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ABSTRACT

    Surface elevation profiles were measured before and after overlay operations on runways at two commercial airports in the eastern USA. Both airports had only the one runway. All overlaying was done at night, with the airports opened for normal operations during the day. The profiles were measured with an inertial profiler having software compensation for accelerometer errors. Pavement surface elevations measured with normal surveying rod and level equipment are compared with the profiler elevation measurements for one of the runways. Correspondence between the two is good. The profiles were processed to provide measures of roughness from simulations of a straightedge, a California Profilograph, and the Boeing Bump Criteria. Change in roughness due to the maintenance operations is quantified and discussed with respect to minimum achievable levels of roughness.

INTRODUCTION

    Pavement maintenance at commercial airports has to be performed with minimum disruption of aircraft service. For large international airports, and for airports with only one runway, this almost always means that major pavement work, such as overlaying and rehabilitation, must be done at night in a series of short “pulls.” The pressure of rapid work, combined with frequent lateral construction joints, can lead to runways which are not as smooth as can be achieved when the runway is completely shut down and the work is done continuously. In order to make a determination of the levels of roughness which are achieved during intermittent construction, two runway maintenance projects were selected for study.

    The first (referred to here as R1) was a flexible pavement which was structurally sound but had suffered surface deterioration due, primarily, to cracking. To restore the surface, a 75-mm (3-inch) overlay was applied to controlled grade in 100-m (100-ft) pulls.

    The second (R2) was a very old rigid pavement which had been lightly overlaid to seal the surface until the runway could be rehabilitated. Rehabilitation consisted of a crack-and-seat operation followed by application of a 200-mm (8-inch) thick overlay. Construction was phased, with 625-m (2,000-ft) sections at each end of the runway constructed during the daytime using displaced thresholds. The 2,500-m (8,000-ft) center section of the runway was then re-constructed at night in a series of 7-hour closures.

    Elevation profiles of the two runways were measured before and after the maintenance operations with an inertial profiler developed under FAA funding specifically for making these measurements on airport runways and taxiways (referred to here as the FAA Profiler). The equipment is portable so that it can be easily transported as aircraft baggage. Distance to the pavement surface is measured with a small spot-size laser sensor at a very high data rate so that lateral grooving can be measured and, where necessary, correctly filtered out of the profile. And vertical (inertial) position of the test vehicle is found by open loop integration of the vertical accelerometer signal. Stabilizing compensation is applied in the data processing software using a least-squares minimization scheme. Errors in the vertical accelerometer signal due to acceleration and braking of the test vehicle are also compensated for as part of the minimization scheme. Use of the compensation eliminates the need to stabilize the integration process by high-pass filtering. Distortion of the profile over long disturbances is therefore reduced and it is easier to visually identify specific disturbances in the measured profile. Rod and level survey measurements made prior to overlaying runway R1 were also obtained from the construction contractor.

Roughness indices were computed from the measured profiles to evaluate the change in roughness from before to after the paving operations, and to make a determination of the levels of roughness which were achieved during the operations. Indices computed were 16-ft straightedge, California Profilograph, and an adaptation of the Boeing Bump Criteria (DeBord, 1992). Typical aircraft response was also computed using a simulation of a B-727-100.

PROFILE MEASUREMENT

    A typical inertial profiler consists of three major components: a sensor to measure the distance from a point on the test vehicle to the pavement surface; an accelerometer to measure the vertical acceleration of the test vehicle; and a sensor for measuring the distance traveled along the pavement.

    The FAA profiler has a laser triangulation-type distance measuring sensor with a nominal spot size of 1 mm (0.04 in), a measurement range of ( 100 mm (4 in), a resolution of 12-bits (0.049 mm, 0.002 in), and a sample rate of 32 kHz. The normal test speed is 60 km/h and the maximum spatial sampling distance is therefore 0.52 mm/sample (0.02 in/sample), or one-half the spot size per sample. (There will also be more than 10 samples taken while traversing a 6-mm groove.)
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    A high quality servo accelerometer is used to measure the vertical acceleration of the test vehicle and a non-contact incandescent light distance sensor to measure traveled distance (output is one pulse every 2.5 mm (0.1 in)). Inertial profiling devices were developed for highway use and the measurements are typically made at a constant travel speed. However, runways and taxiways normally have closed ends and, in order to measure the profile along the full length of a runway or taxiway, measurements must be made while the test vehicle is accelerating or braking. This can introduce extremely large errors into the profile measurement. (High-pass filtering the profile will not remove the errors unless a very short cutoff wavelength is used.) 
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    Figure 1 illustrates how the errors arise. The sensitive axis of the accelerometer is usually inclined at some small angle (() to the desired measurement axis (which is perpen-dicular to the pavement surface). In addition, a change of inclination angle (() also occurs whenever the test vehicle pitches under acceleration or braking. A component of the longitudinal acceleration of the test vehicle is now coupled into the sensitive axis of the accelerometer, causing significant errors if the vehicle accelerates or brakes. Using the nomenclature:
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= initial accelerometer angle offset from perpendicular to the pavement surface.
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= vehicle pitch angle from initial offset position.
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= vehicle acceleration perpendicular to the pavement surface (bounce).
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= vehicle acceleration parallel to the pavement surface (acceleration and braking).
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= component of vertical acceleration along the sensitive axis.
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= component of longitudinal vertical acceleration along the sensitive axis.

The acceleration measured by the accelerometer along its sensitive axis can be written as:
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The initial offset and pitch angles are small and using the small angle approximations, 
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If it is further assumed that the pitch angle of the vehicle relative to the pavement surface is a linear function of longitudinal acceleration relative to the pavement surface, then:
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where C is a constant of proportionality with units of radians/m/s2.

Now including an offset for gravity and instrumentation electronics, 
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, the measured acceleration is given by:
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An approximation of the true vertical acceleration is therefore given by:
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and vertical velocity is found by integration:
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 = vertical velocity at t = 0 and 
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All quantities are sampled at a sample interval of ( and all data processing is done digitally. There-fore, the equation for vertical velocity can be written in terms of the sample interval i and numerically integrated quantities, with the first sample numbered 0:
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Adjusting 
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 is minimized over the full length of a digitized profile record proved to be a reasonable strategy for removing the majority of the errors due to acceleration coupling as well as stabilizing the integration process. Therefore, following the normal procedure for computing least squares coefficients gives:
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Differentiating with respect to 
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, (, and C in turn and equating the resulting expressions to zero gives the following matrix equation:
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The matrix equation is solved after all of the summations have been computed over the full record length The procedure is only applicable for a record of reasonable length. (Other similar but more complicated procedures are available for real-time processing of such signals. But they would probably not be suitable for the present application because of the comparatively short records and the rapid changes in conditions.) Integrating the corrected vertical velocity, 
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, adding the displacement sensor signal, and applying a linear correction to give the start and end points the same value (usually zero) completes the computation of the elevation profile with respect to time. The profile is converted to a spatial record by low-pass filtering and then eliminating all data points except for those occurring closest to each tenth traveled distance pulse. Final sample spacing is therefore 25 mm (1 in). An averaging scheme between distance pulses is used when the vehicle speed falls below the point where serious aliasing of the decimated signal would occur.
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Figure 1.  Acceleration coupling errors.
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