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Abstract: Aircraft pavements are generally designed using deterministic methods and using conser-
vatively selected input parameter values, which combine to result in a low probability of structural
failure occurring during the structural design life of the pavement. In contrast, when predicting
the actual time until an as-constructed pavement will reach a structural failure condition, stochastic
methods are required to take into account the inherently variable nature of pavement material prop-
erties and layer thicknesses, and the best-estimate of the input parameter values must replace the
conservative values that are commonly used to introduce design reliability. A case study on a rigid
aircraft pavement demonstrates the difference between pavement thickness design and pavement life
prediction. Using Monte Carlo simulation, it was found that 98.5% of the as-constructed pavement
was stronger than the designed pavement and that the predicted fatigue life of the pavement was
approximately 180 times greater than the effective design life. It was concluded that the significant
difference between pavement design and pavement life prediction explains the practical observation
that rigid aircraft pavement service life generally exceeds typical structural design lives.

Keywords: aircraft; pavement; design; prediction; Monte Carlo

1. Introduction

Aircraft pavements are generally designed using conservative methods that result
in a low risk of structural failure occurring during the design life of the pavement [1].
Consequently, most aircraft pavements experience satisfactory performance over a service
life that significantly exceeds the design life [2]. For example, flexible aircraft pavements
are effectively perpetual in nature, with periodic asphalt overlays resetting the design
life, while the underlying structure lasts many decades, despite a typical 15- to 20-year
structural design life [3]. Similarly, rigid aircraft pavements are generally designed to
achieve a 20-year (in the USA) or a 40-year (in Australia) structural design life, but there
are many examples of 50- to 70-year-old rigid aircraft pavements that remain in service [4].

In terms of rigid aircraft pavement failure, two modes of failure must be considered.
The first is serviceability failure, and the second is structural failure [2]. Serviceability
failure can result from excessive pavement generated foreign object debris (FOD) due
to construction defects, from excessive unevenness in the slabs due to reactive subgrade
movement, or even the loss of aircraft skid resistance or visual guidance from linemarking.
Serviceability failure modes are not directly considered during pavement thickness design.
In contrast, the structural failure of aircraft pavements is the basis on which pavement
thickness design calculations are performed, and for rigid aircraft pavements, the only
form of structural failure considered in thickness design is concrete slab fatigue cracking [5].
Because rigid aircraft pavements are designed conservatively and remain serviceable for
many years beyond their structural design life, it follows that the fatigue failure of rigid
aircraft pavements usually occurs much later than implied by aircraft pavement thickness
design processes. That is, rigid aircraft pavements generally do not deteriorate to the
pre-defined structurally failed condition by the end of their structural design life.
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The aim of this research was to demonstrate and quantify the difference between
pavement thickness design and pavement life prediction. A case study is presented in the
form of a rigid aircraft pavement located in Queensland, Australia, which was designed
and constructed, but then due to post-construction concerns, the design was revisited to
predict the time until slab fatigue failure would occur.

2. Background
2.1. Rigid Aircraft Pavements

Constructed primarily of slabs of Portland or blended cement concrete, usually with
a relatively thin sub-base (sometimes referred to as the base) to support the slabs, rigid
aircraft pavements show insignificant deformation under load compared to flexible aircraft
pavements [2]. Rather than spreading the load through the sub-base and subgrade materials,
rigid pavements primarily resist the load-induced stresses internally within the concrete
slabs.

Rigid aircraft pavement slabs are generally small (4 to 6 m square) in relation to
the area of the pavement. Joints are provided to relieve environmental stresses caused
by thermal and moisture changes [6]. However, the joints create stress concentrations
at the edges and corners of the slab, and the concentrated stresses are often critical for
rigid pavement performance [7]. Rigid pavement slabs also experience curling due to
temperature differentials between the top and bottom of the concrete slab. During the day,
the top of the slab is warmed by the sun and expands, making the top of the slab longer
than the bottom, curling the slab downwards. During the night, the top of the slab cools
and shortens, resulting in upward curling. Accurately determining curling (upward and
downward) stresses is difficult, and pavement thickness design does not directly account
for these environmental loads.

2.2. Rigid Aircraft Pavement Thickness Design

Similar to most modern pavements, rigid aircraft pavement thickness is generally
determined using mechanistic-empirical methods. That is, key stresses and strains are
theoretically calculated mechanistically, before the allowable number of repetitions of
that magnitude of stress or strain is determined by empirically derived ‘failure criteria’,
which are also known as the ‘performance relationships’, and less commonly as ‘transform
functions’ [7].

