheel spacing (e.g., single, dual, trial) (S, ST ), as illustrated in Figure
2.

• Traffic composition, quantifying the actual load repetitions of the stress
applied over the expected service life. It is common practice in pave-
ment engineering to consider as passages only the aircraft ground op-
erations at MTOW [37]. Due to the varying aircraft wander, gear
configuration and load magnitude, the number of aircraft passes is not
sufficient to describe the number of load coverages, namely, the repe-
titions of maximum tensile stresses occurring at a specific point. To
this intent, the pass–to–coverage (P/C ) ratio has been introduced as
the inverse of the probability that the effective tire contact patch of a
passage covers a given pavement strip ([37]; [38]).

Figure 2: Layout of wheel arrangements and geometrical footprints [33]

In order to generate a sufficient number of load simulations for the mul-
tivariate analysis, a consistent data set of landing gear configurations with
varying geometric and load features ([29]; [31]) is created. The characteris-
tics of the aircrafts included in the set are reported in Table 3. Specifically,
both theoretical and commercial loads are considered in order to test the
methodology on the most heterogeneous dataset possible.
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Aircraft Gear MTOW
(kN)

Tire
Press.
(MPa)

GW
(%)

Tw

(m)
Tl

(m)
S
(m)

ST

(m)

Single Whl-5 S 22.25 0.33 95 0.159 - - -
Single Whl-20 S 89.00 0.52 95 0.260 - - -
Single Whl-75 S 333.73 0.83 95 0.390 - - -
Citation 550 B S 66.75 0.896 95 0.168 - - -
DC 3 S 112.14 0.310 95 0.370 - - -
Conquest II S 44.16 0.655 95 0.160 - - -
Dual Whl-15 D 66.75 0.40 95 0.183 - 0.279 -
Dual Whl-50 D 222.49 0.55 95 0.277 - 0.508 -
Dual Whl-200 D 889.94 1.379 95 0.350 - 0.863 -
A 320-200 St D 724.96 1.379 95 0.316 - 0.927 -
B 737-100 D 493.92 1.082 95 0.294 - 0.775 -
B 737-900 ER D 837.44 1.517 95 0.324 - 0.864 -
Dual Tan-100 2D 444.97 0.827 95 0.226 0.361 0.508 1.143
Dual Tan-200 2D 889.94 1.103 95 0.277 0.443 0.533 1.168
Dual Tan-400 2D 1779.90 1.378 95 0.350 0.560 0.762 1.397
B 757-300 2D 1205.85 1.344 95 0.292 0.467 0.863 1.143
A 330-300 St 2D 2265.13 1.420 95 0.389 0.623 1.397 1.981
A 340-600 St 2D 3739.56 1.613 72 0.408 0.653 1.397 1.981
Dual Tri-100 3D 667.46 0.827 95 0.226 0.361 0.508 1.143
Dual Tri-300 3D 1334.93 1.103 95 0.277 0.443 0.533 1.168
Dual Tri-600 3D 2669.84 1.379 95 0.429 0.686 0.762 1.397
B 777-200 ER 3D 2927.89 1.413 95 0.362 0.579 1.397 1.448
B 777-300 3D 2945.75 1.480 95 0.355 0.567 1.397 1.448
A 380-800 Belly 3D 5513.22 1.503 57 0.373 0.597 1.529 1.699

Table 3: Library of landing gear mechanical and geometrical configurations.
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3.2. Pavement Configuration

A concrete pavement is generally articulated in bearing, intermediate and
subgrade layers, each designed with mechanically characterized constitutive
materials and precise geometrical dimensions. Based on design loads and
function, each layer is therefore associated with a specific strain - stress be-
havior given by elastic modulus (E), Poisson coefficient (ν), and concrete
flexural strength (R). However, careful survey and constant monitoring ac-
tivities are required to assess pavement state decay over time, as the design
parameters are likely not to match the actual construction, loading and en-
vironmental conditions. Ultimately residual bearing residual capacity and
superficial operability of each elementary unit are to be determined by in-
vestigating the following properties:

• Geometrical layer configuration, layers thickness and three-dimensional
superstructure configuration through Ground Penetrating Radar (GPR).
GPR studies the interaction of electromagnetic waves with dielectric
properties of rigid pavement materials to detect layer thickness and
material interfaces, as illustrated in Figure 3.

