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To understand what actually happens in the pavement as aircraft wheels pass by, pavement
deflections and strains were plotted against time using field test data collected at Denver
International Airport. Shapes of the response-versus-time curves were analyzed in detail, and
the locations of the maximum responses are shown graphically.

According to the analysis, maximum deflections occur between the dual wheels, whereas
maximum strains occur beneath one of the wheels. The plots also show clear reversals in the
longitudinal strain-versus-time curves. These strain reversals were carefully investigated and
some interesting results were obtained. A method to compute the deflection-based load trans-
fer efficiencies was developed. The computation further showed that the load transfer effi-
ciency for dummy joints is direction dependent, and that the load transfer efficiency decreases
significantly during the first year the pavement is in service.
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BACKGROUND

The test area built by the FAA Technical Center at the
new Denver International Airport is composed of 16
PCC pavement slabs forming a rectangular test area 4
slabs by 4 slabs. Each slab is 6.10 m in length, 5.72 m
in width, and 46 cm in thickness. The slabs were con-
structed on top of a 20-cm thick cement-treated base
and a 30-cm thick lime-stabilized subbase. More than
200 dynamic sensors were embedded in the pavement
layers. These include 100 H-Bar strain gages and 23
Carlson strain gages to measure horizontal strains at
different depths within and below the PCC pavement;
50 Linearly Variable Differential Transformer
.(LVDT) sensors to measure vertical displacements of
the pavement slabs and the lower layers; 7 IR sensors
(photoelectric eye sensors) to measure the longitudi-
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nal position of the aircraft; and 36 position strain
gages to measure the transverse location of the wheels
(Dong et al. (1997)).

The data acquisition system is triggered automati-
cally when the departing aircraft runs over the test
area. Test data are stored in a computer hard drive in
binary format, and processed periodically using a
Visual Basic computer program. Peak responses and
typical peak records (response-versus-time curves)
are loaded into an Oracle database (FAA Internet
site). The objective of this paper is to analyze the
shapes of the deflection and strain peak records to
find out what is actually occurring in the pavement.
The analysis was done qualitatively, rather than quan-
titatively. Three typical aircraft types were selected
for the analysis. These included the B-777, DC-10,
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and B-727. These aircraft types were chosen because
they represent the three major main gear configura-
tions in commercial aircraft.

LOCATION OF LVDT AND STRAIN GAGES

As shown in Fig. la, two types of LVDT sensors were
instrumented in this test runway: single depth deflec-
tometers (SDD) and multidepth deflectometers
(MDD). The SDD and MDD sensors were retrofitted
into the pavement layers. Each MDD sensor has 4

LVDT modules. The modules are located at 1) about
the mid-depth location of the PCC pavement slab,
2) the bottom of the cement-treated base, 3) the bot-
tom of the lime-treated subbase, and 4) .30 m below
the top of the subgrade. The SDD sensors each have
one LVDT module imbedded at about the mid-depth
location of the PCC pavement slabs. The measured
displacements are in terms of the relative movement
between the LVDT and the anchor, which is at a fixed
depth from the LVDT (6.10 m and 3.05 m from the
top surface of the PCC pavement slab for SDD and
MDD sensors, respectively).
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FIGURE 1 Location

The locations of the H-Bar strain gages are shown in
Fig. 1b. The gages were imbedded at different depths,
including the top and bottom surfaces of the PCC slabs,
to measure horizontal strains in both the longitudinal
and transverse directions (FAA Internet site).

of LVDT and strain gages

SHAPES OF DEFLECTION CURVES

Case 1: Wheels Are Midway between Transverse
Joints

This situation applies to both the inner loading case
and the longitudinal joint loading case. The sensors at
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FIGURE 2 Deflection (mil) versus time curves for the inner loading case

these locations include MDDS8, SDD18, MDD10, and
MDD7. Data collected by these sensors were used to
plot the deflection versus time curves, as shown in
Fig. 2. For a better comparison, the three curves were
plotted on the same time scale.

The following findings are observed from these

curves:

Symmetry: All three curves are smooth and
approximately symmetrical, which indicates that
the direction in which the aircraft was operated
did not affect the shape of the curves.

Sharpness: As expected, the curve for the DC-10
gear is sharper (peak record covers a narrower
time range) than the one for the B-777 gear and
the curve for the B-727 gear is sharper than the
one for the DC-10 gear. This is because the DC-10
gear has one less main gear axle than the B-777
gear and the B-727 gear has one less main gear
axle than the DC-10 gear. The load is more con-
centrated with fewer main gear axles.

