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ABSTRACT

Some improvements made over the single laser equipped accelerometers often used in
light weight profilers include the triple point laser (TriODs) and the line (Roline) laser. In
the specifications for post-construction pavement smoothness acceptance of concrete
pavements, a distinction is not made of the type of laser to be used. However preliminary
research shows a consistent disparity between the TriODs generated roughness index and
the line laser generated roughness index in most concrete textures. Moreover in certain
longitudinal box car configurations including the quiet innovative diamond grind
configurations, the two data sets are significantly different. Construction induced
skewness and waviness as well as squirm phenomena trigger effective lateral traversing
of these longitudinal textures, causing anomalous IRI when the single or triple laser is

used.

This anomalous observation is expatiated and possible remedies applicable to pavement

construction specification enunciated.
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INTRODUCTION

Most state agencies including Minnesota Department of Transportation accept
constructed pavements based on a smoothness specification (1). In the specification a
distinction is made of the requirement for the equipment to be an inertial device or a high
speed profiler and not a profilograph. However, there is no requirement for the laser to be
line scan laser or to be a triple point laser because the two are assumed in the
specification to produce statistically similar international roughness index irrespective of
the surface. Specification currently requires a distance sensor but does not spell out what
it should be. Nevertheless, profilers are required to be certified in a process that calls for
acceptable deviation from the institutional standard devices and an acceptable measure of

repeatability.

Izevbekhai (2) observed a 20 inch per mile International Roughness index IRI difference
between longitudinal turf drag surface textured and untextured concrete surfaces using a
single laser equipped light weight profiler. The observation in that study (2) and in many
other similar researches led to the introduction of a triple laser (TriODs). The TriODs
was arranged transversely with point lasers at 1.5 inch interval. It was assumed that at
that interval, indiscriminate skipping of the lasers from groove to landing and vice versa
would be minimized. However certain texture configurations such as the innovative
grinding were not yet deployed at that time. Nevertheless, early observations made
indicated that the problem was not solved with the TriODs particularly in some
innovative grinding (box car) configurations. The advent of the line /solid laser shed
more light on the possible inaccuracies of the previous laser types on certain longitudinal
textures. The line laser consists of a continuous laser measuring 3 inches in the transverse
direction thus sweeping in the similitude of the tire pavement contact patch. This is
referred to as the Roline laser. Generally the IRl numbers generated with the TriODs
appeared to be correlated to those generated by the Roline based on commonly accepted
levels of confidence in certain texture types. Anomalous disparities observed between
two laser types over some configurations create a difficulty of pavement evaluation or

acceptance when ride is measured with the TriODs over different texture types.
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A type of distortion occurs when the laser traverses the configurations at an effectively
reduced rate thus receiving the signal as wider configurations at the same speed. This
may be the result of a prolonged travel across a configuration in a skewed direction thus
enabling the lasers to actually cross the longitudinal configurations. The problem is
exacerbated by an intermixing of over-sampling and under-sampling which will
expectedly result in a remarkable difference between the Roline response and that of a
single point when their accelerometers are essentially the same. It will be likely
aggravated by aggressive texturing evident in deeper grooves and larger land widths (3).

OBJECTIVE

It is important to ascertain how two laser types (TriODs and Roline) respond to an
aggressive box car configuration as well as other longitudinal textures. It would lead to
an understanding of the relationship of data from one laser type with respect to the other
in each of the texture types examined to facilitate adequate construction acceptance

specification.
EXPERIMENTAL DESIGN

Most experiments comparing lasers or laser-equipped-profilers involve the different
profilers measuring smoothness at approximately the same time. To minimize variability
arising from wander angle and in speed or acceleration, this experiment used a single
inertial profiler equipped with the TriODs and the Roline (FIGURE 1). With this
specially equipped profiler it was possible to conduct measurements where the difference
between IRI data from the Roline and TriODs can be attributed only to the interaction of

those lasers on the texture configurations.

