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. "Thls report documents the results oF a fleld testlng program conducted by the
. Georgia Department of Transportation for road roughness measuring equipment..

Profllometere and response-type devices were provided by several cooperative

' State: hlghway agencxes. The devices were tested on 52 individual pavement
sections encompassing a wide variety of roughness levels and surface types. A

correlation program was conducted using the test results, and a calibration
procedure was developed for the. response-type devices. . In addition, an "

‘rx_lnexpen31ve non-contact roughness measuring device (the K. J. Law Model 8300

Roughness -Surveyor) .was evaluated during the study. The accuracy and

. repeatability of the device were determined, along w1th 1ts abllxty to prov1de
. a callbratlon reference for response-type dev1ces. b B

.iafThls report should be of 1nterest to those 1nd1v1duals 1nvolved w1th pavement
"’ evaluation procedures and equipment. Additional copies may be obtained from

this office or from the National Technical Information Service (NTIS),

;”'A;SZB§.Port Royal Road, Springfield, Virginia 22161
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1. INTRODUCTION

There has been an increasing interest by federal and §tate transportation
agencies in measuring the rideability of highways and requiring a certain
degree of smoothness of newly constrﬁcted and resurfaced roadways. A variety
of devices for measuring the pavement surface and the response of a vehicle
to the pavement profile have been available for é number of years.

A rolling straightedge has‘been used extensively in many agencies'
specifications for years as a method for findfng "bumps " énd rough sections
of a new pavément. Studies Have shown though thatrthe straightedge results
do not neceséari1y indicate the rideability of the pavement since it can only
measure short wavelengths (1)(2)(3).

Road Foughness is generally measured by obtaining the longitudinal pro-
file with such devices as the CHLOE, GMR Profilometer and others or by devices
which measure the response of a vehfc]e or trailer to the road profile. The
most well known-anq most used of these.devices currently are the PCA-type
roadmeter and Mays meter. A1l of these devices have been described and
discussed in many previous publications by various fesearch agencies (4)(5).

Some of the advantages of using a PCA-type roadmeter of Mays meter are
Tow initial and operating cosf, ease of operation, and.high measuring speeds.
The disadvantages»are that the response output is sensitivelto type of vehicle,
suspension characteristics, tire pressure, speed, weight distribution, etc.
Many of these disadvantages can be minimized by a user through standardizafion
of equipment ahd test procedures,ana by p1acing the traﬁsducef on specially
designed trailers. Frequent ca1ibration ;hecks are required‘to insure that
the varioﬁé vehicle components such as shocks, wheel bearings, and tires have
not deteriorated. There is also a problem with Tong-term changes in vehicle

characteristics and suspension components.



The calibration methods and requirements for response-type roughnéss meters
have been of concern for some time (6)(7)}(8),but are becoming of increasing
importance with the use of rideab11ity requirements in construction specifica-
tions. There is also an ihcréasing nééd to be éb]é to relate the roughness
results obtained by the various agenties,fo a common .reference. ..Contractors
working in various States have no means of relating the rideability requirements
of the various.specifications. The proposed Strategic Higﬁway;Research Program
(SHRP)-containé»]ongiterm-pavement monitoring of numerous test sites around the
country for which rideability will be one of the performénée‘criteria. It must
be insured that any roughness results obtained on‘theée,test sites are valid
data obtained with calibrated devices if response-type meters are used. .

Non-¢contact profilometers: which cbtain phe 10ngitddina1 profile are
excellent devices for measuring. roughness since obvidus]y the test results are
not influenced by any-vehicle characteristics.  The profilometers are expensive,
however,-and have been acquired by only a few highway agénciés. Most other
agencies own response type meters and must rely oﬁ in- service test sections

for calibration.
II. STUDY OBJECTIVES
The -objectives of .the research project were as follows: .
" 1. - To evaluate and demonstrate a procedure for the calibration
‘and correlation of.response-type road roughness measuring -
(RTRRM) systems relative to' a system-simulation of test
‘section profiles.
2. To.evaluate and demonstrate the operation, accuracy, and

repeatability of a low cost, non-contact road roughness

measuring system, the Hode] 8300 Roughness Surveyor.

2



3. To determine the feasfbi]ity of using“the‘Roughness

" Surveyor as a calibration reference.
[TI. RESEARCH APPROACH

The testing program was developed around the'uee ofiin-service test
sections and the comparisone'of the response from RTRRh‘systehs and the
simulated response geherated from the profiles‘obtafned_by‘non-contaot
profiiometers; These testjsites‘were used ih the corre1etfon_program'betweén
several RTRRM systems as well as to develop ta]ibretion'prooedurES end‘for
verification and evaluation of the'procedores. _ .

In order to perforﬁ the‘correiations ahdobtain roughness data for the
calibration, it was necesSar} to obtain the Cooperation of eevera1 other |
highwa} agencies. The States of F1or1da, M1nnesota Oh1o and South Dakota '
in add1t1on to Georgia agreed to part1c1pate in the study

The initial phase’of the study was devoted t0'the eva]uetion of the
Roughness Surveyor‘and the selection of in-service roadsato be used in the
correlation program. Data was obtained to eVa1uete‘the‘sensitirity of the
Roughhess Surveyor to texture, teSt:speed, day;to-daj repeetahi11ty, test-to-
test repeatabi1ity, and to eva]uate‘operationa1‘reliabiiity | Numerous
prob]ems were found in the or1g1na1 model of the Roughness Surveyor de1ay1ng
the correlat1on program about one year unt11 aml problems were corrected

The 1n-serv1ce test sectjons were se]ected to proynde‘abvar1ety of
surface types and varioue levels of roughhess ”All,the.RTRRM systems and
Prof1lometers obta1ned roughness data on the test s1tes dur1ng the same

t1meframes and a minimum of three repeat tests were made on each section.



IV. DESCRIPTION OF TEST SITES

A total of sixteen (16) test sites were chosen for use in the calibration
and correlation program. Seven of these sites have been in u§e by the Georgia
DOT as standard control sections for the caiibration of the Department's nine
Mays meters. The sections were located on Interstate routes, primary and
secondary state roads, and county roads to provide for a variety of surface
types,.Foad conditions, and levels of roughness; A description of the test
sites is contained in Tab]evz; Data were obtained on a total of 52 test sections
on the 16 test sites. The distribution of the test sections by pavemeht type

is shown in Table 1.

TABLE 1. DISTRIBUTION OF TEST SITES,

| Number of Georgia Mays
Type Surface , Sections ~ Roughness Range
Open Graded Friction Course | 4 18 - 24
Dense Graded ASphaliic Concrete 28 _ 18 - 169
Surface Treatment 2 119 - 134
Portland Cement Concrete 10 44 - 111
Ground Portland Cement Concrete _6 11.- 74
Milled Asphaltic Concrete 2 42— 44

Each test section was one mite in 1ength_with at least two test sections for

each test site.



TABLE 2. TEST SECTION IDENTIFICATION AND LOCATION.

Test Site Road Number County Area Tested | Palglgnt
1 SR-7 Henry North MP 1-2 | 06
South MP 2-1 06
2 Camp Calvin Clayton East MP O-1 AC
Kest MP 1-0 AC
3 High Falls Rd. Spalding North MP 0-1 AC
South MP 1-0 AC
4 SR-16 Butts East MP 0-1 0G
West MP 1-0 0G
5 Bailey-Jester Spalding North WP 0-1 ST
South MP 1-0
6 1-75 Butts-lamar  North MP 200-201; 202-203 PCC Gnd.
South MP 204-203; 202-201  PCC Gnd.
7 SR-16 Butts East MP 2-3; 4-5 AC
West MP 5-4; 3-2 AC
8 CR-162 Jasper North MP 0-1 AC
7' South pr1_q AC
9 vcn-1f1 Jasper North MP 0-1; 2-3 AC
| South MP 3-2; 1-0 AC
10 SR-16 Jasper East MP 5-6; 7-8 AC
West MP 8-7; 6-5 AC
n SR-212 Jasper East MP 15-14; 13-12 AC
West MP 12-13; 14-15 AC
2 . Julliette Road Monroe East MP 0-1; 2-3 AC
| ' West MP 3-2; 1-0 AC
13 1-475 Bibb-Monroe North Inside Lane pCC
. : NP 1-12; 13-14
South Qutside Lane PCC Gnd.
NP 14-13; 12-1
14 1-7% Houston North Outsi&e Lane AC
MP 137-138; 139-140
South Inside Lane Nilled AC
MP 137-138; 139-140
15 Camp Creek Fulton East WP 1-2; 34 - PCC New
Pl West MP 4-3; 2-1 PCC New
16 SR-166 Fulton East MP 10-11; 12-13 PCC 01d
West MP 13-12; 11-10 pPCC 01d



V. ROUGHNESS MEASURING EQUiPMENT

The purpose of the research study’was to evaluate calibration procedures
for RTRRM systems using longitudinal road prbfi]es. The most‘ﬁide1y used
RTRRM systems are the Mays metér and tb a lesser extent the PCA-type meter
(17). Simulated RTRRM responses to the road profiles were obtained with non-
~ contact pkofiTometers.r The devices used in this study have been described in
detail in many other publications and keports; only a brief description of
the eqUipment will be contained in this report. The equipment uséd in this

project by each participating State is as follows:

Florida

Florida utilizes a trailer-mounted Mays meter towed by a 1983 Dodge Ram
Charger (Figure 1). The trailer is a Rainhart 890T. Standard equipment used
on the F]orida 890T is coil spring enclosed shock absorbers (Monroé 57;11), -
Michelin X radia] tires,ising1e drag-]ihk aséemb]y and sWay—baﬁJ,‘The trajler
weight is 780x20 pounds per wheel load.

The instrumentation is a vertféa1-mounted‘Mays_transtcer (Figure.z)

feeding an International Cybernetics, Inc. pavement condition‘recoﬁder PCR

1000.






Georgia - Mays

Georgia uses a modified Rainhart SQOT trailer towed by a 1985 Chevrolet
C10 pickup. The‘trailer modified from fﬁe origihaTiversion ﬁas dua]-pafa11e1
draglink assemblies, shock absgrbersj(De1co~501—Sé).mountéd outside: the
sPrian Peﬁpéndfgular to the éxje.':M#EheiiniX‘Pé1S-75R415 radjal tires are
used and iﬁf]atedlat 30 psf hot tiré‘pressﬁre‘withﬁhﬁ 800_pouﬁdlload over
each whee]!: o | .. | | | |

A swiﬁdéfm\aésemb1y is used to.cdnnéct the axTé.to thefMaysxrotary trans-
ducer mountéd‘to the chasis of the tfa%lek?(F{gure 5)._ This QITOWs'for increas-
ing or decreasing roughneésimeééufements ufiiizﬁhg‘fhé theory of angles for
changing the‘amplitude.. The rdﬁghhess informétion is transmitted from the
Mays transducer to an Snbdard‘compﬁter (MRM) designed and developed in-house
by the Georgia bepartmeht of Tranéportation research personnel. The speed aﬁd
distance meéSuring'equipment‘wdrking in tandem with the MRM unit is a transwave

mode1 NK1200 (Figure 4). -

Figure 3. Mays Rotéry Transducer - Georgia.



Figure 4. Mays Instrumentation - Georgia Unit.

“Minnesota

Minnesota cont;%buted ; Rainhart Mays ride meter and a Minnesota designed
PCA roadmeter mounted in a 1980 Ford Fairmont to the corré]ation. Each system
connected and measured Eesponse freom the ai]e differentia]._-The Mays imeter
used an International Cybernetics, Inc: pavement condition recorder Mode1 2001
for data collection anﬂLﬁhe PCA.mefer uséd‘eléétrica} cduntérs for measuring
roughness (Figuré 5)._w$peedjis coﬁtro]iea and measured bx the vehicle speedo-

meter.



Figure 5. PCA Meter - Minnesota,

Chio

Chio furnished the non-contact inertial profilometer to determine the
longitudinal roadway profiles (Figure 6)}. The first highway use of the
profilometer was reported by Elson Spangler in 1965 (11) and the current
model profilometers meet the requirements of ASTM Standard E 950. Current
inertial profilometers have a non-cgntact displacement sensor and make
measurements at hﬁghway speeds. Roughness output from the pfofi]ometer‘for
this study was in ngs, PCA, RMS, and PSR numbers. The reference vehicle
model used td'defiée,the roughneés numbers from the profile was the quarter-
car model deyglpped by Gi11esp1e & Sayers under NCHRP 1-18 (6) which is also
referred toisometimés aslthe “golden car." The PSR value derived with the
profilometer is basedlpn a correlation between measured pavement profile and

a panel rating utilizing Ohio drivers conducted in 1983 (12).

10



Figure 6. Ohio Inertial Profilometer,

Longitudinal profile measurements were being obtained in both the right
and left wheelpaths and then averaged for the calculations of the simulated

roughness output.

