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a b s t r a c t
Test data from full-scale aircraft gear loading conducted at the National Airport Pavement
Test Facility (NAPTF) by the US Federal Aviation Administration (FAA) were analyzed to
investigate the effects of wander (offset loads) and channelized traffic loadings on the
deformation behavior of unbound aggregate layers in asphalt pavement test sections.
Insights were drawn on the complex rebound (recovered) and residual (unrecovered)
deformation trends of granular materials due to passing of each of the 6-wheel Boeing
777 (B777) and the 4-wheel Boeing 747 (B747) gears for various combinations of loading
(stress history effects), wander positions, and wander sequences. Measured field layer
deformations and the accumulation rates could only be achieved when the magnitudes
and variations of stress states in the granular layers, number of load applications, gear load
wander patterns, previous loading stress history effects, trafficking speed or loading rate
effects, and finally, principal stress rotation effects due to moving wheel loads were properly accounted for. Accordingly, measured transverse profiles and multi-depth deflectometer data were used to create individual pass residual deformation transverse profiles. The
created transverse profiles were then combined with stress history effects to predict the
residual transverse profiles for the test sections with P209/P154 granular base/subbase layers. The proposed method emphasizes the use of the previous load location and stress history of the pavement element to develop the residual deformation in that element.
Calculation of the residual deformation in each element across the pavement surface
results in the development of the complete permanent deformation transverse profile.
This technique can be applied to estimate the transverse rutting profile of the pavement
after trafficking based on any combination of applied wander and traffic direction.
Ó 2016 Elsevier Ltd. All rights reserved.

Introduction
The US Federal Aviation Administration (FAA) constructed the National Airport Pavement Test Facility
(NAPTF), located at the William J. Hughes Technical Center
in New Jersey, in 1999 to generate full-scale testing/
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trafficking data to support the investigation of the performance of airport pavements subjected to complex gear
loading configurations of new generation aircraft. Two gear
configurations, a six-wheel tridem landing gear (Boeing
777 type or B777) in one lane and a four-wheel
dual-tandem landing gear (Boeing 747 type or B747) in
the other lane were tested simultaneously with an applied
transverse wander pattern consisting of a fixed sequence of
66 vehicle passes (33 traveling East and 33 traveling West).
Sensor installation included multi-depth deflectometers
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sections was found to cause the so-called ‘‘antishakedown effect” in the unbound aggregate layers. Essentially, study of MDD data indicated that the unbound
aggregate particles moved because of the constantly
changing load application lane. This movement negated
the stabilization or shakedown expected in unbound
aggregate layers under repeated loads and the strong
stable particle matrix predicted to develop by shakedown
theory never materialized. Further, comparison of channelized traffic, as in the CC3 test sections, and traffic with
wander indicated that traffic with wander might be more
detrimental to the unbound aggregate layers due to the
increased movement and rearrangement of particles in
the unbound aggregate layers.
To account for the rutting performances of the substantially thick NAPTF granular layers, a comprehensive set of
repeated load triaxial tests, considering both constant
and variable confining pressure (CCP and VCP) conditions,
were conducted on the P209 base and P154 subbase granular materials at the University of Illinois. Based on the laboratory test results, both CCP and VCP type permanent
deformation models were developed to predict maximum
ruts that occurred at the NAPTF under both 6-wheel and
4-wheel gear loadings applied following a wander pattern.
The developed rutting models were first calibrated for the
field conditions and then evaluated for predicting the field
accumulation of permanent deformations by properly taking into account the NAPTF trafficking data, effects of stress
rotation due to moving wheel loads, and loading stress history effects. A comparison of the measured and predicted
permanent deformations indicated that a good match for
the measured rut magnitudes and the accumulation rates
could only be achieved when the magnitudes and variations of stress states in the granular layers, number of load
applications, gear load wander patterns, previous loading
stress history effects, trafficking speed or loading rate
effects, and finally, principal stress rotation effects due to
moving wheel loads were properly accounted for in the
laboratory testing and permanent deformation model
development (Kim and Tutumluer, 1952, 2006, 1913).
The objective of this paper is to demonstrate successful
applications of a stress history based approach developed

(MDDs) and pressure cells to capture pavement responses
under traffic loading. Rutting was monitored throughout
the traffic test program by transverse surface profile
(TSP) measurements, rolling inclinometer and straightedge
rut depth measurements, and individual layer rut data collected using MDDs. Individual pavement dynamic
response data were collected due to passing of each gear
for various combinations of applied load magnitudes, traffic directions, and wander positions. To minimize the interaction of gear loads at the subgrade level, the 6-wheel
B777 type and the 4-wheel B747 type gears moved in
phase, with both gears moving left and right together
rather than towards and away from each other.
The FAA designated P209/P154 aggregate materials
were used in the construction and testing of the NAPTF
flexible pavement test sections with variable thickness
base and subbase courses. The first series of full-scale tests
conducted in NAPTF, referred to as Construction Cycle 1
(CC1) tests, found that applying a sequential offset load
(wander) pattern to asphalt pavements reduces or even
negates the expected shakedown effect possibly due to
particle movement and rearrangement. The downward
residual deformation (rutting) caused by a pass of heavily
loaded landing gear carriage was shown to be reversed
by the upward residual deformation (heave) resulting from
the pass of the same gear offset by wander (Hayhoe and
Garg, 2002). During a complete trafficking wander pattern,
some of the residual deformation caused by a single pass
was recovered due to subsequent load applications offset
by wander. This behavior indicated that, due to aircraft
loading wander, individual unbound aggregate particles
were moved, rotated, reoriented, and rearranged in relation to one another (Donovan, 2009; Donovan and
Tutumluer, 2008a,b). An asphalt surface can provide material confinement and minimize particle movement however, if the applied stress is high enough, particle
movement can still occur even under the confinement of
an asphalt layer. Fig. 1 provides a simple diagram of the
observed behavior and shows how the stress in a soil element offset from a load can change with a moving wheel.
The application of the wander pattern to the low- and
medium-strength subgrade asphalt pavement CC1 test
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Fig. 1. Schematic explaining the rut profile development from an offset wheel.
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at the University of Illinois at Urbana-Champaign for predicting final transverse rut profiles from transient residual
deformation basins developed using both CC1 and CC3 test
data under both offset (wander) and channelized traffic
loadings, respectively. The approach is currently further
validated with the NAPTF CC5 test items designed and
engineered with performance data collected from 2008 to
2012 to enable the study of interaction effects on pavement performance provided by closely spaced multiplewheel landing gears. The developed and field validated
approach has the potential to estimate permanent deformation trends and accumulation rates of planned future
pavement test section granular layers by simply collecting
residual deformation data from a few hundred initial trafficking load cycles.