The experiments which entailed measurement of smoothness (4), (5) on cells in the
MnROAD facility were conducted from 2009 to 2011 in each season except winter at the
MnROAD research facility in Minnesota. In this facility there are 56 test cells that are
mainly 500ft long. Texturing in the cells include transverse tine, longitudinal turf,
transverse turf, longitudinal broom, exposed aggregate and pervious concrete. Some of
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the grinding configurations include the conventional grind, the innovative grind, and the
ultimate innovative grind. Measurements were conducted on cells of various texturing
including turf drag, innovative grind, improved innovative grind, ultimate grind and
conventional grind. The configurations are shown and described in the following
subsection. According to texturing process, longitudinal textures are developed by
advancement of the texturing in the longitudinal direction while transverse textures are

imprinted by transverse motion of texturing device.

FIGURE 1: Inertial Profiler Dually Equipped with Roline (Line) Laser and TriODs
(Triple) laser

Turf Drag Finish

This texture method involves dragging an inverted carpet over the finished surface to
impart a longitudinal texture on the pavement surface. The panels were cut onto the 6 x 6
panels in some subsections and 12 x 12 in others These pavement subsections were 4 or 5
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inches thick and placed over bituminous pavements in poor condition. MNROAD Cell 14
was finished with a longitudinal turfdrag (FIGURE 2). The inverted turf was constructed
and articulated to a work bridge. Specification required 1.2 to 1.5 mm mean profile depth
(MPD) behind the paver and acceptable skid resistance. The pavement surface was cured
with a coating of Alpha methyl styrene (AMS) within 10 minutes of paving. The work
bridge was constantly 8-12 minutes behind the paver and 2-5 minutes behind the

texturing machine.

There is no record of any significant effect of AMS coating on IRI in broom drag

textured surface.

Broom Drag Texturing

Cell 13 was designed as an optimized thickness design. Flat bars were used as
mechanical load transfer devices. The broom was dragged along with a construction
bridge behind the paver. The bridge was followed by an Alpha methyl styrene (AMS)
curing compound spray machine that coated the surface completely. There was evidence
of apparent texture loss in locations where the AMS curing compound was wasted by the
contractor on the surface. There is evidence that the AMS slightly compromizes friction

until it wears out. It also minimizes effective asperity height and interval in drag textures.
Conventional Grind Texturing

In October 2007 the full scale grinding of both lanes of cell 8 was performed. This 500-ft
cell was made up of two adjacent 12-ft wide lanes and a concrete inside shoulder. Cell 8
was ground to 1/8 inch land width by 1/8 inch groove width 1/16 inch depth conventional
grinding configuration. Cell 5 was initially finished with an longitudinal grind without
corrugated landing with tines established at 1-inch interval resulting in very low skid
resistance. This cell was subsequently ground to the conventional configuration to

provide sufficient friction.
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Innovative Grind

In October 2007 the full scale grinding of both lanes of cell 7 was performed. The two
lanes were made up of two adjacent 12-ft wide lanes. This 500-ft cell was ground to the
2007 innovative grinding standard that resulted in a grove land width width and depth
configuration of 0.38 inch land width by 0.12inch groove width by 0.06 inch depth. This

is a boxcar configuration with shallow groove depth.
Ultimate Grind

In October 2008, an improved innovative-grinding was performed on cell 9 in MNROAD
mainline. The improved innovative grind consisted dimensions of 0.501” land width by
0.127” groove width by 0.30” depth. Each land width was further ground to a
configuration of 3 grooves and landwidth. The corrugations were 0.082” wide and
separated by grooves of the same dimension. The 2010 ultimate grind of cell 71 imparted
a unique configuration on the surface. The dimensions were 0.38” land width by 0.25”
groove width by 0.3” depth. The corrugations were 0.082” wide and separated by grooves

of the same dimension.

SPATIAL DOMAIN ANALYSIS OF LATERAL WANDER IN A LIGHT
WEIGHT INERTAL DEVICE

This subsection generates an interpretation of the box car configuration as traversed by a
laser traveling at a skew angle. In an ideal situation where there is no skew angle, there
will be no relative effect of the texture configurations and IR will be based on the
pavement roughness alone. However, lateral movement across longitudinal
configurations during profiling is inevitable and results in certain awkward pavement

smoothness data.