• Mechanical elastic capacity, global pavement elastic response and elas-
tic modulus of the superstructural layers through the Heavy Weight
Deflectometer (HWD). HWD measures the acoustic deflective basin of
the pavement caused by impulsive fall of standardized weight. Through
a back–calculation of captured wave response based on layer thicknesses
GPR layout, elastic modules of each layer are iteratively assessed.
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Figure 3: Layout and layers of a generic rigid pavement unit

Assuming standard slab dimensions and concrete elastic modulus, con-
crete thickness, and subgrade stiffness are the main variables driving different
mechanical responses ([32]; [39]; [40]), specifically investigated through the
main superstructural configurations reported in Table 4.

Layer Material (41) Thickness
(mm)

Size
(m)

E (MPa) ν (-)

Surface P-501 Cement Concrete 300/350/400 5 × 5 27579 0.15
Sub-base P-209 Crushed Aggre-

gates
300 - 278 0.35

Subgrade Natural Soil - - 50/100/150 0.4

Table 4: Dataset of main rigid pavement geometrical and mechanical features

4. Stress field calculation

The static application of traffic loads induces bending tensile stresses at
the bottom of the concrete layer. Rarely surpassing instantaneous concrete
flexural strength, the impact of repetitions of tensile stresses induced by air
traffic mix is verified against fatigue residual life of geometrically and me-
chanically characterized superstructures. A rigid pavement stress field due
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to mechanical loads is generally evaluated separately through rational mod-
els, i.e., discrete analytical closed – form solutions or finite element analysis
(FEA).

4.1. Theoretical framework

Closed – form solutions were first developed by Westergaard ([8]; [9]),
adapting Kirchoff’s plate theory to the simplified case of large concrete slabs
resting on liquid foundations for single wheel circular application at the cor-
ner (Eq. 1), interior (Eq. 2) and edge (Eq. 3) of the slab:

σc =
3P

h2

1−(a
√
2

l

)0.6
 (1)

σi =
3(1 + ν)P

2πh2

(
ln

l

b
+ 0.6159

)
(2)

σe =
3(1 + ν)P

π(3 + ν)h2

(
ln

Eh3

100ka4
+ 1.84− 4ν

3
+

1− ν

2
+

1.18(1 + 2ν)a

l

)
(3)

Where P (N) is the wheel load transferred by the gear; E (MPa), ν (-)
and h (mm) are respectively the elastic module, Poisson coefficient and thick-
ness of the concrete slab; k (N/mm3) is the subgrade reaction module (42);
a (mm) and b (mm) are the effective radius and the thickness-dependent
radius of the load footprint, respectively; l (mm) is the radius of relative
stiffness.

Traditionally, P is defined by considering an equivalent single wheel load
(ESWL) [10] to account for multi-wheel load interactions. However, such
an equivalence heavily affects the ultimate accuracy of the stress model, as
demonstrated by Caliendo and Parisi [43] and Mathi and Nallasivam [40]. In
addition, the determination of ESWL depends on empirical corrective factors
or chart-based procedures ([44]; [45]), which hardly comply with the rapid
and automatic methodology pursued in this study.

4.2. Finite Element Analysis

The implementation of FEA software based on finite 2-D plate ([10]; [27])
and 3-D brick elements ([28]; [29]) approaches ultimately broadens the capa-
bility of traditional stress field calculation. In fact, more realistic hypothesis
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of solid or layered foundations, subgrade elastic modulus, layer contact, and
friction interaction, slab finite horizontal dimensions, joints contribution can
be studied. Despite being widely acknowledged as accurate, FEM techniques
are found to be computationally onerous and hardly customizable by non-
field-related experts. As a result, they are typically run through closed soft-
ware at the aggregate scale of sample units at the expense of surveys level of
detail.