FAARFIELD is the FAA’s current pavement thickness design software for both rigid
and flexible aircraft pavements [1]. FAARFIELD (v1.3) replaced the previous software,
LEDFAA, when the FAA’s associated design guidance was updated in 2009 [8]. The 2009
edition was the first to not include historical chart-based design methods, completing the
FAA’s transition to the software-based thickness design of aircraft pavements. However,
the failure criteria in FAARFIELD v1.3 were developed to retain general agreement with
pavement thicknesses determined by the previous design charts, in which the FAA had
significant experience and a high level of confidence.

A major revision of FAARFIELD (v1.4.1) was released in 2016, corresponding to
another major update to the design guidance (FAA 2016). Significant changes were made to
the rigid pavement design module, reflecting analysis of the result from additional full-scale
tests performed by the FAA, known as construction cycles CC2 and CC6 [9]. Important
changes included improved finite element meshing, changes to granular sub-base modulus
assignment, changes in the conversion between subgrade CBR, the modulus of subgrade
reaction (k-value), and the elastic modulus [10]. However, the most important change to
rigid pavement design in v1.4.1 was the introduction of a second potential critical stress
location [4]. In addition to 75% of the maximum edge stress, traditionally the critical stress
for rigid pavement thickness design, the maximum interior slab stress was also considered.
That is, the calculation of concrete thickness was based on the greater of the maximum
internal stress and 75% of the maximum edge stress [10]. It is understood by this reflected
observation that sometimes the internal stress condition is more critical than the edge stress
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condition, particularly for the newer four- and six-wheeled aircraft gears. As a result, there
are not many correlations between FAARFIELD 1.4.2 and FAARFIELD 1.3. rigid pavement
thickness compared to the high number of correlations for flexible pavement thickness [11].

One consequence of this change was a significant increase in rigid pavement thickness
associated with six wheeled aircraft gears, such as that of the B777-300ER. Subsequently,
the FAA updated FAARFIELD (v1.4.2) [12], which reduced the internal stress condition by
5%. That is, the concrete thickness in v1.4.2 is calculated based on the greater of 95% of the
maximum internal stress and 75% of the maximum edge stress. This reduces the concrete
thickness required for designs governed by the internal stress condition but has little or no
effect on designs governed by the edge stress condition. The FAA introduced FAARFIELD
2.0 in 2020, which includes a new user interface and supports the new international aircraft
pavement strength rating system [13]. However, FAARFIELD 1.4.2 was used for this
research.

2.3. Design Input Parameters

Once the aircraft traffic load spectrum is determined, along with the associated struc-
tural design life, the input parameters required for a new rigid pavement thickness design
in FAARFIELD include:

e  Subgrade modulus: Entered as an elastic modulus (MPa) but usually converted from
CBR (%), usually ranging from CBR 3 to CBR 15.

e  Sub-base material and thickness: Usually either fine-crushed rock (P-209) or cement-
treated base (P-304) and usually 150 mm or 200 mm thick, although other materials
are sometimes used.

o  Concrete strength: Entered as a flexural strength (MPa) and usually ranges from
3.5 MPa to 5.5 MPa.

The sub-base material modulus is fixed in FAARFIELD; however, the sub-base thick-
ness can be modified within limits, although sub-base thickness has a relatively low influ-
ence on rigid pavement thickness [4]. In contrast, subgrade modulus and concrete strength
are inherently variable and can be modified in FAARFIELD. These parameters also have
significant influence on the pavement thickness [4]. In fact, the conservative selection of the
subgrade modulus and concrete strength is the primary source of design reliability in rigid
pavement thickness calculation, with a characteristic- or percentile- (%-ile) based approach
usually applied to both.

The basis for selecting both the subgrade modulus and the concrete flexural strength
is summarised in Table 1. It is noted that Australia and the USA use a different basis for
defining the characteristic strength of concrete. Neither is right or wrong; it is just different,
and this means that 20% of concrete falls below the characteristic strength value in the USA,
while 5% falls below the characteristic value in Australia. Consequently, when FAARFIELD,
which was developed in harmony with material specifications used by the FAA in the
USA, is used to design rigid aircraft pavements in Australia using an Australian-specified
concrete strength, a correction to the concrete strength input into FAARFIELD is required,
which equates to approximately 0.3 MPa to 0.4 MPa, depending on the expected variability
of the supplied concrete strength (Figure 1).

