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PREFACE 

t 

The treatment of the subject matter of this report is oriented 
toward the needs of tbe 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 ~ays testing 
operationse 

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

Accordingly, in ~eveloping instructions for measurement control, 
the writer has attempted to bring out the underlying statistical 
principles in very basic fashion. 
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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 Operations 

personnel have worked directly with Research during the study. 
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PART ONE: INTRODUCTION 

1.1 Objective of the Work: 

In the summer of 1974, the Me\! ,lersey nepartment of Transnortati on 

J acquired a high-speed roughness measurement device knO\r"n as the 

"Mays Ride Meter 11
• TMs equinment was purchased to provide an input 

, to a ravement rating system for ordering maintenance resurfacinq 

oriorities, as well as to provide a continuinq capahility for qauginql 

the ri~ing ~uality of newly comnleted construction. 

The objective of ,this report is io ryrovide a set of Drocedures 
' I 

for systematically moriitorinq the output of the ~ays device so as to 

determine if a stable, accurate level of readings is beinq ohtained. 

1.~ Nature of the Mays Eguipment: 

The Mays Ride Meter -- models of which are reoortedly in use 

by at least 30 agencies -- basically consists of an instrumentation 

~ackage mounted in a standard oassenqer car which measures road 
'I 

smoothness in terms' of the relative movement bet\·men the car bodv 

and differential. Th~ New Jersev flays vehicle, a 1974 Ford 

Custom 500 sedan, is qperated at a standard c;peed of 40 r1PH duri nq 

testing. 
j 

The heart of the Mays measurement system is a small strip 

chart recorder. The paper chart output of this instrument records 
I 

the distanc0 travellep in a test, the cuMulative amount of body 

movement or roughness, and a rounhnrss trace or rr0fil0. ~iven the 

total inches of vertical mov0rncnt and Vv-.? knnt'1 travcll,(ld, ~Tay,; 
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roughness results can be expressed in units si~ilar to rouqhness 

index. That is, as th~ :1qys roughness in inches rer mile. (In 

thi$ stat~, all ~1ay$ results ~re rounded tQ the nearest inte(Jer.) 

1.3 OvPrview of the Problem and Solution: --.,....-

As is the case with te$t data in r,~neri\ l re neat ~·lays rouqhrriest; 

measurements made on a given ~avement will di~nlay vari~tinn~ ~oth 

within and ,between qro~os of tests. The ac~uf) 1 magnitude qf 

variation observed within a qrour, of short-tel"'m ~1ays data hasically 

depends uron th~ inh~rent caoabifiti~s (orecision) of thP e~uipment, 

its condition at the time of test, and onerator t~chni~ue. Long-

terfT} variations in May's results rlre a fut1ction of adqitiqnal 

v~riations both in t~mp~rature anq ir pavement charqcteristics 

{i.~:' a~tual roughnass chan9es) b~tween test grouos. 

This report presAnt~ a set of nroced~res for ~nsu~in~ that 

the r•!ay~ device is functioning f')ronerlv and orovidir,q' rcliahle 

measurC?ments. 
' 

Very $imply, thes~ procedures involve comnaring currant Mavs 

res,ults for fi v~, one ... ,ni 1 pavement test sections of knO\•tn rouqhnes s 

to past data for t~ese same sitos, Givpn the proper equioMent 

cali~ration and pperating procedure, the current m~asurements will 

reproduce the past data within cert~in ~easurem~nt tolerances and 

the r~ays testing proce$s will he ¢onsidered ''in control". Conversely, 

when current measur,ments are not consistent with the est~Llished 

standards for thij test sites, it follow~ that ~ither (a) the Mays 
- -

q1libration or tEtstin,}nroc~dure is iml')ron~r ...... 11 out-of.,,control" 

or, less commonly, (b) the rouqhness standards re~uire revisiQn 
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(i.e., there has been a real chanqe in test site roughness). 

The statistical device used to dermnstrate whether or not the 

Mavs tcstinq process is in control is knmm as a "control chart". 

A rtays control chart is simply a time plot of test site roughness 

data on which are suoerimposed lines ( 11 control limits 11
) that depict 

the historical measurement tolerance coM~uted for that site. If 

the plotted points for successive test samoles fall within these 

control limits, a decision is made that the Mays testing process is 

in control. If the points fall outside the control limits, the 

process is judged to be out of control and action is undertaken to 

recalibrate the device or improve testinq technique. 

Detection of the two basic types of r1ays outnut problems re-

quire construction of separate control charts: a mean (X) chart for 

discovering shifts (+ or -) ,in averaae rouqhness bet\ 1een test dates 

and a range ( R) chart for determining i'ncreased 'vari abil it'! of the 

testing process. While all five sites need not be tested on every 

occasion, this me~t10d of contra 11 i ng f'lays roughness output may 

occasionally require tile analysis of as many as 10 control charts. 

' \. 

I 
\ 



2.1 ~leasur~ment Toleran~e§: 

From the nreceding discussion, it is anQarent t~at th~ successful 

development of rrocess control charts hinges on det~rminino a~nropriate 

~easure~ent toleran~es or control limits. In the rarticular case of 

~~Y$ measurements, determination of thrse control limits de~ends on 

the fact that roughness resµlts for a particular naveFlent are 

• 
11 norrnally 11 distributed. That is, a olot of the freouency \.Jith ,..,hich 

particular levels of roughness occur in repeat tests \!ill disnlay the 

familiar 11 bell '' shape s!lown in Figure 1. 

FIGlJR·~
1 

I: TYPICAL OISTR I BUTION OF MAYS 
ROUGHNESS RESULTS FOR A CONTROL 
SJT~ 
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I ""I 
99.7°/o OF DATA 
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Given two properties of a narticular normal curve -- the mPan, 

(X) and standard deviation (O') -- it is rossible tn formulate some 

characteristic measurement tolerances. For example, as shown in 

Figure l, about 2/3 of all normally distrihuted test observations 

\Ii 11 Ii ave a maqni tude i1hi ch fa 11 s within the i ntrrva 1 X :!:. er, ahout 

95 percent \Ii 11 1 i e \lithi n X :!:_ 20", and essentially a 11 of tJ1e 

observations (99.7 percr-mt) will be \litfiin X :t:,_ 10: 

T11e two end numbers , X + 20' and X" - 20 , bet\11P0n \!hi ch <15 

ncrcent of all measurrd values are 'expected to occur, are called 

the '1t\JO sigma 11 1 imits or (more pronerl v) the 11 05 11crcent confidence 

limits''. Ry dPfinition then, the lik0lihood nf obtainin11 a r,easured 

value out~ide the 95 nercent confidPnce limits i5 at most 5 nrrcent 

when the process is in control. Similarly, the erct numher5 of the 

intervals X:!:_O" and X:!:_30-are rr-is;)Cctiv~l'I r'.:!frrrcd to as tl:e 

rn oercPnt ("one siqma") and 9';.7 rercC:1nt ( 11 tl1rre c:;iqma 11
) cnnfirlr.,nce 

limits. 