NAPTF test setup
The initial NAPTF test section planning and the CC1 test
setup included four pavement sections on three different
subgrade strengths; low, medium, and high. Each section
had a different combination of asphalt, base, and subbase
thicknesses. Fig. 2(a) shows all of the cross-sections in
the low- and medium-strength subgrade NAPTF CC1 test
setup. Multi-depth deflectometers (MDDs) were used to
record the deflections of the pavement system under
applied traffic loading. The MDD sensors were located at
critical locations within the asphalt, unbound aggregate,
and subgrade layers [the locations shown in Fig. 2(a)].
The tests used a specially designed test vehicle that could
apply loads of up to 75 kips (333.6 kN) per wheel on two
landing gear carriages with up to ten wheels per carriage.
Wheel loads were programmable along the travel lanes
and the lateral positions of the landing gears were variable
up to plus or minus 60 in. (1524 mm) from the nominal
travel lanes to simulate aircraft wander. There were two
traffic lanes in the test. The north lane was trafficked by
a Boeing 777 (B777) gear carriage of six-wheel dualtridem with dual wheel spacing of 55 in. (1397 mm) and
tridem axle spacing of 57 in. (1448 mm).
Similarly, the South lane was trafficked by a Boeing 747
(B747) gear carriage of four-wheel dual-tandem with dual
wheel spacing of 44 in. (1118 mm) and tandem axle spacing of 58 in. (1473 mm). In both cases, wheel loads of 45
kips (200.2 kN) per wheel were applied at a traffic speed
of 5 mph (8 km/h). This speed represented aircraft taxiing
from the gate to the takeoff position. To minimize the
interaction of gear loads at the subgrade level, B777 and
B747 type gears moved in phase, with both gears moving
West to East and East to West together rather than towards
and away from each other. Each pass started out traveling
from West to East and then traveled back along the same
path East to West. Then, the gear was moved to the next
wander start position. Fig. 2(b) shows the complete
wander pattern, the wander position trafficking order,
and the wander sequences. In addition to collecting
individual layer responses with MDDs, the surface
transverse profiles of the CC1 test sections were recorded
throughout testing by a transverse surface profiler (TSP)
and a rolling inclinometer.

141

Fig. 3 shows the transverse profiler data of the medium
strength flexible conventional (MFC) test section over multiple passes. As can be observed, MDDs were not positioned in the critical rut depth location and the actual
location of the maximum rut depth coincided with the
location of the maximum number of coverages from the
gear carriages. The application of a wheel load on the critical pavement section was termed as a coverage. Note that
due to wander and differing gear configurations, a wheel
load is not always applied on the critical pavement section
for each pass of an aircraft. Therefore, a method is used to
convert the number of aircraft passes to the number of
times the critical pavement section is stressed by a wheel
load. Application of a wheel load on the critical pavement
section is called a ‘‘coverage”, and the conversion of passes
to coverages is done by using the pass-to-coverage ratio
(P/C ratio). The number of coverages is used for the final
pavement design not the number of passes. Accordingly,
the maximum rut was recorded where the maximum
number of coverages occurred due to highest number of
wheel applications and was close to the center of the wander pattern. An interesting observation to note in Fig. 3 is
that the rut profile did not contain two distinct wheel
depressions due to the applied dual wheeled traffic.

Background
Effects of moving wheel loads, stress history and load
durations on permanent deformation potentials of P209 base
and P154 subbase materials
Considering the stress regimes typically induced by a
moving wheel load, pavement elements routinely experience principal stress rotations and shear stress reversals
in the field. Previous research has shown that such traffic
loading when applied to pavement test sections resulted
in significantly higher permanent deformations in the base
and subgrade layers when compared to rutting occurred
due to the similar magnitude and amount of loads applied
in repeated plate loading (Brown and Brodrick, 1999;
Hornych et al., 2000). This type of loading with continuously changing stress fields cannot be simulated in the laboratory by the most commonly used constant confining
pressure (CCP) type repeated load triaxial tests for the resilient modulus and permanent deformation characterization (Gomes Correia, 1999, 2008). To apply different
cyclic stress paths and properly take into account effects
of moving wheel loads in granular material characterization, variable confining pressure (VCP) tests are currently
performed on unbound aggregate base course materials
in several European laboratories as the standard test procedure for determining resilient modulus input property
needed for mechanistic based pavement design (CEN Std
EN 13286-7, 2003).
A comprehensive laboratory research study coupled
with NAPTF CC1 field observations was undertaken by
Kim and Tutumluer (1952, 2006, 1913) to characterize
the permanent deformation behavior of P209 and P154
aggregates. In this study, rutting prediction models were
developed based on advanced laboratory testing