Table 1. Stochastic rigid FAARFIELD input parameters and basis.

. Percentile Basis of
Parameter Units Characteristic Value Reference

Subgrade modulus MPa 85%-ile value [1]

80%-ile value in the USA
Concrete flexural strength MPa 95%-ile value in Australia [2]
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Figure 1. Comparison of USA to Australian characteristic concrete strength for (a) the full population
of results and (b) showing the 95%-ile (0.05) and 80%-ile (0.20) strength for the same population.

2.4. Monte Carlo Simulation

FAARFIELD and most other pavement thickness softwares are deterministic. That
is, they are designed for the specific values of each input parameter to be entered by the
designer. For example, the designer can select any reasonable value for the subgrade
modulus, but only one subgrade modulus is able to the entered at a time. In reality, many
of the input parameters are inherently variable, but the variable nature of the parameters
cannot be directly considered in FAARFIELD. This is not an issue during routine pavement
thickness design because the designer selects conservative representative or characteristic
values to be input to determine an appropriate design pavement thickness. However, when
interested in predicting the structural life of an existing pavement, the variable nature of
the input parameters must be taken into account through a stochastic analysis. Because
FAARFIELD does not accept stochastic input parameter value distributions, a Monte Carlo
type analysis is required.

Monte Carlo simulation is the process of developing a deterministic predictive model
of the output of interest and assigning probability distributions to each of the variable and
measurable inputs [14]. By generating random but statistically appropriate combinations
of input values that conform to these distributions, a large number of deterministic outputs
can be calculated quickly. The resulting distribution of the results allows a stochastic
analysis of a system that is too complex to be considered one input at a time. Such
simulations were made practically viable by the rapid increase in computational power in
the 1990s [15] and are now commonplace in many industries. In pavement engineering,
the Monte Carlo simulation has been used to consider a stochastic approach to pavement
thickness design [16], to better understand the effect of material variability on pavement
performance [17], and for assessing the as-constructed strength of newly constructed
pavements [18,19]. There are many software programmes available for performing Monte
Carlo simulations, such as the Microsoft Excel®-based package @RISK® [20].

2.5. Thickness Design versus Life Prediction

During new rigid pavement thickness design, the aim is to determine a thickness of
a concrete slab that means that the probability of the pavement deteriorating to a ‘failed’
condition during the structural design life is sufficiently low. The probability that coincides
with ‘sufficiently low” is determined by the failure criteria is also built into the software, as
is the %-ile basis used by the designer to select the characteristic values of the subgrade
modulus and the concrete strength (Table 1). As explained above, Australian and USA
practice is to use an 85%-ile value of the subgrade modulus and an 80%-ile (USA) or a 95%-
ile (Australia) value of concrete flexural strength. This combination of subgrade support
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and concrete strength provides a significant reduction in the probability of structural failure
in a rigid aircraft pavement.

In the case of rigid aircraft pavements designed using FAARFIELD, the only failure
condition considered is full depth structural cracking resulting from aircraft load induced
slab fatigue. This is the only empirical mode of failure addressed by the FAARFIELD
failure criteria [5]. Consequently, in combination with the conservative selection of the
input values, the setting of the FAARFIELD concrete fatigue failure criteria determines the
condition of a pavement that should be observed at the end of the design aircraft loading.

The setting of the failure criteria requires two elements to be considered: the condition
of a pavement that is considered to constitute ‘structural failure’ as well as the level of
design reliability built into FAARFIELD, which is defined by the location of the failure
criteria within the data set of empirical test pavement sections. The FAARFIELD rigid
pavement failure criteria are a structural condition index (SCI) of 80 [10]. That corresponds
to approximately 50% of the most frequently trafficked slabs having one or more full-depth
structural cracks. For any particular test pavement section, the SCI starts at 100. After a
number of loadings, the SCI falls below 100 when the first crack appears. Cracks continue
to develop until the pavement is completely failed, at an SCI of 0, which is when the
pavement has lost its ability to carry any load [9], as shown by the example in Figure 2.

100

80
60 T Number of passes to
] SCI 50 = 34,502
a0 +
20 +
0 ] ——
1000 10000 100000

Total Passes (unadjusted)

Figure 2. Example of SCI reduction with aircraft load applications, adapted from [9].