4.3. Comparative analysis

To pursue a valid mechanical model viable in the proposed monitoring
and management framework, analytical models are investigated and com-
pared to existing FEA procedures. To this end, a subset of typological and
commercial aircraft landing gear and common pavement properties, respec-
tively reported in Table 3 and Table 4, has been considered. The compar-
ative theoretical and numerical calculation of static stress fields induced by
one passage of each aircraft gear in various pavement configurations assesses
the degree of viability of Westergaard closed-form solutions. In particular,
the relevant numerical FEA solutions run on well-known commercial software
(i.e., FEAFAA, [29]) have been used as reference.
The comparison between Westergaard’s and FEA methods is, among the
other, useful in highlighting the influence of pavement variables (slab thick-
ness and subgrade elastic module ([40], [43])) and aircraft gear (single wheel,
dual wheels, dual tandem, dual tridem) on both mechanical behavior of the
slab and agreement between the two methods, as examined in Figures 4 and 5.

In fact, both subgrade stiffness and slab thickness variables are considered
into Eqs. 1-3 through h, Esub, k, l and b parameters. However, their impact
on the final stress value is verified under the strict hypothesis of a single ap-
plication load, which does not comply with all gears in Table 3 rather than
single gears. In addition, Westergaard’s equations neglect the contribution
of intermediate layers on the stress field response by assuming a liquid foun-
dation, which hardly complies with the typical multi-layered configuration
considered for simulations. Therefore, a mismatch between theoretical and
numerical results is expected to vary along with the subgrade stiffness Esub

and slab thickness h, especially for complex gears.

Indeed, a decay in Esub (right to left in Figure 4) seems to limit the re-
liability of Westergaard’s finite solutions, exacerbating dispersion and mean
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error against FEA outputs. This is most likely due to the different layer
interaction modeling due to the presence of an intermediate layer in FEA
simulations, which is not taken into account in Westergaard’s and that is
most impacting for lower values of Esub.

Conversely, a decrease in h (bottom to top in Figure 4) heavily influences
concrete absolute tensions, with the maximum stress range moving from 3-4
MPa to 6-7 MPa, approximately, but only slightly affecting mean error and
dispersion around performed simulations. This is to be expected, since the
influence of slab thickness is modeled in both the theoretical and numerical
models, thereby limiting the differences to those caused by superimposition
effects.

In general, a proportional increment in Esub and concrete slab thickness
(up-left to down-right diagonal in Figure 4) leads to a uniform decrease in
absolute value and relative error of discrete solutions.

To explicit the contribution of gear configuration and load condition,
Figure 5 distinguishes the simulations in interior and edge loads per wheel
arrangement. Single wheel applications - as by assumption in Westergaard’s
theoretical formulation - feature a close correlation between discrete and nu-
merical solutions. In more complex gears, the same theoretical hypothesis
evidently underestimates superimposition effects due to parallel and consecu-
tive wheels. In fact, a distinctive relative mean error from FEA outputs is to
be expected due to dual wheels load transversal stress profiles’ interaction.
Accordingly, further addition of longitudinal axles, tandem and especially
tridem, results in an evident overall dispersion and slight decrease in finite–
solution mean error. The distinction in interior and edge load shows a closer
agreement between edge models, with central loading consistently misesti-
mating FEA outputs with approximately same dispersion, but inferior mean
error. Clearly, edge conditions tend to be more critical than interior ones in
terms of maximum tensions induced at the base of rigid pavement’s concrete
slab.

Figure 6 synthesizes the results shown in Figures 4 and 5 in terms of Rela-
tive Mean Error (RME) between σWest and σFEA for each load and pavement
configuration. Westergaard’s average limited applicability to complex gear
arrangements is evident especially in interior load cases, with RME values
progressively increasing as dual tandem and dual tridem gears are considered

15



Figure 4: Scatter plot of Edge and Internal bottom tensile stress calculated numerically
(σFEA) and analytically (σWest) for different pavement configurations
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(i.e., left to right in Figure 6).