142

P. Donovan et al. / Transportation Geotechnics 9 (2016) 139–160

(a)

`
(b)

Medium Strength
Flexible Conventional

Low Strength
Flexible
Conventional

Low Strength
Flexible Stabilized
Base

Medium Strength
Flexible Stabilized
Base

Normal Distribution
σ = 30.5in(775mm)
63,64 65,66 61,62

Sequence 5

51,52 59,60 53,54 57,58 55,56

Sequence 4

43,44 45,46 41,42 47,48 39,40 49,50 37,38

Sequence 3

19,20 35,36 21,22 33,34 23,24 31,32 25,26 29,30 27,28

Sequence 2

Pass
Number

Wander
Position

1,2

17,18

-4

-3

3,4, 15,16

-2

-1

5,6, 13,14

0

CL

1

7,8,

2

11,12 9,10

3

Sequence 1

4

10.25in.(260mm)
typical

82 in – 2.08 m

Fig. 2. (a) Cross-section details of the CC1 test sections and (b) wander positions, wander sequences, and trafficking order.

conducted on P209/P154 aggregate materials under both
CCP and VCP conditions using a load triaxial testing device
(UI-FastCell) (Tutumluer and Seyhan, 1999). A total of 52
CCP and VCP permanent deformation tests were conducted
for each of the P209 and P154 materials considering
repeated loads applied following 4 stress paths (1 CCP
and 3 VCP) at various stress states. The CCP and VCP test
results formed a comprehensive permanent strain database with applied stress conditions. Using this database,
power/logarithmic models were developed for establishing
relationships between the growth of permanent strains
and number of load applications. The developed rutting
models were then further validated using the NAPTF CC1

field measurements. Fig. 4 compares the measured CC1
trafficking field data at the MDD centerline location (as
later shown in Fig. 9) with the total permanent deformations predicted for the LFC P154 subbase layer using the
developed CCP and VCP models.
Note that according to Fig. 4, both CCP and VCP models
predicted rut accumulations in the first wheel pass much
greater than those measured in the field. In accordance
with the previous research studies (Brown and Brodrick,
1999; Hornych et al., 2000), VCP tests predicted higher permanent deformation accumulations when compared to
CCP tests (see Fig. 4). This discrepancy can be attributed
to the fact that the load duration applied in the repeated
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Fig. 4. Permanent deformation predictions using CCP and VCP models for
LFC P154 subbase (Kim and Tutumluer, 1952).

load triaxial tests (0.1-second load duration applied which
was equivalent to 48 km/h NAPTF vehicle speeds) was not
similar to the trafficking speed applied (under 8 km/h gear
loading equivalent to 0.5-second or longer load duration)
on CC1 test sections. Therefore, in order to represent the
field conditions more accurately, the effect of load duration
on the permanent deformation potentials of P154
materials was further investigated by testing laboratory
specimens at various stress states and load pulse duration
conditions (see Fig. 5). As can be seen in Fig. 5, a 0.5-second
load pulse duration led to an approximately 40% greater
permanent deformation accumulation in the test specimen
than that of the 0.1-second load duration.

In addition to looking into the load duration effects, the
research team also investigated the stress history effects
on the P154 aggregate permanent strain behavior on three
different specimens. Fig. 6 indicates that the ‘A’ parameter,
which governs the first load cycle deformation accumulation in the permanent strain power model (ep = A NB), had
a large value for the unconditioned virgin specimen. However, the heavily conditioned third specimen had a small
value for the ‘A’ parameter with a notably higher magnitude assigned to the ‘B’ parameter. Accordingly, the trafficked layers in the field and the stress history effects are
likely to be responsible for the small ‘A’ and the large exponent ‘B’ trends seen in the measured permanent deformations of the LFC P154 granular subbase in CC1 test sections.
The effects of stress history and load pulse duration
were clearly apparent on the permanent deformation
potentials of NAPTF P209/P154 aggregate materials. However, since the permanent deformation calculated in using
the CCP and VCP prediction models (as shown in Fig. 4) did
not consider any prior loading or conditioning history in
the laboratory tests, further adjustments were necessary
to ensure a close match between the predicted deformation and the field observations. This was achieved by taking into account the CC1 slow-moving response tests in
the field prior to trafficking and eventually developing
stress history adjustment factors to calibrate the CCP and
VCP models. Fig. 7 presents the stress history adjustment
factors developed for the CCP and VCP models so that permanent strain predictions could be adjusted for the CC1
slow moving response tests conducted in the field prior
to trafficking. The axial loading stress ratios shown in
Fig. 7 were calculated by dividing the dynamic stress
pulsed for the conditioning by the dynamic stress applied
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Fig. 5. Illustrations of load pulse duration on the specimen permanent strain accumulation (Kim and Tutumluer, 1952).
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Fig. 6. Illustrations of stress history effects on the specimen permanent strain accumulation (Kim and Tutumluer, 1952).