South Dakota

The South Dakota profilometer was designed and constructed by the South
Dakota Department of Transportation personnel in 1981-1982. The system consists
of a Tinear accelerometer and a non-contact ultrasonic ranging qevice mounted
inside the left front fender of a 1977 Plymouth Fury (Figure 7). The ultra-
sonic device is an instrument grade transducet similar to the version used on
auto focusing cameras. The transducer is mounted in a 1 1/2-inch PVC pipe
fitting. The distance is measured by meéns of an electro-magnetic sensor
attached to the left front wheel of the vehic]ef A Digital Equipment Corpora-

tion LSI -11/23 microcomputér, contained in the back'seat}'controls the devices

11



that measufe the vehic1e's horizontal distance, vertical position, and height
abové pavement. The computer also computes and records the highway profile.
The roughnessioutput is-pre;ented as arroughness rating similar to a PSR type
nuﬁber and is based upbﬁ a péne]!s subjective roughnegs Eating correlated to
the mean squére'power present in the measured‘profi1e for wavelengths less
than 50 ft. A more complete description of South Dakota's profilometer can

be found in Transportation Research Record 1000 (13).

Figure 7. Non-Contact Profilometer - South Dakota,

Georgia - Roughness Surveyor

The K. J. Law Model 8300 Roughness Surveyor is an uitrasonjc non-contact
profile measuring systeﬁ which operates on the same principles as the inertial
prof11ometér. The unit consists of a cannister which contains the accoustic
prabe, recefver, énd an ac§e1erometer. The cannister is mounted at the rear

of the vehicle behind either the left or right wheel (Figure 8).

12



Figure 8.'Roughne$s‘Surveyor Moqhted on, Vehicle,

The u]trasonic probe measures the‘d{shjacehent bgtween~the vehicle and
the surface. Thgacceiéromgﬁer~measuresthé“disp]aEéﬁentofthe vehicle only
Both signals are fed into a digité1 mftroproﬁessor computer system placed in
the vehicle. A computer program processes the signals, removes the vehicle
motion from the total motion and calculates the profile measured by the
Roughness Surveyor. The speed and distance is measured by an éncoder mounted
on the rear wheel and this data is also sent to the computer to be used in
the computations. The computer can be progfammed to provide Mays meter, PCA
meter, RMS, and other vehicle response parameters. The "Golden Car" quarter-
car systems is used to derive a simulated RTRRM systems 0utpﬁf, The user has
the optioﬁ to se1ectrohe,RTRRM'output and RMS‘output is always provided. The
Mays meter output was selected for this p}ojéct.. The Root Mean Square'(RM§jt“m

output provided by the Roughness Surveyor and the Inertial Profilometer is

13



the RMS of the vertical movement of the sprung mass of the Quarter-Car Model.
The Roughness Surveyor was mounted on the right rear framing df a 1879
Chevrolet Malibu Stationwagon. It was determined that since the right wheel-
path of the pavement is normally rougher than the left wheelpath that é
better evaluation of the device would be obtained by mounting the cannister
on the right side.

It was also determined, through tfia] set ups, that the cannister should
be frame mounted rather than bumper mounted. Most bumpers are shock mounted
which allows too much vibration on the cannister. The éarlier trials indi-
cated that the accelerometer would not compensate for some of the additional

vibration transmitted by the vehicle.
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VI. RESULTS OF CORRELATION PROGRAM

The major objective of the corre1ation program was to determine how the
various response-type roughness devices related to the prof11ometers and to
determ1ne if they could be ca11brated and y1e1d similar roughness values on
identical pavement sections through ca]ibration. A1l testing was done at a
speed of 50 mph.

A11 test sections were used in the linear regression analysis of each
response-type device against the profilometers to determine if a reasonable
correlation existed between the profilometers and the roadmeters. The
results of the correlation are shown for the Ohio Profilometer graphically
in Figure 9 for the Maysmeter statistic. The linear regression equations

for all the interactions are found in Table 3.
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Figure 9., Ohio Profilometer Mays Compared to Other Roughness Meters.
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TABLE 3, CORRELATION RESULTS.

RELATIONSHIP EQUATION STANDARD ERROR CORRELATION

X Y : : OF ESTIMATE  COEFFICIENT
Ohio* Mays Qs Florida Mays Y = 0.57X-10.32 3.9. | .99
Ohio Mays vs 8300 Mays " Y = 1.09X- 5.39 33.2 .96
Ohio Mays .vs Georgia Mays Y = 1.04X-22.90 7.6 - .98
Ohio Mays vs Minnesota Mays Y = 1.08X-23.65 | 4.9 .99
Ohio PCA vs Minnesota PCA Y = 0.25X-82.43 - 85.0 .97
Ohio RMS vs 8300 RMS Y = 0.72x+ 1.64  6.55 .89
8300 Mays vs Georgia Mays Y = 0.88X-11.9 13.3 .95
8300 Mays vs FIor{da Mays Y = 0.48X- 4.32 7.4 .94
8300 Mays vs Minnesota Mays Y = 0.9 X-10.84 12.7 .95
Florida Mays vs Minneséta‘Mays ' Y = 1.87X- 2.82 6.0 .99
Georgia Mays vs Florida Mays Y = 0.54X+ 2.84 4.2 .98
Georgia Mays vs Mihnésota»ﬂays Y = 1.01Xx+ 2.1 é;? - .98
Ohio PSI vs Florida PSf ' Y = 0.96X+ 0.69 : 0.15 .95
Ohio PSI vs South Dakota PSI Y = 1.01X; 0.13 ~0.50 .72
Florida PSI vs South Dakota PSI " Y = 1.12X- 0.85 0.43 .80

The Mays data obtained with the Florida and Minnesota meters is recorded in units
of 0.1 inch/mile which was corrected to T inch/mile units in arriving at the
above equations to corresbond to the Mays units being calculated with Ehe
profilometer. |

The results indicate that a good correlation exists between all the units
in their ability to measure relative road roughness levels using the Mays and
PCA measuring statistics. The correlation coefficients were somewhat less for

the PSI comparisons invo1ving the South Dakota unit.
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The siopes of the lines for the correlation between the Profilometer Mays

1and the Georgia, Minnesota, and Roughness Surveyor Mays are close to 1:1,
although tﬁere is a residua1'v§1ue for all the correlations. |

The equations‘are nearly identical for the Geofgia trailer mounted Mays
and the Minnesot& vehicle-mounted Mays. This result.is probably due to the
fact that the Georgia Mays meter values were calibrated to correspond to the
response that was being obtained w{th Ford Torino‘stationwagon in use by
Georgia at the time the Mays meters were transferred tovtraf1erszvThe
Minnesota vehicle used in the correlation, a Ford Fairmont, has a suspension
system similar to the Ford Torino. H

The variability in the correlation betweeﬁ the Iﬁertia] Profilometer-
and the Roughness Surveyor is much larger than the variability for the
response-type meters as shown in Figures 1Q through 12. Iﬁis is a detriment

to the use of the Roughness Surveyor as a calibration device.
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Comparison of Present Serviceability Index (PSI) Values

The Florida, Ohio, and South Dakota units all produced PSI values from
the roughness measurements. The PSI values obtained by.F1or1da are derived
from a periodic correlation between the Mays meter and tHLOE.  The South
Dakota unit produces a roughness rating on a scale from 0 to 5 which ;én_be
considered comparable to the PSI scale. The roughness ratings is a function
of the mean square power P found in the measured prdfi]e fof wavelengths of
less than 50 ft. The values of P have been refated to a panel's subjective
ratings of roéd roughness (13), The PSI‘rating from.the Ohio Inertial
Profilometer was based on'a ré]ationship between profile data and the mean
subjective ratfngs of a thirty-six member panel on fifty-two Ohio test
sections obtained in 1983 (12). |

The serviceability values for the test Sections in the Georgia correla-
tion study are shown in Table 4 fbr‘the three devices. The serviceability
values obtained with the Florida unit were higher for every test sect{bn
when compared to the values obtained with the Ohiojuﬁit. The average differ-
ence between the two units was 0.55 with the différenégé fénding from 0.19 to
0.96., The distribution df,the servjceabi]ity vaiues.ﬁéfeﬁé{ﬁi1ar for the
Ohio and Florida units as seer in Figure;13‘wifh‘a Shi?tls% 0;5‘un1ts in
serviceability level. This shift could possibly be due to the fact that the
Ohio formulé in reference jé which ca]cu]aﬁes,PSI.va1ues frdh thé ﬁrofi]ometer
data uses a value of 4.54'a§ the upper-énd'of-the rating scale fafher‘than
5.0 as is customary oﬁ fhé AASHTO PSI scale. The serviceability values
obtained with the South Dakota profilometer were more uniform1y‘d1§tributed
over a range from 2.5 to 5.0 as shown in Figure-13:which‘is in sharp contrast
to the distributions obtained with the F1or1d5‘and Ohio'units. A comparison

of the South Dakota and Ohid units show that approximate1y.two—thirds'df the
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TABLE 4.

COMPARISON OF PSI VALUES OF CORRELATION TEST SECTIONS,

PSl1 A PSI
, TEST SECTION ‘| - TYPE : . FL SD - SD
TEST SITE - NO. : PAVEMENT. . ,. ; CH FL SD oH OoH FL .
D 1 oe 3,88 _4.39 4,03 51 .15 - .36
2 ‘ 3.83 4.39 4,07 .56 .24 - .32
) 3 o 3.67 3,88 3,27 19 .42 - .61
g - : 3.56 3.85 3,28 29 28 __57
5 . . 3.45 3.91 3.06 46 .39 - .85
3 6 AC- 3.51 3.79 2.91 28 60 ~ .88
7 : 3.89 731 1.19 47 .30 Y
4 8 06 3.89 4.39 4.12 .50 .23 - .27
5 9 o1 2.62 3.20 2.74 .58 12 - 46
10 ae 2.63 3.02 2.73 .39 .10 - .2
T 3.61 4. 28 3.97 .67 .36 - 3]
6 12 _Péc GND. . 3.65 4.35 ] 4.75 .70 1.10 .40
13 _ 3.81 4.40 4.5] .59 .70 11
' 14 3.88 4.47 4.67 .59 .79 .20
15 3.68 4.22 3.56 .54 12 - .56
: 16 A 3.87 4.4 3.96 .54 .09 - 45
/ 17 3.9] 4,37 3.92 46 .07 - .45
18 3.76 4.27 3.54 .51 .22 - .73
19 . 2.93 3. 44 2.83 51 . .10 - .61
8 20 AC 2.99 3.73 3.24 74 .25 - .49
N 2.73 3.28 2.79 .55 .06 - .49
22 2.82 3.39 2.63 .57 .19 - .76
2 23 >.81 3.76 2.65 25 16 ~ .61
24 2.71 2.96 2.46 .25 .25 - .50




TABLE 4 (CONTINUED)

PSI A PSY

- €C

TEST SECTION TYPE FL SD SD
TEST SITE - NO . PAVEMENT oM FL SD OrH (o ] FL
25 AC 3.67 4,30 -3.40 .63 - .27 1-1.00
26 3.66 4.27 2.70 .61 - .96 -1.57
10 27 3,70 4.20 2.70 .50 -1.00 -1.50
‘ 28 3. 71 417 3.55 .46 - .16 - .62
29 AC 3.81 427 4.49 .46 .68 .22
" 30 : 3.80 4.38 4,02 .58 .22 - .36
31 3.83 4.39 | 3.94 .56 11 - 45
32 3.84 4,33 | 4.56. .49 .72 .23
33 AC 2.13 2.84 2.77 .71 .64 - .07
34 2.57 3.33 2.66 ) .76 .09 - 67
1z 3% 2.20_ | 3.05 252 |85 32 1 .53
' 36 1.98 2.37 2.57 .39 .59 .20
37 .. pcc 3,41 4,12 | 398 71 55 - 16
| 38 | | 3.41 4,09 3.86 .68 .45 - .23
, P 39 PCC GND. 3,35 406 | 4.20 .97 .85 - .06
40 3.27 4.23 | 4.43 .96 1.16 20
41 “AC MILL 3.70 4.16 4.09 .46 .39 - .07
47 3.62 4.23 4.24 .61 62 .01
14 23 AC 3.77 | 4.36 463 59 .86 30
‘ 44 3.69 4.38 4.62 .69 .93 .24
45 PCC NEW 3.61 4.27 - .66 - ~
.5 46 3.71 4.26 - .55 - -
47 3.51 4.16 - .65 - s
48 3.70 4.19 - .49 - L
49 PCC 3.25 3,72 2.73 47 - 52 - 99
50 3.3] 3.83 3.21 .52 - .10 - .62
16 51 | \ 3.32 | 3.70 3.08 38 |- .28 |- .62
| 52 ' 3.35 3.79 | 3.03 .44 - .32 - .76
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sections were rated higher by South Dakpta and one-third weré rated higher
by Ohio. The mean difference was 0.46 units for the higher rated'éections
by South Dakota and 0.30 units for the 1bﬁer rated sections by South Dakota.
The differences in the service£b11ity'va1ues ocbtained on tﬁe,same test
sections at the same time with different measuring units point out the

probtems associated with utilizing serviceability values as a common reference.

;
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VII. - EVALUATION OF MODEL 8300 ROUGHNESS SURVEYOR

One of the objectives of the research project was to determine the
accuracy and repéatabi1ity of the Roughness Surveyor. A second objective
was to determine the feasibility of usfhg the device as a calibrafion
reference for response-type roughness meters. The evaluation included
ihvestigations'into effects of speed variation, testing repeatability,
day-to-day repeatability, and a correlation against the Surface Dynamics
Profilometer. The device was tested over time on a variety of road
surfaces, pavement textures, and roughness Tevels as previously outlined

in this report.