As will he discussed later, the basic New Jersev rouqhness 

control ~ample to be evaluated on a test dav is five (S) consccutiv~ 

runs 11er individual tPst site. If tht? ~1avs tcstinq oroccss i~ in _ , 

control, the averaqe of the fivr runs should be within~ 3 times some 

standard deviation of the true mean rouqhness (.u) for the narticular 

site. The analysis of considera~1lri histr)rical data for V1e ::eu 

tlrrsey control sites indicates that for ·iuch a five--run avi=1raf]e, the 

standard deviation is typicallv on t,H~ or.der of 2.:1 inchcs/rlile. The 

standard deviation in this instarce ic; renrf"lscntativ0 of thr: 

total day-to-day variation in av0ra0P ~0asurPd rou~~nPss and indicates 
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measurem~nt ioleranc~ to be reflected in the control limits.* 

For example, as shown in Figure 2, essentiijlly all daily av~rages 

of five readi~gs shQ~ld be within aQout 8 inche~/mile (30') of the 

true site mean when tne process is in ~ontrol. Further, nearly 

all sho~ld be within about 6 inches/mile of the true site mean 

(i.e., within the 95% confidence limits). 

FIGURE 2: TYPlqAL l?ISTRISUTION OF DAY-TO•OAY 
TEST SITE ROUGHNESS AVERAGES 
( SAMPLE N • 5) 

.,.9 in/mi -6 -! M. +3 
.AA. l. 5.S ( soy 6) in/mi :: 9e% I l'III j ; j 11I I I I I 

A. t 8.4 ( say 8 > in/"1i ::: 9$. 7 o/o 

*lhe stand~rd deviation$ representing total day~to~dar measur~me~t 
Vijriation on particµlar roughness control sites range from 2.2 to 
3,4 inch~s/m11e~ The$e val~es are act~ally used in con~tructing 
control charts for averages Qn s~ecifi~ sites. 

:a,t:~ 
+9 m/m1 
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2.2 General Features of Control Charts: 

Once the frequency distribution of test results from'a controlled 

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 sea l'e. The difference between 

the 11 be1l 11 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), retatning the time sequence of readings 

is important in that relatively subtle patterns or trends in data out-

put can be equally as good an·'indicator of an out-of-control process 

as dramatic shifts in readings. 

Figure 3 ili'ustrates 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" 
= 

(X) of all historical readings obtained on a site and represents the 

best estimate of the "true" site mean (A). Expressed in general terms, 

the upper control limit (UCL) and lower control limit (LCL) are 
\ .l,. \\ .. 

located equidistant some number of Mays units ( 11 D11
) above and below 

= 
the site mean (X),, Since the number 11 D11 can be expressed as some 

multiple ( 11 d11
) of the standard deviation, it should be apparent from 

the discussion presented earlier in this report that control chart limits 
I 

are in fact confidence limits. That is, the control limits are the end 
r 



= 
numbers of the 1 nterva l X :t, dO' whi c;h inc 1 udes some given percentage 

of all expected readings, the specific percentage depending on the 

ma9nitµde of the multip ier "d". 

FIGURE 3 
(;ENJRA I FEATURES OF A CONTROL CHART 
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DI STRI sur,oN OF 
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+6 

l.lJ +4 
(!) 

+2 a:: 
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"11111~ 

UPP~R CONTROL LIMIT-l+D UCL -
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+o =d\a 

x x 'Cl I' , , 

"' -2 
~4 ..,J 

C[ o -:- 6 

j ' l I 

-o~-da 

........ ',· 
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l.. 
I I , I 117 I ~

5 
I ;

3 
I ~I 1r 

DAYS IN, TEST 
CHART FOR COfiTROLLING PROCESS 
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I 
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The selection of "d 11 in effect, the sizing of the control 

tolerances -- is based on a numher of factors. One of the key factors 

is th~ freciuency with v1hich one is ,:illinq to have the control limits· 

exceeded by mere chance~ In other ,1ords, hm, often are , 1P Pi 11 i nq 

to respond to "false alarr1s 11
, reriuirin'l recalibration v,hen in fact 

no output problem exists. For examnle, 5uppose that the 95 nercent 

confidence limits are chosen as the control chart limit5 (i.r, d = 2). 

In the case of a chart for ~1ays averaqes, this ,,mul d Mean that the 

uooer and lower control chart limits ,..,ould typicall'! he set at 
= = 
X + 6 and X - 6. Since these liMits QV definition encomnass all but 

5 percent of the expected readinas, if a deci~ion to recalibrate is 

made based on the occurrence of a valuP in excess of thesP limits, J 

the maximum chance tt}at the level of rcadinqs has not chan')ed and 

that the search is in fact for nonexistent trouble is 5 ryerc~nt. 

Stated another way, recalibrating at this level involves a risk of 

being wronq in 5 out of 100 cases. Similarly, us~ of the three 

sigma (99.7 nercent) control limits as an indicator of trouble can 

involvP a recalibration "fool 1 s errand 11 in a.f: most 3 out of 1 ,rJno 

cases. 

In actual practice, the choice of srecific control chart limits 

i nvo 1 ves stri k i nq a ba 1 a nee bet\-,een excessive 1 ~ni encv and over-

restri ct i veness. That is, if the control limits ar~ 1·1idelv separated 

so as to orPvent any unnecessarv recalibrations (i.e., if th':? - ' 

multiplier dis relativelv larqc), th(l l<'vel of control Pxcrcise<i 

over the process may be almost r11caninCJle'>~. nn th0 other liand, if 



the c9ntrol limits at;c tightly Gentor~d ,:;o as to det~ct ~!1I shiftc; 

in process outnut (i.e.~ if d is rel3tivclv small), the numher of 

false indications of a need for recalihr~tion could be unrndinq. 

The best choice pf control chart limits is thus tl1at \Jhich riinimizes 

µnnccessary rqc~l ibrations but \/1lich r1aximi zes the rl,~tection of 

sign,i,fic~_'l~- shifts in process outnut. A discussion of v,1,at 

constitutrs a 11 ~iqn!ificant shift" to hP. detected bv the Ne\t Jer~e 11 

nays contro 1 procedure must a11ait tile di SCU$SiQn of control chart 

decision rulP• nre~nted in suhsection ~.]. 

Th~ ~rfscu$srfol thus far has h~Pn lirtited to the develonment 

of & c~rntrol eh~r~ for the ~..r;._a,~e of five sycc~ssive rouCJhness 

measurem~nts. Since the ,ran~ (~if'fer~nce bet,ie~n the lare'l~st and 

$mallest) of th~se five measurer1ents also serve~ qis an indicator 

of th~ adeq~aay pf the roughness testing prm~pss, control charts 

for range wi 11 ja 1 $0 be µsec,l to l'Va 1 ua te r)e\1 Jers~y ;,1a vs output. 

