





total of 17 test vehicles were used to conduct the experiments (ten 9-axle B-trains, four 8-axle B-trains and three 6-
axle semi-trailers).

The test roads were low-volume earth roads constructed with the local clay-type soils of medium plasticity
{Average Plasticity Index = 17.5, and Average Group Index = 8.3). The road surfaces were comprised of a
compacted crust, 140-200 mm thick. overlain with a thin layer of gravel for wet weather traction. The pre-trial
test road strengths were very similar, with the average surface deflection being 2.0 mm and 1.9 mm for the Equal
Axle Weight Experiment test road and the Equal Payload Experiment test road. respectively. The principle
difference between the test roads was running surface width—the width was approximately 8.0 m and 7.0 m for
the Equal Axle Weight Experiment test road and the Equal Payload Experiment test road, respectively. The test
roads were selected because they were representative of many rural roads in Saskatchewan, and because they were
very similar in construction to the road used in the 1999 CTI demonstration project. Figure3 illustrates a typical
cross-section of the test roads.

Each test road included a thinly paved test section that was representative of the thin membrane surfaced (TMS)
roads used as rural collector highways in Saskatchewan. Prior to paving the traction gravel was bladed away and
the surface crust sprayed with an asphalt emulsion. A thin layer of bituminous cold mix (40 mm thick across the
entire road surface) was placed in a 300 m-long section located at approximately the midpoint of each test road.

2.1 Equal Axle Weight Experiment

The purpose of this experiment was to determine the effect that reducing tire pressures will have on road damage,
given identical gross vehicle and axle weight conditions.

Vehicle Description. The vehicles used in the Equal Axle Weight Experiment were five 9-axle B-Trains equipped
with CTIS, air ride suspensions, 11R22.5 Michelin tires, and GPS-based navigational systems. Each vehicle was
loaded with 5500 kg on the steer axle, 17000 kg on the tandem drive axles, and 24000 kg on each trailer tridem
axle group, for a Gross Combination Vehicle Weight (GCVW) of 70500 kg. The cold tire inflation pressures of
the test vehicles cycling on Circuit 1 were reduced to 550 kPa (80 psi) in the steering tires. 414 kPa (60 psi) in the
drive axle tires and 345 kPa (50 psi) in the trailer tires. All tires of the vehicles cycling on Circuit 2 were set to a
normal, highway cold inflation pressure of 690 kPa (100 psi). The reduced tire pressure trucks cycled in the
southbound lane of the test road and the standard tire pressure trucks cycled in the northbound lane. A description
of the test vehicles is given in Figure 4.

Data Collection. The data collection on the test road consisted of taking samples for soil moisture and density,
Atterberg Limits and the soil Group Index values as well as Dynamic Cone Penetrometer readings, surface rut
measurements and surface deflections using a Benkelman beam. Data samples were taken before, during, and after
trafficking. An analysis of the data collected indicated that the soil strength properties of the north and southbound
lanes of the test road were the same. Relative changes in surface deflection were taken as a proxy for changes in
strength of the road structure. Although deflections were gathered on the bituminous mix test sections, surface
deflection within the bituminous mats confounded the results.

Dynamic Cone Penetrometer readings and Benkelman deflections were taken on all of the connecting roads.
Benkleman beam readings were gathered on the test road two to three times every day of trafficking, at 400 m
intervals on the earth sections and 100 m intervals on the bituminous mix sections. The readings were taken at
approximately the same locations. however, variations in measurement location likely occurred and were
accounted for by averaging all of the test road deflections together. Beam reading variability on the earth road was
not very great; a limited sampling found a standard deviation of 0.05 mm for eight deflections taken on the same
spot.

The test roads and connecting roads were videotaped during the experiment to record the test procedure and the
road condition before, during and after trafficking.
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Test Procedure. The five vehicles trafficked Circuits 1 and 2 on alternate days commencing with Circuit 2 (tire
inflations set to standard tire pressures). The trucks cycled together and the lead truck maintained a pace of no
more than 80 km/h. Every half-day (i.e., after approximately 70 passes) trafficking was halted while data was
collected from the cycled lane. This alternating procedure was continued for the duration of the Equal Axle
Weight Experiment.

Trafficking was continued on the test lanes until one of the two lanes failed. Once a test lane was considered
failed, no more test trucks were cycled around the failed circuit. Trafficking was continued on the opposing lane
until its average surface deflection was comparable to that of the failed lane (that is, it had approximately
equivalent structural damage). Throughout the trafficking, video record was kept of the visual appearance of the
test lanes.