5. Regression Analysis

5.1. Regression set up

As observed in Section 4.3, despite loading positions and pavement char-
acteristics are being directly addressed in Westergaard’s closed - form so-
lutions, the latter lacks in consistently assessing tensile stresses, especially
in multiple wheel configurations. To compensate such limits and raise the
general reliability of the analytical solution, a multi-linear regression is per-
formed. In particular, in both load conditions considered, Westergaard’s
bending tensile stress σWest is being adopted as independent variable (di-
rectly driven by the slab’s thickness and subgrade’s elastic module) with
the longitudinal and transverse wheel spacing properties selected as inde-
pendent variables. Therefore, the following coefficients are being deployed
in previous closed-form solutions: a coefficient addresses the compensation
of Westergaard’s simplifying assumptions (e.g., intermediate layer neglect); b
and c coefficients account for the superimposition effects due to, respectively,
longitudinal and transverse gear configuration. Accordingly, the equation of
the resulting prediction model is the following:

σPRED = a · σWest + b · S∗ + c · S∗
T (4)

Where S∗ and S∗
T are the net wheel spacings obtained by subtracting the

wheel dimensions Tw and Tl to S ad ST , respectively. The relevant parameters
for each considered gear are reported in Table 3.

5.2. Regression outcomes

The results of the regression are reported in Table 5, listing model co-
efficients and statistical performance parameters for all considered gears in
both edge and internal load conditions. In addition, Table 6 reports the sig-
nificance analysis parameters of the multivariate model. For all gears and
load conditions, the multivariate model is found to be statistically robust,
as indicated by F Stat values. Lastly, the p values show all the variables to
be significant, with the only exception of b coefficient for dual gears in edge
loadings.
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Gear Load a b c Mult.
R

R2 Std
Err.

95% conf.
interval

75% conf.
interval—

S int. 1.29 - - 0.99 0.99 0.07 -0.10/0.16 -0.05/0.10
S edge 1.06 - - 0.99 0.99 0.10 -0.22/0.18 -0.14/0.10
D int. 1.49 0.44 - 0.97 0.95 0.20 -0.32/0.40 -0.17/0.24
D edge 1.36 0.07 - 0.98 0.97 0.24 -0.46/0.52 -0.26/0.32
2D int. 1.55 -1.32 1.01 0.89 0.78 0.44 -0.77/0.88 -0.43/0.54
2D edge 1.34 -2.29 1.28 0.90 0.80 0.53 -0.92/1.04 -0.51/0.64
3D int. 1.71 -0.94 1.51 0.85 0.74 0.63 -1.4/1.33 -0.83/0.76
3D edge 1.15 -1.22 1.84 0.84 0.71 0.73 -1.62/1.54 -0.97/0.88

Table 5: Regression coefficients and predictive model descriptive statistics for different
wheel arrangements and load conditions

Gear Load F -
Stat

p ta-
Stat

p tb-
Stat

p tc-
Stat

p

S int. 6365.85 0.00 79.79 0.00 - - - -
S edge 6529.40 0.00 80.80 0.00 - - - -
D int. 3458.43 0.00 19.80 0.00 2.58 0.01 - -
D edge 4149.88 0.00 21.66 0.00 0.58 0.56 - -
2D int. 727.43 0.00 12.46 0.00 -4.59 0.00 5.08 0.00
2D edge 937.87 0.00 14.70 0.00 -5.96 0.00 4.99 0.00
3D int. 448.60 0.00 9.38 0.00 -2.15 0.04 3.82 0.00
3D edge 446.97 0.00 8.70 0.00 -2.15 0.00 3.71 0.00

Table 6: Significance statistics of predictive model for different wheel arrangements and
load conditions

5.3. Model validation

By applying eq. (4) for all gears included in the validation set of Table
7, it is possible to appreciate a good reliability of the regressed model in
accounting for different load applications. The relevant results are shown
in Figure 7 and Figure 8, for both the edge and internal load application.
In particular, Figure 7 is evidence of a limited dependence of the model
accuracy on variations of Esub and h. Especially for low-thickness and high
subgrade moduli, predicted values appear to moderately overestimate those
obtained from FEA. On the other hand, for high thickness and low subgrade
stiffness, PRED model tends to slightly underestimate FEA outputs. For
these reasons, the extreme pavement conditions (top-right and bottom-left
in Figure 7) would require additional efforts in refining proposed physical
model layer interactions.
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This is also observed in Figure 8, which plots stress fields for all gear
classes. Specifically, the figure shows a close agreement between σPRED and
σFEA for single and dual gears, gradually losing precision for dual tandem
and, especially, dual tridem gears. The residual dispersion is reasonably to
be related to Westergaard’s simple wheel-elastic pavement interaction the-
ory, requiring more complex analysis to directly interpret multiple wheel
influence. Quantitative details of the prediction performance are reported in
Table 8, with R2 ranging from around 0.95 for S and D gears to around 0.65
for 2D and 3D gears.

