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PREFACE

The treatment of the subject matter of this report is oriented
toward the needs of the operations (Maintenance) personnel who will
in fact be required to apply the measurement control procedures
described herein. This reflects in the following assumptions by the
writer:

.Most readers have a working knowledge of routine Mays testing
operations.

-Some readers will not be completely conversant with the
fundamentals of statistical quality control.

Accordingly, in developing instructions for measurement contrecl,

the writer has attempted to bring out the underlying statistical
principles in very basic fashion.

-ii-



IMPLEMENTATION STATEMENT

Adoption of the Mays measurement control procedures described in
this report will provide for more effective, informed judgments
regarding the relative riding qualities of New Jersey pavements.

Implementation should be quite straightforward since 0peration§

nersonnel have worked directly with Research during the studyv.

~iii-
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PART OME: IHTRODUCTION

1.1 Dbjective of the Work:

In the summer of 1974, the Hevr Jersev Denartment of Transnortation
acquired a high-speed roughness measurement device knovn as the
"Mays Ride Heter". This equinment was purchased to nrovide an innut
to a navement ratina system for ordering maintenance resurfacing
nriorities, as well as to nrovide a continuing canal:ility for qauqing
the riding quality of newiy comnleted construction.

The objective of this repor®t is to 2rovide a set of nrocedures
for systematically monitoring the output of the Mavs device so as to

determine if a stable, accurate level of readings is beine obtained.

1.2 Mature of the 'ays Enuipment:

The "ays Pide Meter -- models of which arc renortedly in use
by at least 30 agencies -- basically consists of an instrumentation
nackage mounted in a standard nassenager car which measures road
smootiiness in terms of the relative movement tetwcen the car hodv
and differential. The New Jerser ‘lays vehicle, a 1274 Fnrd
Custom 500N sedan, is operated at a standard speed of 4% MPH durina
testing.

The heart of the Mays measurement system is a small strip
chart recorder, The paper chart output of this instrument records
the distance travelled in a test, the cumylative amount of body
rovement or roughness, and a rouchnnss trace ~r renfila. Civen the

total inches of vertical movemrnt and tha 1eneth travelled, ‘lays



roughness results can be exnressed in units similar to roughness
index. That is, as the 'fays rouarness in inches per mile. (In

this state, all “ays results are rounded to the nearest intenaer.)

1.3 Overview of the Problem and Cnlution:

As is the case with test data in qeneral, rencat 'avs roughness
measurements made on a qiven naverent will disnlav variations both
yithin and between grouns of tests. The actual maanitude of
variatinn observed within a qroun of short-term Mavs data hasicallv
derends upon the innherent capabilities (nrecision) of the equirment,
its condition at the time of test, and onerator technique. Lona-
tarm variations in Mays results are a function of additional
variations both in temmerature anc in navement characteristics
(i.e., actual rouahness chanoes) Letueen test arouns.

This renort nresents a set of nrocedures for ensurina that
the Mavs device is “unctioning nro-2rlv and nrovidina reliable
measuremenrts.

very simpiy, these procedures involve comnaring current “avs
results for five, none-mile navement test sactions of knovn roughness
to nast data for these same sites. FGiven the proner equinment
calibration and onerating nrocedure, the current measurements will
reproduce the past data within certain measurement tolerances and
the Mavs testing nrocess will be considered "in control". Conversely,
vthen current measurements are not consistent with the estal.lished
standards for the test sites. it fcllows that either {a) the Mavs
calibtration or testing nrocedure s imnroner -- “out-of-control” --

or, iess commonly, (&) the roushness standards require revisinn



(i.e., therc has been a real change in test site roughness).

The statistical device used to deronstrate vhether or not the
Mavs testing process is in contrel is “noin as a “"coantrol chart".

A !lays control chart is simply a time nlot of test site rouahness
data on which are sunerimoosed lires [“control limits") that depict
the historical measurement tolerance <omnuted for that site. If
the plotted points for successive tes: samnies fall within these
control limits, a decision is made trat the 'Mavs testing nrocess is
in contrasl. If the points fall nutside the contrnl limits, the
nrocess is judaed to be out of contrnl and action ic undertaken to
racalibrate the device or improve testing techniounr.

Netection of the two hasic tvpes of Mavs outnut nroblems re-
quire construction of separate contrnl charts: a mean (Y) chart ‘or
discovering shifts (+ or -) in averaco rouchness retinen test dates
and a ranae (P) chart for determininc increased variahbility of the
testing orocess. Hhile all five sites need not he tested on everw
nccasion, this method of controlling "'avs roughness outnut ravy

occasionally requira the anaiysis of as many as 10 control charts.



% OF MEASUREMENTS

PAPT TG THE DEVELOPMERT OF NEV JFPRSEY TRYS POUMRNECS CONTROL C0PPTS

2.1 Seasurement Tolerances:

From the nrecedine discussion, it is enrmarent that the successfu)
deyeinoment of process contrnl charts hinges on determininn annranriate
reasuranent tolerances or control limits., In the marticular case of
“ays neasurenents, determination of tnese Contral Yimicg denands on
the fact that rougiiness results for a particular navement are

-~

“normally” distributed. That is, & nlat »F tan froqusnzy ith

R CH

narticuler iavels of roughness occur in ren2at tosts - 11 aisnlay the

familfar "bell”™ shaoe shown in Fiaqure 1.