However, range cha Its are discussed in this reoort onlv in tP.~Ms 

of their form and 1etho~ of apnlication rather than in tems of 

thPir detailed develonment. Suffice it to sav that ranoe charts 

are based pn withi~ hour rather than day-to-day mea~u~emPrt 

variation and, ~s J conse~uence 1 they havP a smaller associated 

standard devi,tionlthan that of ch,rts fur averag~s. The reader 
I 

interested in t~P t•gnitude of the various components of overall 

·1ays measurrmRnt variability is ~irected to th~ ~iscussion oresentrd 

in Annendix A. [ 

2.B, Selection of pecific Control Limits and Deci~ion Pules: 
I I I I ....,.--.....,.. __ _,_,.......,._'l"',.-,--_.....---...,.._~___,..--

Control charts fundamentallv have one nu~nose: tn assist in , I , , , 
decision ma~ing. Jh~ three ~ata outc~~es possibl~ in nrocrss control 

I I 
I 

te~ting and the a~kociated decisipn~/actions arP: 
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( 

rlature of Data lleci s ion Action 

1. Data definitely AccPpt the prncPss C0ntinue routine 
within tolerance I r1ays testing 

2. Data definitely P-ej ect the process Recalit.rate; 
out of/tolerance imnrove technique 

3. Data 11 suspi ci ous 11 Withhold judqmPnt Prrform additional 
, control tests 

' 

Since there are two nossible cases of process rejection -- a 

· definite rejection when the flays outout is absolutely out of control 

and a conditional rejection when the readings are merely suspicious -- it 

seems aoparent that the control procedures should reflect this fact. 

Th~t is, there is a need for an 11 action 11 control limit indicating 

a definite need for rer1edial action and a (lflSSPr) 1 \Jarnin<1" control 

limit indicatinq a zone of suspect data. 

Another a~oect of the decision-rnakinq process whic~ must be 

considered in formulating rules for the use of control charts is 

that it is oossible for r~ys output to be judqed out of control on 

different time bases. That is, a long-term pattern of ~onsistently 

high (or low) test site rcadin'gs may be equally as symptomatic of 

an out-of-control process as short-term fluctuations, even if these 

long-term departures are of relatively low magnitude. Thus a 

complete set of control chart decision rules Hill include a rule for 

isolating and acting on any trends shown in succe~sive dav~ testing. 

The specific control chart limits and associated decision rules 

to be employed in rlew Jersey are as follows: 

2.3.1 1'Action'1 control limits for a sinole dav's testiriq: ----------- - ----... -- -.... __ -.J'IIC-- --- ..._ ... _______ ------
The 99.7 percent confidenc~ limit~ are to he u~Prl on hoth tvnes 

of charts (averages and ranges) as an indicator of the dP.finite need 

for recalibration or improved tP,stinrt t0c 1mi<1ue. ThP forriat in v1hic'1 
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th~$e cqnfidence li it$ are applied differs between the two types of 

charts, howev~r, in that while charts for averages possess upper and 

lower boijndaries, a rqnge chart has only an upper boundary. That 
I 

is? ij shift in range requires action only if it represents a decrease 

in repe~tab;lity (i~crease in range). 

The specific "Jction" control limits for the five New Jersey 

control sites are sJown in Table lA. As an illustration of the 

application of thesJ limits, a recalibration would definitely be 

undertaken if on a Jiven day the average of five successive readings 

' on the Route 29 tesJ site was 108 inches/mile (or more) or 94 inches/ 

mile (or les$). 

2.3"2 11 Warning'1 control 
I 
limi.ts for a single d&y's testing: 

Hew Jerse~ May, control site read)ngs are to be considered "highly 

suspect" if they eql~l or exceed the 95 percent (two sigm&) limits 

~hown in T~ble 1A. ln th~t event, a ~econd sample of five readings 
I 

is to be obtained f lom the site(s) in question. If the statistic 

in 'dc;>ubt (i.e., ran9~ or mean) ~gain falls outside the 95 percent 

''warhing" limit, thJ suspicion that the process is out of control 

is considered confited and remedial action is to be undertaken, 

If the r~sults of tl~ second sample fall within the uwarning" 

limits, the fnitial suspicion is consiqered refuted. 

It is impor~&n, to note that if a second control test sample 

is required, the reJults of the retest a~e to be computed and 

judged independentl1. That is, the decision whether to recalibrate 

or n9t is b~sed on the procedure described above and not on some 
I -I 

consideration of the 11 overal1 ran9e 11 or 11grand average 11 of the 

combined samples. 
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TABLE I: NEW JERSEY MAYS CONTROL CHART LIMITS 

IA LIMITING OR CRITICAL VALUES FOR A SINGLE DAY'S TESTING 

I CHART FOR AVERAGES CHART FOR RANGES 
I CENTRAL 11 WARNING 11 11 ACTION 11 * CENTRAL 11 WARNING'1 11ACTION 11 

I LINE (2 CY) (3 CJ") LI NE LIMIT LIMIT* TEST LIMITS LIMITS 
SITE (X) ( R) tPPER) (UPPE~ 

UPPER LOWER UPPER LOWER ONLY ONLY 

NJ 29 IOI 106 96 108 94 5 8 10 
I - I 
I 

I-95 83 88 78 91 75 5 I 8 10 (SOUTH) : 
I 
I 

----- ---~ --------~- ----- '-- -- i - -

Lakehurst 107 11 4 100 11 7 97 6 10 12 (WEST) 
-- ~- ~- t----- --- ----- --- - 1 

Lakehurst 11 5 12 I 109 123 107 5 8 10 
(EAST) 

-------- - - - - - - . 
I-295 32 39 25 42 22 6 10 12 

l I 

*RECALIBRATE WHEN AT OR OUTSIDE UPPER OR LOWER LIMIT 

tB' CRITICAL VALUES FOR SUCCESSIVE DAYS TESTING 
r----~....- _, 

TAKE ACTION IF 
X~UCL OR~ LCL TAKE ACTION IF 

TEST SITE FOR EACH OF R R + 2 FOR EACH OF 
3 SUCCESSIVE TESTS 3 SUCCESSIVE TESTS 

UCL=x+3 LCL=x-3 R + 2 -- - - - --- -

NJ 29 104 . 98 7 

I-95 I 86 60 7 (SOUTH) I 
I 

I 
LAKEHURST I 

I 

(WEST) 11 0 104 8 
I 

LAKEHURST 
II 8 (EAST) I 12 7 

I-- 295 
j 

35 I 29 8 
I 
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2.3.3 "Action"[ control limits·for successive days testing: 

A shift in nrocls s output \ ,ill- i d~re~-t~-::-v:::e; 

established if the ntys readings for any contro1 sit~ disrilav a 

trend wherein three f3l successivn* dijy's tests consistently 

exceed the 68 percent (one sigma) confidenc~ limits sho\'m in 

Table 18. 

