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ABSTRACT

In the development of a Quality Assurance (QA) program, a state highway agency
(SHA) must make severaiportant decisions regarding policies and procedures for
assessing how well the materials and construction used by a Contractor on a project satisfy
the SHA specifications. One of the key decisions is whether the SHA will conduct the
acceptance samplingha testing or utilize Contractor data for acceptance sampling and
testing. Title 23 Code of Federal Regulations Part 637 Subpart B (23 CFR 637B) permits
SHAs to use Contractor data for construction materials acceptance, as long as SHAs

validate the Contrador data with independent test results

Therefore, identifying procedures and guidelines for validating Contractor test data
for construction materials isssential to QA programdhese procedures need to be
statistically sound and practical for validagiContractor construction materials data. This
dissertation documents and presents the results of studying procedures and guidelines for
validating Contractor test data. The procedures developed address different applications
(materials and procurementpgs) and related issues, like sampling method, sample size,
retesting, associated risks, and practical constraints that have led SHAs to deviate from the
AASHTO manuals and specifications. A guide was also prepared in AASHTO format to
describe appropriateprocesses for validating Contractor results and recommend

subsequent actions when the results are validated or not validated

Keywords: Quality assurance, quality controlalidation, outlier detection,

acceptance quality characteristics



DEDICATION

| dedcate this work to my family, Karima, Lina, Shahd, Ali, and Onavould
never come this far without you. And to mmother, Ahlam, you are the reason | started

this journey.



ACKNOWLEDG MENTS

Praise be to God, who hath guided us to this, never couldveefund guidance,

had it not been for his guidance.

This effort could have never seen the light, without the help and support of my
thesis advisor Dr. Adam Hanklis continues guidance and support helped me navlyate
unfamiliar territory of this prct. The contributions of thieNCHRP Project 14100 team,
especially, Chuck Hughesand the NCAT groupvere crucial. Their experience, open
discussions, and leadership paved the way for the development of all the accomplishments
in this researchlThe help ad guidance omy committeeDr. Ahn, Dr. Hajj, Dr. Sebaaly,
andDr. Siddharthannot only in the last three years but throughout my time as a graduate

student in the University of Nevada, Reno

There is always a long list of people veleaontribuion were criticalto this effort
at various stagedPiaratheepFarzan, Rami, and the whole Pavement Engineering and
Science progranThank yowery muchfor the continuous help and support in the fagt

years.