FIGURE |: TYPICAL DISTRIBUTION OF MAYS

ROUGHNESS RESULTS FOR A CONTROL
SITE

. o]

€2%
S5 %

99.7% OF DATA



Aiven two nronerties of a particular nnrmal curve -- the mean,
(X) and standard deviation (0) -- it is nnssille tn formulate sorme
characteristic measurement tolerances. For examnle, as shown in
Figurce 1, about 2/3 of ail normallyv distrituted test observations
11111 have a magnitude which falls within the interval X'i;0§ ahout
25 nercent will Jie within Y'i_ZCL and essentially all of the
observations {99.7 percant) will be vithin X + 3C

The two end numbers , X+ 2Gand ¥ - 20, hetienan vhich 0§
narcont of all measured values are expectad to accur, are called
tha ‘tuo siama® limits or (more nronerlv) the "G ~~rcent confidence
Timits". By definitinn then, the likelihood nf nitaininn a measurand
value outside the 95 nercent confidence limits is at most 5 rarcent
han the nrocess is in control. Similarly, the erd numbars nf the
intervals ?ﬂjLO'and Y'i.30'are resnactively reforrad to as tie
7 parcent ("one siama’) and CC.7 rercent ("three siama’)} confidence
limits.

f.s will be discussed later, the hasic 'low Jerscy rouginess
contrnl sample to be evaluated on a test dav is five (5) consocutive
runs rer individual test site. If the "avs teostina nrocess is in
contral, the averaqe of the five runs should be within + 3 times some
standard deviation of the true mean rouahness (&) far the narticular
site. The analvsis nf consideratlo kistorical data for the 'leu
drrse control sites indicates that for such 3 €ive-run averane, the
standard deviation is tynicallv on the oxder of 2.7 inchas/mila. The

tandard deviatinn in this instarce is ronrngantatiye of thn

w

tatal dav-to-dav variation in averane neasursd rauntness and indicates



the measurement tolerance to be refiected in the control Timits.*
For example, as shown in Figure 2, essentially all daiiy averages
of five readings should be within about 8 inches/miie (3T) of the
true site mean when the process is in controi. Furtrar, nearly
all shouid be within about 6 inches/mile of the true site mean

{i.e., within the 95% confidence limits}.

FIGURE 2@ TYPICAL DISTRIBUTION OF DAY-TO-DAY

TEST SITE ROUGHNESS AVERAGES
(SAMPLE N=5)

e A S A S — T
-2 in/mi - -3 Ak ' +2 +5 +Qin/mi
4 Y 56 (say 6) in/mi = 95% -

AL £ 8.4 (say 8) in/mi =9.7%

I
1

*The standard deviations representing total day-teo-adzy measurement
variation on particular roughness control sites range from 2.2 to
3.2 inches/miTe. These values are actually used in constructing
control charts for averages on specific sites.



2.2 General Features of Control Charts:

Once the frequency distribution of test results from a controlied
process is known, as from the preceding section, the basic construction
of control charts can be easily understood.

In essence, a control chart is simply a normal frequency distri-
bution to which has been added a time scale. The difference between
the "bell" curve and a control chart then is that the order or sequence
of readings is shown in the latter. As will be described later (and,
indeed, as might be guessed), retaining the time sequence of readings
is important in that relatively subtle patterns or trends in data ouf-
put can be equally as good an indicator of an out-of-control process
as dramatic shifts in readings.

Figure 3 illustrates the general features of a control chart;
specifically, a chart for controlling averages. The chart is based on
the typical distribution of day-to-day roughness averages previously
shown in Figure 2.

Three lines on the chart are of interest: the central line and the
two control limits. The central line is the overall or "grand average"
(;) of all historical readings obtained on a site and represents the
best estimate of the "true" site mean (M ). Expressed in general terms,
the upper control limit (UCL) and lower control limit (LCL) are
located equidistant some number of MHays units (“D") above and below
the site mean (;) Since the number "D" can be expressed as some
multiple ("d") of the standard deviation, it should be apparent from
the discussion presented earlier in this report that control chart limits

are in fact confidence limits. That is, the control limits are the end
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numbers of the interval X + d0 which includes some given percentage
of all expected readings, the specific percentage depending on tne

magnitude of the multiplier "d".

FIGURE 3
GENERAL FEATURES OF A CONTROL CHART
18 . UPPER CONTROL LIMIT=R240D
- A ucL
> +6 +6
30 +41 w té4 .
LIMITS © ¥D°d0
+2¢ ° +2
w
X I X ] ¥
20 =
LIMITS ~21 7 -2
_4? : -8 ‘ -D:'da
i - G4 g -6 f
.
L 5 -g , F—LOWER CONTRGL LiMT = ¥-po -t
—t——— 44”1/—
! 9 T 25 33 4
DISTRIBUTION OF DAYS IN TEST
PROCESS RESULTS CHART FOR CONTROLLING PROCESS

(CAILY AVERAGES) . (CHART FOR AVERAGES)



