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Figure 75 Sample strain trace for various axle loading conditions.*

It is very likely that the material (pavement, sensor assembly, etc) actually bends upward and
experiences a positive bending moment, as opposed to the compressive negative moment
typically associated with rigid pavements. Therefore, all testing done to this point where the
loading has been strictly compressive is somewhat lacking as it does not evaluate the effects of a
positive bending moment on sensor durability. During the Forensic Analysis a Fatigue Test was
conducted and tensile effects are discussed further.

Sensor Assembly Failure

On May 7th, less than seven months after installation (and only one season of winter effects),
during a routine visit to the field installation it was discovered that the ceramic-polymer
composite sensor assembly had failed. One assembly was partially torn and missing from the
pavement; this assembly will be referred to as the sensor in the outside of the lane. The other
assembly was still intact, however it was showing signs of delamination; this assembly will be
referred to as the sensor in the inside of the lane. Both ceramic-polymer composite sensor
assemblies can be seen in Figure 76. The outside lane sensor had quite a drastic failure; water
can be seen accumulating in the hole that was formed.



104

Direction of traffic flow

Figure 76 Failr f sensor assemblies outside of lane (left) and inside of lane (right).

The ceramic-polymer composite sensor assemblies were left in the field until the roadway had
dried; they were then closely examined and photographed for forensic analysis of the failure
mechanism. Following the field examination, the assemblies were then removed from the
roadway and brought back to the laboratory.

Figure 77 shows clearly how dramatically the outside lane sensor had failed; the wires and the
piezoelectric material itself of the sensor was exposed and no longer embedded in the PU-200
epoxy.
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Figure 77 Close-up examination of failed outside of lane sensor assembly.

The inside lane sensor as shown in Figure 78 had a pothole forming just in front of the
sensor. It was believed that if left unchecked that the mode of failure for the inside lane would
have been identical to the outside lane sensor. A pothole would have formed just past the sensor
and the epoxy would have been pushed forward resulting in a failure directly in the center of the
wheel path. The sensor assembly would have sheared in two and a portion of the sensor would
have been pulled from the asphalt pavement.
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Figure 78 Close-up examination of inside of lane sensor assembly.

By evaluating how the pavement surrounding the sensor failed, it was expected to yield some
correlation to loading effects that may have also caused failure within the sensor material. At this
time it was known that the sensor material was not performing as expected but the problem could
be in the packaging and not in the sensor itself. A full forensic evaluation was conducted to make
those determinations. Therefore the more accurate picture of what happened may assist in
understanding the sensor failure mechanisms.

As a tire passes over the sensor as represented in Figure 79, there are the obvious compressive
loads. Up to this point the only loading that the sensor has been evaluated for has been
compressive loading. The testing that was done using the MTS and the APA was entirely
compression loading. The sensor and sample were not long enough to reproduce indirect tensile
loading i.e. the type that generates fatigue cracking; nor were the samples ever directly tested in
tension. Tensile strains moving away from wheel load basically create a positive moment and
bend the pavement surface; this directly results in top-down fatigue cracking over many loading-
unloading cycles. Representative photos of top-down fatigue cracking on Rt. 287 can be seen in
Figure 80.
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Figure 80 Top-down fatiguercig on Rt. 287.%

The load transfer mechanism is largely dependant on the rigidity of the pavement and the
compressive and tensile effects are directly related. The strain effects in relationship to average
month temperature can be seen in Figure 81. In the colder months the compressive loading
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generates its lowest strain reading which means that the WIM sensor voltage would also be
lower. This directly correlates to the observed voltage output in the earlier laboratory
experiments. Despite the lower WIM voltage readings the corresponding tensile loads are also
minimized. This will minimize sensor and epoxy cracking as a result of the fatigue and the
positive bending moment generated. Conversely, in the summer months the compressive and
tensile loads are at their maximum strains, this not only maximizes the output of the WIM sensor
voltage but maximizes the potential for damage. In summary, a more elastic material will result
in less tensile fatigue strains and minimize the effects of top-down type tensile effects on the
WIM sensor assembly. In the APA tests cracking was observed in the more rigid epoxy in the
wheel path. However, in light of the indirect tensile fatigue it is even more critical to select an
epoxy that has an elastic modulus in the lower range as compared to asphalt. For more
information of the fatigue relationship on the sensor, please refer to the forensic analysis of
tensile effects on the sensor performance section later in this dissertation.
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Figure 81 Strain effects with respect to seasonal temperature variation versus distance
from center of wheel load.*