for the main loading, as indicated in Fig. 6 (Kim and
Tutumluer, 1952, 2006, 1913).
After implementing the stress history correction factors,
the improved models were then used to calculate the permanent deformations accumulated for up to 20,000 load
cycles for LFC P154 granular subbase layers constructed
in CC1 test sections. Fig. 8 shows the measured and predicted LFC P154 granular subbase permanent deformations
after the stress-history corrections. In comparison with
Fig. 4, the CCP and VCP model predictions shown in Fig. 8
includes corrections for both stress history and load pulse

duration effects observed between the laboratory testing
conditions and the CC1 test data. Similar to the trends
observed in Fig. 4, the VCP model permanent deformation
predictions were typically higher than the CCP model predictions, which is expected as field observations showed
that moving wheel loads would cause more rutting than
stationary repeated plate loading (Brown and Brodrick,
1999; Hornych et al., 2000).
All model predictions were in agreement with the permanent deformations accumulated in the first few cycles
with the measured ones. The VCP model, with the stress
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history and load pulse duration corrections applied, gave
the most accurate rut predictions when compared to the
field measured ruts from the CC1 LFC P154 granular subbase layer. Hence, by including stress history adjustment
factors into the rutting prediction equations, permanent
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Fig. 8. Measured and predicted permanent deformations in CC1 LFC P154
subbase after stress history and load pulse duration corrections (Kim and
Tutumluer, 1952).

Though the transverse surface profile was not measured
after each successive pass of the test vehicle during testing,
the CC1 test section MDD data for the surface sensor
recorded for each pass could be used to ‘‘create” the transverse profile. The only way the true transverse profile
could be created using MDDs would be to have MDDs
placed transversely across the pavement, but this would
be expensive and likely cause interference between sensor
stacks. However, MDD response data from different wander positions could be used to create a quasi-transverse
profile due to a single gear carriage pass.
Fig. 9(a) shows all wander positions and the associated
plan view MDD locations used in the CC1 tests for B777
gear lane. The stationary surface MDD sensor readings
measured during trafficking of the 9-wander positions
each provided a transverse profile data point. Fig. 9(b)
demonstrates how the stationary MDD readings could be
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mentioned. The value of the residual deformation at all
points must be known in order to add the transverse profiles from different locations. However, as expected with
field measurements, there might be slight fluctuations in
the MDD readings that would create transverse profiles
with sharp changes that did not occur in reality, and if
these profiles including the errors were added, the resulting residual deformation basin would be influenced by
these discrepancies and be incorrect. The most prevalent
errors occurred between the gear dual-wheels and were
likely the result of readings that were provided from different wander positions at different passes in the wander
pattern. In addition, the reading locations were close
together between the gear dual-wheels, and a 10–20 mil
(0.254–0.508 mm) difference in the readings results in a

combined to create half of the transverse profile by aligning the wheel paths. Then, assuming that the transverse
profile was a mirror image, the MDD reading locations
from Fig. 9(b) could be inverted around the wander centerline and thus, the complete transverse profile is created, as
shown in Fig. 9(c). As shown in Fig. 2(b), only wander
sequences 1 and 2 had all wander positions so only
sequences 1 and 2 could provide all 18 points used to create the transverse profile. For wander sequences 3, 4, and
5, the MDD values of wander sequence 2 were used to fill
in the transverse profiles so that the rut depth analysis
could be completed.
Fig. 10(a) shows raw transverse profiles created from
the 18 available MDD readings, with substitutions for wander sequences 3, 4, and 5 from wander sequence 2 as just
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Fig. 9. (a) NAPTF B777 wander pattern compared to the stationary MDD location, (b) MDD locations if the wheel paths are aligned, and (c) using stationary
MDD readings from an applied sequential wander pattern during NAPTF tests to create a surface transverse profile (1 in. = 2.54 cm).
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Fig. 11. (a) Transverse profiles from different traffic levels in MFC section, B777 lane, sequence 1, W–E direction, and (b) 66-pass residual deformation
basins from rut only and rut plus heave calculations (1 in. = 2.54 cm).

transverse profile. For the B777 lane, wander position 0
and wander position 2 readings were consistently the minimum and maximum residual deformation values, respectively, and considered as the two most critical points. To
provide a data point outside wander position 2, wander
position 4 was used and the point of zero residual defor-

mation was assumed to be at 18 in. (457 mm) outside of
wander position 4. Wander position 1, which provided a
data point between wander position 2 and 0, was used as
an inflection point. The next critical position, wander position 1 provided a point between the gear dual-wheels.
The maximum heave between the gear dual-wheels was
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Fig. 12. Created transverse profile from MDD readings and profilometer measured transverse profiles from MFC section, B777 lane (1 in. = 2.54 cm).

assumed to occur at the midpoint of the gear. All these
assumptions resulted in a transverse profile that was 171
in. (4340 mm) wide for the B777 lane. For the B747 lane,
the critical points used were from wander positions 3,
1, 0, and 1, with 1 and 1 being the two most critical
points. The transverse profile was assumed to taper off
18 in. (457 mm) from the farthest critical point, wander
position 3. This resulted in a transverse profile for the
B747 lane that was 161. in. (4100 mm) wide.
Once the ‘‘critical points” were known, the value of the
residual deformation between these points was determined. The transverse profile value between the two
points was measured by connecting the points with a parabola assuming one point was the vertex of the parabola
and the other as a point on the parabola. Combining the
parabolas resulted in a smooth transverse profile created
using only the critical points. The value of the transverse
profile was calculated every 0.25 in. (6.35 mm) making it
possible to sum offset transverse profiles by aligning the
readings. Creating the transverse profiles using this
method was not completely accurate, but did provide
insight into the development of the residual deformation
basin and was used in this study to predict the accumulation of the residual deformation basin.
Fig. 10(b) shows one set of completed transverse profiles for a 66-pass wander pattern. There were 10 profiles
as shown in Fig. 10(b) because for each 66 pass wander
pattern there are 5 wander sequences, which were traveled
in both the West to East direction and the East to West
direction. Note that there was a distinct difference
between the residual deformation recorded during a West
to East pass and the residual deformation from an East to
West pass. In addition, there was a reduction in rut depth
for wander sequence 5, as reported previously by Donovan