Consider an idealized light weight profiler wandering at 10 degrees angle to the
longitudinal direction (FIGURE 3A). To investigate the profile (6) actual texture
configuration and the texture configuration as traversed by a single point laser (the actual

projection of the configuration in the spatial domain) are shown in FIGURE 3 B.

Traversing velocity = V sinf. Rate of laterally traversing a wavelength of I inch



= (10 mph x 5280 x 12 in/mile) sin6

{10 mph x 5280 x 12 in/mile ) sind
36005/ hr

rate of traverse is 1760 where 6 is in radians)

Assuming 0 is % Radians the rate of traverse is

(Egn. 1)

=176 sind cycles per second (Where the angle is small the

30.5 cycles per second.

Actual wavelength is 0.53 but the “observed” wavelength of laser is 0.53/sin:—3 =3.61

inches per transverse inch of grind. This is the laser observed wavelength of the
configuration (FIGURE 3b).

LU TEHA

a)Ultimate Grind (Corrugated Box Car)

a) Turf Drag (Hessian)

FiaAR AL T ] TRLEEE T

b) Conventional Grind (Square Wave)

c) Innovative Grind (Box Car)

Land Area
1 =] =
oeptn _ _ LI LT L_
T 1 —
Groowe
e)Configuration Nomenclature
FIGURE 2  Concrete Surface Configurations Examined
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FIGURE 3: Single Point Laser Interaction with Ultimate Grind Configuration in
Lateral Wander of a Single Laser

To observe the actual cumulative effect of the TriODs, the problem was solved
geometrically by constructing a hypothetical lateral movement and averaging the laser
(sensed) depth.




2

W

O 00 N o wu

10
11
12

Elewation (in)
0.4

037
02l
-
0.0l
01
o2

0.3+

o 1 z 3 4 5 B 7 g 9 10 11 12 13 14 15
Distance (ft)

|— traversel: Elev.l

FIGURE 4a: Effective Profilogram of Ultimate Grind Configuration

Eleration Spectral Density (fftfoycle)
1.00E-02

1.00E-03%

1.00E-04%

1.00E-05%

1.00E-06+

1.00E-07
0.01 0.1 1 10

“Wanee MNumber (oyclefft)

|— traversel: Elev.l

FIGURE 4b: Power Spectrum Density of Ultimate Grind Configuration

An unfiltered IRI is 446 inches per mile (FIGURE 4a) was obtained by running the IRI
algorithm through a surface generated by the laser traversing the texture configuration of
the ultimate grind at a 10 degree skew angle. However, when the 250-mm filter is applied
IRI of 119- inches per mile is obtained. The PSD shows a dominant frequency of 3.3
cycles per foot which is similar to 3.6 inches per cycle obtained from the laser-visualized
configuration. There is an average effect of 3 laser points in reality and it will be assumed

that for the better part two lasers are in the landing while one is in the groove and they
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skip in rhythm and that he laser is small compared to the width of groove. FIGURE 5a
shows a schematic representation of the Roline and TriODs with respect to the boxcar
configuration. The probability that one laser is in groove is spatially 1/5 based on the
relative width of groove and landing and the probability of that laser is in landing is 4/5.
Probability that 2 lasers are in groove and 1 in landing or vice versa and they skip to

opposite locations is:

(5555) (0-20) (8)°+ (=) (0.20)7 (0.80) = 0.48 (Eqn. 2)
Moreover, skipping may not always occur (FIGURE 5a). The probability that all three
lasers are in either groove or landing is approximately 52 percent. An actual profilogram
of cell 9 (ultimate grind) is characterized by vivid dips (FIGURE 5b) in the TriODs
profilogram (IRI= 266 in/mile). The dips are not present in the Roline profilogram (IRI =
60 in/mile).