Number of peaks: Although the B-777 gear and
the DC-10 gear have more than one main gear
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FIGURE 3 Deflection (mil) versus time curves for B-777 (2/96)

Sharpness: The curve representing aircraft with
fewer main gear axles covers a narrower time range.
* Number of peaks: In contrast with the inner load-
ing case, the deflection versus time curves at the
transverse joint have the same number of peaks as
the number of the main gear axles of the aircraft.
That is, the deflection versus time curve at the
transverse edge of the slabs has three peaks for the
B-777 gear, two peaks for the DC-10 gear, and
one peak for the B-727 gear.
* Location of maximum deflection: The maximum
deflection peak can occur below any main gear
axle, depending on the joint load transfer charac-
teristics.

axle, the deflection versus time curves each have .
only one peak.

¢ Location of maximum deflection: The maximum
deflection occurred beneath the middle axle for
the B-777 gear, midway between the two main
gear axles for the DC-10 gear, and beneath the sin-
gle axle for the B-727 gear, respectively.

Case 2: Wheels Are at the Transverse Joints

The measurements of SDD17, SDD19, SDDI6,
MDD6, and MDD9 sensors were used to plot the
deflection versus time curves for the edge loading
case at the transverse joints. Figs 3—5 show the deflec-
tion versus time curves for the edge loading case for

each of the three selected aircraft types.
Similarly, the following are the findings observed
from the above curves:

* Non-symmetry: All the curves are no longer sym-
metrical due to the existence of the transverse joints.

DIRECTION-DEPENDENT LOAD TRANSFER
EFFICIENCIES

Since each pair of Figs 3—-5 were plotted for the same
aircraft operation and on the same time scale, they can
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FIGURE 4 Deflection (mil) versus time curves for DC-10 Gear (1/96)

be used to analyze load transfer characteristics of the
joint. If the load transfer efficiency is independent of
the direction in which the aircraft was operated, the
pair of figures should approximately mirror each
other. However, this is not the case, as seen in Fig. 3.
The two curves are different in the following respects:

¢ The maximum peak on the south side of the joint
was triggered by the middle main gear axle, but
the one on the north side was triggered by the rear
main gear axle.

* The peaks triggered by the front and middle axles
on the south side of the joint were close in magni-
tude, but there was a clear difference between the
deflections triggered by the middle and rear axles
on the north side of the joint.

This could be attributed to the difference in load
transfer efficiencies. It means that the load transfer
efficiency to transfer load from the south side slab to
the north side one is different from that if the load is
transferred in the opposite direction.

To further prove the above justification, the deflec-
tion versus time curves in Fig. 5 for a B-727 operation
were analyzed. A scheme was developed to compute
the load transfer efficiency values based on the mea-
sured deflections.

First, the exact time when the peaks occurred was
obtained in the horizontal time axis. Then the deflec-
tion values at the time were measured from both
curves. The load transfer efficiency for transferring
load from the south side slab to the north side slab is
equal to the deflection measured in Fig. 5b at the time
when the peak in Fig. 5a occurred divided by the peak
deflection in Fig. 5a. The load transfer efficiency for
transferring load from the north side slab to the south
side slab can be obtained similarly. The load transfer
efficiency thus obtained was 20% for transferring
load from the south side slab to the north side slab,
and 15% if it was done in the opposite direction. The
difference between the two values was due to the
irregular development of the undowelled dummy
joint, as shown in Fig. 6.
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FIGURE 5 Deflection (mil) versus time curves for B-727 (1/96)
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FIGURE 6 Irregular development of dummy joint

These computed load transfer efficiencies were
very low due to two reasons: the joint was undow-
elled and the values were measured in the winter (Jan-
vary 16, 1996) when the pavement slabs had
contracted. Actually, these deflection values were
measured just one year after the new runway was
open for operation. In order to find out what the load

transfer efficiencies originally were, similar deflec-
tion versus time curves were plotted for a B-727 oper-
ation performed on December 14, 1994 before the
‘runway was open for operation, as shown in Fig. 7. In
this figure, load transfer efficiency was found to be
85% for transferring load from the south side slab to
the north side slab and 78% if it was done in the oppo-
site direction. Since both tests were carried out in the
winter, the seasonal effect was eliminated. It can be
seen that load transfer efficiency has decreased a lot
in a little over one year. This is a major drawback of
undowelled dummy joints.

SHAPES OF STRAIN CURVES

Case 1: Wheels Are Midway between Transverse
Joints

Figure 8 shows the strain versus time curves for the
case of a B-777 operation. The two curves were plot-
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ted for the same lateral location. Figure 8a shows a
transverse strain versus time curve at the depth of
254 cm from the bottom of the PCC layer and
Figure 8b shows a longitudinal strain versus time
curve at the depth of 9.09 cm from the top surface of
the PCC layer.In contrast with the deflection versus
time curves for the inner loading case, these strain
versus time curves have three peaks for the B-777
gear, triggered by each axle respectively. Both curves
are approximately symmetrical. The maximum strain
occurred below the middle axle of the B-777 main
gear.