The selection of "d" -- in =ffect. the sizing nf the control
tolerances -- is bLased on a numher of factors. 0One of the key factors
is the frequency with vhich one is villing to have the control limits
exceeded by mere chance. In other words, hoivr often are ve villing

to respond to "false alarms™, requirina recalibration when in fact

no output oroblem exists. For examnle, sunnose that the 725 nercent
confidence 1imits are chosen as the coantrol chart limits (i.a, d = 2).
In the case of a chart for Mavs averanes, this wouid mean that the
unner and lewer contral chart Timits muld tyrically he set at

; + & and ; - £, Since these limits “v definition encomrass all but

5 nercent of the exnected readinas, if a decision to recalibrate is
made based on the occurrence nf a value in excess nf these limits,

the maximum chance trat the level of readinas has not chanaed and
that the search is in fact for nonexistent trouble is G nercent.
Stated another wav, recalibratina at this level invelves a risk of
heina wrong in 5 out of 107 cases. Similarly, use of the three

sigma (97.7 nercent) c¢ontrol limits as an indicator of trouhle can
involve a recalibration “fool's errand’ in at mnst 3 out of 1,970
cases.

In actual nractice, the choice of snecific contrnl chart limits
involves striking a halance hetweesn excessive leniencv and over-
restrictiveness. That is, if the control limits are widelyv senaratad
so as to orevent anv unnecessary recalibratinng (i.e., if the

multipiier d is relatively laran), the level of cnantral exercised

aver the nrac~ss may ho almost nnaninaless.  Op the othar hand, if
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in process cutput (Foe., 3 ¢ 33 endativelv snait . the qumnoy
faice indications of a2 need for recolitvation onule boo oo wdine,
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nf a control chart for the average of five succossive rounhness
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maasurements.  Since the ranne (diffarence hatueen the laranst and

smallest) of these five measurenents also sorves as an irdizateor
~2f the adequacy of the roughncss tasting precess, control charts
f
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docizion mating. The three data nutcomes possibie in nrocess control

testing and the associated decisions/actions are:
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Nature of Data Decision Action
1. Data definitely Accent the process Continue routine
vithin tolerance "avs testing
2. Data definitely Peject the process Pecalibrate;
out of tolerance imnrove technique
3. Data “suspicious" Hithhold judament Perform additinnal
control tests

Since there are two nossible cases of process rejection -- a
definite rejection when the Mays outnut is absolutelv out of control
and a conditional rejection when the readings are merely suspicious -- it
seems anparent that the control proceduras should reflect this fact.
That is, there is a nead for an "action” contrnl 1imit indicating
a definite need for remedial action and a (lesser) "tvarnina” control
1imit indicating a zone of susnect data.

Mnother asnect of the decision-makina procass which must be
considered in formulating rules for the use of contral charts is
that it is nossible for Mavs outnut to be judand out of control on
different time bases. That is, a long-term pattern of consistently
high (or low) test site readings mav he equally as s'mntomatic of
an out-of-control process as short-term fluctuations, aven if these
lona-term denartures are of relativelv low maanitude. Thus a
complete set of control chart decision rules vill include a rule for
isnlating and acting on any trends shown in successive davs testing.

The snecific control chart limits and assaciated decision rules
tno be emnloyed in flew Jersey are as follows:

2.3.1 "Pction” control limits for a sinale dav's testing:

The 99.7 nercent confidence 1imits are to be used nn bnth tvnes
of charts (averaqes and ranges) as an indicator of the dafinite need

for recalibration or improved testina tochnique. The format in which
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these confidence Timits are applied differs betwecn the fwn fypes c¢f
charts, however, in that while charts for averages possess upper and
lower boundaries, a range chart has only an upper boundary. That

is, a shift in range requires action only if it represents a decrease
in repeatability (increase in range).

The specific "action" control limits for the five New Jersey
control sites are shown in Table 1A. As an iliustiration of the
application of these limits, a recalibration wouid definitely be
undertaken if on a given day the average of five successive readings
on the Route 29 test site was 108 inches/mile (or more) or 24 inches/
mile (or less).

2.3.2 "Warning" control limits for a single day's testing:

New Jersey Mays control site readings are to be considered "highly
suspect" if they equal or exceed the 95 percent (two sigma) Timits
shown in Table 1A. In that event, a second sample of five readings
is to be obtained from the site(s) in question. If the statistic
in doubt (i.e., range or mean) again falls outsicde the @5 percent
"warning” 1imit, the suspicion tnhat the process is out of controi
is considered confirmed and remedial action is to be undertaken.

If the results of the second sample fall within the "warning"
T1imits, the initial suspicion is considered refuted.

It is important to note that if a second control test sample

is required, the results of the retest are to be computed and

judged independently. That is, the decision whether to recalibrate

or not is based on the procedure described above and not on some
consideration of the "ocverall range” or "grand sveragz’ 27 the

combined samples.
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2.3.3 FAction” control Timits for sucoestitve szog testing

A shift in nrocess cutput wiii he considered o nave
eostablished if the MMays readirgs for any confre’ 570e dfzsizy a

- -

trend vherein three 120 cuccessive® a3 to3tn oot start)

axceed the 63 nercent {ane siocma} comfidercs T mite sacun in
Table 10

As tediczted et ablel thn Yone odapn’ TR mes mod
eaual to ; + 3 inches/mite ard ¥ ot vhe rpan oF
sharts for oyerazas ans ¢+ 0 Tar s vaeen coaes Troeomv o
tnen, a aroblem would be indicatad *F theoz sugtezzive oz

testing on the Foute 27 site yielded daiiyv avoranes vhich usre
each at Teast 104 inches/mile ar vhich Were all 92 inches/mile
or less.