and Tutumluer (Donovan, 2009; Donovan and Tutumluer,
2008a,b).
Development of residual deformation basin
The residual deformation transverse profile from each
wander sequence and travel direction can be combined
to calculate the total residual deformation after a complete
wander pattern. The residual deformation transverse
profile did not show a distinct two-wheel path from the
dual wheel axles because of the applied wander pattern
and the rut and heave caused by each gear carriage pass
(see Fig. 3). The overlapping heave on an area that
previously experienced a rut caused the rut depth to
decrease.
As can be observed from Fig. 11(a), the residual deformation (heave and rut) increased with the number of
passes for the MFC Section B777 lane, in the West to East
direction. The rut and heave amounts increased as the
number of passes increased and there was a marked
increase in both at around 5000 passes when the asphalt
temperature increased. The summation of the individual
calculated transverse profiles from each pass of a 66-pass
wander pattern resulted in a bowl shaped depression that
matched the contour of the measured transverse profile. A
similar bowl shape occurred if just the rut amount was
used to calculate the deformation basin, but the rut depth
was greater. In addition, if just the rut amount is used, no
heave outside the traffic lane was calculated as occurred
when the heave was included in the calculation. Fig. 11
(b) shows the residual deflection basin calculated using
just the maximum rut caused by wander position 0 in
the B777 lane and the basin found using both the rut and
the heave values. As can be seen, rut depth without includ-
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Fig. 13. (a) Created transverse profiles from MFC section, B777 lane for various passes, and (b) created transverse profile from 77 complete wander patterns
(5082 passes) and measured transverse profiles from MFC section, B777 lane (1 in. = 2.54 cm).

ing the heave in the transverse profile was 60% greater
than the rut depth found using the heave value. Only by
using the true transverse profiles that include both rutting
and heaving can the summation of transverse profiles over

66 passes lead to a recovery of some of the downward
residual deformation. Again, this calculated residual deformation is the surface deformation and includes the sum of
the deformation in each layer of the pavement system. The
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calculated profile shown in Fig. 11(b) was for one 66-pass
wander pattern that started at 5000 passes and the peaks
and somewhat jagged nature of the created transverse
profile were due to the discontinuous measurements taken
to form the profile. The created profile was fashioned from

only five actual measurements with assumed starting and
ending points added to the profile; this was then inverted
to create the total profile (as explained previously). The
actual continuous profile from a single pass was not known
and the assumed inflection points and shape of the created
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Table 1
Ratios of residual critical point values and the maximum critical point value used for calculating transverse surface profile.

LFS B777
NE MDD
W-E Avg E-W Avg
4 Multiplier
-0.20
-0.04
2 Multiplier
-0.38
-0.10
0 Multiplier
1.00
0.45
Midpoint Multiplier -0.19
0.00

LFS B777
NW MDD
W-E Avg E-W Avg
-0.30
-0.05
-0.46
-0.07
1.00
0.72
-0.19
0.03

LFS B747
SW MDD
W-E Avg E-W Avg
-3 Multiplier
-0.31
-0.09
-1 Multiplier
-0.53
-0.10
1 Multiplier
1.00
0.68
Midpoint Multiplier -0.07
0.16
MFC B777
NE MDD
W-E Avg E-W Avg
4 Multiplier
-0.17
-0.05
2 Multiplier
-0.51
-0.15
0 Multiplier
1.00
0.22
Midpoint Multiplier -0.46
-0.09
MFC B747
SE MDD
W-E Avg E-W Avg
-3 Multiplier
-0.15
-0.03
-1 Multiplier
-0.54
-0.16
1 Multiplier
1.00
0.20
Midpoint Multiplier -0.30
-0.04

LFC B777
NE MDD
W-E Avg E-W Avg
-0.09
0.01
-0.44
-0.10
1.00
0.20
-0.38
-0.04

LFC B777
NW MDD
W-E Avg E-W Avg
-0.18
0.00
-0.45
-0.13
1.00
0.27
-0.33
-0.07

LFC B747
SE MDD
W-E Avg E-W Avg
-0.14
-0.01
-0.46
-0.13
1.00
0.18
-0.19
-0.05

LFC B747
SW MDD
W-E Avg E-W Avg
-0.15
-0.02
-0.49
-0.14
1.00
0.20
-0.17
-0.04

MFS B777 MDD Data Not Available

MFC B747
SW MDD
W-E Avg E-W Avg
-0.18
-0.06
-0.49
-0.19
1.00
0.15
-0.24
-0.10

transverse profile might not exactly match reality. However, the shape of the created transverse profile was logical
and provided a reasonable residual deformation basin.
Fig. 12 compares the calculated and measured transverse
profiles of the MFC section, B777 lane.
Fig. 13(a) shows the rut depth and the amount of heave
of the MFC section where B777 lane transverse profiles
were created. The MDD readings increased with an
increasing number of passes, as expected. However, if the
transverse profiles readings were simply added (required
to determine the future shape of the transverse profile
due to continued trafficking), the magnitude was much
greater than the actual profilometer measured transverse
profile shown in Fig. 13(b).
That is, if the created transverse profiles were summed
over the actual number of complete 66-pass wander patterns covered in 5000 passes, the rut depth and heave
amount were much greater than the measured values. In
fact, even if the transverse profile created with the minimum MDD readings from the first complete wander pattern was used as the standard profile over 66-passes, the
resulting accumulated rut and heave were 30–80 times
the measured amounts. The same trend was observed in
the accumulated transverse profiles in the other sections.
The shapes of the created transverse profiles closely followed the profilometer-measured profiles, but if the created transverse profiles were summed for the number of