Assuming that it is accurate to say that at least a similar mechanism works longitudinally as well
as transversely, then this may help explain why a pothole formed directly in front of the sensor
assembly. However, this deals directly with the bow wave phenomena which is highly debated in
the pavement industry. In theory pavements with higher roughness and low strength may
increase the rolling resistance of the tire by creating a pavement wave directly in front of the tire.
According to an NCHRP research report “One common cause of sensor failure is when sensors
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directly experience horizontal forces from tire contact. This often leads to early fatigue failure
for both sensors and the bonds between sensors and pavement.”*? This would appear to be the
reason why the asphalt failed and there appears to be a high degree of correlation between the
transverse tensile stresses discussed previous and the longitudinal tensile stresses.

From the visual inspection it is clear that the cause of failure is both a pure delamination of the
asphalt-epoxy interface as well as a general delamination of the asphalt itself. Therefore the
system characterization question of packaging remains. Since the initial thermal expansion tests
were done on epoxy prisms embedded in an asphalt pavement brick sample, basically a confined
test, it was though that an unconfined test would yielded a more accurate picture of the
compatibility of the epoxies and the asphalt. As materials were not readily available this testing
was not redone, and will be recommended for future work.

Recovery of Sensor Assembly

The entire ceramic-polymer composite sensor assembly from the inside lane was recovered. A
portion of the outside lane sensor was also recovered, pieces of that sensor were found strewn
throughout the roadway. A significant portion of these pieces, many of them being chunks of
PZT composite, were also recovered. The recovered sensor assemblies were removed from the
roadway by hand, simply by pulling up on the epoxy; thus demonstrating how weak the bond
between the sensor and the roadway had degraded to. Since the inside lane sensor assembly was
recovered largely intact it can be assumed that all sensor degradation would have been as a result
of the damage experienced while installed on the roadway and not during the removal process.
The entire sensor as removed from the field can be seen in Figure 82.
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Figure 82 Recovered sensor assembly from Rt. 287 field installation.

Conclusions Final Laboratory and Field Trials and Analysis

Based on the results of the long term durability and degradation tests of the sensor (asphalt
versus concrete) effort the following can be concluded:

e The asphalt pavement sample experienced more than three (3) times the
deformation (rutting) than the concrete. As the asphalt sample continued to deform,
it compacted the material below the sensor and therefore acted more like the very
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rigid concrete sample, by the end of the 100,000 cycles the two outputs were nearly
indistinguishable.

For the asphalt pavement sample, 15.6% of the overall 16.5% (95% of the total
reduction) voltage drop occurs within the first 10,000 cycles followed by a fairly
flat output (approximately 5% further deterioration) for the reaming 90,000 cycles.
It is likely that the deformation of the asphalt surrounding the sensor created an
initial amplification of sensor deterioration, and thus the eventual damage the
sensor would experience occurred very early on in the experiment.

The concrete sample did not experience significant rutting, and therefore the sensor
deterioration occurred over a much longer period of time. For the concrete sample,
a 95% reduction is not measured until the sample reaches the 20,000 to 40,000
range.

This is not to imply that the sensor installed in concrete failed earlier, or that the
sensor in concrete was better; both samples experience nearly identical output
between 60,000 to 100,000 cycles. It is believed that the sensor will undergo an
initial “break-in’ period where the sensor will undergo some deterioration. This
may explain why commercially available sensors require such frequent
recalibration when installed in real field conditions.

There is a widely held belief that WIM’s installed in concrete will perform better
because the visco-elastic asphalt variability is removed among other reasons,
however by comparing the asphalt and the concrete samples for the same sample
sets it clearly shows that the asphalt sample has a much lower standard deviation
earlier.