Speed Dependency

One of the advantages of a roughness measuring system with an
inertial reference is that speed variations do not effect the test results.
This feature eliminates a variable which must be tightly controlled with
response-type meters. Suéh a system is also useful in urban areas where
a constant test speed can generally not be maintained. The vehicle motion,
generally measured by an accelerometer, is subtracted electronically from
the total hotion to establish the changes in pavement profile.

Roughness tests were made on a selected number of sections with the
Roﬂghness Surveyor at three test speeds, 30 mph, 40 mph, and 50 mph. The
results of these tests are shown in fabTe 5 and indicate that the test

speéd generally has no effect oh the roughness results.

Test Repeatability

To determine the variability of the test results, obtained with the
8300 Roughness Surveyor in comparison to the other devices, five repeat

runs were made on six test sites with a total of fourteen (14) test
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TABLE 5. RESULTS OF SPEED VARIATION TESTING WITH ROUGHNESS SURVEYOR.

e SURFACE ~ TESTING SPEED (MPH)

LOCATION TYPE DATE 30 40| 50
SR-7  MP 1-2 N 0.6. 4-8-85 S Y 52
S 0.6. - 50 47

SR-7  MP 1-2 N 0.G. 4-9-85 46 - 47
S 0.G. ‘ 39 . 42

Camp Calvin E A.C 4-9-85 93 94 12
W A.C. 109 110 125

SR-16  MP 2-3 E A.C 4-10-85 53 53 | 53
W A.C. 51 56 57

High Falls Rd. N A.C. | 4-10-85 85 89 89
S A.C. 1 , 95 97 | o8

SR-16 MP 0-1 E A.C. 4-10-85 51 52 52
W A.C 47 47 48

sections. Surface types included open graded friction courses, dense graded
mixes, surface treatment, and ground portland cement concrete pavements. The
coefficient of variation (c.v.) was calculated for each test site for each
device with the results shown in Table 6. The repeatability was excellent for
the Ohio Profilometer with a coefficient of variation of about 1 percent. The
results obtained with the other devices also were good with average values of

less than 5 percent,
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TABLE 6, TESTING REPEATABILITY OF ROUGHNESS DEVICES,

TEST TYPE SURFACE OHI0 ssdﬁgﬂgigigggNgxgﬁ'!£§izTIONOHIo 8300
SECTION MAYS | Mays | Mays| Mays | MAYS | RMS RMS
9 Open Graded 0.8 {21 |1.5) 48 |26 ] 06 |3.3
1.2 125 |44 |53 )22 22 |sa
2 Dense Graded 1.2 |39 [1.9] 2.4 |23} 1.2 |3.3
1.5 [ 1.7 3.1 ] 3.4 | 1.4 19 |as
3 Dense Graded 0.4 {1.7 1.9 ] 22 | 2.0 1.3
0.6 | 3.2 |43 ] 2.7 | 0.8 4.0
4 Open Graded 0.6 | 2.3 |15 7.1 ] 3.9 1.8
| 1.3 a1 {as |72 | a7 2.6
5 Surface Treatment] 1.5 - 0.7 | 0.9 | 4.8 -
| 1.4 | - |13 ] 2.4 | a3 .
6 “Ground Concrete | - |3.4 |2.2 | 4.9 | 2.4 4.0
- - 03 |31 | 7.3 |43 2.8
- 2.7 4.0 | 6.0 | 9.3 4.0
- - J2.9 | 4.3 |10.4 -
Average 1.0 |2.8 2.7 | 43 |39 |15 |3.3

28




DAY-TO-DAY REPEATABILITY

Any device that is to be used as a calibration tool for road_roughnesé
meters must be ab1e‘to give accurate repeaf measuréments on a day-to-day
basis. _whenIa chaage in‘roujhness‘1e§e1.of a roédway is indicated'byfa
ca]ibration device it must be due to a cﬁangevfn the roadway profile and
notbdue to random testing variation from the‘ca1ibration standard. To
determine the day—to-day‘variabj1ity of the Model 8300 Roughness Surveyor,

a number of test sites were measured on two different days (2 1/2 to 4 1/2
days apart). Due to rain during one of the testing dayﬁ, repeat data was
obtained only on ten of tﬁe sixteen test areasvwifh a‘totai of thirty (30)
test sectibns; ‘The Mays and RMS'statistjcs obtained on these sites were
compared for day-to-day\repéatab11ity to determjhe the reliability of the
RoﬁghneSs Surveyor in meéSﬁring‘actual changes in roadwéy‘ﬁoughness levels.
The degree of change.befween the repeat runs was'caTculated and exp#eésed

as a percentage éf‘the Tnitia]-tést‘vaTues with'tﬁe results shown in Table 7.
The actual test values are shown in Appendfx>A with each value reﬁreseﬁting
the average of three to five actual test runs:made in succession on eéch

day. Only the Mays and RMS values are being compared since the PCA siatistic
was not being'obtained with the Roughhgss SUrveybr.

An examination of the data indicates that'thé degfee of changé was not
related to the level oflroughness as might have beén éxpected. The pércent
of change of course is affectedvby the initia} roughness level. For instance,
a change in réughﬁess level of 2 units ﬂoqu translate {nto a 1ar§er percentage
change for a smooth road than for a rough road. A comparison of actué]
changes in roughness level between the units producing a Mays statistic is
shown in Téb}e 8. This comparison clearly indicates the re]iabiiity of the

Inertial Profilometer in obtaining repeatable profile data from day-to-day.
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TABLE 7. DAY-TO-DAY REPEATABILITY. -

AVERAGE PERCENT OF

ROUGHNESS OUTPUT - DAY-TO-DAY VARIABILITY
Profilometer Mays , : - é.Z
Roughness Surveyaor Mays 17.6
Georgia Trailer Mays 4.8
Florida Trailer Mays 5.8

" Minnesota Vehicle.Mays 10.3
Profilometer RMS - 2.4

Roughness Surveyor RMS . | '17_4‘

The dat; a1so_shows that the day-to-déy‘repeatabi1ity for the trailer-mounted
Mays meters was Qery acceptable with the roughness levels for 28 out of 30
sections repeatiné within 3'of léss Mays units (in/mi1e). By compariﬁbn,

the results from the Roughness Survéyor only showed 4 out of 30 test gections
to be within 3 Mays units. A direct cﬁmparison of Mays numbers can be con-
sidered valid since the Mays meter results from the rbughness_equipment are
generally of equal order of magnitude. The results of the testing to determine
day-to-day repeatabi1ity indfcates that the Roughness Surveyor has too much.

variability to be used as a calibration reference.
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TABLE 8. COMPARISCN OF DAY-T0-DAY VARIABILITY
- FOR MAYS ROUGHNESS STATISTIC,

MAYS NUMERICAL a | ROUGHNESS - GEORGIA  FLORIDA . MINNESOTA

CHANGE - PROFILOMETER  SURVEYOR ~ TRAILER TRAILER  VEHICLE
o 3o 2 7 1 2
1 | 8 1 n. 7 5
2 5 1 4 7 2
3 3 0 6 4 5
4 1 I 1 4
5 1 1 R 4
6-9 ‘ 10 6
>10

WHEELPATH BIAS

The Roughness Surveyor measures the roughness in one whée]path only ;
therefore, the simuTated RTRRM output does not represent the effects of
the other whee]péth. The inertial profilometer obtains profi]es in both
wheelpaths and thé computer combines the effects of both wheelpaths in
calcuiating‘the §e1ected RTRRM output. It was desirable to determine the
pbssib]e effect of whee1path raugﬁness on the various analysis and compari-
sons made between the devices which measure the combined roughness from both
wheelpaths and the roughness surveyor. The roUghness in the right wheelpath
only was also calculated from the inertial profilometer data to correspond
to the roughness actually measured by the Roughnesé'Surveyor.

A linear regression analysi; was performed on the data comparing the
right whee1péth roughness from the inertial p;ofi1ometer against the roughness
obtained frbm combining4the left and right whéelpaths. Comparisons were also
made against the data from the Roughness Surveyor. The analysis clearly
indicates that the right whéeipath was substantially higher in roughness

level than the average roughness obtained from both wheelpaths. ' The difference
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in roughness level also increased with increasing magnitude of roughness of
the roadway, especially for asphaltic éoncrete“surfaces (Figure 15). .The.
linear regression showed a high degree of correlation for both the asphaltic.

and portland cement concrete surfaces with the Fb11owing‘eQUations:

Asphaltic Concrete. - Mays RWP = 0.72 (Mays BWP)+5.5 r = 0.996 SEE = 4.
Portland Cement.Concrete Mays RWP = 0.89 {Mays BWP)-2.0 r = 0.977 SEE = 6.6 -
where: RWP = Right Wheelpath N
BWP = Both Wheelpath
r = Correlation Coefficient
SEE = Standard Error of Estimate
:
w
=
2
z
g
g
r
G
g
B
60 80 100 120 140 16‘0

PROF ILOMETER MAYS IN/MILE RWP ONLY

Figure 14, Comparison of Right Wheelpath
Roughness to Total Roughness,
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A linear regressibn analysis was also performed comparing the Mays rough- :
ness results from the inertial -profilometer's right wheelpath and the ﬁoughness
Surveyor Mays outpuf; This comparison should give an indication of the accu-
racy of the Roughnéss Surveyor in obtaining the longitudinal profi]é since ‘the
simulation programs whiéh "drive" the quarter-car hode1 over the profiie‘are

the same for both devices. The result of the analysis is shown in Figure 15.
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§, 60
y 40
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PROF ILOMETER MAYS IN/MILE

Figure 15. Comparison of Roughness Level for
Right Wheelpath Only,

The resulting equ@tion is. as follows: ,
Mays Roughness Surveyor = 0.81 (Ohio RK) Mays) +1.7
r=0.957 SEE = 17.8

33



The results in Figure 15 clearly indicate that the Roughness Surveyor
shows a 16wer roughness level than the inertial profilometer for the right
wheelpath. The differencé in roughness Heve]s also increases as the
magnitude of the road roughness increase#.- A comparison of the results
from the Roughnesé Surveyor to the combined roughness levels from both wheel-
paths as measured by the profiToMeter indicates that these roughness levels
are neariy identi¢a1.

The data for the repéat runs made with the inertial profilometer several
days apart were available for 28 test sections only. The comparison of the
results of the repeat runs for the right'whee]path-obtained with tHe profilo-
meter showed that the average differencé in roughness levels was 1.6 percent

which again indicates excellent repeatability for the inertial profilometer.
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VII1. CALIBRATION OF RTRRM SYSTEMS

Calibration Methods

Ever since the response-type road roughness meters (RTRRM) came intd
use in the late 60's, the calibration and correlation of these devices has
been of concern. RTRRM systems are attractive to highway agencies for
measuring roughness because of the relatively Tow initial and operating
cost, simplicity of operation and maintenance, and ease of data reduction.‘
These systems, however, also have vehicle and instrumentation characteristics
which can drastically affect the test results if not properly accounted for.‘
Some of these variables are speed, tire pressure, vehicle weight, type of
tire, fluctuations in amounts of gasoline, springs, shocks, wind, etc. Many
of the variables can be minimized through standardization of the test |
procedure and by the use of standard equipment such as trailers, but the
fact remains that there is a potential problem with time stability of the
system. Frequent calibration checks are necessary to insure the proper
operation of any RTRRM system., The degree of accuracy desired in the cali-
bration of roughness measuring systems depends upon the purpose of the data
being collected.

Until recently most agencies obtained roughness measurements for inven-
tory purposes or as a means of obtaining the Present Serviceability Index
(PSI) value of a roadway. In recent years, more and more emphasis has been
placed on obtaining rideability standards during construction utilizing RTRRM
and profilograph requirements instead of straightedge results. The use of
RTRRM systems in construction control requires calibrations which show sen-
sitivity to relative small changes in the measuring system.

Some of the calibration methods that have been used are:
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1. Periodic calibration against rating panels.
2. Use-of a "Standard Meter” which is only used for
‘¢alibration purposes.
~ 3. Artificial Reference Surfaces,
4. 1In-Service Roughness Calibration Sections.

‘5. Correlations against Profilometers.

The - use of rat1ng pane]s for ca11brat1on of roughness meters Was a
TogwcaT extens10n of AASHO road test resu]ts where pavement performance
was rated in terms of PSI values. Shortcom1ngs in this method, however,
were rea112ed due to the Targe standard deviations of the meaniratings,
the needrtor a Terge_numoer of sections, and the use of Targe‘pane15 (15)
(16). | |

The use of artificial reference surfaces-wou1d appear to be a logical
method tor caTTbrationlsfnce a "known" roughness could be induced and any
changes in the measured roughness could therefore-be attributed to the RTRRM
system. The use of art1f1c1a1 reference surfaces was recommended as an
aTternate calibration procedure in NCHRP Report 228 which deals with the
calibration of RTRRM systems (6). The procedure caTTed for the placement
of tour artiticjaT."bumps” in each wheelpath over a dfstance of 131 ft.
Two of.the e]ements were‘25 ft Iin length and T 1/2 in hioh, and the other
two were 22-1/2>ft long and 1 1/4 in. hioh The elements were‘stair-stepped
to the maximum heTght A similar system using rubber pads was recommended
in a Canad1an study (8) |

The use of one-inch by one- 1nch boards p1aced across the road was
recommended as a caT1brat1on procedure in a study conducted by Clemson
Un1vers1ty in 1981 (18). The art1f1c1a] reference surfaces all require a

relatively smooth section of pavement to reduce latent roughness. Some of
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the problems with the use of artificial reference surfaces were described
in the NCHRP report. Generally, the calibration has to be conducted at low
speeds due to the short length, thereby‘e1iminat1ng any effects of tire/whee]
non-uniformities. In add1t1on, the full spectrum of roughness conta1ned in
a roadway cannot be duplicated, and only the large axle-body movements are
generated by the artificial bumps masking any potential prob1ems which may
affect'theﬂroughness measured on smooth roads. These prob]ems were observed
in a study performed by the Georgia Department of Transportation using the -
NCHRP reference surfaCes Nine tra11er-mounted Mays meters were ca11brated
using the procedure and then tested on smooth and rough in-service test |
sect1ons. The test resu]ts 1nd1cated a wide range in measured roughness'
levels between the tra11ers, espec1a11y on the smooth sections (19).