2.2 Equal Payload Experiment

The purpose of this experiment was to determine whether a reduction in tire pressures would compensate for the
incremental road damage caused by operating at higher axle weights. In this experiment, the two lanes of the test
road were trafficked by five 9-axle B-trains, and a combination of four 8-axle B-trains and three 6-axle
tractor/semi-trailers collectively carrying an equal payload to the five 9-axle B-trains. The resulting road damage
in each lane was compared at given quantities of payload hauled.

Vehicle Description. Two groups of commercial trucks were used to conduct this experiment: five 9-axle B-trains
(the high efficiency fleet), and a combination of four 8-axle B-trains and three 6-axle tractor/semi-trailers (the
conventional fleet). All of the vehicles were equipped with CTIS, 11R22.5 Michelin tires, air ride suspensions and
GPS-based navigational systems. Each high efficiency fleet truck was loaded to maximum legal primary axle
weights—5500 kg on the steer axle, 17000 kg on the tandem drive axle group, and 24000 kg on the trailer tridem
axle groups. The GCVW of the 9-axle B-trains was 70500 kg. The cold inflation pressures used by the high
efficiency fleet were 550 kPa in the steering tires. 414 kPa in the drive tires, and 345 kPa in the trailer tires. Each
of the conventional fleet trucks was loaded to maximum legal secondary axle weights—5500 kg on the steering
axle, 14500 kg on tandem axle groups. and 20000 kg on tridem axle groups. The GCVW of the 8-axle B-trains
and the 6-axle units was 54500 kg and 40000 kg, respectively. All of the 8 and 6-axle units utilized (standard) cold
tire inflation pressures of 690 kPa. The high efficiency fleet cycled on the southbound lane of the test road
whereas the conventional fleet cycled on the northbound lane. A description of the test vehicles used in the Equal
Axle Weight Experiment is presented in Figure 5.

Data Collected. The data collected for the Equal Payload Experiment was identical to that of the Equal Axle
Weight Experiment.

Test Procedure. The experiment was designed so that the combined payload hauled by the five high efficiency
fleet trucks was approximately equal to that carried by the seven conventional fleet trucks. In a single cycle, the
high efficiency fleet carried 236.5 t of payload whereas the conventional fleet carried 205.7 t of payload. Extra
cycles were completed when necessary, by some or all of the conventional fleet, to keep the payload over the
northbound lane of the test road equal to that over the southbound lane. The high efficiency fleet cycled around
Circuit 3 while the conventional fleet cycled around Circuit 4. Cycling on Circuits 3 and 4 occurred
simultaneously, with the fleet location coordinated so that only one fleet occupied the test road at a time. The
trucks in each fleet cycled together and the lead truck maintained a pace of no more than 80 knmvh. Trafficking was
stopped twice daily to allow data to be collected from the test road.

Trafficking was continued on the test road until one of the two lanes failed. Once failed, no more test trucks were
allowed to traffic that lane. Trafficking was continued on the opposing lane until its average surface deflection
was comparable to that of the failed lane (that is, it had approximately equivalent structural damage). Throughout
the trafficking, video record was kept of the visual appearance of the test lanes.
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3.0 RESULTS

3.1 Equal Axle Weight Experiment (Circuits | and 2)

The northbound lane of the test road was declared failed after 200 passes (9350 t payload) by the trucks utilizing
standard tire pressures. Cycling on the northbound lane had to stop because of the large shear areas that were
threatening to damage or upset the test trucks. The southbound lane of the test road sustained 721 passes (33800t
payload) by the trucks utilizing reduced tire pressures before the experiment was stopped. The southbound lane
never reached the level of damage observed in the northbound lane.

Comparison of Test Road Properties. A comparison of road properties was done prior to the commencement of
testing to insure the test results were not biased by physical differences between the test lanes. Changes in road
properties resulting from the application of the trucks onto the test road are documented below.

Comparison of Soil Properties. A comparison of the physical properties (e.g.. moisture. density, plasticity
(Atterberg Limits), and strength (Group Index)) of the subgrade soils in the north and southbound lanes prior to the
experiment indicated no significant differences that might bias the test results.

Comparison of Benkelman Beam Deflections. The average Benkelman beam deflection values on the test road
were monitored for a period of nine weeks (data collected every two weeks) prior to the commencement of the
experiment. No significant differences in the average deflection values were observed between the north and
southbound lanes of the test road (Figure 6).