As indicated in the table, the 11 one signa 11 limits are set 
= ..,, 

~quijl ~o X + 3 inches/mile and X - 3 inches/mile in the case of 
I - I 

charts for averages and R + 2 TOr a ranne chart. For exa~nle 
- I \ ·; . 

then, a prorlem wof,JHI be indicated if three successive davc; 

testinq on the Route 29 site yield~d daily averaoes •.rJ,ich Here 

each at least 104 inches/Mile or \Illich y1e1re ~Jl CJ8 inches/mile 

While a recalib ation or imorovement in te~ting techni1ue 

may be the arirropriijje remedial action 11hen successive te>ts 

exceed the 11 one sigma 1 criteria, an alternatr possibility uhich 

should not be overlofked is that it is thn control sitP standar<ls 

\'{hi ch in fact requirj ·attention. That is, if a chart for averages 

displays a trend of rncreasing rouqhness, it may well ~e that the 

roughnQss of the control site has in fact increased. If a case 

such as this occurs, oJerations personnel should contact Research 
! 

for assistance in de ermininq whcthrr the arnarent out,rnt orohlem 

is really e<1uipment/ echnique relatP.d. In any ~VPnt, control cl1art 

data should be periorically revicvmd hy Pesearch (say at least 

once a year) to determine if any undatinq is rc~uircd. 

\ 

1r 11 succes$ive 11 does not necessarily imnly consecutive calendar days. 
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2. 4 Actua 1 Format of tlew Jersey Control Charts: ----~-------... -- --- ------,ir'"--
The actual control charts to be used in Ne\ 1 Jerc;Py are furnished 

\Ji th this report (Appendix f3). Hi stnri ca 1 roughness data co 11 ected 

for each of the five sites is plotted on the char~s for nurDos~s of 

illustration. 

2. 5 Expected Effectiveness of NeP ~lersey Contro 1 Procedures, -.. ~- ..,--,---.. --~~-
Having described tlew Jersey's na,,s contrnl charts and associated 

decision rulec;, it is necessary to addrPss an in1nortant question 

raised earlier: Marriely, "What constitutes a sizeable or siqnificant 

shift in rroc~ss outrµt tq be detec~ed by thcc;e nrocedures?" 

Simoly statedj 11 Hm1 effective or oowerful are the described control 

procedures?" 

The reader should appreciate that the answer to this ~uestion 

often involv~s an expression of orobabil i ty rather than ccrtaintv. -,--------~ 
That is, a common ·form of answer i$ that it is 11 likelv" (to some 

specified degree 9f probability) that a shift of 11 Z1
' inches/mile Hill 

he detected, rather than 11 Z11 inches/mile 1'will 1
1 (or 11,,,;11 not") be 

detected. 

The reason for this is illustrated in FigurP. 4. The three 

normal curves shown in Figure 4 resnectivRlv depict the distrihution 

of all oossible avera9es of five successive readinq~ on the I-95 

control site \!hen the ·1ays testinq nrocess is in control (Curve 11 A11
) 

and w:1en there has in reality been an increasP 111 averaoe :1avs output 

of 3 inches/mile ( Curve "B 11
) and 17 inches/mil f' ( Curve 11 C''), As 

indicated hv Curve I C~ <1~ inchP.s/milP Vi v1rtui1lly tl!P low".lc;t 



FIGU-RE 4: EXPECTED 01STRJBUT10N OF CONTROL 
S1TE ROUGHNESS RESULTS FOR 
VARIO~S SHJFTS IN TRUE MEAN 

{Ba s I s S am p 1 es Of 5 On The I - 9 5 Si t e ; -0- = 2. 5 in/ m 1 ) 

I _.3 ,n/m~ 

X: A.l 

TRUE SHIFT= 17 tn/mi 

'\ IIAl1 / 

D1stribut,;-0~ 
"c" 

Aver-ages Whtm Mays / 
Out.p.u t Js Completely/ 
In Controt 

I 
J 

I 
I 

I 
I 

/ _ _,, 

75 78 83 86 

UCL 2cr= 88 J 

Distribution Of Sample .. 
Averages When Mays 
Output Has ActuoHy 
lncrea:Sed -Sy 3 in/ml 

91 92 94 

l ucL 3cr = 91 

100 

Distribution Of Sample 
Averages When Mays 
Output Has Actuo11y 
4-ncreased By J7 in/mi 

1 I , 1 

108 
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possible averaqe of five neadinos obt()ina~>le \1han thcr~ has f,een 

true shift in ~ean of 17 inches/mile. SincP thi~ rouqhnPss valuf 

exceeds the 91 inches/mile "action" unpcr control limit for the 

site, it is a c~rtainty that a rrGalH'ration ,1rwld r<' un~crtakrn 
,-.r---,-....,.,...~- ! I 

if a shift in output of as much a 5 17 i nche$/r1il occ4rr(1d. Hhi 1 e · 

th~ certain detP-Gtion of a shift of 5uch d~amatic ~ronorti~~s 

might have bean anticipated intuitively, the situation depicted hy 

Curve 118" repr~sents a morq suh~l e Ga~r. ~;ere Much of t:,~ area of 

the curve (actur11Yj about 751:) lies t0 the l~ft ©f th~ (~O) 

"H~rnin') 11 control limit for the sit~. Sinte the ar~p under a 

normal curvP sych ~s tbis directly r~flects nrnry~rtion of 
1
~11 

cxoected averaqe readings, detection of a roa1 shift of onlv 
I 

i nc~1es/mi 1 e i $ p matt~r of .P[,.2haJ1J..litY. Ttu1t is, since aJ,out 

7~ oeraent of all sample averaC"Jqs \•tHl lie \' 1ithiri th0 11
\ 1qrning" 

control Ghart limits and thus ber indistin~~dshahlP from the rP.f;ults 

of ~n in-control process, it fo11nws that th~re is at mnst a ?5 

nercent chance of detecting a shift of 3 inc~rs/mile ba~Pd on th~ 

results from a ~ing1e testinq day. 
\ 

In viPw of the fqct tl1at ~here are many te$t r~sult clicstrH)utions 

such as Figure~ which could be nreryared, and since there are thre~ 

$cts of control chart daGisi~n rul~~ for actin'l on thE' o~t!1Ut 

shifts depicte<;i b){ those distributions (i.e., the 1, 2 and 30" 