After many versions of Figure 2 are generated for different test pavement sections,
the number of load repetitions until the first crack appears (SCI first drops below 100) and
full failure (SCl is 0) can both the plotted, and the failure criteria can be located within the
data sets, such as the example in Figure 3, which is a best-fit failure criteria with 50% of
the results above the best-fit line, and 50% of the results below it. LEDFAA, which was the
precursor to FAARFIELD, used a best-fit failure criteria location, meaning that 50% of the
test pavements performed better and 50% performed worse than the performance implied
by the failure criteria [5]. However, in FAARFIELD 1.4, an 85%-ile failure criteria location
was also developed and the software transitions from the 50%-ile criteria (for CBR 3 and
below) to the 85%-ile criteria (for CBR 10 and above) [10]. This is intended to reduce the
risk of top-down cracking, which is not otherwise considered in FAARFIELD, but has been
observed in test pavement sections on high-bearing capacity subgrades [10].
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Figure 3. Example of best-fit regression failure through test section performance data, adapted
from [5].

As a result of the ‘failure’ condition and best-fit ‘location’ of the rigid pavement fatigue
failure criteria used in FAARFIELD, a theoretical pavement that is designed in FAARIELD
and is then constructed homogenously with materials, thicknesses, and property values
exactly as entered into FAARFIELD should reach the FAARFIELD failure condition at the
end of the design trafficking loadings, which should occur at the end of the structural
design life. That is, approximately 50% of the frequently trafficked slabs would exhibit one
or more full-depth structural cracks at the end of the structural design life. Furthermore,
of all of the theoretical pavements constructed in such a manner, 50% should perform
better than expected with regard to slab fatigue, and the other 50% should perform below
expectations, with more than 50% of the trafficked slabs containing one or more structural
cracks.

In practice, having a 50% chance that 50% of the trafficked slabs will be cracked at the
end of the design life is unacceptable, and this is not reflected in the generally better than
expected performance of rigid aircraft pavements in the field [2]. The ‘better than designed’
fatigue performance of rigid aircraft pavement results from the conservative %-ile-based
selection of the input parameter values, primarily the subgrade modulus and concrete
flexural strength, to introduce design reliability. In practice, additional design reliability
is also likely to be introduced by assuming that all aircrafts operate at their maximum
mass and by over-estimating the frequency of aircraft loading, which is entered as annual
departures in FAARFIELD.

In contrast to pavement thickness design, when attempting to predict the development
of structural distress in a pavement, all design reliability should be removed. That requires
considering the actual subgrade modulus and the actual concrete strength rather than
the %-ile-based characteristic values. Once a pavement is constructed, the actual concrete
thickness and the actual sub-base layer can also be considered. For a failed pavement, the
actual aircraft traffic can also be incorporated. If a deterministic approach to pavement life
prediction is taken, the average values of these input parameters is the most appropriate
value to enter in FAARFIELD because it is the best estimate of the most likely value to exist
at any particular location within the pavement. However, when many randomly selected
values of each parameter are available, as is usually collected by the quality system used
during construction, a stochastic approach can be taken instead. In this way, the time at
which the failure condition is expected to occur can be predicted. This is equivalent to the
best estimate of when any randomly selected slab within the frequently trafficked wheel
paths of a rigid pavement is expected to develop a structural crack. This is called pavement
fatigue life prediction, and it is distinctly different to conservative, %-ile-based pavement
thickness design. However, the degree to which the predicted life exceeds the design life
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needs to be quantified, which can be achieved the most appropriately by a case study to
demonstrate the difference.

3. Methods

To demonstrate the difference between thickness design and failure prediction, an
example is presented based on an actual rigid aircraft pavement located in Queensland,
Australia. The pavement was designed to support a range of military aircrafts over a
30-year design life (Table 2), including a 2% per annum frequency growth rate, and was
constructed in late 2009. The pavement was approximately 290 m long and 140 m wide,
and comprised approximately 1800 slabs, each approximately 5 m by 5 m in dimension.
Due to some distress observed in 2017, the pavement was forensically investigated in 2018.
The results extracted from the design documentation, construction records, and the forensic
investigation were combined in this analysis.

Table 2. Design aircraft traffic.