MFS B747
SE MDD
W-E Avg E-W Avg
N/A
-0.22
-0.45
-0.23
1.00
0.59
-0.22
-0.06

MFS B747
SW MDD
W-E Avg E-W Avg
N/A
-0.16
-0.44
-0.29
1.00
0.44
-0.29
-0.14

complete 66-pass wander patterns, the magnitudes of the
created profiles exceeded those in the field.
There could be many reasons behind this disparity
between the created and measured transverse profile;
but the two most obvious ones are:
(1) Small variations in the MDD readings used to form
the created transverse profiles were multiplied over
thousands of passes creating significant fluctuations
and errors.
(2) When creating a transverse profile from MDD readings, the amount of rut or heave measured might not
be the actual transverse profile rut or heave because
the measured value was dependent on the last pass.
The amount of rut or heave in unbound aggregate layers
depends on whether the soil element experienced rut or
heave in the last pass; if the element was compressed in
the previous pass, it would heave more in the next offset
pass. Likewise, if the element heaved in the last pass, it
would rut more in the next pass when the load was
directly over the element. The importance of stress history
effects on the behavior NAPTF P209 and P154 granular
base and subbase layers has been well documented by
Kim and Tutumluer (Kim and Tutumluer, 1952, 2006,
1913) and mentioned earlier in this paper. By including
stress history adjustment factors into the rutting predic-
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Fig. 15. Comparison of calculated and measured profiles in the MFC for (a) B777 lane, and (b) B747 lane (1 in. = 2.54 cm).

tion equations, actual permanent deformations in laboratory and full-scale tests could more accurately be predicted. Therefore, stress history effects must be
considered when creating the transverse profiles or the
prediction of the future transverse profile will be
inaccurate.
Regardless of the cause or the magnitude of the disparity between the created transverse profiles from MDD

readings and the measured profiles, the only way to
account for the rut reduction and continuous rutting and
heaving of the pavement surface due to the sequentially
applied wander pattern was to consider an area of heave
in the transverse profile calculation. The next section will
discuss a method to combine the measured MDD readings,
the profilometer measured transverse profiles, and stress
history effects in order to create a single pass transverse
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profile and predict rut accumulation in the NAPTF test
sections.

Multiplier ¼

Deformation of Wander Position 00 X 00
Deformation of Wander Position 0 ðor 1Þ

Example:

Transverse rut accumulation due to aircraft wander
It is not difficult to predict the final shape of a residual
deformation basin using a measured transverse profile
because all that is required is the location of the gear
wheels for each wander position and the number of times
those wander positions are trafficked. However, as was
explained in previous section, it is extremely difficult to
predict the magnitude of the residual transverse profile
across a pavement section based on an individual residual
transverse profile. This section provides a reasonable
method of using the residual transverse profile caused by
an individual aircraft movement and the measured transverse profile after a complete wander pattern to predict
the final transverse profile from multiple passes.
In creating the residual transverse profiles using the
MDD data, it was found that unique relationships exist
between the maximum downward residual deformation
caused by the first pass in a wander pattern and the critical
transverse points. Fig. 14(a) and (b) shows the critical
points used for both B777 and B747 lanes, respectively. If
the maximum downward residual deformations from
wander position 0 for the B777 measured lane and wander
position 1 for the B747 lane were taken as the standard,
then comparing the other critical point residual deformations revealed relatively consistent ratios for each subgrade as presented in Table 1 and calculated using the
following equation:
Wander Position Multiplier to determine Critical Point Deformation

Multiplier calculation from Fig. 14a
Wander position

Deflection

Multiplier

4
2
0
Midpoint

20
74
130
50

0.15
0.57
1.00
0.38

What is observed from Table 1 is that the maximum
heave (2 multiplier for the B777 lane and -1 multiplier
for the B747 lane) was approximately 50% of the maximum
rut caused by the first pass in the West to East direction (0
multiplier for the B777 lane and 1 multiplier for the B747
lane) regardless of the section. On the return pass in the
East to West direction, the rut was dependent on the section and ranges from 15% to 70% of the maximum rut.
The heave on the return pass was approximately 30% of
the maximum rut. The exception to this observation was
in the LFS section in the East to West direction where the
maximum heave was 10–15% of the maximum rut. This
could be caused by a combination of a thick P154 layer
and the extra confinement provided by the thicker asphalt
layer in the LFS section.
Using the information provided in Table 1 it was possible to create a transverse profile that will produce similar
rut depths and surface transverse profiles measured by
the profilometers in the CC1 tests. This model used the
residual transverse profile after application of a complete
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Fig. 16. Comparisons of corrected calculations for stress history effects and the measured profiles in MFC section, B777 lane (1 in. = 2.54 cm).
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Fig. 17. Cross-section details of the CC3 test sections (1 in. = 25.4 mm).