At the start of the experiment, both lanes of the earth test section had an average deflection value of approximately
2.0 mm. After approximately 140 truck passes over each lane, the average deflection value observed on the
northbound (standard tire pressure) lane was 4.7 mm whereas the average deflection value observed on the
southbound lane was only 3.2 mm. After 200 truck passes, the average deflection of the northbound lane was 5.0
mm. the lane was declared impassable, and no further truck passes were made on it. After 200 passes, the average
deflection on the southbound lane was 3.6 mm.

At the conclusion of the trafficking (i.e.. 721 truck passes). the average deflection value of the southbound lane
was 3.5 mm. This lane never reached an impassable condition. The average deflection observed on the
southbound lane fluctuated from a low of 3.2 mm to a high of 4.4 mm during the test.

Comparison of Observed Road Damage. The northbound lane was declared impassable and cycling was
stopped on this lane after 200 passes by the trucks utilising standard tire pressures. The middle and northernmost
sections of the northbound lane sustained the greatest amount of damage. It was estimated from the video records
that 50% of the length of the northbound lane’s earth section had sustained shear failure in the outer wheel path
(Figure 7). The entire 300 m-length of bituminous mix completely failed in shear over. at least, half of its width
(Figure 8). In many places, the shear failures resulted in the displacement of the outer wheel path crust by more
than 30 cm. This raised concerns about damage to the test vehicles and led to the termination of the truck cycling
on the lane.

After 200 passes by the trucks utilising reduced tire pressures, the southbound lane sustained significantly less
damage than the northbound lane. From the video record, it was estimated that only 7% of the earth section of the
test road sustained shear failure in the outer wheel path. The video record also indicated that only 10% of the
length of the bituminous section was observed to have failed in half the lane after the 200 truck passes. After 721
truck passes (33900 t payload), the video record indicated that approximately 10% of the length of the earth section
and 40% of the length of the bituminous mix section of the test road had failed from the shearing of the outer
wheel path.
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3.2 Equal Payload Test (Circuits 3 and 4)

In this experiment, an effort was made to obtain the same payload on each lane of the test road over the duration of

the testing. To accomplish this it was often necessary to stop cycling the trucks to allow for the repair of serious
shear failures to prevent damage to the test vehicles. The requirement for subgrade repairs was far more extensive
on the northbound lanes (cycled by the trucks utilizing standard tire pressures) than for the southbound lanes
(cycled by the trucks utilizing reduced tire pressures). A total of 17970 t payload (380 truck passes), was hauled
over the southbound lane and 13634 t payload (478 truck passes) was hauled over the northbound lane before the
experiment was terminated.

Comparison of Test Road Properties. A comparison of the road properties was done prior to the commencement
of the test to insure no bias existed in the test from differences in the physical properties of the road. The changes
in the road properties resulting from the application of the trucks on to the test road are documented below.

Comparison of Soil Properties. A comparison of the moisture, density, plasticity (Atterberg Limits) and strength
(Group Index) properties of the subgrade soils in the north and southbound lanes prior to the application of the
trucks to the road indicated no significant differences to cause a skewing of the test results.

Comparison of Benkelman Beam Deflections. As was the case for the Equal Axle Weight test road the average
Benkelman beam deflection values on the Equal Payload test road were similarly monitored for a period of nine
weeks prior to the commencement of the experiment. No significant differences in the average deflection values
were observed between the north and southbound lanes of the test road.

Prior to the start of the experiment, both lanes of the earth road section had an average deflection value of
approximately 1.88 mm (Figure 9). After approximately 3400 t payload had been carried over each lane, the
average deflection value observed on the northbound (conventional fleet) increased to 4.0 mm whereas the average
deflection value on the southbound lane (high efficiency fleet) increased to only 3.2 mm. As the payloads
continued to increase, the average deflection values ranged between from 3.73 mm to 4.61 mm on the northbound
lane and ranged from a low of 3.70 mm and a high of 4.05mm on the southbound lane. Deflection measurements
continued to be taken until payloads of 13634 t and 17970 t had been carried over the north and southbound lanes,
respectively.

Comparison of Observed Road Damage. A review of the video record indicated that shear failures started to
appear on the earth section of the northbound lane of the test road after the movement of approximately 3500 t
payload. No shear failures were observed on the southbound lane at this payload. At a payload of 10300 t, shear
failures were observed on 40% of the length of the northbound lane compared to 6% of the length of the
southbound lane (Figure 10). After 10000 t payload had been moved, significant repair effort was necessary on the
northbound lane in order to continue trafficking. After 13634 t payload, the poor condition of the northbound lane,
and the extensive effort and delays required to prolong trafficking, resulted in the termination of the experiment.
At the end of the experiment, 10% of the southbound lane length and 60% of the northbound lane length had
sustained shear failures in the outer wheel path.