Triple Laser

Box Car Texture

TriODs on a box car configuration Roline on a Boxcar Configuration

FIGURE 5a: TriODs and Roline Laser Interaction with Box car Configuration
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RESULTS

International roughness index for measurement was recorded for corresponding Roline
and TriODs IRI. These are deliberately grouped in FIGURE 6 (Drag textures) FIGURE
7 (conventional grind textures) FIGURE 8 (Innovative grind textures and FIGURE 9
ultimate innovative grinds in driving lane and traditional grind in the passing lane.
Additionally, a progression of the texture configurations obtained in the chronological

development of the grind textures is shown in table 1.

FIGURE 6 shows the result obtained for the drag textures. The two cells were
characterized by a coefficient of determination of greater than 0.97 indicating that there is
reasonable correlation between the Roline laser and TriODs in turf drag. It would appear
that the general configurations of the drag textures are not aggressive enough to cause
disparities in Roline and TriODs. FIGURE 7 shows the result obtained for the
conventionally ground textures. The two cells were characterized by a coefficient of
determination is 0.94 and 0.86 respectively, indicating that there is still a reasonable
correlation between the Roline laser and the TriODs in the conventional grind
configuration. It would appear that the general configuration of the conventional grind
configurations are not significantly affected by geometrical effects that cause the

disparities.



TABLE 1 SUMMARY OF Full Width Grind (2007) and Grind Improvement (Cell 9) 2009 OBSI, Drag Textures

Cell 7 Cell 8 Cell 9 Cell 9 Cell 14 Drag

Innovative Conventional Trans Tine Ultimate 2008 Texture

2007 2007 Pre-grind 2008

mm Inch mm Inch mm Inch mm Inch mm Inch
Mean Land Width 9.500 | 0.374 | 3.175 0.125 | 12.750 | 0.502 | 12.500 | 0.492 2.000 | 0.079
Mean Groove Depth 3.048 | 0.120 | 3.175 0.125 7.850 0.309 | 3.800 | 0.150 1.000 | 0.039
Mean Groove Width 3.125 0.123 | 3.175 0.125 3.280 0.129 | 3.800 | 0.150 1.000 | 0.039
Mean Texture E-965 0.900 | 0.035| 1.200 | 0.047 | 1.620 | 0.064 | 1.000 | 0.039 | 0.700 | 0.028
Mean Profile Depth ASTM E-2157 0.880 | 0.035| 1.200 | 0.047 1.450 0.057 | 0.900 | 0.035 | 0.800 | 0.031
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TABLE 2: Mann Whitney Wilcoxon Test for Data Similarity Roline vs. TriODs

Cell
Mean TW\?aL? I]%(:, P Difference Difference
with 95% with 99%
Rank Normal - .
Lo Confidence? | Confidence?
Approximation
Lane Laser
TriODs 24.7
Driving 0.926 no no
Roline 24.3
Cell 13 Turf Drag (TD)
TriODs 27.4
Passing 0.6603 no no
Roline 25.3
TriODs 24.3
Driving 0.9342 no no
Roline 24.7
Cell 14 Broom Drag(BD)
TriODs 258
Passing 0.7345 no no
Roline 27.2
TriODs 215
Driving ) 0 yes yes
Cell 71 UDG Driving, CDG Roline 5
Passing TriODs 18
Passing 0.0273 no no
Roline 11
TriODs 26.7
Driving 0.2833 no no
Roline 22.3
Cell 5 (CDG)
TriODs 30.6
Passing 0.05 no no
Roline 224
TriODs 328
Driving 0 yes Yes
Roline 16.2
Cell 7 Innovative Grind (IDG)
TriODs 32.7
Passing 0.0032 yes Yes
Roline 20.3
TriODs 28
Driving 0.0827 no no
Roline 21
Cell 8 Conventional Grind (CDG)
TriODs 29
Passing 0.245 no no
Roline 24

FIGURE 8 shows the result obtained for the innovative and ultimate ground textures
respectively. The two cells were characterized by different coefficient of determination
were 0.94 and 0.14 respectively. It must be noted that the two cells are contiguous and
the only feature that could explain the difference is the different texture configuration. It

would appear that the general configurations of the innovative grind are characterized by
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some degree of excessive aliasing and overcompensated anti —aliasing but that these are
not very significant but noticeable. However the problem of a remarkable disparity

between the Roline and the TriODs is vivid in the ultimate innovative configuration.