TABLE OF CONTENTS

[ 0 B 1= o] L= PP PPPRRPPPPPPPPPPPPPPR Vi
LIST Of FIQUIES......eiiiiiiiiiiee ettt e e e e nnee e Vil
CHAPTER 1. INTrOTUCTION. ... .uuiiiiiiiiiiiiiieec ettt et e e e e e e e e s et e e e e e e e e e e e e e e e s e e e e e 1
1.1. Problem Statement..........ccoooiiiiieiii e 2
1.2. Objectives and Scope of WOrK............uuuvviiiiiiicceiiiiiieee e 3
CHAPTER 2. RESEAICH PIaN........c..iiiiiiiiiiiiiieee it e e e 4
2.1. Gathering INfOrmMation............ccoviiiiiiiiiiiee e 5
2.2. NUMETICAl ANAIYSIS.......ovvieiiiiiiiii e eeees e eeeeaaeaaa) 6
2.3. SHA Data ANalYSIS......ccooiiiiiiiiiiieeee e eeee e 6
2.4. Recommended Sampling, Testing, and Validation Rlan................... 6
CHAPTER 3. Literature REVIEW............ccciiiiiiiiiiie e 8
3.1. Validation Techniques and Diversity in Procurement Methods......... 8
3.2. Modification of Existing or New Statistical Tests.............ccccevvvvvieenn. 12
3.3. Concerns With BiaS........cooveiiiiiiiiiiiicee e 17
3.4. NONPArametriC teSES.........ooiiiiiiiiitieeee s eeeeee e 19
3.5. Potential Risks associated Wihandt-tests..........ccccccvieeiiiiiiccceenn 20
3.6. State of the PractiCe............oooooiiiieeee e 21
3.7. Policy, Standards, and GUIdEliNeS...........cccoevieeiiiicceecieieee e 26
CHAPTER 4. Survey of State Highway AQENCIES...........cccccvivmiimmmnniiiiiiivieee 27
4.1. Asphalt Concrete MIXTUIE............oovuuiiiiiiiimmeeeeeeeecre e eeeraanaes 29
4.2. Portland Cement Concrete MiXIULE...........evuvvvveniiimreeeeeineenen e 34
4.3. Base and Drainage Aggregate.......cccoeevveeeeeeiieeeiiiiiee e eeeeeeeeeeeeee 37
4.4. Subgrade and Embankment............ccoooeiiiiieeeeiiiiiiiieee e 39
4.5. Reinforcing and Struat@l Steel...............ooooiiiiii 42
4.6. Other MaterialS.......uuueiiiiiiiiiieie e 43
4.7. Survey Summary and Observations...........ccccoveevvivieemeeeeiiiiee e, 43
CHAPTER 5. NUMErCal ANAIYSIS........uutiiiiiiiiiiiiiiiceeeiiiiiieeieeeee e 46
5.1. MethodolOgy.......couuuiiiiiiii e e 46
5.2. Results of the Numerical Analysis...........coocciiiiiiimmmnnniieeeee 59
CHAPTER 6. SHA Data ANAlYSIS.......cccoiiiiiiiiiiiiieeeiiiiititiee e e e s eeeeee e eea e e 80

6.1. Data ProCEeSSING ......cuvuiiiieiiiiiii ettt e e 80



6.2. Methodology: A Preliminary Tasg and Validation Process.............. 82
6.3. Results of the SHA Data AnalysiS..........cceuuuuiiimmiincneeeeeiiiiiiinenn Q0
6.4. Summary of SHA Data Analysis FINAINGS.......ccooevviiiriniiiieeeiiieen. 112
CHAPTER 7. Examples to lllustrate Use of Recommended Procedures............ 113
7.1. Sampling methodsplit vs. independent............cccccceeiiiiieeeeeinnnnenn. 113
7.2. SAMPIE SIZE..uueeiiii e 118
7.3. OULHEr DEIECHION. .....ceiiiiiiiiiiiiie e 123
7.4. Retesting or Resampling and Retesting.............ooooeeciveene e 126
7.5. Validation versus No#Validation of Contractor Test Results........... 128
CHAPTER 8. CaSe StUAY........ceeeiiiiiieiiieiiiieme e e e e bbb 135
8.1. Data Manipulation EXample..........ccccuummiiiiiiieemiiiiiiieieieeeeee e 138
CHAPTER 9.Influence of Sample Size on Statistical Tests Pawer..................... 142
9.1. Analysis MethOodOlOgY..........uuuuuuiiiiiiiiiiieeeiiireieeeree e 144
CHAPTER 10. Application to Alternative Delivery Projects...........ccccceeeeeevvieeennn. 155
CHAPTER 11. Conclusions and Recommendations...........cccoovveivveeeievvnnnnnnnnenn. 163
I Y1 0 ] 4= YU 163
11.2. CONCIUSIONS.....ccoeiiiiieiiiiicitee e e eness e eeeeeeeaeeas 166
11.3. ReCOMMNAALIONS......cevviiiiiieiiiiieee s st e e e e e e e e e e s anenr s e e e e e eeeeeas 168
] (=] €= o =T 170
APPENDIX A. Survey Of State Highway AQENCIES.............coevvvvvvviemmeeeeeeeeeiiiennns 175
APPENDIX B. SHA RAW Dat@........cccccuiiiiiiiiiiiieeeiiniiieeeneeeeeeeee e e e s seeeseeaeeeeeaaaaaeas 203
APPENDIX C. Proposed PracticePdalidating Contractor Test Data.................. 211