The video record indicated that failure of the bituminous mix section on the northbound lane of the test road began
after the movement of approximately 200 t payload. Failure of the bituminous mix surface on the southbound
lane progressed more slowly with first indications of damage appearing after approximately 500 t payload. After
approximately 1000 t payload had been moved over the bituminous mix surface, shear failures were observed on
5% of the length on the southbound lane compared to approximately 50% of the length of the northbound lane.
After approximately 13000 t payload had been moved. both lanes of the bituminous mix surface had completely
failed.
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4.0 DISCUSSION ON THE TEST RESULTS

4.1 Effect of Reduced Tire Pressure on Road Performance

The results from both experiments clearly indicate that damage to earth roads and thin bituminous surfaces can be
reduced with the use of CTIS. For the 9-axle trucks tested at common axle weights, the effect of using optimised
tire pressures was to reduce road damage by an order of magnitude (i.e.. 1/10 the amount observed for the standard
tire pressure trucks). It was also noted that, for equal payloads hauled, the high efficiency fleet (operating at
enhanced weights and reduced tire pressures) did less road damage than the conventional fleet (operating at
regulation weights and standard tire pressures). In both experiments, the use of reduced tire pressure significantly
reduced road damage for an equal quantity of payload hauled.

4.2 Other Factors Observed to Affect Road Performance.

Road Width. The Equal Axle Weight test road was approximately 0.6 m wider than the Equal Payload test road.
A comparison of surface deflections versus payload on the two southbound test lanes (lanes cycled by identically
configured 9-axle trucks operating at reduced tire pressure) suggests that width did not have a large effect for these
trucks (Figure 12). A similar conclusion can be drawn from a comparison of the road damage versus payload
(Figure 13).

On the connecting roads used to complete the loading cycles the test vehicles typically drove down the centre part
of the road because of the narrowness of the running surface (typically 7.4 meters in width). It is interesting to
note that the video record from these roads indicates little or no damage done by either the reduced or standard tire
pressure trucks. This observation would suggest that road performance is related to the distance between the outer
wheel path track and the edge of the road surface. This distance was 0.5 - 0.9 m for the Equal Axle Weight
experiment and 0.3 - 0.6 m for the Equal Payload experiment. (The range of distances is due to the drivers steering
closer to centreline as the outer edge of the lanes failed and the road’s 4% cross slope causing the trailers to track
towards the road edge.) In the case of the connecting roads. the distance was in the order of 2.3 m. This suggests
that, for the conditions tested, outer wheel path shearing can be reduced if an outer wheel path-to-edge of road
offset distance of greater than 1.0 m exists.

Damage to the connecting roads also may have been reduced because they followed well-established, densified
wheel paths in the centre of the road and, by straddling centreline, they remained level instead of leaning with the
cross slope of the surface. Based on measurements made with the same test trucks during the 1999 CTI
Demonstration, the outer wheel loads were increased by approximately 13% during these trials when driving on
test lanes having a 4% cross slope.

Vehicle Configuration. Comparisons of the average surface deflections, and of the visual estimates of damage,
for the two northbound test lanes indicate a significant difference in road performance. This suggest that. for an
equivalent payload. the five 9-axle units operating at enhanced axle weights and standard tire pressures did more
damage to an earth road than the conventional trucks operating at regulation axle weights and standard tire
pressures (Figures 14 and 15). Assuming road width did not affect road performance, as discussed above, this
observation supports the Highways & Transportation Department’s ESAL damage model that predicts, for equal
payloads hauled, trucks operating at higher axle weights will cause approximately 16% more road damage. The
Department’s ESAL mode! does not directly account for differences in tire inflation, however, and was not suitable
for estimating damage potential of the test trucks utilising reduced tire pressures.

Accelerated Testing. The experiments were completed in an accelerated fashion on account of time and budget
considerations. The effect of accelerated testing is uncertain however it is believed that failure is accelerated
because of the insufficient time provided for pore water pressure to stabilize prior to the application of the next
loading cycle. This effect is not considered to be critical in the comparison of the results from the experiments
given that the experiments were all carried out in an accelerated environment however careful consideration needs
to be given to the application of the results to actual in-service conditions to adjust for the acceleration effects that
are built into the results.
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The effect of accelerated testing also needs to be considered in the context of a road’s exposure to seasonal
strength variations and the effect this will have on the pavement components. This is particularly important in
northern countries that are reliant on frost susceptible glacial lacustrine soil deposits in the construction of road
subgrades.