Based on the results of the field testing of the ceramic-composite sensor assemblies’ effort the
following can be concluded:

The initial testing results were satisfactory, for the same weight and temperature as
the initial limited field trial testing conducted in a parking lot, these results yielded
voltages that were roughly in the range of 0.3V versus 0.1V in the original testing.
After seven months the sensor assemblies still functioned but the output voltages
were diminished by 66% to 83% of that of the original voltage output. Similar
residual stress patterns and other trends were still observed, but for all intents the
sensor assemblies were considered failed.

From the visual inspection it was clear that the cause of packaging failure is both a
pure delamination of the asphalt-epoxy interface as well as a general delamination
of the asphalt itself. Therefore the system characterization question of packaging
remains.
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CONCLUSIONS AND FUTURE RESEARCH WORK

The goal of this research effort was to develop a sensor with a higher level of accuracy than can
be attained by available WIM systems under actual field conditions. A recent NCHRP Study
Synthesis 386, published in 2008, conducted a nationwide survey of all 50 States, DC, and
Puerto Rico. One of the survey questions was “In your opinion, what are the most urgent WIM
technical needs at present and what studies need to be conducted to address them?” A summary
of relevant comments from the respondents is provided in Table 2. However in general,
respondents wanted more accurate, more durable, and less temperature dependant sensors as well
as better epoxies/grouts to ensure installations last longer. Some of the comments were “better,
more reliable sensors. Better epoxy,” “making the BL piezos last longer regardless of what kind
of traffic,” “BL piezos are temperature and speed sensitive,” “develop more accurate sensors,”
“Better grouts for piezos,” “type Il WIM perspective sensors are still the weak link,” and finally
to summarize the general consensus of the survey “sensors and installation methods that last.”®
This research effort focused specifically on these issues, and thus this recent survey validates the
national need the work performed.

Piezoelectric ceramic-polymer composite sensor assemblies were fabricated for use as WIM
sensors for measuring large loads. A complete review of the system characterization was
conducted; which evaluated the active sensor themselves and the packaging and epoxy used to
embed them in the roadway. Once the system characterization effort was complete, the ceramic-
polymer composite sensor assemblies were installed on a full-scale highway Rt. 287 test scenario
in order to perform actual measurements. The output was evaluated and a forensic review of the
material was conducted to determine potential issues and develop future criteria to be further
researched.

Conclusions from Previous Research

Based on the results of the initial sensor fabrication effort as reported in the Implementation of
Advanced Fiber Optic and Piezoelectric Sensor — Fabrication and Laboratory Testing of
Piezoelectric Ceramic-Polymer Composite Sensors for Weigh-in-Motion Systems” FHWA-NJ-
1999-029 also written by the author of this report, the following can be concluded:

e |t was shown that for PVDF polymer sensors versus the ceramic-polymer
composite sensor, under the same loading conditions, that the average loading
output of the composite sensor is about three times that of the PVDF sensor.

e The ceramic-polymer composite sensor has superior electrical properties than that
of the PVDF, including a higher ds; and thickness-coupling coefficient. The signal
to noise ratio is also much better for a ceramic-polymer composite sensor and
hence will detect much lower load differences with a greater accuracy.

e For a piezoelectric material, when the temperature approaches the Curie
temperature (T.) where the aligned electric dipoles are easier to rotate under
heaving loading the material will depole; i.e. hence a degradation in the sensor
performance. The PVDF has a T, of only 100°C (212°F) it could easily start losing
part of its piezoelectric properties at high loads at temperatures as low as 55-65°C
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(131-149°F). To avoid thermal depolarization a “safe operating temperature would
normally be about half way between 0°C and the Curie point™* For the PVDF
materials this implies that that use above 60°C (140°F) is not recommended. This
limit 60°C (140°F) is dangerously close to the upper thermal limit of 64°C (147°F)
in summer within a 98% reliability® as per FHWA that HMA experiences in New
Jersey. However, the ceramic-polymer composite sensor is more rugged with a
much higher T, of ~190°C (374°F).

The laboratory results from the initial prototype, voltage output with respect to
loading and temperature proved to reliably yield the same results or at least the
same trends.