Aircraft Mass Annual Departures Design Departures
KC-30B 233 t 104 4056
C-17A 266 t 104 4056
C-5 349 t 5 195
C-130 80t 520 20,280

Note: The KC-30B is a military version of an A330 airframe and was modelled as an A330-200.

First, the input parameters were analysed, and the design values were compared to
the values selected for deterministic life prediction. Mathematical models were also fitted
to the distribution of each variable input parameter. The required design thickness was
then determined in FAARFIELD and was compared to the pavement thickness design
performed in 2009. To enable the stochastic strength of the pavement to be considered, a
proxy model was developed for the relationship between the variable input parameters
and the life of the pavement, which is expressed as the cumulative damage factor (CDF)
and calculated by FAARFIELD in ‘life’ mode. The proxy model was used to perform a
Monte Carlo simulation, resulting in a statistically correct distribution of pavement life
as a function of the variable pavement parameters. The distribution of the CDF values
was compared to the design life and to the deterministic as-construction pavement life
prediction.

In this analysis, it was assumed that the pavement was subjected to exactly the design
aircraft traffic over the design life. That is, the actual prevailing aircraft traffic loading was
not considered. It was also assumed that the sub-base modulus and the concrete modulus
values, both of which are fixed in FAARFIELD, were representative of the constructed
pavement.

4. Results and Discussion
4.1. Stochastic Input Variables and Values

The four input variables considered were the subgrade CBR (entered as a modulus),
sub-base thickness, concrete slab thickness, and concrete flexural strength. A geotechnical
investigation of the site provided 13 soaked CBR values to characterise the subgrade
bearing capacity at the time of design. The same 13 soaked CBR values were also used
to predict the as-constructed pavement life. The sub-base thickness and concrete slab
thickness were physically measured after construction at 10 forensic investigation locations.
These measured thicknesses were used to predict the pavement life, whereas the design
thicknesses were used as the basis of design. The concrete flexural strength was specified
(in Australia) to be a characteristic (95% of results exceeding) 4.5 MPa. When considering
the design, this was entered into FAARFIELD as 4.9 MPa to reflect the difference in the
definition of concrete strength between Australia and the USA. However, for the prediction
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of pavement life, 134 individual 28 day-cured flexural beam strength results were available
from the quality records, and these were used to represent the as-constructed pavement.

Table 3 summarises the four input parameters values available from the design records,
the construction quality records, and the forensic investigation outcomes. To allow each
input parameter to be input into the Monte Carlo simulation, statistically representative
mathematical models were fitted to each set of parameter values using the fitting function
in @RISK®. The four models are shown in Figure 4.

Table 3. Summary of variable input parameter values.

. o Concrete Slab Leanmix Sub-Base Concrete Strength
Statistic Subgrade CBR (%) . .
Thickness (mm) Thickness (mm) (MPa)
Number of results 13 10 10 134
Minimum 15 405 150 4.8
Average 2.35 417 160 5.8
Standard deviation 0.88 5.3 8.0 42
Maximum 4.5 420 175 6.9
m [} @risk - Fit Results
fare 0 Fit Comparison for CBR o e Fit Comparisan for Flex_Str
gk (et RiskLagnorm(1.0631,1. 5284 RiskShift(1.3890)) g 122008 RiskNormal(5.79328,0.42412)
ExtValue 0.5939 150 4,50 weibull 153.0145 5.200 6,500
Expon 0.6232 (N Hormal 153,4943
InvGauss 0.6596 Pert 153.6509
Legistic 0.7133 Gamma 154.1098
/! Lognorm 0.7534 BetaGeneral 154,3206
Normal 0.8463 Kumaraswamy 154.8810
Laplace 1.1457 Legistic 159.6448
ExtValueMin 1.2241 LogLogistic 160.3129
Levy 1.3302 ExtValue 161.0452
Pearson5 2.1161 Laplace 176.5027
Uniform 3.2751 ExtValueMin 172.7179
BetaGeneral - Uniform 206.9309
Pareto Expon 272.2855
Triang Pareto 290.5789