The use of in-service test sect1ons for ca11brat1on of RTRRM systems
is typically used by many agenc1es. Often a large number of test sect1ons
are seiected over a uide range of roughness 1evels. Roughness 1eve1s are
established for the sections by rating paneas; CHLOE Profilometer, a
"standard" roughness'vehicle or‘simply the 1nitia1 roughness‘output of the‘
device at some point in time may be cons1dered as the ca11brat1on standard.
The concern w1th in-service sect1ons is" the large amount of t1me requ1red )
for calibration if many sections have to be checked the expense 1nvo1ved
if rating pane]s are used the accuracy of the roughness values used as
ca11brat1on standards, and the long- term stab111ty of the ‘pavement surfaces
If the output of a RTRRM system is used as a standard, frequent checks and
the use of contr01 charts is needed to be able to detect and minimize the
effects of 1ong term changes in the roughness levels of the contro] sect1ons

(9)(19).
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The Texas Department of Highways and Public Transportation>(SDHPT) has
been using the GMR Profi]oheter for a number of years to pfoduce a stab]e‘
reference statistic for calibrating its?Mays meters (7). The CHLOE Profilo-
meter is being used in Florida to estabiish PSI values on a number of test
sections for ca1ibration 6f'Mays meters-(éO)_ High speed non-contact
profilometers capab1e’6f measuring aﬁd étoring‘thé.longifudina} profiﬁes

'are relatively expensive to purcha§e7and to pperate prohibiting its use as
a calibration tool for RTRRM systems fof many égeﬁcjes; |

Rod and level procedures have been.developed to obtain roadway profiles
that can beiused for ana]ysfs.and from whichva:calibration statistic can be
derived (10). South Dakbta also devé1oped'ah inexpénsive profilometer using
accoustic techniques which gives a rougﬁnessiratihg equivalent to a PSI

scale (13).

‘Roughness Statistic for Calibration

The selection 6f a roughness gtatistic to be used as: a calibration
?referenCe is an fmpoftaﬁt'coﬁsidératiOniin,the éa11bration procedufe.:
.Several roughnéss statistics havé beeh‘QSed or have been recommended by

various'agencies and researthérs. ,Soﬁe;of these statistics are §s fo11ows:
1. Present Serviceabi]ity‘index, PSL
2. CHLOE Slope Varianée, sV,
3. Quarter-Car Simulation Index QI.
4. Average Rectified Velocity ARV,

5. Root Mean Square Vertical Acceleration, RMSVA.

A compTete description and comparison of these statistics can be found
in reference (10). Al1 these statistics can be generated from the roadway

]ongitudipa] profiles by computer ana]yéfs. _Wfth:the incfeasing'use bf the
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RTRRM- systems for construction control, any calibration reference statistic
must be sensitive to relatively small changes in the response of the RTRRM
system. |

Studies done by McKenzie and Hudson compared the serviceability statistic
to the RMSVA statistic and concluded that.the RMSVA statistic more accurately
represent the pavement roughness as determined by the Mays meter (7)., The PSI
or SV statistic is also not very sensitive to relatively small changes in ﬁTRRM
statistics produced by Mays meters and.PCA meters. Hudson et a) in reference
‘(]O) recomménded the use of the RMSVA statistic a§ the reference roughness
statistjc for calibration because the value is based solely on profije data
and not a simulation of a standard vehicle transveréing the profile.

A significant amount of information has been'réported in the Tliterature
dea]ing‘with relating pavemént prdfi1e characterist€c§ to user opinion of
the roughness of a road (6)(7)(21-27). It is generally aécepted that the
vertical acceleration experienced by the vehicle mass‘re1afe§‘to the driyer's
opinion'of the roughness Teve1.of fhe roadway. The Standgrd foughness |
statistics, MO, recommended bylHudson in reference (10) is based on the
jbest correlation between Mays meter response and RMSVA with a 4 ft and 16
;ft base lengths.
| The main purpose in calibrating a RTRRM system is to ensure that the
system response to a profile has nqt changed and to determine the corrective
féctor to be app1i¢d to the output if a changé has téken place and cannot be
corrected by replacement or repaif of suspension components.

The use of the Quarter-Car Sihu1ation étatistic utilizing the "Golden
Car" pafameteréidéVe1oped by Gillespie in a NCHRP‘Study and contained in
reference (6) may be more attractive to'hfghway aéehcies as a calibration |

reference than the other roughness parameters discussed in this section.
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The Q.1. statistic can be simulated for any RTRRM statistic producing
values which are of the same magn1tude as the vaTues cbtained by the agencies
from the RTRRM systems In add1t10n the concept of 51mu1at1on can be read11y

exp1a1ned and understood by agency ‘and contract1ng personne]
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IX. DISCUSSION OF CALIBRATION PROCEDURES .

The results that have been obtained in the test program with the ‘Model”
8300 Roughness Surveyor indicate that the device is unsuitible to be used as
a calibration reference. The test program alsb'sﬁowéd'that:thé‘1hé?tféT
profilometer js highly suitable as a caTibrafidn reference for road rdﬁéhnésé
meters and the device is béing used in Texas for calibration of Mays mefers.

The profilometer canrbe used to obtain a correlation with é response-
type heter using a number of roads. Thié correlation can theh be used to
convert the roughness number from the response-type meter to a standard
roughness number obtained with the profilometer. Another approach would be
to use the profilometer to detect changes in the road profile of test'secfions
or changes in the response-type meter so that the readings from the responseé
type meter can be corrected to account for the changes in rbughness meter's
response. | |

Both approaches would require periodic visits by a profi]ométer and the

use of road tests sections for calibration control between profilometer visits.

Use of Profilometer Generated Roughness Number

The use of a generalized roughness index is of interest in that it would
give comparable roughness readings regardless of the response-type rouaness
system which was used to obtain the data. Hudson et al has reported on a
Study sponsored by FHWA which examined the various roughness statistics and
recommended a statistic based upon root mean square vertical acceleration
(RMSVA) called MO (1) as discussed previously in this report.

Any statistic p;oduced by the profilometer can be used by an agency in

calibrating its response-type meter since the profiiometer only represents

a stable reference plane in the calibration process.
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Test sections encompassing several pavement types and roughness levels
must be selected by the agency to establish a correlation between the chosen
profilometer statistic and the response-type meter(s). The number of sections
ﬁeeded‘for correlation that has been recommended in some of the literature
range from 10 td 30 (1)(2). In ﬁhis study, comparisons were made using 52
test sites énd 14 test sites and no significant differences were found between
the correlation equations for any of the devices included in the testing
prograh. |

VPrior to establishing a correlation with the profilometer, the response-
type meter should be operated on some of the smooth and rough test sites to
determfne the variabiTity in the testing device. Any variability of more
than 10% may indicate mechanical problems such as shocks, tires, springs,
whee1bearings, etc. which must be corrected prior to a correlation. It may
also indiqate that the vehicle or trailer is unsuitable for use as a roadmeter
due to a poor suspension system for instance.

Once the initial correlation has been obtained, the test sites should
be estab?fshed as contrcl sections to check the cé1ibration of the response
meter between visits by the profilometer. Variability Timits must/be estab-
1{§hed on each control site to account for‘the variability in the testing
device.

By examining the results of the calibration checks on the various
control sections it cén be determined if a problem exists with the response-
type meter. Changes in road profiles generally do not gccur over relatively
short periods of time unless repair Work has been done within the control
sectiaﬁs. Any drastic changes in roughness levels therefore would indicate
a mechanical brob]em énd the roadmeter should be examined and the problem

COrrebted. I'f no mechanical problems exist recalibration with the profilometer
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will be necessary. Experience in Georgia has indicated that four to six
control sections are adequate for calibration checks as Tong as the sites

are placed equally on smooth, medium, and rough roads.

Use of Response-Type Meter Statistic

Many agencies have been obtaining roughness numbers with a Mays or
PCA-type meter for several years and only wish to calibrate their roadmeter§
without changing the magnitudé or type of their roughness statistic.: The
calibration procedure would be similar to the method described previcusly
in that test sections must be established for a correlation with the pro-
filometer. Also, the respohse-type system must be checked for system
variability and mechanical problems corrected prior to a correlation.

The existing magnitude of the roughness levels of the response meter
will become the benchmark Tevel for that system. If more than one résponse-
type system is being used by an agency, the output from 6ne system mﬁst‘be
selected as the benchmark or standard roughness level initially. |

The initial correlation with the profilometer will relate the benchmark
roughness levels tc a profilometer reference statistic. Subsequent régu]af
visits by the profilometer will then establish the current benchmark réughness
tevel for each control section. If no significant profile changes have taken
place, the roughness 1eve1‘wou1d be the same as the value previously established.
The output from the response-type meter would then be correlated against the
calculated value from the profiltometer for the control sections. if the
vatues fall within an established range for each control section, no‘change
in the calibration will be necessary. If there are significant diffefences,“
it will be necessary to develop a transform function for the response meter(s)
assuming mechanical problems were not the cause of the discrepancy. This

transform function would correct the measured roughness value to the benchmark
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or calibrated roughness value. The roughness corrections are then made using
the equation developed during correlation.

This calibration may be preferéb]e to agencies which elready haue‘”
existing data bases. The procedure also prov1des for the capab111ty of
re]atlng the response meter output to a genera]1zed roughness index obta1ned
with the prof1Tometer when necessary.,.

The d1scuss1on S0 far has been concerned w1th ca11brat1on through
corre1at1on There are 1nherent probIems w1th calibration accuracy ut111z-
ing this approach since the calibration will only be as precise as the;
correlation allows. The standard error of estimate values can berend'are
significant for some corretations even with the best RTRRM systems due to
inherent random variations.

The calibration can also be acComptished by mechaniéa]]y emp1ifying or
reducing the response  of the roughness meter so that‘the meter's output will
produce the”values that are indicated by the profilometer based on the
origina]ltorre16tion which estéblished the benchmark roughness levels. The
mechan1ca1 adJustments a]]ows the f1ne tun1ng of the response of a RTRRM
system to an acceptable tolerance L ) ‘ e

The mechan1ca1 adJustment arm 1s shown schemat1ca11y 1n Flgure 16 and
as installed on the Georgia Mays tra11er in F1gure 17 This, concept was

originally used in Georgia with the car mounted. PCA-type meter
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Figure 16. Conceptual View Qf Mechanical Calibratioh Arm,

F1gure 17. Mechan1ca1 Ca11brat1on Arm Insta]1ed
‘ “on Roughness Trailen

45



X. FRAMEWORK FOR A CALIBRATION PROGRAM

The calibration program discussed in this section of the report is based

on the flow chart shown in Figure 18.

Initial Calibration

A. Selection of Roadway Sections

Select road sections between 1/2 mile and one mile in length to be
used for calibration and correlation éections. The selected sections
should not contain bridges or intersections and should be on a tangent
section as much as possible, Sharp horizontal curves and steep grades
shOQ1d be avoided. Two roads at each of three roughness levels (low,
medium, high) should be chosen with a minimum of two test sections in
each travel direction for each roadway selected. This ﬁrocedure will
give a total of twelve sections minimum for correlation and calibration.

B. Establish Roadmeter System Variability

Prior to conducting any initial calibration, the variability of
the roadmeter system must be checked. A minimum of 10 repeat runs
should be made initially on a smooth, medium, and rough test sectipn
to determine the repeatability of the system. Extreme variability
(210%) is 1ikely caused by mechanical problems such as weak suspension,
leaking shocks, tire unbalance and roundness, worn wheelbearings, etc,
Any such problems should be checked and corrected prior to any calibra-
tion and correlation. Any system with extreme varlability cannot

possibly be calibrated with any accuracy.