Aircraft Gear MTOW
(kN)

Tire Press.
(MPa)

GW
(%)

Tw

(m)
Tl

(m)
S
(m)

ST

(m)
Single Whl-10 S 44.50 0.33 95 0.22 - - -
Single Whl-45 S 200.24 0.62 95 0.35 - - -
Beechjet 400A S 72.54 0.62 95 0.21 - - -
Shorts 360 S 121.04 0.54 95 0.29 - - -
Skyhawk 172 S 11.38 0.34 95 0.11 - - -
Dual Whl-30 D 133.49 1.03 95 0.16 - 0.31 -
Dual Whl-100 D 444.97 0.97 95 0.30 - 0.58 -
A 318-100 St D 553.28 1.02 95 0.32 - 0.93 -
A 321-200 Opt D 921.16 1.50 95 0.34 - 0.93 -
B 737-500 D 596.26 1.34 95 0.29 - 0.77 -
Dual Tan-150 2D 667.46 0.97 95 0.26 0.41 0.51 1.14
Dual Tan-300 2D 1334.93 1.24 95 0.32 0.51 0.66 1.30
B 747-400 Belly 2D 3902.43 1.38 47 0.36 0.59 1.14 1.47
B 767-400 ER 2D 2006.83 1.48 95 0.36 0.57 1.16 1.37
A 340-300 St 2D 2706.58 1.42 85 0.40 0.64 1.40 1.98
Dual Tri-225 3D 1001.19 0.97 95 0.26 0.41 0.51 1.14
Dual Tri-450 3D 2002.38 1.24 95 0.32 0.51 0.66 1.30
B 777-200 3D 2434.06 1.25 95 0.35 0.56 1.40 1.45
B 777-200 LR 3D 3417.39 1.50 95 0.37 0.61 1.40 1.46
B 777-300 ER 3D 3457.45 1.52 95 0.38 0.61 1.40 1.46

Table 7: Library of landing gear mechanical and geometrical configurations used for vali-
dation purposes
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Gear Load R2 Std
Err.

95% conf.
interval

75% conf.
interval—

S int. 0.95 0.07 -0.10/0.15 -0.05/0.1
S edge 0.96 0.09 -0.20/0.12 -0.14/0.05
D int. 0.93 0.22 -0.37/0.46 -0.19/0.29
D edge 0.97 0.23 -0.41/0.47 -0.23/0.28
2D int. 0.63 0.49 -0.68/1.07 -0.32/0.71
2D edge 0.67 0.58 -0.81/1.26 -0.38/0.83
3D int. 0.65 0.59 -1.27/0.74 -0.86/0.32
3D edge 0.60 0.68 -1.48/0.90 -0.98/0.41

Table 8: Validation of predictive model descriptive statistics for different wheel arrange-
ments and load conditions

Figure 7: Scatter plot of tensile stress calculated numerically (σFEA) and predicted by
model (σPRED) for different pavement configurations. Comparison between (σFEA) and
(σWest) is plotted in gray.
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6. Fatigue Condition Assessment

6.1. Background

The good agreement of the prediction model with FEA results in Section
5 drives the calculation of the concrete slab CDF. By applying the concrete
slab fatigue empirical failure criterion by FAA [30], the number of critical
coverages Ce,i of horizontal tension σi exerted by a generic ith aircraft empir-
ically depends on pavement response behavior and load condition:

Ce,i = 10

{
R
σi

−[ (1−SCI/100)(ad−bc)+bc]
(1−SCI/100)(d−b)+b ]

}
/[ bd

(1−SCI/100)(d−b)+b ] (5)

