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SLOW SPEED WEIGH-IN-MOTION STUDY

OVERVIEW

The Weighwrite slow-speed weigh-in-motion (SWIM) scale, installed at the
eastbound Ehrenberg port of entry on I-10, was initally tested by Castle Rock Consultants
in the first half of 1988 (1). The current study was undertaken to further evaluate the
operating performance of the Ehrenberg SWIM system.

Tests were planned to coincide closely with those conducted in 1988. As was the
case in the earlier investigation, system accuracy was assessed by means of a dynamic to
static comparison. Testing was performed in February and March of 1989.

RANDOM VEHICLE TESTS

Method

One hundred and four vehicles were selected from truck traffic passing through the
Ehrenberg port. Every effort was made to select vehicles at random, although vehicle
selection was at times subject to queue and delay considerations.

Each vehicle was first weighed on the port’s three-section platform scale, which was
certified by Weights and Measures prior to testing. The vehicles were then guided over
the SWIM scale at a constant speed not exceeding S mph.

Four vehicles were discarded from the sample when their drivers failed to follow
directions. Thus, 100 vehicles with a total of 292 axle groups remained in the final sample

for analysis.



Results

Measurement accuracy. In order to assess system accuracy, absolute error was first
computed by subtracting static weight from SWIM weight. Percentage error was then
calculated using the following formula:

SWIM weight - static weight
% Error = x 100
static weight

Means and standard deviations for absolute error and percent error were computed
for axle groups and gross weights. The results are presented in Tables 1 and 2. Results
from the previous study are included in these tables for ease of comparison.

Table 1. Measurement accuracy -- axle groups

Sample Sample Size Mean Standard Deviation
January 1988 397 -1.7% 1.4%

(-264 1bs.) (211 1bs.)
March 1988 458 -2.2% 1.7%

(-343 Ibs.) (255 1bs.)
June 1988 433 -2.4% 1.5%

(-419 1bs.) (233 Ibs.)
March 1989 292 -0.4% 2.1%

(- 57 1bs.) (326 Ibs.)




Table 2. Measurement accuracy -- gross weights

Sample Sample Size Mean Standard Deviation
January 1988 132 -1.5% 0.6%
(-784 1bs.) (339 1bs.)
March 1988 145 -1.9% 0.7%
(-1083 1bs.) (381 Ibs.)
June 1988 148 -2.3% 1.0%
(-1232 1bs.) (363 lbs.)
March 1989 100 -0.3% 0.9%
(-159 Ibs.) (463 1bs.)

Statistical analyses on the March 1989 data failed to detect a difference between
static and dynamic weights for axle groups (F(1,582) < 1, n.s.) or gross weights (F(1,198)
< 1, ns.). It appears that the average error is much lower in the current sample;
however, the variation has increased substantially. Weights thus seem to be fluctuating
quite a bit more, and while the system is more likely to underestimate weight, 37% of the
axle groups weighed heavier on the SWIM scale. (Detailed analysis results are presented
in Appendix A.)

Weight range analysis. Axle groups were then divided into three different weight
ranges for analysis purposes. Means and standard deviations for absolute error and
percent error were computed for axle groups within each weight range. The results are

presented in Table 3, which also includes results from the previous study for comparison.



Table 3. Weight range analysis

Range Sample Size Mean Standard Deviation
0-10,0600 1bs.
1/88 79 -199 lbs. 138 1bs.
3/88 90 -282 lbs. 155 Ibs.
6/88 82 -306 lbs. 161 1bs.
3/89 52 - 58 1bs. 260 1bs.
10-20,000 Ibs.
1/88 156 -1.9% 1.5%
(-236 1bs.) (174 1bs.)
3/88 168 -2.6% 1.8%
(-328 1bs.) (208 1bs.)
6/88 153 -2.5% 1.4%
(-333 Ibs.) (193 Ibs.)
3/89 110 -0.6% 2.5%
(- 65 1bs.) (306 1bs.)
> 20,000 Ibs.
1/88 162 -1.2% 1.0%
(-3251bs.) (256 1bs.)
3/88 200 -1.4% 1.1%
(-380 1bs.) (309 1bs.)
6/83 198 -1.8% 0.9%
(-5321bs.) (234 1bs.)
3/89 130 0.1% 13%
(- 51 Ibs.) (366 1bs.)