Similar analysis was done for other two selected
aircraft types: DC-10 and B-727. The following find-
ings were observed:

¢ Symmetry: When the wheels are away from the
transverse joints, both the transverse strain curve
and the longitudinal strain curve were symmetri-
cal. The maximum strain occurred below the mid-
dle axle of the B-777 gear, below either of the two
main gear axles for the DC-10 gear, and below the
single main gear axle for the B-727 gear.

¢ Number of peaks: The strain versus time curves
for the inner loading case have the same number
of peaks as the number of the main gear axles of
the aircraft, triggered by each axle respectively.

* Curvature changes: The longitudinal strain ver-
sus time curve shows more complicated curvature
changes for all the three selected aircraft types.

Case 2: Wheels Are at the Transverse Joints

To save space, only two typical strain versus time
curves were plotted, as shown in Fig. 9.

Again the findings can be concluded as follows:

* Non-symmetry: The transverse strain curve at the
transverse edge of the slab is no longer symmetri-
cal.

* Number of peaks: The strain versus time curves
for the edge loading case have the same number of
peaks as the number of the main gear axles of the
aircraft, triggered by each axle respectively.
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FIGURE 9 Strain (ue) versus time curves for the edge loading case
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o,

FIGURE 10 Curvature changes (strain versus time plot)

STRAIN REVERSALS AND THEIR EFFECTS
ON PAVEMENT LIFE

As shown in the above analysis, pavements along the
wheel path are subjected to full strain reversals as the
aircraft wheels move in the longitudinal direction of
the runway. At the top surface of the pavement, the
slab concrete is subjected to tensile strains when the
wheels approach the evaluation location, compressive
strains when the wheels are at the evaluation location
and tensile strains again when the wheels leave but
are still close to the location. Fig. 10 shows part of a
strain versus time curve for a B-777, and the locations
where significant curvature changes occurred are
marked alphabetically using capital letters.

The times when these curvature changes occurred
were read from the original curve. In the figure, the
time duration between C and G is the period during
which the aircraft traveled a distance between the first
and the third axles of the main gear. Hence the speed
of the aircraft can be estimated by dividing this dis-
tance, which is 2.9 m, by the related time period:

2.9/(4.31-3.90)=7.07 (m/second)

TABLE I Distance calculation

Time duration Distance traveled

Section (second) (m)

Between A and C
Between A and B
Between G and H

Between [ and H

3.90-3.54=036
3.75-354=021
4.80-4.31 =049
4.80-4.58 =022

7.07x0.36 =2.55
7.07x021=148
7.07 x0.49 =3.46
7.07x0.22=1.56

The distances the aircraft traveled during the other
time periods can be calculated by multiplying the cor-
responding time difference with the estimated speed
of the aircraft, as shown in Table I.

The data were collected by strain gage HB58 that
was imbedded along the longitudinal joint, approxi-
mately midway from the two adjacent transverse
joints, and at the bottom of the PCC slab. The follow-
ing findings about the estimated distances in Table 1
are quite interesting:

* The distance between A and C is very close to the
distance from the north side transverse joint to the
sensor location, which is 2.59 m.
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FIGURE 11 Critical deflection and strain locations for the inner loading case

¢ The distance between G and H is very close to the
distance from the south side transverse joint to the
sensor location, which is 3.51 m.

¢ The distance between A and B and the distance
between I and H are close to the distance between
two adjacent main gear axles for Boeing 777 air-
craft, which is 1.45 m.

This was a landing aircraft heading south. Consid-
ering the fact that the distance between A and C is
approximately the distance from the north side trans-
verse joint to the sensor location and the fact that the
peak at C occurred when the first main gear axle was
at the sensor location, it can be easily found that the
curvature change at A in Fig. 10 occurred when the
first main gear axle of the B-777 aircraft reached the

edge of the slab on the north side. Since the distance
between A and B is approximately the distance
between two adjacent main gear axles for Boeing 777
aircraft, it can be concluded that the curvature change
at B occurred when the second main gear axle reached
the slab edge on the north side. The three peaks were
triggered when the three main gear axles pass over the
sensor location. Similarly, by comparing the esti-
mated distances, it was found that the curvature
change at I occurred when the second main gear axle
of the B-777 aircraft left the edge of the slab on the
south side. The curvature change at H occurred when
the second main gear axle of the B-777 aircraft left
the edge of the slab on the south side.
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TABLE II Comparison of deflection and strain values

Time when data were collected Sensor Sensor location Peak deflection
17:23 GMT, Feb. 23, 96 MDD7G1 (deflection) Inner loading, beneath wheel 8.91 (mil)
MDDS8G] (deflection) Inner loading, between wheels 11.83 (mil)
22:34 GMT, Jan. 11, 96 SDD17 (deflection) Transverse joint, beneath wheel 18.18 (mil)
SDD16 (deflection) Transverse joints, between wheels 23.49 (mil)
H4 (strain) Transverse joints, top of PCC slab, beneath wheel —34.57 (microstrain)
H42 (strain) Transverse joints, top of PCC slab, between wheels —19.45 (microstrain)