While a recalibration or imbrovement in testina techninue

mav be the anpropriate remedial action when successive tests

i - - -~ 3 - N ey AT e g Tl b=
excecd the ona sigma' criteria, ar airtarndts nossipiitt ahote
ehotid ot be overionios o That vl g the oo CeoItE e
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dispiavs a trend of increasing roushness, 7% 3. we 1 ha gt the
roughness of the contrel site has in fact incvecssd. If a cise

cuch as this occurs, o?erations nersonnel should contact Pesecarch
for assistance in determining whether the amnarant nutnut nroblem

is reallyv equinment/technique related. In anv avent, cnntrol chart

~

> ~! X Fy myoive - -] PR E) e e P Py
cata shourd be nariedica™ly reviound by Tascrcorn Tiaxn 31 Tezat
oy ~ + A . -~ 2L PR < - P -
once e mavt tn detorminz 1F oany gadanie : 2

*"Successive"” does not necessarilv immlv consecutive calendar days.
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FIGURE 4. EXPECTED DISTRIBUTION OF COMITROL
SITE ROUGHNESS RESULTS FOR
VARIOUS SHIFTS IN TRUE MEAN

(Basis: Samples Of 5 On The T-95 Site, 0 =25 Wmi )

TRUE SHIFT = |7 in/mi

e ]
} m/muj

M
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Output s (omplelely/
in Control

-

" Distribution Of Sample.
Averages When Mays
Qutput Has Actually
Incregsed By 3 in/mi

Distribution Of Samide
Averages When Mays
Output Has Actualiy
Increased By 17 in/mi

UCL o= 88 L— UCL 3g = 9I
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Fle average of five readinas of

t

airable ubap thore has “oon a

e enifi o in tman of 17 dnches/nite. Since this rouaohness value

coeeds the T1 oinches/mile tactian” unsar contiel Timit for the

Cooundarta-on
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1
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i
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e
)
B
et
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3
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3
)
(@]
o0
—
=
3
.
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=1 f: in outnut of as much as 17 inches/miia occurred. 'hile

“os cortadn detection of a shift of such dramatic oronortions

AR
~ e
L

v xw E it ald g iFeual- i . PP N
Bk S AriiiZinkaced intuitively, The srfuatinn QeGP CITEC O
o [ e mpidia faca thwn muyrch A%t ey AL
ranrasanis a move suntie Caso., pees mych a° . area f
~ [ T Sy T . e T e [T e 2
i PRORUN LoAUrQUT JU [ ST LN ECRER S 6 [

~vnactad averane readings, detection of a real shift of only

T inches/mile is a matter of probhabilitv. That is, since aiout

7T rarcent of all samnle averanes vill Tia vithin tho "varning®

~rntrsl chart limits and thus he indistirauishable from the rasuyits

- 4

U

)

v

in-contrsl process, it follows that there is at most

eY

, . i e m g : 4
-~ smnaage o7 detecting a 3hifI af I oinches/mil:z hased oo Yo
-5 Feomoa 3inois tasting dav.

Sa ytew n7 orne fact that there are manv test result distributisns
<5 Tiguve 4 owhich could be rrenarsc. and sinct there ara three
~% =antral chart decision rules for acting on the outnut

s -asirted by those distributiens (i.e., the 1, 2 and 3

~:2)_ it is anparent that calculation of the nrababilities for

- . " : H Spyn ie Ty

xo-ire 2t oacgsitie shifts can Peonuite inyniyed., Forturately,
S orraca senbahility catouizticns can o shoum i1 a

nen o mmpaey Fasaten by niottira wmal fs bnoen as @ oowor

v
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In the nresent apnlication, the nover curve directly indicates
fap anv narticular shift in mean rouchness in control samnles, what
nercentane of the samples will be rejected hv the testine nlan and a
rocalitration undertaken. This nercentaae reioction is exrrossed

as the “probavcility of detectinag the jndicated shift". A value of 70

2

~ercent means that an the averaas, in 70 out of 107 cases, a shift

,

5% the aiven magnitude will result in ars readings on at :7ast one

site which indicate a need for racalibration (i.c., readinns wiich
vinlate too ‘action” canmtegl timiis for sipele davis testine Ur
successive davs testina, or both). Converselwv, a value cf 77 ~ercant
means that in 30 out of 10N cases, the aiven shift in outnut wiil
not be detected, thus resulting in acceptance of the nrevailino
state of "‘ays calibration.

The specific power curves illustrating the effectiveness of
tiaw Jersev's control procedures are shown in Fiaure 5. The existence
of two curves reflects the fact that the jater-descrihed reacormended

= ~ 3% e P e T B T
e of tests entails pantnly tests on wre Sina6s5 100ay

minimum schedu
to Trenton {i.2., Mew Jersey 28, 1-7% and 1-205) and quarteriv tesis
an all five sites (i.c., local nlus takeurst).