Levy 395.5337

e
@) | &3] [ )26 & B @) |83 |4)Le| s & B
(@) (b)
[ @rask - Fit Results il
T = Fit Comparison for PCC-Thick s e Fit Comparison for LMC_Thick
- RiskTriang(403.058,420,420) RiskTriang(150,150,179.290)
ExtValueMin 62.1412 Expon 72,7401 175.00
Uniform 63.8887 Laplace 73.6722
Laplace 64.6325 | Triang 73.7359
Logistic 66.1590 Uniform 74.1052
Normal 66.4348 Pert 74.3229
ExtValue 70.5199 Extvalue 74.9472
Pareto 74.7865 Normal 74.6209
Expon 76.5612 Logistic 74.9010
Gamma 78.8881 ExtValueMin 76.8067
Levy 86.0389 Levy 77.8459
BetaGeneral b InvGauss 78.46496
In Lognorm 78.5067
Lognorm2 78.5067
LogLogistic 80.1314
Pearson5 82.2814
BetaGeneral
)
®|lo [k « (@ oo (&l + (=

(©) (d)

Figure 4. Variable input parameter models from @RISK. (a) Subgrade CBR; (b) concrete flexural
strength; (c) concrete thickness; (d) leanmix sub-base thickness.



Designs 2022, 6, 12

9of 14

The subgrade CBR was modelled as a log normal distribution, and the concrete
flexural strength was modelled as a normal distribution. In contrast, the concrete slab
and leanmix sub-base thicknesses were modelled as triangle functions. In all cases, the
Anderson-Darling goodness of fit tests performed in @RISK® did not indicate that the
model was significantly different to the data distributions.

4.2. Design Thickness Calculation

Table 4 summarises the FAARFIELD input values, the basis of their selection and the
resulting pavement adequacy. The pavement adequacy is expressed as the CDF calculated
by FAARFIELD using the ‘life” calculation option. The CDF is the portion of the design
life consumed by the design aircraft traffic. A CDF of 1.0 indicates the pavement design is
optimal, while a CDF below1.0 indicates the pavement design is conservative and a CDF
greater than 1.0 indicates that the pavement design is conservative.

Table 4. Summary of designed pavement thickness.

Input Parameter

Designed Pavement FAARFIELD Designed Pavement

Value Basis Value Basis

85%-ile from design 85%-ile from design

Subgrade CBR (%) 1.5 . N 1.5 . L.
investigation investigation
. . . FAARFIELD calculated
Concrete thickness (mm) 400 Designed thickness 460 thickness for CDF 1.0
Leanmix thickness (mm) 150 Designed thickness 150 Designed thickness
Concrete strength (MPa) 49 Corrected 95%-ile design 49 Corrected 95%-ile design value
value to be to be
Calculated CDF 29.1 - 1.0 -

It is important to note that the pavement was not originally designed using FAARFIELD.
Consequently, the designed pavement is understrength compared to that required by
FAARFIELD 1.4.2. However, for the purpose of demonstrating the difference between
design and prediction, FAARFIELD was used for both the retrospective pavement thickness
calculation and for the fatigue life prediction.

Importantly, because the CDF was used as the indicator of pavement life, the relative
effect of the 60 mm of understrength pavement, according to FAARFIELD, did not impact
the subsequent analysis or its validity. It is clear that the designed pavement thickness was
inadequate, based on FAARFIELD 1.4.2, with a CDF of 29.1, indicating the effective design
life of the pavement was just over one year compared to the 30-year design life. According
to FAARFIELD, a design concrete thickness of 460 mm was required. However, this does
not mean that the design was flawed. As chart-based design was replaced by LEDFAA
and then FAARFIELD, the thickness required for a particular design scenario changed, and
rigid pavement thicknesses generally increased [11]. Consequently, retrospectively judging
a historical design prepared with a different design tool or process is not fair and does not
indicate that the design was wrong.

The designed pavements in Table 4 were revisited based on the as-constructed records.
Both an existing pavement evaluation (%-ile-based subgrade CBR and concrete strength)
and a pavement life prediction (average subgrade CBR and concrete strength) were consid-
ered, and the results are summarised in Table 5.
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Table 5. Summary of as-constructed pavement thickness.

Input Parameter

As-Constructed Design Parameters As-Constructed Parameters

Value Basis Value Basis

Subgrade CBR (%)

85%-ile from design Average (50%-ile) from

1.5 23

investigation investigation

Concrete thickness (mm) 415 Average qf as-constructed 415 Average qf as-constructed

thicknesses thicknesses
Leanmix thickness (mm) 160 Average (?f as-constructed 160 Average (?f as-constructed

thicknesses thicknesses
Concrete strength (MPa) 55 80%-ile value from 57 Average from as-constructed

as-constructed records records
Calculated CDF 1.38 - 0.16 -

Note: CBR 2.3 was entered into FAARFIELD as 20 MPa.