Statistical analyses (shown in Appendix A) reveal a nonsignificant tendency for

variation to increase for heavier axle groups. This is consistent with previous research,

which indicates that the system is generally more accurate weighing heavier axle groups

when the error is expressed as a percentage of axle group weight, although absolute error

tends to increase with weight.

Frequency analysis. The percentage of vehicles which lie within limits of accuracy

(specified as 2% - 6% in the previous investigation) was computed. Results are presented

in Table 4. Previous computations are listed for comparison.

Table 4. Frequency analysis -- gross weights

Sample Proportion Within P% of Mean
P=2% P=3% P=4%
January 1988 100% 100% 100%
March 1988 99.7% 100% 100%
June 1988 95.9% 100% 100%
March 1989 96.7% 99.9% 100%

As can be seen, results are very similar to those obtained in previous tests.



TEST VEHICLE TESTS

Method
Two vehicles were secured for testing -- one 2-axle (Federal class 3) and one 3-axle

(class 4). The availability of these vehicles provided the opportunity to collect repeated
measurements of the same weight.

Vehicles were weighed ten times each on the static and SWIM scales. The testing

spanned a two-day period. Test vehicle measurements were taken approximately every
1/2 to 1 hour.

Results

Measurement accuracy. In order to assess system accuracy, absolute error and
percentage error were calculated using the same methods employed with the random
data. Means and standard deviations for absolute error and percent error were then
computed for each test vehicle. The results are presented in Tables 5 and 6. Results

from the previous study are included in these tables for ease of comparison.

Table 5. Measurement accuracy -- 2 axle test vehicle

Sample Sample Size Mean Standard Deviation
Axle Weights
1/88 48 -0.9% 0.6%
(-119 Ibs.) (65 1bs.)
3/89 20 -0.8% 1.0%
(- 95 Ibs.) (143 Ibs.)

Gross Weights

1/88 24 -1.0% 0.2%
(-281 Ibs.) (63 1bs.)

3/89 10 -0.8% 0.9%
(-190 Ibs.) (216 Ibs.)




Table 6. Measurement accuracy -- 3 axle test vehicle

Sample Sample Size Mean Standard Deviation
Axle Weights
1/88 50 -1.1% 0.3%
(-218 1bs.) (98 Ibs.)
3/89 20 -1.1% 1.4%
(-249 1bs.) (301 lbs.)
Gross Weights
1/88 25 -1.0% 0.2%
(-434 1bs.) (87 1bs.)
3/89 10 -1.1% 1.1%
(498 1bs.) (509 1bs.)

Once again, it is observed that while the average error is comparable, the variation

has increased substantially. Similar results are obtained when data are broken down by

axle type (Table 7). Inferential analyses failed to detect a difference between test vehicles
for percent error of gross weight (F(1,18) < 1, ns.) or axle groups (F(1,38) < 1, n.s.).
Analysis tables are presented in Appendix B.

Table 7. Measurement accuracy by axle type -- 3 axle test vehicle

Axle Type Sample Size Mean Standard Deviation
Single
1/88 25 -1.1% 0.3%
(-138 1bs.) (35 1bs.)
3/89 10 -1.0% 1.7%
(-134 1bs.) (229 1bs.)
Tandem
1/88 25 -1.0% 0.3%
(-298 lbs.) (73 1bs.)
3/89 10 -1.1% 1.0%
(-364 1bs.) (332 1bs.)




Temperature trends. Unfortunately, there was not sufficient variation in surface

temperature during testing to afford meaningful comparisons. Thus, this analysis was not
conducted.

PROFILE TESTS

It has been noted that the accuracy of the SWIM system is dependent upon the
smoothness of the approach to the scale, and that great care was taken to ensure a level
approach and exit (1). These tests were conducted to assess the impact of deliberately
raising the approach and exit platforms of the scale.

Method

The two-axle and three-axle test vehicles were used to assess profile effects on the
SWIM scale. The relative scale height was incrementally changed by placing plywood
boards of varying thickness combinations on either the approach or exit platform of the
scale. Test vehicles were driven over the scale at constant speeds; each vehicle was

weighed four times per profile condition.