Conclusions are summarized at the end of each phase of work, however, key elements of the
conclusions are as follows:

1) Development and Evaluation of the Sensor

The simulation model showed a clear advantage of using a WIM to increase the
efficiency of a static scale operation.

The more accurate a WIM, the more efficient the weigh station will become.

At higher volumes, by using a WIM with an accuracy of 10%, the FHWA standard
configuration catches 70-80% of all violators. However, using the same
configuration with an advanced WIM sensor of 5% accuracy this model can catch
upward of 95% of all the violators. This reduced the amount of vehicles being
weighed statically and reduced queue lengths.

There is one potential drawback to a more accurate WIM sensor. While modeling
the advanced WIM sensor (i.e. 5% accuracy), there was a significant correlation
between the increased accuracy and hard decelerations; hard decelerations are an
indication of vehicle crashes. The weigh station model still requires the trucks to
move to an isolated lane or a bypass road, therefore the trucks are still required to
maneuver through traffic, changing lanes, etc. It is believed that since the pre-
screening was so efficient in detecting overweight vehicles as traffic levels increase
the queue length never gets long enough to close the scale. Therefore, 100% of
trucks will be either pre-screened or required to exit the roadway to the static scale.
The exiting and entering of trucks on the roadway as well as the associated lane
shifting is conducive to creating an environment where more crashes may occur.

2) System Characterization -Advanced Prototype Development (Packaging and
Epoxy Selection)

Based on the APA rutting evaluation no epoxy can be determined as clearly
superior. Ranking was done considering the following priorities:
1) did not have actual epoxy cracking (longitudinal cracking);
2) nor demonstrated rigidity (significant protrusion from the sample surface;
3) nor flash point concerns;
4) nor long wait times until traffic ready;
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PU-200 appeared to be the best compromise based on the APA rut testing, with
no catastrophic failure nor significant material or handling concerns that had the
least measured delamination. However this does not mean that PU-200 truly
outperformed the other epoxies.

3) Final Laboratory and Field Trials and Analysis

There is a widely held belief that WIM’s installed in concrete will perform better
because the visco-elastic asphalt pavement variability is removed among other
reasons, however by comparing the asphalt and the concrete pavement samples for
the same sample sets it clearly shows that the asphalt sample has a much lower
standard deviation earlier.

After seven months the sensor assemblies still functioned but the output voltages
were diminished by 66% to 83% of that of the original voltage output. Similar
residual stress patterns and other trends were still observed but for all intents the
sensor assemblies were considered failed.

Summary Recommendations for Future Research

In summary, the ceramic-polymer composite sensors performed extremely well in all laboratory
testing. However, under full-scale field implementation, a rather aggressive goal, the sensors and
sensor assemblies experienced some level of failure. It is believed that there would have been a
better overall performance if:

Concerning the electroding, it is thought that a pre-encapsulation in a rigid
elastomeric block may help to ensure the electroding remains affixed to the active
material. In addition, the roadway epoxy is somewhat permeable (PU-200 has a
water absorption rate of 2.5% as per the manufacturer) therefore if the active
material is encased in an impermeable block the electrode as well as the sensor will
be impervious to roadway salts and acids.

The APA rut testing was extremely useful in selecting an epoxy for use. However,
there is still much that is not known about how the epoxy interfaces with the
roadway and the differences between a pure delamination and a delamination due
to asphalt debonding. It is recommended to install a series of epoxies on a highway
and observe the outcome without maintenance. All the epoxies (lets say five
installations of each) could be installed on the roadway so they experience identical
loading and then monitored for a period of time. Core samples could be taken of
the pavement to verify material properties of the surrounding roadway. In addition
non destructive testing such as GPR could be conducted on the segments to
determine if there are any measureable pre-indicators of failure and maybe gain
some insight into the exact failure mechanisms.

Finally, once the above items are addressed a new full-scale field implementation
could be conducted to re-evaluate the ceramic-polymer composite sensor
assemblies. The field installation must be performed in a good quality pavement
with significant remaining useful life; it is strongly believed that one of the primary
reasons why the Rt. 287 full scale field installation failed was simply due to poor
pavements that have fatigued well beyond their useful life.
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