· criteria), it i~ apparent that calculation of th~ rr~babilities for 

detect,ng all pos~ible shifts c~n he ~uite involved: Fortun~tely, 

the resulJs_ of th~c;-e probabilitv calculations can 1\ shrn 1n in a 

converiif'n-~, summary fashion by nlottina what is t~nm·m ijS a 11 11m\ler 

curve. 11 
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In the r,resent apnlication, the ro,1er curvP directlv indicates 

for anv particular shift i11, mean rouohness in control samples,' what 

percentaqe of the samples will be r~jccted ~v th~ t~stinq nlan and a 

recalibration undertaken. This rcrc~ntaqe rejection~is ex~r0ssed 

~s the "pr_oba'bility of ~etectinq the indicated shift 11
• A value of 70 

nercent means that on the average, in 70 out of 100 cases, a shift 

of the ~iven magnitude ,till result in f1ays readings on at least one 

sit~ which indicate a need for recalibration (i.e~, readin~s which 

violate the 11 action 11 control limits for a single dav,1 -s tPstinq or 

successive days testinfl, or both), ConvPrselv, a value of 70 nerc~nt 

means that in 30 ~ut of 10n~ases, thf given shift in output will 

not_ be detected, thus resulting in i}-9ccotance of the orevailinq 

~tijtPr of nays calibratiQn. 

n,~ specific power c;urves illustratinq the, effectiveness of 

New Jersey's control procedures ar~ c;hq\m in Finure 1j. Th'e ex,i stencc 

of bm curves reflects the fact that the 1 atPr-descri ber.l recor,mendcd 

minimum schedul~ of tests entail~ monthly tests on thP sites local 

to Trenton (i.e., New Jersey 29, I-95 and I-295) and ~uartPrlv tests 
I 

on all five sites (i.e., local plus lakc~urst). 

A~ indicated in Figure 5, it is a v'rtual certainty (i.e., l~n 
l. 

n~rcent probable) that real shifts in Mays output of ac; much as 6 

inches per mile will aluays be detected and actP.d unon hv the New 

Jersey control procedure. Further, it is hiohly likely(~" nercent 

nrohqblP)'that remedial action wfll LP takrn if a true shift of about 

5 
1

inches/mile occurs {i .P.o, in •1 out of 1n C~<iP'., ..:;hifts of 4.~ and 

5.0 inches/mile, respectively, Hi:11 hr rl('lf'ctr»d i-•hrr) S and 3 sites 
I 

are tested)~ / 

,. 
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FIGURC: 5: POWER CURVE INDICATING THE 
PROBABILITY OF OETECTING 
VARIOUS SHIFTS IN MAYS 
OUTPUT USING N.J. CONTROL 
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In thewriter!s opi~~ons ~chievinq the above described stan~ard-

izatio~ of averag~ Mays rouqhness t~ within a maximum of about h inches/ 
\ 

mile will i,ndeed permit,:Maintenance personnel usinq th~ f1ays eci~ipment 

to make effective infor1~d judgmentc; reqarding the relative rid~nq 
! 

~ualities of variqus pa~~ments, h~th old and new. (Typical ave~age 
' l I 

t~ys values: 150-~50+ 11~hes/mile on old pavements, 20-110+ inc~es/ 

mile on new pavem~nte) ; 

As previously noted, the overall effectiv~ness of a set of 
j 

measurement cQntrql prqqedures i5 gauged not only by its potential 
I ;1, ' 

for re9uiring action onj~eal changes in testing output, but alsp by 
I I 

the ·associated- 1evel of'!succ@ss in avoiding action on data~ ':fal~e 
' ' i, 

alarms 11
, Inter~~tingly; the curves of Figure 5 also provide an. 

indication of the:latte~ measure 0f control procedure ~ffective~ess. 
I ' 

That is, notice t~at bolh po\·ter curves disnlav a Y-in~Prceryt. The 

maqnitude of these intef;<:epts (1"7 Qnd 2,8 nercent, respPctiyely, for 
: l 

t~sts ,on 3 and 5 sites)!directly indicate the total risk of exceeding 
j, 

any of the 3 control limits by mere Ghance and thus, the maximum risk _,,......:,:-

of recalibrating when i~
1 

fact no shift in mcasur~d rouqhness has 
; 

pccurredo For exam'ple,4 1if 100 days of control site testing is 
I 

perform~d with th~ Mays'. device actua 11 y in oerfect contra l , ue can 
1 

expect ~o wrongly requi~e recalihration on 2 or 3 of those days. In thP 
!; 

writer's view, this i~ cert~inl.Y an acceptably lm·, risk. 
l 
II 

l 
q 

! 
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PARl THREE: ~ONTROL OPERATIONS 

I --,---~ 

3.1 Recommended Testing Schedule: 
T_,... 

The choice of a ti~e interval in days between series of control 

tests, like most engine~ring decisions, of ne~essity requires 
) 
1 

application of judgment~ For example, if the Mays vehicle recejves 
I I 
' ' 

particularly int~nsive ~se durinq a given oeriod -- irrespectiv~ of 
\~ I I ' 

whether such use represjnts actual testing or simply mileage -- it 
1 

is obvious that c6ntrol :te$tS should he relative1y more frequent 
I ' 
! 

than in periods of less,frequent use. Similarlv, reqardless of the 
I l -

I 

elapseq time since the previou$ control ~est, the u~er would 
, 

obviously he wellradyistd to perform control testinQ orior to 

undertaking parti~ularlt important work (e.g., a smoothness 

evaluation of the year~s resurfacinq projects.) 
I e 

Apart from the apoye rather obviqus factors, a more subtle 

consideration in choosihg an aonropriate interval between control 

tests concerns t~e relative discerninq power of the control chart 
I 

decision rules. Tha~ i~, of the ~hree N~w Jersey decision rules, 

the trend rule (i.e. , the 3 da i1 y run:> in excess of l er c;ri teri & ) 
l 

is by far the most effe~tive in the detection of smaller maqniiude 

shifts in true mean ro'-'ghnes~. Thus, if 11 Y11 days el apse betwe~n sets 
1 

of contro 1 tpsts, certa;in changes in r,~qys output may not be detected 
I \ '1 

1 
for at least "2V" days ;(i.e., 11 2Y 11 is the interval bet,..,een the:first 

I 

and third set of runs exceeding "one sigma"). 
) 

It is recommended ,that the three 1 qca 1 Ma,y'i contra 1 sites: be 

tested !1.! 9ro_l!P_ on ~.s_ 1ea?E_ a rnonth1 y basis. I1 i furth~r 

suqgested that a11 five sites he test~d as a orour rverv ~uart~r. 
.. -----i--r--~ 

3.2 Temperature Correction of fP~l:~2,..s~~~: 

The output of the Mays devi ~e is s i r,n ifi cantl v i rifl ul"npcd' bv 



( 

-22-

I 
the ambient tempenature ~t the ti~e of testo As a conse~uence,1a 

I i 
I ' / 

temperature correction JllUSt be applied to control sitP rouqhness 
; t 

data to ensure comparabi~ity of measureme~ts made on different ~ays. 
,I 

T~e nature of the r.el ationshi p between r1avs rouohness and l ,. - ' I I 

test air temperat~re is !111ustrated in Figures 6 and 7. As ind~cated 

in t~e subject figures, Jthe best-fit lines relating oaired hist9ricaJ 
, lr 

1 1 

roughness/temperature ,d,~a for the five rtew Jersey control $ite$ 

each display a near-con~tant slope. Thus, the influence of , I 
tempel"'ature is es~entialpy the same for Mays measurements on either 

concrete or bituminous p1avement. Snecificallv, the hest-fit I 
' j 

r~lationships sho~n ind~cate that if a given pavement is tested, at 
: l 

different temperatures, ithe measured roughness can be expected to 

oiffer by about 3:inche~/mile for each 10°F difference in test 
! 