Results

Means and standard deviations of absolute and percent error were calculated for
individual axle groups and gross weights for each level. The descriptive information is
presented in Tables 8 and 9.



Table 8. Profile effects -- 2 axle test vehicle

Relative Mean Standard Deviation
Scale Height Axle1 Axle2  Gross Axlel Axle2 Gross
+3/8" -65 -880 -945 50 125 106
(-0.7%) (-42%) (-3.1%) (05%) (0.6%) (0.3%)
+ 1/4" -95 -815 -910 70 75 143
(-1.0%) (-3.9%) (-3.0%) (08%) (04%) (0.5%)
+1/8" -40 -685 -725 26 19 41
(-04%) (-32%) (-2.4%) 03%) (0.1%) (0.1%)
+1/16" -50 -365 415 16 157 173
(-0.6%) (-1.7%) (-1.4%) 02%) (0.7%) (0.6%)
0" -85 90 5 57 186 238
(-09%) (0.4%) (0.0%) (0.6%) (09%) (0.8%)
-1/16" -70 -35 -105 69 144 80
(-0.8%) (-0.2%) (-0.3%) (0.8%) (0.7%) (0.3%)
-1/8" -85 30 -55 57 123 158
(-0.9%) (0.1%) (-0.2%) (0.6%) (0.6%) (0.5%)
-1/4" -65 35 -30 30 34 52
(-0.7%) (0.2%) (-0.1%) 03%) (02%) (0.2%)
-3/8" -125 -165 -290 136 145 155
(-14%) (-08%) (-0.9%) (1.5%) (0.7%) (0.5%)




Table 9. Profiie effects -- 3 axle test vehicle

Relative Mean Standard Deviation
Scale Height Axlel Axle?2 Gross Axle 1  Axle2 Gross
+3/8" -30 -635 -665 71 153 201
(-0.2%) (-19%) (-1.4%) (0.5%) (04%) (0.4%)
+1/4" -25 -365 -390 44 114 81
(-02%) (-1.1%) (-0.8%) 03%) (03%) (0.2%)
+1/8" -110 -220 -330 33 121 114
(-0.8%) (-0.6%) (-0.7%) (02%) (04%) (0.2%)
+1/16" 400 -905 -1305 247 704 939
(-2.8%) (-2.7%) (-2.7%) (1.7%) (2.1%) (2.0%)
0" -175 -150 -325 55 214 233
(-1.2%) (-04%) (-0.7%) (04%) (0.6%) (0.5%)
-1/16" -250 -190 -440 177 112 252
(-1.7%) (-0.6%) (-0.9%) (12%) (03%) (0.5%)
-1/8" -75 -5 -80 81 81 161
(-0.5%) (0.0%) (-0.2%) (0.6%) (02%) (0.3%)
-1/4" -160 -55 =215 101 118 148
(-11%) (-02%) (-0.4%) 0.7%) (03%) (0.3%)
-3/8" -115 40 -75 81 222 223
(-0.8%) (0.1%) (-0.2%) (0.6%) (0.7%) (0.5%)
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Mean error in pounds is depicted in Figures 1 through 4. It is immediately apparent
that the SWIM system is much more subject to error when the height of the leading edge
is altered. Curiously, it appears that error and variance are not at their lowest point when
the scale height is at 0. Rather, closest estimates of static weight were obtained between
-1/4" and -1/8" for both test vehicles.

100 .
0
-100
Lbs. ]
—— Axe 1
—¥- Axle 2,
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Figure 1. Profile effects by axle -- 2 axle test vehicle
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Figure 2. Profile effects (gross weight) -- 2 axle test vehicle
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CONCLUSION

Taken together, these data suggest that the SWIM scale is not performing as well as
it has in the past. The mean weight differences appear smaller than those previously
reported, but the variation has increased substantially. On a case by case basis, it was
observed that SWIM gross weights could deviate up to 10% from static weights, although
only 4% of the gross weights in the random sample deviated from static weight by 5% or

maore.