C. Establish Initial Roughness Levels

The initial or benchmark roughness levels can be established on

all the test sections once it has been determined that the roadmeter
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Figure 18 Flow Chart for RTRRM Calibration Procedures,
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system is onerat1ng sat1sfactor1]y A correlation is”establiShed with
the prof1lometer us1ng the test s1tes se1ected in Step A The‘agency
can select to use a prof11ometer‘stat1st1c such as the Quarter-Car Mays
Index or Root Mean Square Statistic (RMS) by‘using the'transform func-
tion derived from the correlat1on as the roughness stat1st1c or can
mere1y use the prof1lometer as a reference for ca]1brat1on procedures
In the 1atter case the actual output from the response meter would ‘be
used'for test1ng purposes and the profilometer dataﬁwou]d be used fori

future reference.-

Maintaining Calibration i

Once the initial ca11bratlon of the roadmeter system has been accomp11shed
and the benchmark roughness levels ‘have been: estab11shed, ca11brat1on checks
must be made at periodic 1nterva1s. Several potent1a1 probﬂem areas ex15t
with maintainfng caTtbration:of response-type meterS'and the use of fn-service
roads for control sect1ons Mechan1ca1 prob]ems can drast1ca]]y a]ter the
response of the roadmeter and changes in roughness 1eve1s of the contro1
SECt]OﬂS can change the caTTbrat1on reference 1evels If a prof11ometer is
read11y ava1]ab1e, ca11brat1on checks can sump]y be made by va11dat1ng the
latest corre]at1on or transform functton on two smooth and two rough test
sections and re- estab11sh1ng a’new corre]atIOn 1f necessary If a’ prof1lo-
meter is not read11y ava11ab1e, 1n serv1ce test sect1ons must be used for
calibration checks. The fo110w1ng procedure is recommended for ma1nta1n1ng
calibration. | o

A. Cheok1ng Ca11brat1on

For ca11brat1on checks,‘1t is not necessary that a]] contro1
sections used in the correlation be tested again. Ca11brat1on.checks

can be made by obtaining the roughness levels on two smooth test
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sectfons and two rough tesf‘secticns If the average of three repeat

- runs are fu]]y w1th1n the control limits previously established for

| those test sections, the roadmeter can be considered in calibration.

If the readfngs on one or more sections fall cutside the contro1‘1imits

. it may be des1rab1e to check add1t10na1 contro] sect1ons Generally,

a mechan1ca] prob]em will cause the response meter to be out of ca11-

bration. Changes in the roughness level of the control section will
genera11y only occur over ektended neriods"of timec Sudden changes in
the roughness level of a control section are usually caused by mainte-
nance activities of the roadway or a rapTd deter1orat1on in the serv1ce

Tevel of the roadway which can eas11y be not1ced

B. Re-estab11sh1ng Ca11brat1on

If a roadmefer is found\to be out of calibration, ft must be
cnecked for ﬁechanica1 nrob]ehs such.asﬂshocks etc. and corrections
made. The'roadheter must fhen be checked‘again on the caTibration
contro1 sections. If it be‘visna1]y determined that the roadway has
changed due to rapid deter1orat1on, the section shou]d be abandoned
and a new control section estab115hed.

The roughness levels of the test section should be checked on a
year]y or twice a year bas1s with a prof11ometer and calibration checks
run agamnst the response roadmeter to prevent long-term drift of the

calibrated roughness levels. | |

I[f the agency has been using the original correlation to transform
the roadmeter output to a profilometer generate& statiétic; this corre-
lation is checked dur1ng the re- ca11brat1on procedure and a new corre-
1at10n estab1lshed if necessary using the ca11brat1on contro1 sections.

New sections would also be estab]sihed at this time if necessary and
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. the average roughness levels and control limits would be re-established
-on a}1 calibration control sections,

If the agency has heen using the statistic generated by the response
meter, the profilometer must be used to check the current roughness level
of the control sections and to verify or re-establish the original corre-
lation so that the response meter output can be related to a standard
roughness statistic¢ for comparison purposes. The original correlation
between the profilometer and the response meter would be used to establish
the current roughness level and control Timits of the test sections. If
the roadmeter is still in calibration, the roughness runs obtained with
' the roadmeter should produce an average roughness value within the
control limits. If the roadmeter is found to be out of calibration by
not being able to produce the roughness values indicated by the profilo-
meter, a transform function must be obtained to relate measured roughness
value to actu§1 roughness values of the test sections assuming problems
with thelroadmetér testing equipment are not the cause of the differences.

The transform can be done mechanjca11y using the device shown in
Figure 16 or a transform equation can be established by caorrelating the
measured roughness values of the test sections to the predicted roughness
values from the profilometef data. This Tlatter procedure is shown graphi-
cally in Figure 19.

In this procedure the profilometer is used to establish the roughness
level of a rcadway in terms of the response. meter statistic utilizing the
roughness benchmark levels established during the original correlation.

In tﬁe hypothetical example shown in Figure 19, the correlation between
the profilometer and the response meter was established using the initial

'cél%bration procedures. A subsequent calibration check indicated that
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for a profilometer value of 5 the response meter value for the section
was 14 rather than 10 as it should have been based on the original
calibration procedures. The c¢orrelation between the actual roughnéss‘
level as indicated by the profilometer and the measured value would fhen
be used to reduce the measured value of 14 to a corrected value of 10

according to the current calibration functions for the roadmeter,
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Figure 19. Graphical Method For Calibrating
Roughness Meters,

In many roadmeter units with digital output the calibration func-
tion can be entéred into the equipment and the measured roughness value
will be corrected internally. The preferred method is to uti]i;e the
mechanical calibration device to eliminate the variabi1fty inherent
with any calibration by correlation procedure.

The calibration procedure described in this chapter is contained

in ASTM format in Appendix B of this report.
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XI. EVALUATION OF CALIBRATION PROCEDURES

"‘fﬂiafbraa}lto deterhtnef;he accuracy that can be expected with the
eatfbrattonwprocedure;"the*standard”contro] sectidns’used'by the Georgia’
DoT werekused as calibration sections (Test Sites 1-6) | The‘remainder of
the test sections used in the corre]at1on program were then used to deter-
mine the accuracy of the calibration process 0n1y the data from the
prof110meter was used as the calibration reference standard One of the
objectives of this research prOJect was to determ1ne the fea51b111ty of
the Roughness Surveyor as a calibration reference. The data presented 1n
prev1ous sections in th1s report has c1ear1y 1nd1cated that this dev1ce
,should.not,be,ysed.as‘arcallbrat1on tool .and therefore is not. included -in
this analysis.

- The proceduré outlined in the previous chapter was followed in
festab]ishihg,the initial calibration and the evaluation of this procedure
will . be done-utilizing .the-profilometer Quarter-Car Mays and RMS statistics
as - the-standard.roughness. numbers -and the Georgia Mays statistics as the
standard roughness number. -

. 'Regression-equations were obtained between the response-type roughness
meters-and-the Quarter-Car-Mays and RMS statistics obtained from the
profilometer data. These relationships are. shown in Table 9. Utilizing-
these calibration eqoations the roughness  readings obtained with the
response ‘meters.on’ the.test sites not used in establishing the calibration
equations were then transformed to-the profilometer statistics of Quarter-Car
Mays (QC1I Mays) "and Root Mean Square (RMS). ~ The results of these calculations
are shown‘inzTabPe'10.' The results indicate that response meters calibrated
in this mannér will give roughness' results that are comparable ‘to a certain

degree. The results certainly indicate that the roughness statistics of
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TABLE 9. PROFILOMETER CALIBRATION EQUATIONS FOR RESPONSE-TYPE ROUGHNESS METERS.

| CORRELATION  STANDARD ERROR
o COEFFICIENT - OF: ESTIMATE (y)
EQUATION , " S.E.E.y

RMS = 0.24 GA Mays + 4.04 0.996 0.83
RMS = 0.05 FL Mays + 1.09  0.992 iz
RMS = 0.02 MN Mays + 3.60 0.997 0.1
RMS = 0.03 MN PCA + 6.17 | 0.989 1.45
QCI Mays = 0.941 GA Mays + 25.9 0.997 2.9
QCI Mays = 0.190 FL Mays + 14.7 0.987 6.1
QCI Mays = 0.087 MN May; F20.30 0993 o 4.3
QCI Mays = 0.115 MN PCA + 34.3 o 6a3

verious magnitudes produced hy the respohse meters.used 1n this‘stud} can
be brought to a common !eve] for compar1son purposes ut111z1ng the 1nert131
prof1lometer as the ca11brat1on 1nstrument. The average var1at1on between
the calibrated roughness Quarter;Car Mays stat1st1c from the Georgia.
trailer and the Florida traiier was 6.6% with the date,froﬁ Section 13
being exc1uded because of apparent erroneous test data from theuGeorgia'
Mays. .In additipn;'SO% of the calibrated roughness numbers fromithe two -
trailers were within 5% percent | o ;

The second method of calibration d1scussed 1n the prev1ous chapter
utilizes the prof11ometer to estab11sh the roughness 1eve1s of the test
sections in terms of the response-type meter' S output

Calculations were a1so made to eva1uate the ca]ibration resu1ts t.‘
utilizing this procedure .The result from. the Georgia trailer were -used.

as the standard roughness output. The regression equation between ‘the
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TABLE 10.

RESULTS OF CALIBRATING ROUGHNESS METERS TO
QUARTER-CAR MAYS INDEX.

EQUIV. QUARTER CAR MAYS

EQUIV, ROOT MEAN SQUARE: - - _.

GA FL N N GHIO FL N LR omo
.TEST -SITE TYPE PAVEMENT MAYS MAYS MAYS PCA MAYS MAYS MAYS MAYS PCA * _  RMS-,
58 55 60 65 55 12.2 1.7 | 119 | vdaa0l 157
; A 41 40 48 47 40 7.9 7.7 9.0 |- 9u4:l: 9.3
13 43 17 15 40 8.4 8.5 3.9 R W E
52 5 55 61 51 10,8 0.7 1 107 L 1301 140
3 AC 117 120 109 106 114 27,3 28,8 1 231 1 249 1 26:9."
108 35 9] 84 103 24.9 22.3 19.0 | 192 F:24:55.
133 133 127 122 133 31.4 32.3 | 76.1.1 29.2 | 32.0.
9 AC 126 124 115 120 131 29.5 20.7 | 246 [ 28.4 | 30.8
, 132 134 128 126 1 137 3.7 22 6 1 27.5 1 30,2 | 33.5
147 160 148 174 151 35 0 39.3 | 320 426 1 374
58 49 52 52 56 12.2 101 99 | 107 1 12.8
10 AC 60 51 56 53 55 12,7 0.7 1 10,8 L 1.2 & 121
67 57 60 t7 64 14.6 2.1 L 119 1 17.0. I13-5%.
64 60 56 57 55 139 12.9 | 110 121 [ 12.00
56 53 53 57 5 1.7 11.0 | 10.2 | 10.9 | 11.4_
| , 50 77 17 47 75 10.3 5.3 8.9 9.5 1. 0.7,
11 AC 50 ] 18 53 76 10.3 8.0 | 9.0 | 11.2. | 10.6
18 A7 7 52 18 9.6 9.5 | 8.9 ] 10.8 [.10.5
60 71 54 T61 158 38.4 2.3 1 33.3 1 39.2.1 36.8
T34 179 1272 731 129 1.6 3.1 1. 26.1 | 31.5 |.29.7
12 AC 153 152 141 150 146 6.4 37.3. | 30.5 [|.36.2 1. .34.4
185 271 174 216 172 446 57.6. 1. 38.0 [.53.6 | 41.9
81 36 88 77 89 —18.2. 19.8 | 18.2 1 16.0 | 206
75 87 88 75 90 16.5 202 1 183 1 16.9 [ 22.0
13 pCC 96 67/ 62 55 63 21.8 14.9 12,4 1 11,5 1 13.2
‘ 97 71 61 53 64 20,8 | 158 | 12,1 1 11.0 1 14,3
65 50 64 5 63 T 1 131 [ 12.8 [ 11.6 1 14.5
| 67 55 64 55 70 7.6 T6 1 12.7 [ 116 1 15.6
14 AC 4 43 42 3 39 8.6 8.6 7.7 8.4 9.1
. 2 7 17 1] 38 8.1 8.4 7.6 1 8.0 8.3
67 66 ) 55 64 T4.6 T4.5 [ 11.6 { 11.7 1 13.8
. 7] 67 65 54 66 15.6 14,7 1 12,9 [ 1.4 {14.2
15 PCC 85 8] 77 67 82 19,2 18,5 | 15.7 1148 | 17.7
77 76 69 59 72 17.0 17,2 1. 13,8 [ 127 16,0 1
130 140 130 130 133 307 2.0 | 27.9 L 3r.] 30,7
117 125 116 102 118 27.3 30.2 | 24.7. 1 23.9 | 28.4
16 PCC 130 143 125 124 131 30,7 30.8 1| 26.9- ) 79.5 | 30.9
125 1311 118 109 120 292 31.6 | 25.2 | 25.6_1 28.9



Georgia Mays data and the profilometer data was used to establish the
"standard" roughness level of each of the calibration contro1‘sectf0ns
(Sections 1 through 7), Regression analysis was then performed between

the Florida and Minnesota roughness meters and the reference Mays roughness
levels of the control sections. This procedure calibrated the Florida and
Minnesota roughness output to the same magnitude of roughness values
obtained with the Georgia roughness meter. The results of the linear
regression analysis gave the following calibration equations for the Florida

and Minnesota roughness meters.