wander pattern to determine the individual pass and complete test transverse profiles.
Fig. 15(a) shows the MFC section B777 lane with the
calculated and measured transverse profiles. Fig. 15(b)
shows the same for the B747 lane. What is readily apparent
is that the calculation of the residual deformation came
close to matching the maximum value, but the transverse
profiles were not matching that well. It shows that the real
world had a wider deformation basin with less heave than
the calculated values. The most obvious explanation for
this disparity is that the residual transverse profile from
each pass was affected by the residual profile of the previous pass. Essentially, if the stress history effects were
ignored, it would be difficult to predict the transverse surface profile seen in the full-scale NAPTF tests. This conclusion supports the earlier discussions on the necessity of
considering stress history effects when determining the
rut caused by full-scale traffic with wander (Kim and
Tutumluer, 1952, 2006, 1913).
If the calculation of the transverse profile was corrected
by considering the residual deformation of the previous
pass, it was possible to come up with a closer solution.
To correct the calculation, a comparison of the expected

single pass transverse profile and the transverse profile
caused by the previous pass was made. That is, if the previous pass caused a rut and the current pass was supposed
to cause a rut in the same position, then the additional rut
was not as significant. Likewise, if the previous pass caused
a heave and the new pass caused a heave, the heave would
be less. Based on the results of discrete element modeling
reported earlier by Donovan (2009) and the reduction in
rut and heave observed when changing directions on the
same wander position, this seemed like a logical and reasonable way to correct for the previous pass.
To account for stress history effects it was assumed that
if the previous pass caused the same type of residual
deformation as the current pass, then the residual
deformation by the current pass was reduced by
multiplying the current pass residual deformation value
by a constant reduction factor based on the return pass
multipliers from Table 1.
Fig. 16 shows the calculated surface transverse profile
for the MFC B777 lane again, but this time the calculation
corrects for the previous pass. By considering the stress
history effects, the magnitude of the calculated residual
deformation and the width of the deflection basin coin-
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Fig. 18. CC3 gear wander patterns showing wander positions and relative wheel locations (1 in. = 2.54 cm).

cided more closely with the measured values. The sharp
peaks were a result of the rough estimation of the effects
of the previous pass. Although it was possible to reduce
the jagged nature of the calculated transverse profiles by
graphing a 50-point moving average of the calculated
values, the presented graph indicates improvements to
the method are still needed. A more accurate method of
calculation would have a graduated influence factor based
on the magnitude of the difference between the previous
and current pass residual deformation values; however,
that influence factor could only be computed with
additional testing. Regardless, this first attempt at using
the influence of the previous pass on the current one shows
promise. The advantage to using the stress history
correction procedure is that any combination of wander
positions can be simulated to predict the future deformation basin.
Application of developed ‘‘multipliers for the critical points” in
different test sections
After completion of the CC1 tests, a new set of flexible
pavements with varying subbase thicknesses was built
over the low strength subgrade and this series was called
the Construction Cycle 3 (CC3) test. Fig. 17 shows the cross
section details of the different CC3 test sections.
For the CC3 test series, the thickness of the P401 hot
mix asphalt and P209 base layers were kept constant and
the thickness of the P154 layer was varied from 16 in.
(40.6 cm) to 43 in. (109.2 cm) as shown in Fig. 17. There

were two lanes of traffic with the North lane using the
same simulated B777 gear carriage as the CC1 test. The
South lane used a 4-wheel carriage with the B777 dual
wheel and tandem axle spacing (as shown in Fig. 18). The
FAA used the same wheel spacing for both lanes in an
attempt to eliminate differences in load interaction to help
determine if three tandem axles are more detrimental than
two tandem axles. In both the LFC1 and LFC2 sections, a
complete 66-pass wander pattern was applied to both traffic lanes during the testing.
Based on the analysis results from the CC1 test previously mentioned, the method of using multipliers for the
critical points can be adopted for the CC3 test results to
predict the transverse profile in each of the CC3 test sections. The test sections in the CC3 tests were on the low
strength subgrade, but did not have the same thickness
of P154 material as in the CC1 test. The multipliers for
the CC3 test should be similar to the B777 MFC and LFC
sections as those sections had the most similar system configurations to the CC3 test sections and the CC3 tests used
the same B777 dual wheel spacing for both test lanes.
Therefore, it was reasonable to assume that the critical
point multipliers would be similar for the CC3 tests. Table 2
lists the initial multipliers used in predicting the transverse
profiles for the CC3 sections.
The approach to calculate the transverse profiles was
modified for the slightly different wander positions and
the use of the B777 dual wheel width in the CC3 South
4-wheel test lane. The initial calculation of the transverse
profile for the CC3 LFC1 section is shown in Fig. 19. Using
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increase or decrease the rutting rate to match the new conditions and when added to the old transverse profile it will
continue to provide a reasonable estimate of the future
rutting due to the applied loads.

Table 2
Initial critical point multiplication factors for use with CC3 tests.
Critical point
Wander position

W-E

E-W

4
2
0
Midpoint

0.15
0.48
1.00
0.29

0.02
0.14
0.20
0.06

CC5 test sections

the multiplication factors obtained from the CC1 tests
results in the calculated profile being narrower than the
actual profilometer measured profile and the calculated
profile shows more heave than the actual profile. This disparity is because this is a new section; the multiplication
factors for the critical points need to be adjusted to accommodate the new conditions.
Fig. 20(a) shows the calculation of the transverse profile
corrected for stress history for the LFC1 section, but this
time with the test specific multiplication factors listed in
Table 3. If the same adjusted multiplication factors from
Table 3 are used for the LFC1 South 4-wheel lane, the calculated and measured transverse profiles are much more
similar [see Fig. 20(b)]. It seems that the multiplication factors are consistent for each test section.
Fig. 21(a) and (b) show the CC3 LFC2 test sections with
the calculated transverse profiles corrected for stress history for 6-wheel and 4-wheel lane respectively. This
method produces reasonable estimates of the final profile
of the different sections. The calculation of the transverse
profile can also be adjusted for changing conditions. The
model simply needs new input for the residual deformation over a complete wander pattern. The new input will