As indicated in Figure 5, it is a v rtua} certainty (i.e., 100
~ercent nrobable) that real shifts in Mavs outnut of as much as 6
inches per mile will alwvavs be detected and acted unnn hv the HNew
Jersev control nrocedure. Further, it is hiakly likelv (2" nercent
nwohzble) that remadial action will bLe faken 1€ 2 tru2 it of ahout

5 dnchacimile occurs {oe., in 0 oout of 170 cases, <hifes of 4,2 and

5.0 inches/miie, rospectively, wil be deincted vhon L oane 3 osites

are tested).
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FIGURE 5: POWER CURVE INDICATING THE

THE INDICATED SHIFT (%)
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Tn the writer s opinicn, achieving N donve ¢A3PINned Jlandara

Frioowdi

izatinn ot average

e wil

AEVITIES OF variour pademants, both old ano oz, C1EDICaY Lveran:
- e ~ o [ N Bt x e - P R S A B .
TavEovaiues 25 en 5id maverents . D0-7107 “nches,
~ - —~
DT L U
T B

E 0 T T 3 - e P i . e prgny
fomazt ooangs s Tn TesSTIne sdTtoun, BUT o3 50 Uy

il

the associated level of suyccess in avoiding aciion on data
alarms". Interestingly, the curves of Fiqure 5 also nrovide an
{ndication of the latier measure of contrnl nrecedurs affectiveness,
That is, netice that hoth nouer curves disniay a Y-intercest., The

maanitude of these intercents (1.7 and 2.7 nercent, resnectively, for

- p T L Ay LT TN g Fo - - ~ Py -
IQUTVeN, Y opALMEL2 ToLCL Gays oY Conliro! osito taziinn e
- o o P Al [ - 3 ~ s s - ES < .
coerforned with the Mavs device actually in porfoect contenl . o ran
DE L

sxpect to wronaly vequire recalibration on 2 or 3 of those davs. in

writer's viow, this is certainly an acceptably low risk,

P Chb v e PN S U L
Aevs ToUgGhaess Lo wWILNTR 2 FAXSAUR COF aloet D osngiee.

N
Lhie
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PART THREE: CONTROL OPEBAT:U:S

© 1 fecommended Testing Scheduie:

The choice of a time interval in davs betue2n series of control
besto, ike most enginearing decisions. of necezsity requires
annlication of judament. For example, if the Mays vehicle receives
sarsicuianty intensive use during 2

snan in oeriads of less fraquent use.

obviously be well-advised to nerform santrol testing nrior to

undartaking particularly important vor« (e.q., & smoothness

w

evaluation of the year's resurfacina nrojects.)

Apart from the above rather ohvicus factors, a more subtle
cansigeration in choosing an annrenrizte interval between centrol
sagsq roncayns the relative discernira power of the zortral chart

seciaier ryjes. That 13, of the thre2 Hew cersay LECISION ruizs,

!

roa tprend rule (i.e., the 3 dajly rurs in excess of 10 criteria)

i¢ by Fav the most effective in the cetection of smaller maanitude
sw1frs ip true mean roughness. Thus, 3T "Y' davs elanse
5% control tests, certain chanaes in “avs outnut may not o detected
for at least "2Y" days (i.e., "2Y" is the interval hetween the first

~acd shicd set of runs exceeding

T 2. . i b EN PR Y PO S T I - 3 S [N
st pasgmmended thal the thres Tocal are fostrel siles ol
mndose o onToup an 8% Teast 2 mnnlris 0RnT S Thots Furtiior

zunmnc o thet ald

Fiye sites be teetsd 2t & aroun cyary auarter.

3.2 Tarmerature Correction of !ays “~asurements:

The output of the Mays device i3 sianificantlv influenced bLv
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the amhient temperature at the time of test. &5 a consequsnte, a

temperature correction -wst be apnliad to contral sits routaness

data tc ensure comparab:lity of measurements rade or different days.
The nature of the relationshir “etwaen “ave rauohness and

test air temperature is iilust-ated in Fiourzs & and 7. Fg indicater

in the subject figures, the test-fit linss relating naired ~istorica’

roughness/temnerature zate for otne flve Nz Jerizv cortrol sitet

each display a near-censtart sicpe. Thus, the influence cf

temperature i3 essentr27ly the came Ter ays neizurererts cor aitre-

I3
T

1

&

concrete or bituminous navemert. Snecifically, the pest-{d
relationshics shown indicate that $if a given pavement is tested at
different temperatures, the measured roughness can be expected to
differ by about 3 inches/mile for each 10°F difference in test
temperature, with the areater roughness being chserved at the higher

temperature (average differences actually chserved on various sites:

)

2.7 to 3.4 inches/mile ner 12°F}., A1 otber factor: beinc the same
then, tne temmeratur: effect (ould feuse rousrrass Teasurenents
made on @ given pavem=at durina different seasons to exhibit
ditferences of as much &z 15 *5 20 inches/miic.