Cal. Mays = 0.20 FL Mays - 12 r = 0.99 SEE 6.5

0.99 SEE 5.1

Cal. Mays = 0.093 MN Mays - .2 r

These calibration equations were than used tolca]cu1ate‘the calibrated
roughness values for the Florida and Minnesota respdﬁse meters on the test
sites not used as §a1ibration sites. The results of these ca]cu1ation§
which represent the "calibrated Mays rouaness values" for the sites are
shown in Table 11. |

An examination of the data in Table 11 indicates that the uncaiibrated
roughness values have been Erought to comparable roughness levels through
the calibration equations. The differences betweeﬁ the calibrated values
would probably be acceptable for routine inventory testing, but are too

large in many instances for construction control.

Discussion on Results

The differences in the calibrated values presented in this section are
to be expected since the procedure is based on regression analysis. There
is a certain amount of random variation about the 1ine of best fit, and any

calibrated value obtained from the regression represents only an estimated
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TABLE 11 ROUGHNESS VALUES CALIBRATED TO GEORGIA STANDARD ROUGHNESS LEVEL.

. ) : . . GQ-IGINA.L MAYS CAL | BRATED MAYS ACTUAL MAYS
SECTION ND. | PAVEMENT TYPE FL. - MN FL ~  MN GA
8 ac | ss4 976 99 - 89 97
- o as 2 73 .70 87
g AC 626 1127 | 113 103 .| 114
: : | 573 1048 103 95 106
630 1195 114 109 | M3
| 764 1418 141 130 129
10 A | 1. 317 | o2e 27 34
. 1 192 359 | 26 31 36
221 - 414 32 37 | a4
| 236 368 | 35 32 41
e CAc o oree 3 | oas 29 32
o o 1 15 264 | 17 23 26
139 270 | 16 23 26
168 264 | 22 23 | 23
2 ac | 824 1a86 | 153 136 143
] e00 1127 108 103 115
. 724 1345 133 123 135
1031 1722 194 158 169
13 PCC 375 728 63 66 59
: ‘ 382 736 | 64 66 52
. PcCand | 277 438 | a3 39 74
oo o 295 a2 | a7 3 | 70
14 PM Milled - | 241 - 459 | 36 - 41 42
. S 210 454 30 40 14
150 204 | 18 17 19
| 186 200 | 17 17 17
15 . NewpcC | 268 398 | 42 3% 34
o S 273 466 | 43 @ . 48
349 604 | 58 54 " 63
| 322 509 52 . 45 54
16 ~opec | 659 t21a | o120 11 | M
. | 582 1054 1046 96 97
674 1163 | 123 106 M7
610 1078 10 98 105
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vatue. In addition, the Meys meter {s meaéuning tnelrespnnse ef?three
different suspension systens to the profile; therefore, an exact-identical
response should nct be expected. Another maJor variable is the tracking
variation of the three vehic1es. _Any procedure that' is used to-calibrate - °
response meters utilizing different hostrvehicles,w111 only produce compara-‘
‘ble values, not identical values. - | N

In order for an agency with mn1tip1e response meters‘to obtain a more
precise agreement, it must 1nsure that all the measur1ng systems are identi-
cal in des1gn and suspersion components It is also useful to ”f1ne tune
* the response from 1dent1ca1 systems ‘or near1y identical systems ut111z1ng
the mechanical adjustment shown‘1n‘Fqgures-16 and 17 .- This-device allows - -
for the correction of changes in suspension eharacteniseics Qith time, as
~well as for d1fferences between similar roadmeters It e11m1nates the need :
for regression equat1ons prov1d1ng the roadmeters have s1m11ar response -
characteristics to the road profile.: The vajue'of the profi1ometer in this ;
calibration process is that it determines tnearoughness-va1ue—that a-cali-
- brated response meter should be measuring on the control sections. The
5 roughness value would incTUde an upper and lower 1imit at the 95% confidence’

“level to account for random variations.
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XIT. SUMMARY AND CONCLUSIONS

| fhe research'project was conducted to evaluate the performance of an
inexpensive nbn-Confacﬁ-roughness measuring device, Roughness Surveyor, as
well as the potential use of this device as a calibration reference for
Response-Type- Road Roughness Measuring {(RTRRM) systems. A correlation was
a]sovéonducted between RTRRM systems from three different States (Georgia,
Florida, and Minnesota} against the Roughness Surveyor, the inertial pro-
filometer owned by the Chio DOT, and the profilometer designed and operated
by the South Dakota DOT.

A total of‘sixteen teét sites were selected for the correlation and
calibration study with a total of 52 individual test sections encompassing
a variety of roughness levels and pavement surface types. The results of
the roughness‘testing showed an excellent correlation between a11 the
devicgs. ‘The standard error of estimate, however, was rather large for
.some of the Tinear fegression equations. The units from Florida, Chio,
and South Dakota provided serviceability index ratings. An analysis of
these ratingsiindicated that different values were obtained between the
units on the same test sections.

The evaluation of the Roughness Surveyor indicated that the roughness
resu]tsnobtaihed were insensitive to speed variations. Problems were
encountered with obtéining valid roughness readings an extreme]y:rough
jtextured surfaces, sﬁch as surface treatment. The testing repeatability
of the Roughnéss Surveyor was not as good as that ohtained with the Ohio
:Profjfometer and slightly better than two of the three RTRRM systems. The
day-tﬁ-day vafiabi]fty was much higher for the Roughness Surveyor than for

the Ohio Profilometer and the RTRRM systems.
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An examination of the roughness levels of the right wheelpath only
from the Ohio Profilometer against the Roughness Surveyor indicated that
the Profilometer measured consistently higher roughness levels, The
difference in the roughness levels also increased as the roughness level
of the roadway increased, especially for asphaltic concrete surfaces.

These results indicated a potential loss of return signal to the accoustic
sensor used on the Roughness Surveyor. |
The evaluation of the Roughness Surveyor indicated that the device

would be suitable as a roughness measuring device, similar to the RTRRM
systems in test result variability. One advantage would be the fact that

a standard test speed is not necessary which makes the Roughness Surveyor
extremely useful in obtéining roughness measurements in urban areas. The
evaluation also indicated that the Roughness Surveyor is not suitable as

a calibration reference device for RTRRM systems because of the degree of
test variability., The inertial profilometer was found to provide extremely
stable calibration reference values for RTRRM systems.

An analysis was also conducted utilizing the profilometer as a calibra-
tion reference. Principally the "calibration through correlation" method
was used in the analysis by utilizing six test sites to establish calibration
equations. The roughness of the remaining test sites were then adjusted
according to the calibration equations to a common roughness statistic
‘produﬁed by the profilometer from the longitudinal profiles. The results
of this analysis produced roughness values for the RTRRM systems which were
generally comparable, but probably would not provide sufficient accuracy fof
construction quality controi. A better procedure for calibration would be"

to utilize the profilometer to determine if cthanges in the in-service test
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sections have occurred and to utilize a mechanical calibration adjustment
system to fine-tune the RTRRM system to measure the correct roughness level.
The results of the study also indicated that the concept of the "Golden
Car" as described in NCHRP Rgpért 228 would be an acceptab1e calibration
refereﬁce va]ﬁe aﬁd a standard roughness index’thatcap easily be understood

by agency and contracting personnel.
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_XIII. RECOMMENDATIONS

The major'objectivéé of the research project were to evaluate calibratidn

procédures for RTRRM‘sySfems and to evaluate the use of the Roughness Sﬁrveyor

as a calibration reference. The recommendations from the study are concerned

with calibration in genéral as follows:

1.

The evaluation of the Roughness SurVeypr has indicated that the
model of the devfcé uﬁéd‘ih the study should not be used as a
calibration reference. The performahce\of-the inertial profilometer
was exceT]enf and QTTI provide a reiiab1e‘referénce for ca]ibfation
of RTRRM systems.

The foughneés measured by a RTRRM system depends tc a large extent
on the characteristics of the host vehicie. In order to minimize
the effect of fﬁe'perfdkmance and conditiqn'of the host vehicle on
roughness measurements, it‘is recommended that RTRRM systems are
p1acéd on trai]er§ spétif%caTT& designed for and roughness testing.
The design of thg trailers should conform to.thé proposed ASTM
roughness tfai]er specifiéations:  |

The Quarter Car RTRRM simulation model presénted in NCHRP Report 228

should be adoptéd as a calibratfdn reference system. The concept of

this model being "driven" over the longitudinal roadway profile
simulates the -operation of an actual RTRRM system, provides roughness
vaTueslwhich aké compérable tb actual values obtained with RTRRM
sysfems.and thelconcept_is éasiTy understood by agency and contracting
personnei.

Any agéhcy with mU]tfp1é RTRRM units should adopt the use of a
mechanical calibration‘adjustment armwto fineftune the response

of eéch unit'tb'the‘cglibration reference‘valuesuestablished.by the

61



agency. The use of the mechanical calibration device will feduce

the variations between individual units whicH are inherent in any
"calibration through correlation” method. The reduction in vari-
ability between units is extremely important when the RTRRM systems
are used as in construction quality control.

The calibration of RTRRM systems can be successfully done utilizing
in-service test sections, providing sections are chosen to provide
roads in the smooth, medium, and rough range. The long-term stability
of the in-service roads should be checked by obtainfng the 1ongitu—
dinal profile and calculating the calibration reference numbers for

the sections.
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APPENDIX A

TEST VALUES FOR ROUGHNESS SURVEYCR
-REPEATABILITY TESTS
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Model 8300 Mays

Ohio Profilometer Mays

SECTION FIRST | SECOND W FIRST | SEconD )
URFACE TYFE ND . TEST TEST CHANGE L TEST YEST CHAMNGE N
06 1 N 48 54 6 12.5 48 48 0 Q
S 46 46 0 0 44 44 0 0
AC 2 E B4 92 8 9.5 80 81 1 1.3
W 100 112 12 12.0 90 90 D 0
AC 3N 88 83 -5 -5.7 91 89 -2 2.2
S 98 92 -6 -6.1 90 92 2 2.2
06 4 E 60 52 -8 |-13.3 50 51 1 2.0
W 63 46 17 {-27.0 47 46 -1 -2.1
PCC Gnd. 6 5 204-203 | 59 66 7 1.9 58 58 0 0
S 202-201 | 45 49 4 8.9 46 45 1 -2.2
N 200-201 42 46 4 9.5 39 39 0 0
N 202-203 | 34 42 8 23.5 34 34 0 0
AC 7 E2-3 48 67 19 39.6 55 52 -3 -5.5
£ 4-5 35 56 21 60.0 40 40 0 0
W 5-4 39 58 19 48.7 40 40 0 0
W 3-2 48 65 17 35.4 5] 51 0 0
AC B N 115 134 19 16.4 114 114 0 0 -
S 100 131 31 31.0 103 100 -3 .2.9
AC 9 N 0-1 -} 156 140 -16 | -10.3 133 134 1 0.8
N 2-3 134 127 -7 -5.2 13 13 0 0
S 3-2 148 141 -7 -4.7 137 139 2 1.5
s 1-0 196 -} 175 -21 |-10.7 151 153 2 1.3
AC 10 E 5-6 50 a8 -2 -4.0 56 55 -1 -1.8
E7-8 55 55 0 ] 55 57 2 3.6
W 8-7 62 66 3 6.5 64 3 -3 -4.7
W 6-5 56 57 1 1.8 55 51 -4 -7.3
AC 1 E 15-14 46 65 19 41.3 {l‘51 52 1 1 q
E 13-12 40 a8 8 200 | a5 as -1 22
W 12-13 42 50 8 19.0 46 46 0 0
W 12-15 43 57 14 32.6 48 48 0 0
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Georgia Mays

Florida Mays

BECTION FIRST SECOND FIRST 8F COND ]
SURFACE TYPE NO . TYEST TEST CHANGE % TEST TEST CHANGE | %
06 1N 20 23 3 15.0 14 14 0 0
S 18 19 1 5.5 14 14 Q D
AC 2 E 60 63 3 5.0 37 37 0. 0
W 67 67 0 0 38 40 2 5.3
AC 3 N 64 62 -2 3. 35 31 -4 11,4
S 66 64 -2 3.0 37 32 -5 13.5
06 4 24 25 1 4.2 17 15 -2 17.8
W 20 23 3 15.0 14 12 -2 14.3
PCC Gnd. 6 S 204-203 ) 38 34 -4 10.5 26 24 -2 7.7
§ 202-201 | 27 24 -3 11.) 21 18 -3 114.3
N 200-201 | 15 14 - 6.7 17 16 -1 5 g
N 202-203 1 1) 12 B 9.1 13 13 0 0
AC 7 E2-3 34 36 2 5.9 21 20 -1 4.8
£ 4-5 16 19 3 18.8 13 1 -2 15.4
W 5-4 18 19 1 5.6 15 12 -3 20.0
W32 28 28 (] 0 19 19 0 0
AL 8 N 97 102 5 5.2 55 58 3 5.8
S 87 84 -3 3.4 43 4} .2 4.7
AC 3 N O-1 I 112 -2 1.8 62 65 3 3
N 2.3 106 107 1 0.9 57 57 0
S 3-2 113 193 0 0 63 63 0
$ 1-0 129 129 0 76 77 1 1.3
AC 10 E 5-6 33 32 -1 3.0 18 19 1 5 6
E 7-8 36 37 1 2.8 19 20 1 3
W 8-7 a4 43 - 2.3 22 22 0 0
W 6-5 4 40 -1 2.4 24 23 -1 4.2
AC 11 E 15-14 32 32 0 g 20 22 2__hoo
£ 13-12 26 25 -1 39 |} 15 15 0 0
wi2-13 | 26 26 0 o Jf s 15 1 7.1
W45 - | 23 23 0 o 17 17 0 0
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Minnesota Mays