temperat~re, with the q':~ater roughnijss beinq ohserved at 'the h~9her 

temperature (average differences actually observed on various s~tes: 
l, 
l 

2.7 to 3.4 inches/mil~ p~r 10°F). All other factors being the ~ame 
j 

l -- ' 
~hen, the temperature effect could cause rou~hness meas~rement~ 

' made on a given pavement during different seasons to exhibit 
i 

differences of as much ,s 15 to 20 inches/mile~ 
l .,,-

The fact thait ther, is no discernable difference in the 
'' temp~rature/roughness dilationshfo as betHeen concrete and bituminous 

r 
J 

surfaces obviously sugqests that this effect arises solelv from 
! 1 l 

( 

tempel"'ijture-induc~d changes in the respon~e characteristiGs of i,the 
1 
\ vehicle. This findfoq is somewhat surprisinq in that it was thouqht 
4 -

that on certain of the AOncrete sitrs (i .~., the undo\'tClled, 1~ foot 

slabs of the Lakehurst ~ite)~ teMnerature-related distortions of the 
i , 

surface itself miqht be1 a factor affe~tinq rouqhne~s diffrrcnc~s 

j, 



FIGUR~ 6 

INFLUENCE OF TEST TEMPER~TURE 

ON MEASURED ROUGHNESS 
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Test Site Symbol Best Fit Equation N r Syx 

LH ES " M«,=91 3t 334T 186 861 3 072 
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FIGURE 7 

INFLUENCE OF TEST TEMPERATURE 

ON MEASURED ROUGHNESS 

REGRESSION DATA 

Test Site Best F,t Equation N r Sy• 

I-295 M4j II 3 + 291 T 170 667 4 307 
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I ,: 

between series of 1 testsJ; 
I 

In New Jprsey, all :f roughness data enterPd on control charts are 
i'' 

to he corrected to a st1ndard temperature base of 7n°F usinq a~ 

correction f~ctor of 3 inches/mile per l0°F differential in tes~ air 
l I 

1 ' 

temperature. (This corlfo¢ction factor \Jas apnlied in develoninq! the 
1 !: / 

control site roughness $tandards previo~sly presented in Table ~o) 
I 

The temoerature correction is accomplished by u~ing thP simple· . l 

algebraic expressiop: J 
1 
1 

M = "-Jl + 1(70 r-T) 
C '"'T '. 3 

where Mc= correcied Ma~s roughness ! 

_ Mr= observ~d Ma_yt roughness at temperature T 
Example: If an a~eragetMays roughness of 84 inches/mile 

I 
is ohtained 

i 
I I 

when the air temperat~r, is 92°F, the corrected a~eraqe value is 

Mc = 84 + l-7 .3~) 
I 

Mc= 76. 7 77 1n/m1 
1 

3.3 Sample Control Char.t Worksheet: 

A sarnpl~ worksheet for reducing control site roughness data is 
l 
I 

presented as Figure 8~ ~Jhile the inforrnation rrovided on this ;form 

shoulo for the most parit be self-exnlanqtorv, several comments !are 

offered: 

Firsts note that \'lhil e ~m]_y the data for the entire mi 1 P course 

is used as inout to the control chart~, the rouqhnPss Measure~ents 

are summari~ed in quarter-mile increme~ts. The reqson for this is 



FIG. 8: SAMPLE N.J. -MAYS CONl·ROL CHART .WORKSH'EET 

Control Site: 
Test Team: 

Test 
Run t st ( n ) Quarter ..... _ -.,: -..... 

I .SI 
2 9/ 
3 91 

-

' ' 4 .96 
-

5 98 
- ~5 - XR 

-* 99 Xe 

REMARKS: 

NJZS 
JG 

Test Date: ,~.,, ,2.? 197', Site l_n Service ~77 Days 
Driver CY Observer Tire Pressure 26 psi 

,. 
Test ,.. Correction Corrected MAYS ROUGHNESS, in/mi Air Tempen:1turE Factor Mays 

2nd 3rd 4th Average For (in•o F) {~fi = 70-T) Roughness 

Quarter Quarter Qu-arter Mile (Xn) . 3 (Xe= Xn + 6Rnl 

95 S/ S4- x,= ~Oe2 T1= 59 /lR1 = -J-.5. 7 Xe,=~ 

99 94- a, x2= ,2.7 t2=5~ dR2=3.7 Xc2=~ 

.!JS 96 87 x3 = !34.] T3= ~8 dR3 =- 4.0 Xc3 = 98 
9~ /00 so X4=3s.S T4= S-8 liR4= '-" Xc4= /0() 

/ 

93 !J3 8!) X5= .93.2 Ts= 68 dR5= 4/'&0 Xcs= 97 
9, 9S-- 87 ~Xe -

99 91 X-= = 197 I /00 5 

I 
N 
<n 
I 
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that such information can he usPful in the evPnt that it ic-; r,ecessary 

to resolve whether an observed increase in control site rouqhness is 

apparent (i.e., equipmen~-related) or real. That is, when the average 

rouqhness of a r,avement increases, it does not ah:ays do so uniformly 

throughout its length: In some cases, all of the averaqe increase 

may be accounted for by a (substantial) increase in some incremental 

length. Analysis of the quarter nile data, in coMbination with the 

r·iays rouqhness trace tapes, ,~ill assist in deterrriininft if this is 

indeed the case when a problem occurs. 

Given that the purpose of the quarter-mile averages is to provide 

a oos;ibly needed histor~cal r(3cord, it ic; n0t necessary to make a --~,.--- ---
teriperature correction_ for each of the individual read,inqs. Rathe~, 

as indicated in Fiqure 8, the averaqes arc corrected by consi~rrinq 

a !;inqle, "representative" temperature. 

3 .ti- !J.ea 1 ,nq with An Out-of-Contro 1 Condi ~j-9_!1_: 

As ,,ith many testing devices, nut-of-co~trol or noor ryerforMance 

b11 the riays roughness measurement eriui rment is often riorc ea s i 1 v 

prevented than corrected. For thi~ r0ason, it is mnst imnortant t~at 

orerations personnel follow thA routine maint~nance r~~uir0mAnts 

estahlishPd by the Deoartment for thP te~t vehicle and hy the e1uinMent 

manufacturer for the Mavs instrurn0ntation nackaqe. Also, to avoid 

un'nP.cessary problems in the control site PValuation5, the normal 

''hPfore testinq 11 equiprient c~eck-nut should ah1ays be performed. These 

nrocedures include checks on: fuel (a three-fourth<; to -full tan!, at 
I 

start)~ tire wear and condition, tir0 inflation (2~ n~i stanrlard), 
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odometer accuracy {i.e •• comparison of indicated versus measured quarter 

miles) and an occasional speed check (clciking). 