When the design parameters were adjusted to reflect the as-constructed pavement, al-
though still conservative and %-ile-based, following normal evaluation and design practice,
the FAARFIELD-calculated CDF reduced from 29.1 to 1.4, representing a 20-fold increase
in the effective design life of the pavement and reflecting the generally higher strength of
the constructed pavements compared to conservatively designed pavements [19].

Furthermore, when the conservatively selected subgrade CBR (85%-ile) and concrete
flexural strength (80%-ile in the USA) were replaced by the average values of those param-
eters, the CDF reduced significantly to 0.16. That is a further 8-fold increase in the effective
pavement life. Using the average of the input parameter values predicts the time until the
pavement is expected to reach the pre-determined failure condition in FAARFIELD. That
is, the time until 50% of the trafficked slabs are predicted to have one or more full-depth
structural cracks. A CDF of 0.16, compared to the design thickness CDF of 29.1, implies
that the predicted fatigue life of the pavement was approximately 180 times longer than
the effective design life of the pavement, which demonstrates the significant difference
between pavement design life and pavement fatigue life prediction.

4.3. Proxy Model for Pavement Life

The above comparisons demonstrate the significant differences between pavement
design and deterministic pavement life prediction. However, to allow the portion of the
pavement that is stronger/weaker than implied by thickness design and deterministic life
prediction to be considered, a statistical approach is required, and that first requires a proxy
model for pavement life to be developed over the applicable ranges of the variable input
parameter values.

The proxy model was developed from the results of a fully factorial parametric analysis
of the FAARFIELD-calculated CDF value. The variable input parameters values and the
number of levels of each factor are summarised in Table 6. A total of 240 parametric
FAARFIELD operations and CDF calculations were required for this analysis.

Table 6. Design aircraft traffic.

Factor Referred to as: Levels Number of Levels
Subgrade CBR (%) SG_CBR 1,2,3,4 4
Concrete strength (MPa) Flex_Str 4.2,47,52,5.7,6.2 5
Leanmix thickness (mm) LMC_Thick 400, 410, 420 3
Slab thickness (mm) PCC_Thick 150, 160, 170, 180 4

The proxy model was developed using general linear model (GLM) analysis in the
Excel®-based program called Minitab®. Initially a second-order fully interactive model
was adopted, and the least significant term (indicated by the highest p-value from the
GLM output) was removed from the model. A new model was then generated, and the
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least significant term was removed until only significant terms (p-values < 0.05) remained.
The resulting model Equation (1) was a sound proxy for FAARFIELD-calculated CDF
values (Figure 5), showing a high correlation to the calculated CDF values (R? = 0.99). This
model was used in the Monte Carlo simulation.

Log(CDF) = 25.113 — 1.6640 x SG_CBR — 3.188 x Flex_Str — 0.02279 x PCC_Thick

— 0.004152 x LMC_Thick + 0.22174 x SG_CBR x SG_CBR 1)
+0.1684 x Flex_Str x Flex_Str — 0.0545 x SG_CBR x Flex_Str
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Figure 5. Calculated (actual) and proxy model (estimated) CDF values.

4.4. Monte Carlo Simulation

The Monte Carlo simulation required the random generation of statistically represen-
tative values for each of the four variable input parameters (Figure 4). The estimated CDF
value for that combination of input parameter values was then calculated using the proxy
model Equation (1). Each calculated CDF value was stored, and the process was repeated
100,000 times to provide a statistically correct set of 100,000 CDF values representing the
variable strength of the as-constructed pavement. The results were presented as a cumu-
lative probability distribution (Figure 6). The horizontal axis of Figure 6 was limited to a
maximum value of 6 for ease of reading and because the rate of change was insignificant at
higher CDF values.

The CDF values ranged from almost zero up to more than 100. This demonstrates the
significant influence that concrete slab thickness, subgrade CBR, and concrete strength have
on pavement strength, or in this case, on pavement life expressed as CDF. The median CDF
value was 0.12. That is, 50% of the pavement had a predicted fatigue life that was at least 8.3
times higher than the 30-year design life. Furthermore, 87% of the CDF values had a CDF
of 1.0 or lower, indicating that 87% of the pavement would not reach the failed condition of
one or more full-depth structural cracks within the 30-year structural design life.
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Figure 6. Cumulative probability of CDF from Monte Carlo simulation.