H23 (strain)

H19 (strain)
A6547 (strain)
A6522 (strain)

22:34 GMT, Jan. 11, 96

Transverse joints, bottom of PCC slab, beneath wheel

bottom of PCC slab, between wheels Inner loading,
longitudinal strain, bottom of PCC slab, beneath wheel

Inner loading, longitudinal strain, bottom of PCC slab,

38.90 (microstrain)
Transverse joints,

20.89 (microstrain)
13.27 (microstrain)

9.98 (microstrain)
between wheels

The above findings mean that part of the slab
around the sensor location started to bend upward
once the first axle of the aircraft reached the slab on
the north side in which the sensor is imbedded. This
upward bending continued until the second axle of the
aircraft reached the slab edge. The slab then started to
bend towards the opposite direction sharply until the
first axle is right above the sensor, when the longitu-
dinal horizontal strains reached the first peak. As the
aircraft moved forward, the bending was reversed a
few times and two more strain peaks were triggered in
the slab when the second and third axles of the gear
were right above the sensor. After the third peak, the
bending at the sensor location was changed from
downward bending to upward bending sharply and
two more significant curvature changes occurred
when the second and .third axles of the gear left the
slab on the south side.

In Fig. 10, the strain versus time curve has two
compressive peaks before and after the tensile peaks.
This causes full reversals of the longitudinal strains in
the pavement slab. Similarly, if the data collected by
the sensors imbedded close to the top of the PCC
slabs are used to plot the curves, two tensile strain
peaks are found. This raises the question: Is it possi-
ble that these tensile strains of this magnitude can
cause surface fatigue of the pavement? Taking into
account three important facts, the answer to this ques-
tion could be “yes”. These facts are:

* The values of the reversed strain can be compara-
ble in value to the maximum peak strain, espe-
cially along the longitudinal joint, as shown in
Fig. 10.

* The neutral layer for the pavement is lower than
the mid-depth plane of the PCC slab. This is due
to the bonded or partially bonded interface condi-
tion between the PCC slab and the base layer.

* For the time being, most of the aircraft types in
service still have a single main gear axle, like the
B-727 and B-737 aircraft. For these aircraft types,
the number of tensile strain repetitions on the top
surface is double that of the number of tensile
strains on the bottom surface.

In the current pavement design theories, the longi-
tudinal and transverse strain components are believed
to be similar based on the assumption of static sym-
metrical loaded area. This assumption has made the
design process much simpler and more convenient. In
reality, the transverse strain versus time curves and
the longitudinal ones are not even close in shape. This
discrepancy needs to be studied.

LOCATION OF MAXIMUM DEFLECTIONS
AND STRAINS

As discussed previously, each deflection curve for the
inner loading case has only one peak, no matter how
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FIGURE 12 Critical deflection and strain locations for the edge loading case

many axles are on the maingear. However, each strain
versus time curve in the same loading condition has
the same number of peaks as the number of the main
gear axles. To find out the exact critical deflection and
location, the variation of deflection and strain values
in the transverse direction are analyzed, as listed in
Table II.

The comparison has proven that the deflection
between the dual wheels of the aircraft gear is usually
larger than the deflection beneath one of the wheels,
but the larger strain value occurs right beneath the
wheel rather than between the dual wheels. Based on
the above analysis, the critical deflection and strain
locations are depicted in Fig. 11.

Similarly, for the transverse joint, the possible criti-
cal deflections occur between the dual wheels and the
possible critical strains for the three selected aircraft

types can be beneath any whéel on the main gear, as
shown in Fig. 12.

CONCLUSIONS

* The deflection versus time curve has one peak for
the inner loading case and the same number of
peaks as the number of the main gear axles for the
edge loading case. The location of the peak for the
inner loading case is at the geometric center of the
semi-gear. The location of the maximum peak for
the transverse edge loading case can be between
any pair of the dual wheels, depending on the load
transfer characteristics of the joint.

* The strain versus time curve has the same number
of peaks as the number of the main gear axles for
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both the inner loading case and the transverse
edge loading case. The maximum strain peak can
occur beneath any of the wheels on the main gear
except for the inner loading case for the B-777
gear. In the later case, the maximum- strain peak
occurs beneath one of the dual wheels of the mid-
dle axle of the main gear.

Curvature changes in the longitudinal strain ver-
sus time curves may cause fatigue initiated from
the top surface of the pavement.

Load transfer efficiency is dependent on the direc-
tion in which the aircraft is operated. The effi-
ciency values decrease dramatically for
undowelled dummy joints.
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