14-15

26

29

1.5 ]]

- h BECTION FIRST | SECOND . FIRST | SECOND
ACE TYPE NO . TEST TEST CHANGE % TEST TEST
. DG 1 N . 25 .26 1 4.0
s 22 23 1 | 4.5
AC 2 E 63 ] 64 1 1.6 '
' COW 68 73 s | 7.4 |
A |3 N 73 73 0 o |l
N S 68 69 1 1.5 |
06 4 E 29 26 } -3 | 1.0 k
- W 25 22 -3 12.0
PCC Gnd. | 6 S 204-203 | 40 35 -5 12.5
o s 202-20 27 23 -4 14.8
"N 200-201 | 24 19 -5 | oga NI
TN 202-203 ) 19 15 -4 | 211 '
“AC 7TE2-3 ] a2 '35 -7 16.7
" E &5 27 19 -8 29.6 ,
W5-4 26 20 -6 | 2317 N
W32 % | 33 -3 8.3 i
“ac 0 [8N 98 108 10§z JI
o K 77 78 1 {0 |
AC 9 NOD-1 113 122 _ 9 8.0
: TN 2-3 105 17 12 1.4
5 3-2 120 | s | s g2
s1-0 | w2} e 71 ] 4.9
AC 0 E 5-6 32 34 2 6.3
. | € 36 40 q n.i
. W 8-7 41 45 4 9.8
M 6-5 37 5 | 8 | 2.6
AC 1. E15-14 33 15 2 6.1
TE1312 26 26 0 0
CW12-13 ) a7 30 3 v |
W 3
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" Model 8300 RMs -

Ohio Profilometer RMS

, sEcTion | FiRsT SECOND FIRST | SECOND aa -
URFACE TYPE . ND. TS T TEST CHANGE - TEST TEST . CHANGE ;.
" 06 1 N 9.6 | 110 2.4 | 25.0 9.0 9.2 | o2 2.2
S 9.8 | 10.2 1.4 14.3 9.0 9.3. 1 0.3 3,3
AC 2 E 15.2 16.4 1.2 b 79 f17.7 } 180 0.8 2.3
W 17.7 {191 1.4 7.9 J120.2 1 206.} 0.4 | 2.0
AC 3 N 16.0 15.3 | -0.7 4.5 1 19.8 19.3 { -0.5 | 2.5
- S 17.8 16.4 | . -1.4 7.9 18.01 183 4 03 1 1.7
06 4 11.8 10.3 | -1.5 12.7. 98} 98l o S0
W 12,2 9.4 | -2.8 23.0- 9.3 8.8 | -0.5 5.4
PCC Gnd. [ 6 S 204-203 | 12.4 13.5 | 1. 8.91 13.9 ] 16.8. 1 2.9 {209
. s202-200 { 8.2 " 9,2 1.0 12.2- )| 9.4 9.3 | -0.1 1.1
N 200-201 | 8.4 8.9 | 0.5 ‘6.04’ 7.9 8.1 02 | 25
N 202-203 | 7.1 8.4 1.3 18,3 7.3 7.4 .10 | 1.4
AC 7 £ 2-3 105 | 138 | o33 ] ana Jls7 ) wo ] 03 | v
 E 4-5 7.2 ©10.9 1.7 51.4 . 9.3 1 9.4y oy 1.1
W 5-4 7.4 1. n.of 3.6 48.6 9.2 | 9.0 | -0.2 2.2
W32 | 129 | 2.3 1.7 Y142 1.2 ) © g
AC 8 N 19.6 | 21.3 1.7 87 Hl26.9 1 27.3. 1 ga | 15
5 17.2. ) 21 3.9 | 22.7 Jl2as 238 107 } 2.3
AC 9 N 0-1 ] 30.0 .25.5 -4.5 15.0 32.0 32.2 | 0.2 0.6
: N 2-3 21.8 2]-'3' 20.6 2.8 30.8 31.1 ‘0.3 1.0
$ 3-2 24.6 23.3 | -1.3 5.3 33.5 36,0 .1 0.5 1.5
5 1-0 43.0 | 3a.a | -8.6 | 20.0 %37.,'4 | 378 | o ] va
AC 10 E 5-6 9.8 9.4 | -0.4 a1 Wrze ] 125 | .0.3 2.3
Ce7-8 fn.e | oz | ozo0 s flaza | ves | oo.s 1.3
W 8-7 13.1 | 6.0 2.9 }f.22.0 f13.5 | 13.0 | -0.5 3.7
W 6-5 11.7 12.2 0.5 4.3 ljr2.2 {2 | o . 0
AC 1 E15-14 | 9.4 12.2 2.8 29.8 JJ'\1.4 | W15} g1 9.
E 13-12 7.8 9.5 1.7 2.8} 9.7 9.6 | -0.1 1.0 .
- W12-13 fga [ 1.z | 1.8 [ 21,8 o | 106 0 0
W 14-15 9.2 | naa | 2.2 | 23.9;]]10.5., 0.6 | 0. 1.0
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APPENDIX B

- PROPOSED METHOD. FOR
CALIBRATION ‘OF RTRRM SYSTEMS

Scope

........

1.1 This method aescribes the procedures and eggipment'necessary for the
calibration of ReSpdnse—Typg Rgsd ungsness-Measuring (RTRRM) systems.

1.2 A RTRRM system is defined as any device which méasures the relative
motion of a spruhg mass system. in rssponse fo traveled surface rough-
ness where the mass is supported by an automotive-type suspension
and tires.

Applicable Documents

2.1 ASTM Standard:

E-1082-85 Standard Test Method for Measurement of Vehicular Response
 to Traveled Surface Roughness

2.2 ASTM Standard: ‘ /

Uhder 'Trailers Used Fof Méasuring Vehicle Response to Road
Development )
Roughness

2.3 ASTM Standard:

E-950-83 Standard Test Method For Measuring the Longitudinal Profile
of Vehicular Traveled Surface with an Inertial Profilometer

Summary of Method

3.1 A number of in-service test sections are selected as calibration
reference section encompassing a wide range of roughness levels.

3.2 The RTRRM system(s) is then operated over the test sites to establish
benchmark roughness levels for the test sites.

3.3 Llongitudinal profiles are obtained on the test sites and the calibra-
tion reference values are obtained utilizing the Quarter-Car model
from NCHRP 228. An inertial profilometer is the preferred method for
obtaining the profiles.
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3.4 A correlation is then obtained between the RTRRM roughness values

3.5

and the calibration reference values. This correlation can be used

(1) to adjust the RTRRM output to the standard roughness va]ué ‘
obtained from the profi1g meashreménts, (2) as a reference to establish
the benchmark roughness levels in sub;equent caTibra{iqn checks.

The in-service.fest sections are used for frequent‘ca]ibrafion.check;.
Longitudinal profile data is obtained on a yearly basis, or more
frequently if necessary, to re-establish the correlation or benchmark

roughness levels for the RTRRM system(s).

Apparatus

4.1

4.2

4.3

4.4

Roughness Trailter - The roughness trailer shall be designed to house
the roughness measuring displacement sensor and be capable of being
towed at highway speed. The trai]ér sha11.in conformance with a1l
the specifications and provisions of ASTM E 17

Profilometer - The profilometer shall be capable of measuring the road
profile in the left and right wheeT traéks over a frequency band of
0.5 to 25 Hz at highway speeds. The profile measurements in this
band width shall be obtained with a resolution of 0.01 in and a
hysteresis not to exceed 0.001 in.

Simulation Model - The simulation of the RTRRM system shall be the
Quarter-Car model from NCHRP Report 228. The simulated speed shall
be 50 mph. OQutput shall be the ca1cu1ated accumulation of the axle-
body displacement in RTRRM system units. |

Test Sections - A minimum of 20 test sections must be se1ected to
establish the initial correlation of the RTRRM system response to
the Qwartér-Car reference roughness 1eye1.v The test §ections must
be selected to cover the various pavemeﬁt types‘and a broad range of

roughness levels that will be encountered during the normal operation

71



of the RTRRM system. Once the-initial calibration has been established,
a minimum'pf six sites will be sufficient for periodic calibration
checks and reca]1brat1on " These six sites (miaimdm) must be chosen to
represent a smooth med1um “and rough road in accordance with each

agency s roughness standards.

The test sections should be from 0.5 to 1-mile in length, not contain
bridges and intersections, and be on a tangent as much as possible.
Sharp hor1zonta1 curves, steep grades, and areas with heavy traffic

must be av01ded

5. Ca]dbration.Procedure

5.1

5.2

Test1ng Speed

AI] ca11brat10n test1ng of RTRRM systems will be performed at a

speed of 50 mph,

;hitial Calibration and Correlation
5.2.1 Se]ectuin-service test'sections in accordance with the
| "erfcer%a of Sectioﬁ 4.4. Select a smooth and rough test

‘secffon and obtain ten (10):repeat runs on each section
ahd_determine the repeatability of the RTRRM system. A
Qariatfod‘df more‘than 10% may indicate mechanical problems
spch”as shoéks, tires, QheeTbearings; etec. and correction
mdst be Made.' | |

5.2.2 Obtain two repeat runs with the RTRRM system on each test
section selected in 5.2.1 and obtain the longitudinal profile
using'a profilometer or by‘rpd and level method. Calculate
‘the quarfer-c&r ca1ibratioh reference values at a simulated

Speed of 50 mph using the simulation model of Section 4.3.
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5.2.3 Ca]cuIaté the regression equation between the roughness
results obtained with the ﬁTRRM system and’fhe sfmﬁlated
calibration reference values. Thé average 6f the t;b repeat
runs on each section should be used és the roughness value
for each section; If the two values éfé more thant]S%‘
apart on smooth sections and more than 10% aﬁart oﬁ fough
sections, & third repeat test should be made. If no two runs
are within the 10% or 15% as applicables, the RTRRM system
must be examined for mechanical or other problems.

5.2.4 Select a minimum of 3 test sites with. a total.of 6 test
sections from the sites used in the correlation to serve
as calibration test sites. The se]ected'sftes mus£ repre5ent
a smooth, medium, and rough road. The simulated rodghness
index or the benchmark roﬁghness 1evef froh the RTRﬁM system
obtained in Séction 5.2.3 will serve as the éa]fbraéion
reference roughness level for periodic ca]ibratioﬁ check§.

- Establish control ]iﬁits for each of the Siteﬁ by obtaining
10 repeat runs with the RTRRM system and uﬁing the following
formula to establish the upper and lower control Tlimit.

X

Targét Roughness Value

Standard Deviation of X

X + 1.73 x &

Upper Control Limit

Lower Control Limit = X - 1.73 x
5.3 Periodic Calibration
5.3.1 Conduct calibration checks of the RTRRM\sysfém on a monthly
or more frequent cycie by obtaining‘3 rebéat test on each of

the 6 test sites selected in Section 5.2.4.'.The average of
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the three runs must fall within' the contro1 Timits on five
of the‘sik sites.
5.3.2 Mechanical checks must be made of the RTRRM systéﬁ if the
unit is not in calibration and the unit must be reca1{brated
aftér apbrobriate repairs are made. The mechanical adjustment
>arh is used‘to fine-tune the RTRRM Systemléo that the roughness
readings fall within the contrel limits on aTT SiX fest sites.
If the adjustment afm is not available on the RTRRM unit,.néw
o caiibrétfon va]ugs'mdst~5e established QSTné thé pfocedures of
Section 5.2, | |
5.4 Yearly Calibration Checks
5.4,1 1In order toﬁdétecEzlongfterm‘changes jn the calibration
reference_teét séétions, the Tongitudinal profi1es of the six -
fést sites mpst be obtained on a year]y basis. The calibration
feference values aré calculated from the profile using the:
sfmu]atidn mbde] of Sécfion:4.1.3 and compared to the previously
estab]ished cajiﬁratibn values. The calibration values cén be
the generalized roughness .index from the simu1afed RTRRM §ystem
or canlbe reduced'to the ‘benchmark foﬁghness‘va]ues utj]iiing
the corré]ation estab]ishedrih Section 5.2.32
5.4.2 A neQ tafget‘vaiﬁé must be-estabiished in the new calibration
reference value fis ﬁot within + 5 percent of the exisitiné
-‘refe}encé'va1ue. The output from\the RTRRM syéteﬁ on the six
tést sites is thén checked to detérm{ne if the roughhess value
falls neér‘the new tafget value and within the control limits
: éhd no calibration adjustments will be'necesgary.“A ﬁew corre-

lation or a mechanical adjustmenf need to be made if the output
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6.

of the RTRRM system does not conform to the target value cal-
culated from thekcurrent longitudinal profile. The procedures
from Section 5.2 must be followed to recalibrate the RTRRM .

system.

Data Reduction

6.1

6.2

6.3

‘Initial Calibration

6.1.1 Calculate mean, standard deviatfon, and cbefficient o%
variation for the 10 initial runs on smooth and rough
test sections to determine the variability of the RTRRM
system.