5.0 CONCLUSIONS

The purpose of the CTI Road Experiments was two-fold:
1) to determine the magnitude of the benefit arising from the use of reduced tire pressures for equal gross
vehicle and axle loading conditions and
2) to determine whether the use of reduced tire pressures offsets the incremental road damage caused by
using higher-than-regulated weights for an equal quantity of payload hauled.

The results from both experiments clearly indicate that damage to the earth roads and thin bituminous surfaces
tested was significantly reduced with the use of reduced tire pressures — as controlled by a CTIS. It was also noted
that, for equivalent payloads carried. the high efficiency fleet (operating at enhanced weights and reduced tire
pressures) did less road damage than the conventional fleet (operating at regulation weights and standard tire
pressures), In both experiments, the use of reduced tire pressure significantly reduced road damage for an equal
quantity of payload hauled. The rate of damage observed on the test roads did not appear to be influenced by the
0.6 m difference in test road widths, however, road damage was dramatically reduced when the offset from outer
wheel path to edge of road exceeded 1.0 m. The results from the lanes trafficked by test vehicles using standard
tire pressures appear to support the ESAL damage model for equal payload hauled.

The test road. subgrade soil types, 9-axle test vehicles. and test procedures were common to both the Equal Axle
Weight Experiment and the 1999 CTI Field Demonstration. However, because of seasonal differences the CTI
Field Demonstration test road was dryer and stronger, and the resultant differences in observed road performance
were significantly less.

Opportunities for further research with the data collected from these trials include:

e an analysis of pre- and post-trial deflection data to determine if the results can be extrapolated to other
seasons in a meaningful way;

e an analysis of deflection data taken in 2001 and 2002 to determine the rate of damage recovery in the earth
road as it is subjected to climatic processes;

e analyses of rutting and gravel loss rates to estimate potential surface maintenance benefits; and,

e  extrapolation of the results to other road types and travel speeds using pavement-road performance models
calibrated with the data.
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Figure 1. Location of CTI Road Experiment near Wynyard, Saskatchewan, Canada.
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Figure 2. Equal Axle Weight Experiment (Circuits 1 and 2) and Equal Payload Experiment (Circuits 3 and 4).
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Figure 3. Typical test road cross-section.
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Figure 4. Test vehicle used for the Equal Axle Weight Experiment.
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Figure 5. Test vehicles used for the Equal Payload Experiment.
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Figure 6. Comparison of the average surface deflections of the reduced tire pressure (LP) and standard tire pressure
(HP) test lanes on the earth section of the Equal Axle Weight test road.
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Figure 7. Comparison of the failed length of the reduced tire pressure (LP) and standard tire pressure (HP) test
lanes on the earth section of the Equal Axle Weight test road.
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Figure 8. Comparison of the failed length of the reduced tire pressure (LP) and standard tire pressure (HP)
test lanes on the bituminous mix section of the Equal Axle Weight test road.
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Figure 9. Comparison of the average surface deflections of the high efficiency fleet and conventional fleet test
lanes on the earth section of the Equal Payload test road.
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Figure 10. Comparison of the failed length of the high efficiency fleet and conventional fleet test lanes on the earth
section of the Equal Payload test road.
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Figure 11. Comparison of the failed length of the high efficiency fleet and conventional fleet test lanes on the
bituminous mix section of the Equal Payload test road.
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Figure 12. Comparison of the average surface deflections of the two earth road test lanes subjected to 9-axle B-
train trucks loaded to primary highway (enhanced) axle weights and utilizing reduced tire pressures (LP).
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Figure 13. Comparison of the failed lengths of the two earth road test lanes subjected to 9-axle B-train trucks
oaded to primary highway (enhanced) axle weights and utilizing reduced tire pressures (LP).
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Figure 14. Comparison of the average surface deflections of the two earth road test lanes subjected to trucks
utilizing standard tire pressures: Conventional 6 and 8-axle trucks loaded to Secondary Highway Axle weights and
9-axle B-train trucks loaded to Primary Highway Axle weights.
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Figure 15. Comparison of the failed lengths of the two earth road test lanes subjected to trucks utilizing standard
tire pressures: 9-axle B-train trucks loaded to Primary Highway Axle weights and conventional 6 and 8-axle trucks
loaded to Secondary Highway Axle weights.
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