In the event that an output problem is detected through the 

control site testing effort, the items on the initial check-out list 

are to be investigated more fully. Specifically, the visual ;examination 

of tire condition will convert to tests of tire dynamic balance and 

of wheel alignment; the shock absorber check should be extended to 

removal, detailed examination and (possibly) replacement; and the 
transmitter check should be expanded to include removal of the housing 

and inspection of the Mylar strip and the focus of the photocell 

illuminating bulb. 
r 

If Maintenance personnel are unable to resolve an equipment 

malfunction thru application of the described procedures, -they should 

contact Research for assistance. 
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APPENDIX A: VARIABILITY COMPONENTS OF 

N. J. MAYS ROUGHNESS MEASUPEMENTS ---

This report supplement describes in some detail the nature ,and 

rel~tive magnitude of the various individual components of ~ays measure-

ment variability. A knowledge of these details is useful not only in 

vnderstanding the''specific (control chart) subject matter of this 

report, but also in interpreting and acting on Mays data in general. 

Such knowledge is necessary, for example, if operations personnel are 

to effectively answer such questions as 
\ 

•''Given our particular sampling plan for routine Mays testing, 
what is the measurement tolerance associated with the resultant data?" 
(This point of how 11 qood" the data is in turn permits resolution of 
related questions such as "Is an iNdicated roughness difference of 
11 ¥11 inches/mile between two projects really meaningful?") 

e 11 lf we wish to reduce the uncertainty associated with particularly 
important measurements, how effective are additional tests?" (Simply, 
"Is the improvement in precision worth the effort?") 

While the particular measures of variability discussed here were 

developed specifically from the analysis of data from the five control 

sit~s, the analysis presented is believed to be reasonably applicable 

to Mays results in general. That is, analysis of a limited sample of 

M~ys results for pavements having "particularly poor" rideability 

(i.e., candidates for resurfacing), indicates measurement repeatability 

of about the same order of that observed for the various "good 11 and 
11 poor 11 riding control sites. Specifically, while measurements on these 

very rough surfaces occasionally display greater measurement variability 

than that generally observed on the contiro1 sites, there does not aopear 
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to be any consistent relationship (real correlation) between the 

measured mean level of roughness and the associated standard deviation. 
' I 

A.2 Basis of Analysis: 

In simplest terms, the total or overall variability associated 

with Mays measurements is equal to the sum of the variability within 

groups of successive tests and the variability between groups of 

I tests. Thus 

OVERALL=; WITHIN,,rGROUP + BETWEEN ... GROUP VARIABI~ITY 
This simple statement can be converted into a usable, mathematical 

equation or "modeJ" ,by making use of th~ fact that the variances of 

the individual components -- that is, the squares of the co~ponent 
' 

standar~ deviations (a2 ) ~- are additive. In other words, these 

individual measures of variability arithm~tically sum to yielij the 

overall variability. 

where 

Applying this knowledg~, our variability model becomes 
2 2 2 2 2 

0-0 = 0-0 + crwh t 0-hh + er dcJ [Equation 1 J 

= the overall variance of the Mays testing rrocess 

= the inherent, irreducible variation associated with the Mays 
test equipment ttself 

2 0-wh = the variance due to within-hour measurement variability 

(Th~ = the variance due to hour-to~hour measurement variability 

(jdf = the variance due to day-to-day measurement vari~bi1 ity 

It is emph(isized that none of ~he above described variabi'lity 

terms represent etrors in the sense of mistakes or blunders (i.e., 
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improper calibration, testing techniqu~, da~a reduction, etc). Rather, 

they represent the normal (random) variation expected of in-control 

testing processes in general. 

As might be expect~d, certain of the described variability 

components are more difficult to determine than others. This fact is 

in turn reflected in the particular manner in which the variability 

model is operated on (i.e., how Equation 1 is solved) and how the 

results ari interpreteda 

For example, in order td completely isolate the inherent variation 

assoc;i ated with the Mays testing process ( cr/ ) , every other component ' 

would in essence have to be reduced to zero. Simply, to calculate this 
' 

parameter, we would in ~ffect have to do the impossible: have perfect 

te~ting on one or more occasions. Fortunately, theclifficulty of 

d~termining cri2 does n9t have particularly great practical significance. 

That is, to the user of r~ys data, the more important ooint in this 
I 

connection is the magnitude of variation expected in actual measurements 

closely spaced in timeo In other words, what is the 11 repeatability 11 
• 

! 
or "precision" of the M~ys testing process .. Expressed mathematically, 

this means that the sum of the inherent variance (CT~) and the real 

within-ho~r variance (CTwh2 ) is the term that has practical importance. 

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

(Cfmwh2 ), is easily and' directly cletermined from the analysis of many-
i repeat Mays measurements. 

The day-to-d~y variance ( crd; ) is another component which is 

difficult to isolate.. However, the difficulty in this case is not 

due to some qenera1 consideration of im~ractica1itv, but rather to the 
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particular nature of the N.J. control site d&ta sam~l~s. That is, for 

research purposes, the control s;te test samples obt~ined on various 

days often differed considerably with respect to the number of measure-

ments and the time frame over whi~h t~ey were obtained. This 
\ 

orecluded toe direct computation of ~ay~to-day variance which otherwise 
2 would have been possibl~a Consequently, the estimate of (Tdd was 

obtained as the differ~nce 
2 2 2 2 

CTdd = 0-o 0-mwh ...... 0-hh [Equation 2] 

The estimate of the overall variance term (C10~) neces~ary to solve 

Equation 2 was derived thru applicati9n of an iterative process which 

useq actual Mays results, but which simijlated the collection of those 

results in a different manner. Specifically, for each of the five t~st 

sit~s, this iterative process consisted of randomly selectinq a single 

Mays value (i.e., the result of one test run) from each of the 10 to 

15 qay$ results avail~ble per site. This sample was treated as a 

cqlle~tion of "day's runs" and a mean and variance were calc;ulated. 

Application of conventional statistical stand~rds to the overall variance 

obtained from 25 such irials indicates that the value of er! estimated 

in this manner will be quite close to the true value (within:!:. 7% at the 

95% confidence level). 

A.3 Results of Analysis of Variance: 
I 

The relative magnitude of the variqus components of New Jer$ey 

Mays measvrement variability indicated from the analysis of variance 

are shown in Table A=1. 