Where SCI(−) is the Structural Condition Index accounting for specific
rigid pavement distresses [29]; a, b, c are non-dimensional empirical calibra-
tion parameters related to the pavement layering [30]; σi (MPa) is the maxi-
mum bending tensile stress at the bottom of the concrete slab due to the ith

static load [29].
Therefore, the elementary damageDe,i potentially sustainable by the con-

sidered pavement due to one ith aircraft coverage is equal to the inverse of the
same aircraft critical coverages Ce,i. The total longitudinal damage D

xj

i (y)
caused by a longitudinal horizontal stress profile σi(xj, y) of a single ith air-
craft coverage at each jth transversal distance xj from centerline is then
calculated as graphically visualised in Figure 9 and expressed in Equations
6.1-6.1.[33]
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Figure 9: Longitudinal damage profile D
xj

i (y) and CDFi(x) profile due to a generic single
tandem gear (2S) load

D
xj

i (y) =
1

P/Ci,xj

∫ y=+∞

y=−∞

d (De,i (xj, y))

dσi (xj, y)

dσi(xj, y)

dy
θ(σi) dy (6)

where

De,i =
1

Ce,i

(7)

θ(σi) =

{
0 if σi ≤ 0,

σi if σi > 0.
(8)

The cumulative sum of each longitudinal total damage D
xj

i (y) per trans-
verse distance xj represents the total transverse damage profile Di(x) of a
single ith gear coverage. Accordingly, the total cumulative damage CDFi(x)
of each aircraft can be determined with Miner’s law, accounting for expected
passages Ni of generic aircraft over hypothesized service life.

CDFi(x) = Di(x)Ni (9)
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The sum of each aircraft CDFi profile results in the total cumulative
damage factor profile CDF of a specific pavement section due to air traffic
mix .

6.2. CDF calculation

The CDF calculation method must be applied to the proposed predictive
model and tested against numerical evidence. In particular, FEA provides
inherent tensile profiles (σFEA(x, y)) as inputs for total longitudinal damage
D

xj

i (y) calculation per xj transversal distance. On the other hand, the out-
put of proposed stress prediction model only assesses the maximum bending
tension (σPRED) at the bottom of concrete slab. Assigned a normal wheel
coverage probability of maximum tension at each transverse distance from the
centerline due to low lateral wandering (33), an equivalent cumulative maxi-
mum damage profile CDFPRED is calculated per single or multiple maximum
tensile peaks. To discern the degree of discrepancy between CDFFEA and
CDFPRED models, the maximum values of FEA stress distributions (σFEA)
are conveyed into a CDFFEA profile by adapting the previous normal wheel
probability function.

Having set an intermediate pavement configuration (Esub = 100MPa,
h = 350mm) and assumed a reference aircraft for each gear arrangement
studied (see Figure 10), the proposed cumulative damage factor CDFi,PRED

model fed by regressed σi,PRED is compared with numerical CDFi,FEA profile
in Figure 10.

For the considered subset of aircraft, σ) values are calculated through
both approaches for edge and interior load cases. The most sever stress con-
ditions are selected to drive the CDF evaluation. For instance, the dual
tridem presented in Figure 10 is critical to interior loading and requires an
evident dual peak approximation due to bimodal stress distribution with two
equivalent maximum peaks. The other cases - where edge loading prevails
- are not affected by the same multi-peak approximation. As an instance,
the dual tandem CDF curve reported in Figure 10 shows a dual-peak ten-
sile behavior, with one absolute and one relative maximum. Consequently,
the 2D cumulative damage configuration is built on a single absolute maxi-
mum stress value, closely fitting FEA results. The proposed approximation
closely matches numerical outputs, underlining ultimate effectiveness of the
proposed CDF calculation method.
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Summarizing, even with longitudinal damage profile simplifications, Fig-
ure 10 is evidence of a good agreement between proposed and numerical
CDFi model, despite the residual stress dispersion intrinsic to dual tridem
and tandem gear configurations. In fact, the CDFi,PRED and CDFi,FEA

of selected gear arrangements are relatively close in terms of absolute value,
with the maximum relative difference being strictly dependent on the specific
gear and ranging, for the considered subset of aircraft, between ±25%.