Currently, the Arizona Department of Weights and Measures has no certification
standard for weigh-in-motion scales. If the stringent criteria which are applied to static
scales were used -- acceplance tolerance within .01% for new scales, maintenance
tolerance within .02% for previously tested scales--these tests indicate that the
Weighwrite SWIM scale at Ehrenberg would not fall within acceptable limits. Thus, as

indicated in the Castle Rock report (1), this suggests that SWIM scales should be
subjected to different certification criteria.

15
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APPENDIX A

Statistical Analysis Tables
Random Vehicle Tests



ANALYSIS OF VARIANCE
Axle Groups--Random Vehicles

Cell Means and Standard Deviations

Variable .. WEIGHT

FACTOR Mean Std. Dev. N
STATIC 19759.041 10391.034 292
SWIM 19701.644 10378.551 292
For entire sample 19730.342 10375.924 584
* * ANALYSIS OF VARIANCE -- DESIGN 1 * *
Tests of Significance for WEIGHT using UNIQUE sums of squares
Source of
Variation SS DF MS F Sigof F
WITHIN CELLS 62765182142 582 107843956
CONSTANT 221343E+ 11 1 2273E+11  2108.08 000
SCALE 480989.04 1 480989.04 00 947
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ANALYSIS OF VARIANCE
Gross Weights--Random Vehicles

Cell Means and Standard Deviations

Variable .. GROSS

FACTOR Mean Std. Dev. N
STATIC 57687.400 18056.705 100
SWIM 57528.800 18004.447 100
For entire sample 57608.100 17985.410 200
* * ANALYSIS OF VARIANCE -- DESIGN 1**
Tests of Significance for GROSS using UNIQUE sums of squares
Source of
Variation SS DF MS F Sig of F
WITHIN CELLS 64370264780 198 325102347
CONSTANT 6.63739E + 11 1 6637E+11  2041.63 .000
SCALE 1257698.00 1 1257698.0 .00 .950
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WEIGHT RANGE ANALYSIS
Random Vehicles

Cell Means and Standard Deviations

Variable .. AXLE DIFFERENCE

FACTOR Mean Std. Dev. N

0-10,000 1bs. -58.462 260.432 52
10-20,000 lbs. -64.545 305.805 110
> 20,000 Ibs. -50.923 365.845 130
For entire sample -57.397 326.015 292

* * ANALYSIS OF VARIANCE -- DESIGN 1 **

Tests of Significance for AXLE DIFFERENCE using UNIQUE sums of squares

Source of

Variation SS DF MS F  SigofF
WITHIN CELLS 3091809343 289 106983.02

CONSTANT 839997.81 1 839997.81 7.85 005
WEIGHT RANGE 11128.49 2 5564.25 05 949

20



APPENDIX B

Statistical Analysis Tables
Test Vehicle Tests



ANALYSIS OF VARIANCE
Gross Weights--Test Vehicles

Cell Means and Standard Deviations

Variable .. % GROSS DIFFERENCE

FACTOR Mean Std. Dev. N
2 AXLE =757 871 10
3 AXLE -1.075 1.103 10
For entire sample -916 981 20

* * ANALYSIS OF VARIANCE -- DESIGN 1 **

Tests of Significance for % GROSS DIFFERENCE using UNIQUE sums of squares

Source of

Variation SS DF F Sigof F
WITHIN CELLS 17.78 18

CONSTANT 16.80 1 16.80 17.01 001
TRUCK S1 1 S1 484
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ANALYSIS OF VARIANCE
Axle Groups--Test Vehicles

Cell Means and Standard Deviations

Variable .. % AXLE DIFFERENCE

FACTOR Mean Std. Dev. N
2 AXLE - .815 .986 20
3 AXLE -1.057 1.380 20
For entire sample - 936 1.190 40

* * ANALYSIS OF VARIANCE - DESIGN 1+**

Tests of Significance for % AXLE DIFFERENCE using UNIQUE sums of squares

Source of

Variation SS DF F Sigof F
WITHIN CELLS 54.66 38

CONSTANT 35.06 1 24.37 .000
TRUCK 58 1 41 528
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EHRENBERG PORT OF ENTRY SLOW SPEED WEIGH-IN-MOTION (SWIM) TEST
JANUARY, 1989
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