Construction Cycle 5 (CC5) consists of a set of full-scale
flexible pavement tests conducted at the NAPTF between
2008 and 2012. These tests were largely motivated by
the need to gain data for the design of flexible pavements
accommodating new large multi-gear aircraft such as the
A380. A secondary objective was to quantify the difference
in performance provided by two different subbase materials. The two subbase materials were crushed quarry
screenings conforming to FAA P-154 and a dense graded
aggregate (DGA) meeting New Jersey highway specifications. CC5 testing involved the replacements of LFC1 and
LFC2 of the CC5 test strip and LFC3 and LFC4 of the CC3 test
items. Removals reached, and in some areas penetrated the
low strength subgrade of the previous CC3 test item
construction and penetrated the low strength subgrade of
the CC5 test strip construction. The measured NAPTF
response and performance data from all the flexible
pavement test sections constructed in CC5 will be analyzed
by refining and developing the framework introduced in
this paper. Accordingly, the analysis tool and permanent
deformation damage models will be further developed
and validated with the CC5 test items designed and engineered to collect the performance data that enable the
study of interaction effects on pavement performance provided by closely spaced multiple-wheel landing gears.
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Fig. 19. Comparison of stress history corrected calculation and measured profiles in CC3 LFC1 section, 6-wheel lane (1 in. = 2.54 cm).
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Table 3
Critical point multiplication factors for use with CC3.
LFC1

4 Multiplier
2 Multiplier
0 Multiplier
Midpoint multiplier

(a)

LFC2

W-E

E-W

W-E

E-W

0.15
0.48
1
0.29

0.02
0.08
0.23
0.05

0.05
0.2
1
0.15

0.01
0.1
0.2
0.05
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Fig. 20. Comparison of stress history corrected calculation and measured profiles in CC3 LFC1 section (a) 6-wheel lane (b) 4-wheel lane (1 in. = 2.54 cm).
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Fig. 21. Comparison of stress history corrected calculation and measured profiles in CC3 LFC2 section, (a) 6-wheel lane (b) 4-wheel lane (1 in. = 2.54 cm).

Summary and conclusions
This paper examined using pavement transverse profiles to predict rut development of Construction Cycle 1
(CC1) and CC3 test sections during the US Federal Aviation
Administration’s (FAA’s) National Airport Pavement Test

Facility (NAPTF) pavement tests. The use of the collected
stationary multi-depth deflectometer (MDD) data to
develop the transverse profile across the pavement was
discussed first. Essentially, the applied sequential wander
pattern provided the offset data points to create a complete transverse profile 171 in. (4300 mm) and 161.5 in.
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(4100 mm) wide for the 6-wheel Boeing 777 (B777) and 4wheel Boeing 747 (B747) type gear configuration loading
lanes, respectively.
Granular base/subbase layer permanent deformation
models were developed from repeated load triaxial testing
of the FAA designated P209 and P154 materials. The functional form of the prediction models chosen for rutting
performance analysis properly considered the effects of
stress states applied on specimens under constant and
variable confining pressure (CCP and VCP) type laboratory
testing, field applied aircraft loading gear wander patterns,
number of load applications, and principal stress rotations
causing extension and compression type stress states
under moving wheel loads. Using the developed CCP (stationary repeated wheel loading) and VCP (moving wheel
loading) type models, rut accumulations were predicted
in the granular subbase of the NAPTF low strength conventional flexible pavement test section for up to 20,000 vehicle passes.
The NAPTF test section residual deformation basins
were established during the CC1 tests. Using the MDD values to create the transverse profiles produced a reasonable
residual deformation basin, but the magnitude of the rut
and heave when compounded over multiple 66-pass wander patterns greatly exceeded the measured amounts. This
discrepancy was likely caused by MDD reading variations
and previous stress history (rut or heave) effects.
A method of critical points was introduced to develop a
transverse profile for each pass and calculate the transverse profile created by multiple passes in the B777 and
B747 lanes. This method was based on the relationship
between the maximum residual MDD readings due to various wander positions. It was found that the ratio of the
critical MDD readings to the maximum downward residual
deformation was relatively consistent. The maximum
heave caused by each pass was approximately 50% of the
maximum rut recorded by each pass. Using the measured
transverse profile from a single 66-pass wander pattern it
was possible to create a theoretical individual pass transverse profile that when combined over the 66-pass wander
pattern produced a residual deformation basin similar to
the measured profile.
The initial attempt at using this method did not consider previous load applications when determining the
rut or heave of the current pass and thus both the rut
and heave were larger than the measured values. By considering the previous pass and thus stress history, it was
possible to produce a more accurate residual deformation
profile that eliminated the excessive heave seen in the
original calculations. This first attempt at using the influence of the previous pass on the current one has shown
the potential to estimate accurate permanent deformation
trends and accumulation rates of planned future pavement
test section granular layers by simply collecting residual
deformation data from a few hundred initial trafficking
load cycles. Further, application of the developed methodology to channelized traffic, as in the CC3 test sections,
indicated reasonably accurate field rut predictions. Therefore, the proposed approach based on stress history can
be applied to estimate the transverse rutting profile of
the pavement after trafficking; any type of gear configura-

tion can be used to apply loading patterns including a combination of applied wander and traffic direction to collect
pavement response and performance data.
The current work at the University of Illinois is concentrating on the data analyses of the NAPTF CC5 test items
designed and engineered with performance data collected
from 2008 to 2012 to enable the study of interaction
effects on pavement performance provided by closely
spaced multiple-wheel landing gears.
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