The fact thet there is ne discernabie difference in tne
temperature/roughness relationshin as between concrete and Dituminous
surfaces obviously sucgests tnat this effect arises solelv from
temperature-induced changes in the resnonse characteristics of the
venicle. This findino is somewhat surprising in thet 31 vas thought
that on certain of the cangrete sites Lo . ¢ = yndowei’ed, 12 foot

al ok [ T T . r N : : -
slabs of the Lakehurst site] slated dintortionsg of the

o
Vi

s vamporaluro-ve

surface itself might te a factor afferting rouniness difforencaes
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sere ‘i o= porractaed Mays rouchnest

observed Mavs roughness at temnerature T

':r
i

Ixamrle: If an average Mays roughpess of 24 inches/mile is abtzine

.

wher tne 3ir temperaturs is 92°F, the corrected average value ic

o = W b S
[ R T B R R

.3 VS 777 in/ms

1.2 Sampie Coaired Chavt Worksngel:

A samnle worksheet for reducing contrsi site rouchness data i

iy

arpsentad as Figure 8. While the information nrovided on this form
shies, ¢ Fas the most nart be self-exnianatory, severzi corants are

N e e e iy

e erce Toe cate v oves EnTieR mlin grarso

Eoosen o5 o Innut 1o toae controt charis, e COUIARsSS Measuremants

are surmarized in quarter-mile increments. The reason for this is



s

S D R )

oy Papear Uo/2o0 ou Uiz

g eI

‘Y ABENO) P) BPISAOCD

s X Two sbued s Bupuyg A0 AG  pacped Spiodad SADW  SyYYW3Y
o o B cuvainnwd asdyp pus 20 oYY wswdin oy
|9 | =(uu)oy . (xoudy -y it B, B T ) ebesoms g
6] 5= X /6 | 66 | oosr | 66 |2
Xs = e | s6 | 96 | g6 | %
26 Fx] o= go *llzpe x| €8 £ec 6 &6 | s
oo/ x| og-uv| ge ti|eee-"x| o€ | 0o/ 96 96 | v
&6 -"x| 0F | oc Llree X 4g | 96 | S6 26|
Vm,umox € =°uv m..ﬂnﬁ N.Nmuux /8 56 66 /6 5
#6 =X 16| 65 -1 206 Lg | se| s6 | r6|
gm0l s ol (g s stoeng| b | pae | pvzo | st | e
oot | patidnd  priedueL e 1w/ul ‘SSINHONOY SAVI 15
1Isd — g% — 8unssaid dd1] 19A188Q0 TS 49ALIQ 5N . WD3d| S8

sApQ 7ZF *2nes vl SIS azg7 Tz B (2400 1531

62 /N

1 941G |044u0g

LITHSHYUOM LHVHD TOYULNOD SAVW F'N 31dWVS :8 '9ld



shet such irformetion can ne usAtui o In the eveny that 1% t¢ mscassary
Sy rrIc. € s hEtrer wp cbserved ircrezse in conterel <1te rouchnress is
CrorCnE (h.e., fGutprert-reiated) or rzai. Tnat fe, wher the avaracs
repabness nf a2 navament increasas, o ates not alvavs do e urifarmly
Shreauanout 150 lenctr In some cases, 211 of the average increase

may te asceuntad for by a (sutstantiall ircr=ase in some incremanial

evoth, Sraiysic oFf tre quartse mita fava, dp compinmanicn witn the
2V rOurTREss Crace caves, ot Tl acsi o on mafaeniiadae 07 thig i

samnoratyre correction for each of the individual readirgs. Pfather.

ra correstad hyv cornsidaping

1]

2s indicatec in Fiaure 3, the averaaes

l

a sinale, "representative” femnerature,

.40 Lealina with An Out-of-Cortral fonditin

sothn o many testing devicaez., wmt-~d-contrel or annr rarfarrancn

= —— . s i e i e .
= ! L ~ 3 FSANENN 3 & oy
L e N e - R - ~ o - -
swartnl bran o correstoy Tor ti35 i P L TN rTAnn FHat

~aearziinns nersorne! follew the vautine =malatonance ranuiramants
gTibtished Lo the Danartment for tha test yehicla and b othe aquinment
manufazturer for the “avs instrumentatisn packaaz. Alsa, to avoid

~

unrecessary nrahlens in the contrnl sit~ evaluations, the nnrmaj

tefora testine” couiomant check-nut shayld alvavs 'o nerfarmad . These

ST RS et R o ol EFE o) v oamy fged {2 tirencfangeshe co F011 b3l at
g a2 : S ARRitH ol Ty tant at

cre Tt ey an T ool siaa, ies Seflat e 00 pgd qrandyped )

B TLRT T g T and ransi It et T sngationinn and

cable tonsimn. Ttoor checks vhich should be pade durina tastina include
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Appendix A:

Aopendix

R:

Page

Variability Components of Maw .lersay Mays
Roughness Measurements. . ., . . . . . . ... 3C

Sample New Jersey Contro? Charts. . . , . ., ., 40
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This repoart suppiement describes in some c2ta®! :tne nature and
=ajative maonityde of t1e varicus fnadividus’ 2omigrents aF fays mepenca-

<

PN ] I e~ H P B O S . . .
jent variakitity, I knewledge oF thesz devatii i3 usaTul pat anie

understanding tha specific fcantrol shars' suniact matten Af +nij

ok

repovt, but 2132 in interpraiing ang actcoz on Tavs daTa To naneral
Such knowledge i3 necacsary, for examnie, “F onzratisng zeraomngl 3o
to effectively answer such questions as

e "Given our particular sampling nlan for routine Mays testing,
what is the measurement tolerance associated with %re resultant dzta?’
{This point of how "aood" the data s in tur~ nermits rez-lution of
related questions such as "Is an indicated rouchress difference of
"Y" inches/mile between two projects reallv meanincfyl?")

o "If we wish to reduce the uncertainty associated with particularly
important measurements., how effective are 2dc+<iang? testet Simni,
“is the improvement in aJrecisian worta the effort?’)