6.1.2 Calculate average roughness of the two tests on each test -
section for RTRRM system and Quqrter-Cér simulated roughness
index. |

6.1.3 Determine regression équation between RTRRM roughness and
Quarter-Car simulated roughness.

y = a + bx
6€.1.4 Establish control Timits on six ca]ibration test sites.
| Calculate average roughness value ﬁnd standard deviation
of 10 repeat tests for each site and ca]chlate control
1imits as follows:
U.C.L. =X +1.73 x&
L.CL. =X - 1.73 x@

Periodic Calibration

Calculate average roughness level of three tests on each site during

calibration checks.

Yearly Calibrations

6.3.1 Calculate the average RTRRM roughness values of three repeat

runs on each calibration test site.
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6.3.2 Calculate the Quarter-Car simulated roughness value from
the longitudinal profile for each calibration test site.

6.3.3 Compare new ca?ibrétion reference value to previously
,eétabljshed values,

6.3.4 1If ré-ta]ibration is nécessary, refer to data feduétion

procedures in Section 6.1.

76



_ APPENDIX C
SUMMARY OF ROUGHNESS DATA FROM CORRELATION STUDY
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DATA FROM CORRELATION TESTS
FIRST RUNS

— . -
. TYPE mem e300 FL - g{ OH
TEST SECTION " wocation  © j maveuer )| mavs’ | wavs ml]':n- Pe1 || mava [ pca [[ mave [ rca | Pei | s || Po
) SR-7 N 06 20 48 | o.6ll 139 f4.3d] 247] ‘62 48 | 950} 3.88] 9.0fl 4.03
3 06 18 76 8] 141 14 .39 224] 51 44 | B845] 3.83] 3.0|] 8.07
Camp Calyin _E AC 50 8a |15, A 368 |3 agll 25 358 80 | 21341 3.69] 17711 3.27
z T"'P W AC 87 | .00 |17.7] 380 [3.B5][ 675] 418 || 90 | 2576] 3.56] 20.2]1-3.28
R High Falls N AC 54 88 ]16.00 358 ] 3.91] 7291 496 91 | 2783} 3,450 19.8/1 3,06
S AC 6 98 [ 17.8] 373 | 3.7d] 68z | 466 90 | 28231 3,51 18.0ll 2,91
4 SR-16 0-1 £ 0G 24 60 {)1.8] 174 |4 .|} 286} 140 50 1 1026 3,89] 9.8lt 4,19
: -0 W 0G 20 63 112 A1 1ap [a3d] 251|126 {87 | spa] 3.89] o9.3l4.12
-Bailey Jester N ST 119 - - 633 ]3.20[} 1317 | 827 137 | Ns58) 2.62] 33.5]12.74
5 S 57 134 - - 739 13.02{ 1514 hoo7 151 | 3878l 2,631 36,91 2.73
1-75 203-204 S | PCC Gnd. 38 59 J12 4] 257 a4 28[] 397 (262 58 113sal 3e1138lf3e7].
6 201-202_5 J PCC Gnd. 27 25 | 8. A1 211 a4, 311 266 |11 as 1 7030 3. 65| 9.4]l4,7%
201-200 N ] PCC Gnd. 15 42 | 8.4l 178 la.a0)] 2221 86 39 [ s00] 3811 7.091{4,5)
202-203 N__| PcC Gnd Jt - 11 3a ] 7.1]) 127 l4.a7]] 191] 80 34 | 414]-3.88[ 7311467
SR-16_2-3 AC 34 48 110.5] 213 [4.24] 415 269 55 | 11831 3.68] 15 71 3,56
; 4-5__E AC 16 33 | 7,203 faafl 27 oor 40 | 543l 3871 9.3ll3.96
' 5.2 W AC 18 ~39 | 7. 8] va9 [a 371 264 9711 a0 | 496l 3911 92139
3-2 W AC 28§ a8 lio.6ll 192 fa 27| 357 {228 5] | 121l a.z6] 14,211 3.54
g CR-162 N " AC 97 115 119.¢] 554 [3.a4] 976 ] 625 |l 114 [ 3004 2.93] 25 oll 2 83
. S AL 87 1 inq 117 Alazs 13.731 7721435 || 103 | 1982] 2.95] 24 .5][ 3,24
CR-177 0-1___N AC 114 156 130.0] 628 | 3.281 1127 | 767 || 133 | 3715] 2.731 32.0/1 2,79
- 723N AC 106 134 |21.8] 673 | 3.39] 1088 | 742 J" 131 | 3755 2,821 3081 2,63
o8 3-2__S AC 113 148 f24 ) 630 {3.26] 1195 [Bo1 I 137 | 4020] 2,81} 335 5
1-0 S AC 129 196 1a3. ol 764 |2, 9] 438 hz1s 8 151 f sizal 2,711 37 all 2 46
SR-16 6.6 E | - AC 33 50 | 9.3] 81 fa.3d] 3715 56 | 10z20] 3,670 12 8][ 3.40
90 7-8 AC 36 55 |11 .21 192 |4.27]] 3591166 55 | 977] 3.66] 12.1]]2.70
8-7 W | _AC__ 1| aa 62 1131 221 Ta 2d] 214200 64 1 13011 3,700 13,501 2.70
__ 65 W AC a1 56 [11.7]] 236 14.17]] 368 | 197 55 | 10431] 3,711 12.2] 3,55
SR-212 15-14 E AC 32 46 | 9.4l{ 199 fa.27f 332] 158 51 { 1019 3.87] 11.4][ 4.49
n - - 3-12_E AC 26 - | 40 | 7.8]] 145 14 98] zea 112 45 1. 660] 3.80] 9.7]] 4.02
- 12-13_ W Lo 26 a2 1 B.4] 130 12.3d[ _2/C) 166 | JA5] 3.83] T0.5]] 3.04
4-15 W L1 —23 | %5 1 9.5 08 1%.33] 268153 TS T TOTO 1521 10 51 2 5%
‘ uliette 0-1_E AC 143 175 |31.2]| 824 J2.8al[1a86 |11011] 158 ] 4488 |2 .13 }36.8]]2.77
2 2-3 E AC 15 125 |20.6]| 600-13.33]11127 | 84s][ 129 3467 [2.57[29.71]2.66
3-2 W AC 135 765 128.81] 724 13.0511 1345 ]1002]] 146 | 4286 ] 2.20 | 34.4]}2.52
1-0 W AC 169 ] 187 |32.5][ 1031 [2.37][1722 |18 | 172 | 5596 11.98 ]| 41.9]¢.57
1-475 1413 1 PCC 59 59 112.0|] 375 14.12]] 728 | 329 B9 | 1743 | 3.41 | 20.6,13.96
3 — 1211 N PCC 57 70 112.5|] 382 |4.09]| 736 | 358]] 90 ] 1825 | 3.41]22.0]}3.86
! M-12 5 | _PcC Gnd. | 74 2 100.3]] 277 14.261] 438 | 1791 63 1160 § 3.35 | 13.21]4.20
13-14 5 PCC Gnd.}]| 70 57 | 9.9|| 295 |4.23|] 424 | 161]] 64 |1096]3.27 [14.3][4.43
175 180-139 5 AC Hill 42 70 13,6l 241 lavell 450 [ 1aoll 63 | 74313.70]14.5{]4,09
' - 138-137 § AC Mill a4 a7 |15.21] 210 l4.23]] 454 | 182]] 70 ') 758 {3.62 |15.6{)4.24
“wo.o.r Y37-138 N | AC 19 35 1 5.7]] 150 [3.36]] 208 1 731 39 | 35813.77] 8.11/2.63
. 139-140 N AC 17 26 | 4.8|] 146 |4.38]] 200 e1f] 38 | 30)3.69] 8.31la.62
1- [ PCC New || 42 83 |18.71] 268 Ja 271l 398 | 184l 64 I135213 113,800 -
= ' 3-4 £ | PCC New 48 81 |14.0] 273 |4.26]] a66] 17a]] 66 | sl 3 7ifa 2]l -
5 - “4-3W ] PCC New 63 "B86 ]14.5]] 349 |4.16] 604l 288 &2 [in3fast[irgf] -
g 2-1 W | PCC New 54 | 85 |14.5]] 322 |4.19| 509.] 216{] 72 .| 1365] 3.70] 16.0]] -
T [LSR-166_10-11 E pCC m N9 [19f] ese [3.72f[ 1214 { s3] 133 | a123] 3,251 30.7][2.73 |
e 12213 PCC 97 1 o7 116,08 saz faealvpsal soall mig | 3147030 )28.403.21
S 13-12 W PCC M 116 J16.6]] 674 |3.700] 11631 77611 131 } 4051] 3,32 ] 30,91 3,08
~11-10_W PCC_ 11 105 - 1 103 |16.4] 610 13 79110781 648l 120 | 32151 3,351 28,811 3,03
78
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DATA FROM CORRELATION TESTS

REPEAT RUNS

. e A |LER sjee ] ,
YESY SECTION . LOCATION, PAVEMENT MAYS HMAYS | RS MAYY | #39 MAYS | PCA MAYS CA A RS [ . 1]
1 Sk-7 N 06 23 54 Nt.ofl 142 [4.38[f 260 | v22]] a8 ! 945[3.85] 5.2
7 S [ 19 %6 §10.2)] V36 12,3B|] 225 | 110]] 44 | B57)3.00] 9.9
amp Calvin C AC %} T LY (L R4 § L L) IR SAUE RIS AL
2. v AC_ 3 T (V.Y 05 15.82]] 727 ] a52il 00 | 257013.52120.
High Falls K aC 62 83 115.3]l 314 |a.00{] 734 | 4561} 82 | 2720 | 3.51 19.31’[
3 S AC 64 97 116,411 315 14.001] 680 | 45911 92 | 2922 [3.50 [18.3
 SR-16 0-1 € 0G 25 52 110,3) 153 14.36{] 256 § 124][ 51 [1064 [3.90 § 9.8
4 W 06 73 a6 ] 9.4)] 118 14.44]] 222 { 103]] 46 | 66013.91 1 8.8
R Balley Jectar N . o] 105 - - h 592 13 33101278 § 7290) 137 13706 12,58 |33,
S ST 123 . - 723 13.06][1451 J1090]] 150 13917 12.63 1 36.2
175 203-204 5 PCC Gnd. 1l 34 66 }13.51] 237 14.311] 345 | 223]] 58 11349 [3.51 }16.8
201-202 5 pCC Gnd.J| 24 49 ] 9.2 183 [3.3911 225 | 80{| &5 } 683 {3.81 1 8.3
6 201-200 N pCC Gnd. a 26 1 8.9) 157 13.43]] 185 1 6711 39 | 52313.761 8.7}
‘ 702-203 N PCC Gnd. 2 ) 4 4.47]] 150 ] J0]] 3B 1 a1315.88] 7.4
SR-16_ 2-3 E AC 6 67 113.0]| 201 14.25]] 25V | 256|] 55 [1212 3.7V [16.0
‘ 4-5 € A¢ 19 56 {10.9[1 109 la.46[f 194 ] es]| 40 | sie}3.»r] 9.4
7 5.4 W AC 19 &8 1171.0]| 118 14.451] 201 | 98]l 40 ; 0
3.2 W m T 85 112.9]] 88 [4.28]] 332 | 2961} 5% |1128]3.16 |14.2
8 | CR-162 f A 102 134 f21.3]] 578 ]3.33)]1042 | 692]]. 114 [ 3046 ] 2.88 {21.3
' S AC ] V3112V 3] dia [3.76]] JeT [ & 00 [ TR [ 2.99 [23.8
CR-17] 0-)1 N _AC 112 140 §25_sf 65y [3.21111214 | 946]] 134 [3722 12,72 {3
it e AC__ 102 122 _iz21,.201 572 13,40]1)165 1 281(1 Y 748 12,8213
9 3.2 ¢ AC n: 147 [23.3]] 631 13.26{{ 12461 9134} 139 J4100]2.76 }34.0
- 1-0 129 195 138.4]] 768 |2.06)] 1485 113723 159 16308 12.77 [37.0
SR-16 5-6 AC 3 48 | 9.41| 187 [4.22]] 341 | Y80Il 55 | 972 13.68 [12.%
" 7-8 € L'y 37 B8 I13.2]| 200 13.25]] 490 | 20 ST 11075 1 3.67 | 12.5
-1 4§ AC 43 66 116.0]l 222 14.20{] 450 | 222]1 61 }1129 ] 3.65 113.0
6-5 W AC 30 BT |V2.2)1 225 13. o 28f 57 | 85513, 2.2
SR-212 15-14 € AC 32 % 112.2]] 215 Ja.22]] 354 | 198}) 52 | 10501 3.81 J 1.5
n 112 F AC § a8 1 9.51 154 |4.36]] 260 | 129]} 4 e8] 3.531 9.0
Y213 W L B0 (0.2 152 13, .| 1 WﬂlJ
V- 15 M 1 AC ) L2 ALY | LTS K | RT3 T3
. | Juliests 0-1E AC
12 2.3 AC No $econdl run
3-2 W AC Il
1-0 W AC Il
1-475 14.13 N PCC ]
12-11 N PCC No gaconyf run
13 N-12 5 | PCC Gnd.
13-14 S PCC Gnd. ﬂ
=75 140-138 S AC_M111
18 - 138-137 S AC NI No feconl] run ﬂ .
137-138 N ac
133-130 N 1 ___AC
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