It is worth noting that the indicated measures of variability are 



TABLE Al: SUMMARY OF VARIANCES 

1 BASIS OF DETERMINATION; POOLE-o* EQUIVALENT 
VARIANCE SYMBOL STANDARD 

HOW EST I MATEO SAMPLE - VARIANCE - DEVIATION 
within-hour directly.from 191 sets of within- -' - 2 plus inherent 0-mwh exoerimental hour data 4.62 ;n2/mi 2 2.15 in/mL data {1.nn? sinole tests) 

directly fr0111 , 

hour-to--hour 2 experimental l48 sets of hourly 2.74 1.65 (jhh data data on 36 days 

day-to-day 2 by difference (J"dd (using Equation 2) 3.84 l.96 --
25 replications of 

2 selecting one random 
value from 10-15 overall= 0-o from simulation days per control site 11.20 3.35 

*A "pooled" variance is, in essenc~, a "weighted av-erage" varia.nce. The formula for accompli-shing this 
pooling reflects the fact that if we have several ~stimates of a particular variance (in our case~ data 
from different sites), the best estimate of that variance will tak~ into account the sample sizes 
associated with the various estimates. 

I 

+::. 
I 
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to some extent conservative (i.e., the represent a slight overestimate 

of true variability)c That is, various correlation analyses indicate 

that Gertain of the control sites actually increased in roughness by 
l 

several inches/mile ove~ the period of testing. Since this increase 

was not taken into account in the analysis of variance, our estimate 

of overall variance can be expected to be slightly high (i.e., the 

indica~ed measurement variability inc~ude~ a small ~omponent of real, 

roughness variation)e 

A.4 Example Applications of the Results: 
I 

Given; 

Example 11A11 

Maintenance forces typically judge pavement riding quality 

based on the ,verage of a sample of 3 within-hour Mays 

rep~at measurements. 

Find: What are the 95 percent confi d1~nce 1 imi ts for this samp 1 i ng 

plan? 

Solution: If many sampl~s of 3 were taken in the given manner, we 

would expect 95% 9f all such samples to display an average 

(X) within the i nterva 1 X 2:_ 20-0 where 
':> CJ' 2 

0: = mwh + (j 2 + O" 2 
a Nwh hh dd 

=. overall variance associ~ted with thQ average of a single 
sample of~ within-hour measurements 

Nwh = number of within-hour repeats = 3 

Using the data of Table A-1, 
2 -

0-a = + 2. 7 4 + 3 o 84 
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The 95% confidenc;e limits for this sampling r,lan (X :t_2CY0 ) are 

X + 5.7 and X - 5.7. Maintenance thus can expect the average of their 

three successive measurements to be within!. 5.7 inches/mile of the 

true mean roughness of the tested road section. 

Given: 

' . 

Example 11 8 11 

In an attempt to reduce measurement uncertainty, the number 

of Mays repeats is to be doubled from the usual 3 to 6 

Find: Which Qf the following ways of obtaining a total of 6 measure-

ments results in the greatest reduction in measurement 

uncert,inty: 

Case (a) All 6 are taken successively in a given hour 

Case {b) Two groups of 3 are taken on different hours within 
ont day 

Case (c) Two groups of 3'are taken on different days 

SQl ution: For c~,,se (a) 

cr 2 
Q 

er. 2 a 

e •• 

Cf' 2 2 2 
0: 2 = mwh + 0-hh + C1:dd 0 Nwh 

= overall variance associated with the average of a single sample 
of 6 within-hour measurements 

= number of within-hour repeats= 6 

= 4.62 + 3.84 + 2.74 

= 7.35 

;:: 2. 71 

The 95% confiden~e limits for this sampling plan are X.:!:, 5.4 

versus X .:!:. 5c7 for a sinqle set of 3 measurements. This olan does not 

provide a significant improvement. 
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where 
a: 2 a 

Nwh 

Nhh 

cr:2, 
a 

(12 a 
O"a . ' • • 
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For Case (b) 

= overall variance associated with the average of two samples 
of 3 witryin-hour measurements made in one dav 

= number o~ within~hour rep~ats = 3 

= number of hou~ly repeats = 2 
;::: 4o62 + 2.74 + 3~84 -3- -r 
= 6.75 

= 2.60 in/mi 

The 95% confidence limits for this plan are I!. 5.~ versus 

X ±_'5.7 for a single set of 3. This pl~n is slightly better than 

plan (a), but not enough better to be considered worthwhile. 

Nwh 

Ndd 

cra2 

0-a'l. 

era 
fi00 

For Case (c) 2 
2 cr ,n1a,h 2 + er dd 2 

0-:a = .....u,,..u,u + (Jh h 
N wh Ndd 

= overall variance associat~d with the average ~f two groups 
of 3 reading~ made on different days 

= number of within-hour repeats= 3 

= number of days tested= 2 

i= 4.62 + 2.74 + 3.84 

;: 6l'2 

= 2.49 in/mi 

The 95% eonfid~nce limit~ for this sampling are X 4, 98. This 

sampling plan yields the greatest reduction, but is still judged 

ineffectiv~. Thus, none of the three methods proposed really offers 

sufficient improvement in measurement reliability to warrant a doubling 

of the normal testing rate. 
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Example "C 91 

t 

Mays measure~ents on two different bituminous pavements yield 

average roughness values of X1 and X2 inches/mile, respectively. 
:' 

The usual sa~pling plan (i.e, 3 successive runs) was employed 

in obtaining the data. 

Find: Is the observed difference in average roughness between these 

two pavements (i.ee, IX1- - x21 ) meaningful? 
l 

Solution: If the results of a statistical analysis indicate that two 

roughness averages are significantly different, this simply 

means that there is a rea 1 difference between the two aver1ages . .._,,,_.. 

This definit~on of a statistically significant difference 

obviously does not necessarily imply an important engineering 

pifferenc~. For example, while there might be a real 

diff~rence between Mays readings of 380 and 390 inches/mile, 

this difference could be unimportant since both readings 

indicate the,same thing; an outrageously poor level of 

rideabi1ity. The question of meaningfulness posed in this 

example thus relates to statistical significance. 

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

in Mays readings is a real difference if 

where 
2 

0"6 

Ix, - x2I > 2cr6 

= the variance associated with the difference in the averages of 
two samples of 3 within-hour measurements 

This variance is calculated as 

i 

,. 

i 



" 

where o:2 = (12 = a-2 'as c;al cul ~t~d in Exampl ''A" 
al a2 q 

-2 \ 
So o-0 = ~. 12 + 8. 12 

p-4 = Vl 6.24 = 4·,,03 in/mi 

Thus, if twp Mays ~verages pbtained by the no~mal samolingr plan 

di fifer by 8 i ncnes/mi 1 e :or more, we can be ''highly confident" that 

there is a real difference between the two~ Again, a det~rmination of 

whether this~ differen~e is impo,rt~nt will require applic~tion of 

~n9in~ering judgmento 
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