Solid Laser (Roline) IRI vs. Triple Laser (Triod) IRI Cell 71
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FIGURE 9: IRI of Triple and Roline in Separate Lanes with Different

Configurations

This disparity is accentuated in cell 71 (FIGURE 9) finished with the ultimate innovative
grind in the outer (driving lane) and with the conventional grind in the inside (passing)
lane. The respective coefficients of determination of 0.029 and 0.813 for the innovative
grind configuration and conventional grind configuration are indicative of an anomaly in
the way TriODs reads and processes ultimate grind configuration in the spatial geometry.
The above observation was also examined from a statistical level of confidence to
ascertain how data from both laser types relate to each texture configuration using the
Mann Whitney Wilcoxon test for similarity of data sets (6) (7). Table 2 summarizes this
evaluation. The Wilcoxon Rank sum test is a powerful statistical process for ascertaining
how similar 2 sets of independent samples are. The method uses one of 2 data types: the
categorical and the tabular. The categorical method uses a large dataset in which the

entries in a separate column are categorized numerically or descriptively. In the tabular
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method, the 2 sets of data are entered as the data needing to be evaluated for similarity.
All the data is converted to ranks and the statistic observes normal approximation for
continuity and ties as well as number of tied values (4). A total of 25 data points were
observed for each texture type and less for cell 71 which had different configurations on
each lane. Extraneous biases were minimized by the observation of at least 2 cells with
each configuration type. It is also minimized by pairing tests in each case for the 2 laser
types. The null hypothesis is that the distribution of the 2 groups is dissimilar. Results
(Table 2) showed various p values for the surface types. Based on a 95 % percent
confidence level, P-value of < 0.025 will accept the null hypothesis. A p-value of >0.025

will not reject the null hypothesis.

There is evidently no correlation between the Roline readings and the TriODs readings in
the innovative grind. Table 2 shows a statistical comparison of the Roline and TriODs for
different surface types. A statistical test for similarity is performed based on a 99 percent
and 95 percent confidence level. The statistical test actually shows that in addition to the
ultimate grind texture, the innovative grind texture does not appear to receive the same
response from the two laser types. The results thus exhibit the seriousness of the Roline-
TriODs disparity an all longitudinal boxcar cells tested except the conventional grind.

CONCLUSION

This study evaluated the influence of different laser configurations on various texture
configurations particularly focusing on the new box-car configurations. The
configurations examined are the broom and turf drag, the conventional grind, the
innovative grind and the ultimate grind. International Roughness indices measured in
drag textured surfaces with the TriODs were similar to those measured with the Roline.
In practice, the effect of laser skipping is minimized in drag textures due to the shallow
texturing associated with drag textures.

International roughness indices measured in conventional ground surfaces with the

TriODs were not significantly different from those measured with the Roline. In practice,
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the effect of laser skipping exists but is not significant enough in conventional grind

configurations to warrant quality assurance specification changes.

It is evident that there is very significant difference between international roughness
indices measured in innovative or ultimate grind surfaces measured with the TriODs and
those measured with the Roline. This disparity shows such a radical difference that
cannot be attributed to minor equipment error but to laser-surface configuration
interaction. In practice, the effect of laser skipping is obviously significant and thus
cannot be ignored in the new innovative and ultimate innovative diamond grinding

configurations that are sought after because of the acoustic benefits they provide.

RECOMMENDATION

The innovative grind and most recently the ultimate grind configurations are widely
accepted, sought after and used because of excellent acoustic properties. Due to possible
disparities in different laser devices it may be necessary to include a language requiring
Roline only with ultimate grind and even the innovative texture configuration. In
exceptional cases where a good regression has been established between the TriODs and
the Roline, then both may be used interchangeably but not without some caution. It is
recommended that any longitudinal grinding with the innovative or ultimate grinding
configuration should be evaluated with a Roline laser and not the triple or single point

laser for construction acceptance.
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