Whilz the narticy - maasyw2s of warsonii = o 2sgssey oavr ers
developed specificaiiy from tne analysis of Zata From tne five conlre)
sites, the analysis oresented s believed w0 o& reasonadbiy anniicelie
to Mays results in general. That is, analysis of a limited sampis of

iays results for pavements having “narticulariv poor" rideability

{i.e., candidates for resurfacing), indicates measurement repeatability
of about the same order of that observed for the various “goad" and
N0yt riding cartent citer. Spaoificatl | ottt messursvontt om o theis

< - N PR R A o - - . P-4 T 3 .
PEDERY TTRATET mTasarement variablo ity

ot
oty
Qt
3
ot
i }
2]
ct
He]
4]
3
D
R
7]
—
<

abserved on Tne coantrn oo ten, there doog not gnpter
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ociated

-

the individual components -- that is, the souares of the componen
) L s 2 o s .

standard deviations ((g°) -- are additive., [In cther words, thes2

individual measures of variability arithmetically sum to yield the

overall variability

~r o2 T, .2 2
oa T s - <+ SRS 5 uun.ﬁ
rerc
-2 e . .
T = the overail variance of the Mays testing »rocess
mﬂr = the inherent, irreducible variation associated witn the Mavs
test equipmert itself
2 . o e
Our ~ the variance due to within-hour measuresment variability
wwm = the variance due to hour-to-hour measurement variabilityv

‘.o = the variancs dus t2 dav-to-d

reuresant errors in the sunse of mistabes oe i

unders (i.2.,



Y

improper caiibration, testirg fecnnicqus, Jata “eedl 24 v, Soloe,
they represent ihe normal (rangor) 7ari2iiih 7..eCie. oo Treoeuen)

testing processes ip generai.

As mighs e expectad, certzvn 5F APy ooUiloED LA S
components are mare ¢iffiguit oo deterriae Thre rlhoes Thig fact i=

. C o ; . .
in turn veflestod in tha partiouTar peonee foowbee fhe yardzhilite

moge} s operatzd om [T.a., how

or example, in arder %5 comntetel  TuaTats The SnhavEal variats un
zssociated with the Mavs testinc orzcess (0 1, everv other comninent
would in essence have to be reduced to zero. Simniy. to calculate tnis
narameter, we would in effect have to do the impossicie: nave perfect
testing on one or more occasions. Fortunsteiys, the cifficuity of

determining CT;Z does not have particularly areat practical significance.

That is, *0 the user of lays data, the mors 1mnoriac s o2int in this

connecticn is the magritude 9f viriation sxraciad G- zotynl wmeLtyramsnis
ciosely sgages o tams I-ooibs »43 cx ombe Ureanesugt TR

or “precision” of the Mays testing procsss. Fypressed mathemsztically,
this means that the sum of the inherent varisnce (T ) and the real

—

within-nour veriance (Twp<) is the term that has o

3

actical importance.
This sum, which we can define as the "measured within-hour variance"

2 . . . . . . .
(C)',nwh }, is easily and directly cetermined from the analysis of many

repeat Mavs measurements,

s
-
i 1 - - Pl ~- - - - R -
The Jay-L0-22Y variancs [ L44 ;T o anlnar ol orTA
SELS - ¢ & PP b . R ) - s . :
difficult to ssotaete, Howevsr, the iFY ool oo Trosse oot

due to some aqeneral comsiderat:icn ~f mmeaovicalite. cut rather o the



particular nature ¢f tne K.J. conTrol site data samnies. That is, for
research purpsses, the ceatreil sits tes? sampies cntained on varicus
days often differed considerably with rospect to {he number of measure-

ments and the time frave over which trev were obtained, This

(@]

oreciuded tne direct computaticon of dav-in-dav variance which otherwise

. s - , . 2
would have been phgsibla. lomsecuently. fhe astimate of CTdd was
obtained as the 4iference
et i
i S - . RV CRUE T o
“ ad 3 Y e S RN 5
The estimate of the cverzil variance term {0, ) necessary to solve

Equation 2 was derived thru appliczticn cf an iterative process which

used actual Mays results, but which simulated the collection of those

results in a different manner. Specifically, for each of the five test
sites, this iterative process consisted of randomiy selecting a single
Mays vaiue (i.e., the resuit of one test run) from each of the 10 to

15 days results avaiiacle per site. Tnis sampie was treatec¢ as &
coliection of "ay's szt ane & m2zr znd yarierce were Calculatad,
conventioral statisitcat Siendards %o the F»@«a?? Jariance
cbtaines from 2I sucn triais indicates that the value of Cﬂ, estimated

in this maaner will be quite close to the true value {within + 7% at the

95% confidence ievell.

A.3 PResults of Analysis of Variance:

The relative macnitude of the various comnonents of New Jersey
¥ays maaspyamenl yariafitity sndicated from o the analysic of variance

v,

>, 2t
R R

It is worth noting that the indicatad measures of variability are
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to some extent consarvative {“.e.. the represant 3 slight gverestimate

savaral dnchez/miiz over the period 2f tisting Singa inis increase
was not taxen into account in the 3nalvsic nf variarge, cur ectimate

of cverall vavrancz gan nr opxpected toogs gt oohtio sdok Tla . ihe
indicates measurement varisnit=s At o omalt osommenent oF rosd
rougnness varizzicr!
A.4 Example Apnlications of the Results:

Example "A"
Given: Maintenance forces typicaily judge paverent riding quality

based on the average of a samnle ¢f 3 within-hour Mays

repeat measurements.