4.5. Comparing Design to Predicted Life

When modelled in FAARFIELD, the designed pavement thickness was found to have
an effective design life of just one year based on the CDF of 29.1 compared to the 30-
year design life. However, when the actual pavement thickness and the best estimate
(average) values of the concrete flexural strength and the subgrade CBR were considered,
FAARFIELD calculated a CDF value of 0.16. This indicates the actual fatigue life of the
as-constructed pavement was more than 180 times longer than its effective design life.
Furthermore, despite the design thickness being inadequate, when retrospectively analysed
in FAARFIELD, the as-constructed pavement was almost adequate (CDF value of 1.4) and
was not predicted to reach fatigue failure for decades after its design life was exceeded. This
demonstrates the general tendency to construct aircraft pavements that are significantly
stronger than required by pavement thickness design as well as the significant difference
between pavement design life and pavement life prediction.

Based on the statistically correct distribution of pavement strength (expressed as CDF
on Figure 6), the portion of the as-constructed pavement that was actually weaker than the
designed pavement was approximately 1.5%: that is, the portion of the pavement with a
CDF value greater than 29.1, as interpolated from the data used to generate Figure 6.

The deterministically predicted fatigue life of the as-constructed pavement was 47%,
which is approximately 50%: that is, the portion of the pavement with a CDF value greater
than 0.16, as interpolated from Figure 6. This indicates that the deterministic prediction of
fatigue life was adequate and that routine Monte Carlo simulation is not required to predict
pavement life because the best-estimate input value based on deterministic prediction also
resulted in approximately 50% of the trafficked portion being expected to fail in fatigue
based on the distribution of results from the Monte Carlo simulation.

The portion of the apron estimated to have a predicted fatigue life greater than the
30-year design life, indicated by a CDF of 1.0, was 87%. That is, the portion of the regularly
trafficked portion of the apron predicted to reach the failed condition within the 30-year
design life was just 13%. However, approximately 65% of the slabs are not regularly
trafficked, and the failed condition is 50% of the slabs being cracked. Consequently, the
predicted number of slabs with full-depth structural cracks within the 30-year design life
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was less than 3% of the total number of slabs. This is despite the fact that the pavement is
significantly understrength when retrospectively analysed using FAARFIELD.

The stochastic analysis of the pavement strength to enable rigid aircraft pavement
fatigue life prediction and the distribution of fatigue life indicators relies on robust data to
represent the input parameter values for the various materials within the pavement. Al-
though some parameters are robustly documented at a high frequency during construction,
others are more challenging to define. For example, for the case study presented, there
were 134 flexural concrete strength results available from the construction quality records.
That provided a robust basis on which to consider the variable concrete flexural strength.
However, extracting concrete samples from the apron slabs to measure the current strength
is difficult without damaging the samples. In contrast to concrete flexural strength, the
pavement design was based on only 13 soaked subgrade CBR values, which is a much less
robust data set on which to characterise the post-construction subgrade bearing capacity.
Similarly, the leanmix sub-base modulus was assumed to be adequately represented by the
fixed value in FAARFIELD, which is not routinely verified during design or construction.
Future research should consider forensic testing methods to extract representative samples
of all of the relevant pavement materials to provide robust data on which to perform
existing pavement structural life prediction.

5. Conclusions

Pavement thickness design does not predict pavement failure. Rather, it determines
a reasonably economical combination of material layers and thicknesses that reduce the
probability of the pavement reaching a failure condition to an acceptably low level. To pre-
dict the time until a pavement will reach failure, the failure condition must be understood,
the chance of reaching failure implied by the design method must be defined, and a best
estimate of the as-constructed pavement material properties and thicknesses must be con-
sidered. Based on the rigid aircraft pavement case study presented, it was concluded
that aircraft pavements are generally constructed much stronger than they are designed
and that aircraft pavement design is very conservative. As a result, even a theoretically
understrength pavement has a low probability of ever reaching a structurally failed con-
dition. This explains the general observation that rigid pavements generally exceed their
structural design life and that most rigid aircraft pavements require rehabilitation due
to serviceability failure rather than structural failure. Future research is recommended
to extend this demonstration to include flexible aircraft pavements. The development of
methods to efficiently determine reliable as-constructed pavement material and thickness
properties is also required.
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