7. Conclusions and future discussions

The paper studies a rapid and direct stress field and fatigue assessment
procedure in airport rigid pavement management systems. First, state-of-
the-art issues in monitoring and maintaining concrete pavements are ex-
plained through an overview on APMS applications and input data in terms
of surveyed pavement and load conditions. Stressing the need for a reliable
proactive stress and damage protocol updatable with every monitoring rou-
tine and sustainable under the computational demand as a step forward with
respect to the current approaches.
In fact, the state-of-the-art procedures are either based on very accurate fi-
nite element models, highly demanding in terms of modeling expertise and
computational resources, or rapid closed-form analytical solutions, which ev-
idently suffer in accuracy due to the simplification assumptions. Accordingly,
a multivariate regressive analysis is performed to compensate limits of ex-
isting analytical closed-form solutions while allowing for rapid application.
Results obtained on various simulation scenarios with the proposed method
are compared to same simulations run on FEA environment. A brief sum-
mary of outcomes is here listed:

• Subgrade’s stiffness and concrete slab’s thickness are investigated as
superstructural independent variables, sensibly raising the general co-
herence of proposed model with monitored pavement parameters. Ex-
treme values are found to affect, even if slightly, the reliability of the
proposed stress prediciton model. To extend the latter’s general feasi-
bility, additional efforts should be paid in simulating also slab horizon-
tal dimensions, intermediate layer and load transfer joint mechanical
contributions. A statistical validation on pavement varying structural
inputs (e.g., intermediate layers thickness and material) should be fur-
ther performed, to explicitly extend the range of applicability of the
proposed model.
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• A strong correlation has been observed for all the different gear ar-
rangements. Specifically, single and dual wheel configurations closely
match numerical results, while dual tandem and dual tridem still ex-
hibit a good reliability despite a non-negligible residual dispersion. This
residual discrepancy derives from Westergaard’s simplified elastic plate
theory reliant on one wheel load configuration. Therefore the non-linear
influence of multiple wheel loads has been addressed through two cor-
respondent independent regressive parameters. Considering numerical
outputs as reference for the proposed predictive model, more advanced
analytical solutions should be further investigated to directly account
for multiple wheel longitudinal and transverse interactions, thereby in-
creasing the precision of the regressive analysis.

To assess the decaying performance of rigid pavement units throughout the
set period of service, a bottom - up cumulative damage factor based on wheel
coverage normal probability function is introduced and tested against FEA
evidence. Particularly:

• Critical coverages, elementary damage and total maximum longitudi-
nal damage are directly predicted per aircraft and pavement configura-
tion. It is worthwhile mentioning that FEA longitudinal stress profiles
provide a full survey of total longitudinal damage along n transverse
distances or integration nodes per superstructural unit. Conversely,
the proposed rapid model directly determines maximum total damage
independently of the direction, thereby struggling in further analysing
damage effects from tandem and tridem. While approximately sharing
comparable absolute values of total cumulative damage via CDFi,PRED

and via CDFi,FEA, further studies need to be analytically or numeri-
cally performed to refine existing difference in CDF dispersion between
predicted and finite element analysis.

• Total transverse cumulative damage factors are extracted from nu-
merical longitudinal stress and damage profiles. Parallelly, regres-
sive model’s output maximum tensile stress and subsequent cumula-
tive damage factor approximate CDF behavior of pavement and load
condition with a wheel coverage probability normal distribution per
absolute stress peaks. By assigning a low lateral wander, CDFPRED

matches CDFFEA profile, ultimately resembling σi,FEA distribution.
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Future efforts should be conveyed into refining wheel coverage prob-
ability through a bi-dimensional or three-dimensional influence chart
methodology.

The proposed methodology ultimately lays out a rapid and easily im-
plementable survey data collection to CDF calculation protocol. To over-
come the computational times demanded by a more accurate FEM model,
the developed rapid solutions allow a directly interoperable stress and CDF
calculation updatable with each survey routine. With a dataset layout of
20-30s, prediction computation time of 1-5s per elementary unit, the com-
putational time saving is approximately 6 hours compared to FEA for a
generic apron section of six sample units with 25 elementary units. Such a
model, despite lacking in terms of maximum accuracy, still provides a robust
prediction model potentially applicable to the entire rigid pavement asset.
Being a regressed physics based model, the additional advantages are: easy
understanding of CDF determining variables due to Westergaard’s elastic
theory formulation; and immediate implementation in a monitoring frame-
work without the need for advanced computational resources or extended nu-
merical expertise. The limits of present research encourage to pursue more
physical-based model solutions, validated with numerical results, in order
to raise the prediction accuracy and to forsee the management of an entire
airport’s rigid pavement asset through rapid assessments at the single slab
scale.
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