Find: What are the 95 percent confidance 1imits for thic sampling
pian?
If pzne sampies of 3 owave faken Tn o the Iovar wirasr uc
wouid expect 95% of all such samples tc display an average

{Xj within the interval X + 20, where

2
Cg = overall variance associated with the average of a single

sampie of 3 within-hour measurements

H

Nob number of within-hour repeats = 2

PR S, lawme a0 T b A 1
CEYCT D2 ORTd N Tabie 21,
v L EIR e - .
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G-O = §.1Z

q, = 2.85 in/mi

. - o~ T
]

AT ) :_2\;0) ars

X + 5.7 and X - 5.7. Maintenance thus cam expect the averads o7 Lneir

ct

three successive measurements tc be within = 5.7 inches/mite ¢f the

true mean roughness of the tested road sectiorn.

fxamele "BR®

Given: In an attemot t¢ reduce measurement uncertainty, ine number
of “ays repeats is t¢ be doukled frem trne wsual I 4o 4
Find: Which of the followirg ways of obtaininc a totel of £ measure-

ments results in the greatest reduction in measuramenrt
uncertainty:
Case (a) All 6 are taken successivelv in a given hour

Case (b} Two groups of 3 are taken on different hours within
one day

Case {c) Two grouns of 3 are taken on different cavs

Solution: For Cese {a)
2 -
2 Cmwk . € 2
'3-0‘; = ik AT <+ C'-hh *G‘dd
Nwh
2 . , . . .
Oq = overall variance associated with the average of 2 sinnie sample
of 6 within-hour measurements
Nwh = number of within-hour repeats = 6
02 = 4.62 +3.84 + 2.74
6
2
Oq = 7.35
Gy = z.1N
o, Trne 93% cenfidence limits for this samniing rlan ars X + 5.4

versus X + 5.7 for z sipaie zet of 3

provide a significant improvement.
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For Casz f%)

vihere

. = pyaraily varisnce associated wiln (h2 2verass oFf tuo samnles
07 3 within-hour measurements made ir one day
S - e S il n demiie moaante 3z
4 T rjmeey OV wil TR -n0ur reigas = oo
Wi
A = rymbar oF fowsy rerests = 2
Ak
- bl o] TG #H
-2 = 487« 2,78 + 5 RS
b’ 3 g
~2 _ s
= £.,7%

3

T 2.60 in/mi
The 95% confidence limits for this plan are Y'i 5.2 versus

X + 5.7 for a single set of 3. This plan is slightly better than

rian {a), but not enouagh better to be considered worthwhile.

For Case (c)

CQ? = ?§T€6?CE_33 4 CF two aroucs
cridngn mere on dd
Map = number of within-hcur repeats = 5
Mag = rumter of days tested = 2
G2 - 1.5+ 2.74 - 3.8
2
C}f = 6.2
g = 2.49 in/mi
Y5 Tha ERY gapidencs Timits far Shis sampiing are X+ 4,98 This

sima il mins yetde dhe aweptass sedurtion ) Ayt fo siilh iadaed

.- i . EAE

T s P B JE S B Sy Y7 ~ T
Trg s, #0m O7 Tng Lhirne aainfds GULToS8En TRix. 1y CyTers

sufficient improvement in measurement reliabilitvy to warrant a doubling

of the normal testing rate.



Given:

Soiuticn:
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Mays measurements cn two differert bitumirous pezvement, yizic
average roughress values of X1 and a2 ‘nchos,/mite, respectively,
The usual sampiing plan (i.e, 3 suczessive runs; was empioyec

in obtainirg the data.

5 the ohserved difference in aver27z =suzhress hetween these

[Lon ]

7. i —1
“wo pavements .(f.e.,,

If the results =Ff a z+atistical 273 -3is ‘nmdicate inat fwo

roughness averazges ars significertly 4¥Ffarent, this simnly

means that there is 2 real difference between the two aversges.

This definition of a statistically significant difference

obviously does not necessarily imply an important engineering

difference. For example, while there might be a reai
difference between Mays readings c¢f 380 and 39C inches/mile,
this difference couid te unimportant since both readings

indicate the same thing: an cutrzoeously cocr jevel of

rideabili®ty., 7Tre guestion of meenincfyiness posed in tnis

a0y

examble thus relates %o statistical significance.

In the present case, we can be 95% sure that an indicated difference

in Mays readings is a real difference if

where

e -

e

% - %,|2 20,

the variance associated with the << f<erenca in the averaces of
a B

two samples of 3 within-rour me

This yariance ic calzulated as

2z 2
Oy = Gq + T2
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where cy% -cyz = cyz as calculated in Example "A"
a! a

" Ya2
S0 QpZ= 8.12 + 8.12

Op ® V16.24 = 4.03 in/mi

Thus, if two Mays averages obtained by the normal samnling plan
differ by 8 inches/mile or more, we can be "highly confident” that
there is a real difference between the two. Again, a determination of
whether this real difference is important wili require annlication of

engineering judgment.
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