APPENDIX D. Implementation Presentation Material.............ccccccovvieaciiniennnn. 251



Vi

LIST OF TABLES

Table 1. Survey of State Highway Agenciegsponse to the use of Contractor test results

............................................................................................................................... 29
Table 2. SHA Survey response to methods used to validate the Contractor test results for
Asphalt CONCrete MIXIULE.........ooiiiieeeeeeeiee e e e e e e e e e e e e s 30
Table 3. SHA Survey response to methods used to validate the Contractor test results for
Asphalt CONCrete MIXIULE.........ooiiiieeeeeeee e s e e e e e e eeeen 33
Table 4. SHA Survey response to methods used to validate Contractor test results for PCC
ITIXEUT . ..ttt ettt ettt e e smm ettt e e e et e s emmmr e e e e e e e e e e e e n e 35
Table 5. SHA Survey response to methods used to validate the Contractor test results for
Base and Drainage AgQQregate.........coooeeeiiiiiiiieeeie e eeeeeeeeeee e e e 37
Table 6. SHA Survey response to methods used to validate the Contractor test results for
Subgrade and EmMbankmenL...........coooiiiiiiee s 40
Table 7. Tests Identified during theerature review and survey of SHAsS................ 47
Table 8. Tests recommended for further evaluatibtypothesis Testing................... 47
Table 9. Tests recommended for furtherleaoni Variance tests...............cccuvvvveen 47
Table 10 Tests recommended for further evaluatiddormality tests...................... 48
Table 11 Numerical simulations, representative values of AQCS............ccovvvvvvnees 53
Table 12 Numerical simulations SUMMALY.......cccceeeeeeeiiiiiiiieeee e e 58
Table 13.SHA data received and processed for further analysis....................cccce. 82
Table 14. Plan 1 SHA 5 resultspdrcentAV of HMA ..., 92
Table 15. SHA Plan 1 results pércent AVof HMA T part 1 of 3. 99
Table 16. SHA Plan 1 results of percé&M of HMA T part 2 of 3.......cccceeeeeeieeeee. 100
Table 17. SHA Plan 1 results of perc&M of HMA T part 3of 3. 100
Table 18. Plan 1 SHA 5 resultbmercent AC of HMA. ..., 102
Table 19. SHA Plan 1 results of percent AC of HMpart 1 of 3. 109

Table 20. SHA Plan 1 results of percent AC of HMpart 2 of 3.........cccooevvvininnnnnn. 110



Vil
Table 21. SHA Plan 1 results of percent AC of HMpart 3 of 3.......cccccevvvveeeeeen. 111
Table 22. SHA vs Contractor ddtaillustrate sampling methad............................ 118

Table 23. SHA and Contractor Data, PCC strength example with statistical tesfLgsults

Table 24. SHA data, HMA percent-place density example with statistical test results

............................................................................................................................. 125
Table 25. SHA vs Contractor sample 1 data.SetS.........ccoovvvviiiiecciiiiieeeeeeee 131
Table 26. SHA vs Contractor sample 2 data.SetS.........ccoeeeeeeivieeeiiiiee e, 133
Table 27. SHA and Contractor PCC Pavement test results..............cccccoeeneiennne 136

Table 28. SHA PCC Pavement thickness in inchngiral and manipulated Contractor
results (INCreased MEAN..........oiiii it ierer ettt eeeeea b e e e e e eeeeeeeeeean 139

Table 29. SHA PCC Pavement thickness in inch vs original and mamigulamntractor
results (reduced Standard DeVIation)..............eveeiiiiiieeeiiiiiiiieeieeeee e 140

Table 30. Summary statistics of SHA PCC Pavement flexural strength (psifodata
MUIIPIE PrOJECTS ...ttt et r e e et e e e e e e e e e e e e s s e e e e e as 144

Table 31. SHA PCC Pavement flexural strength (psi) data for multiple projects and the
StatiSTICAl TESTS FEHB... ..t eee 146



viii
L1ST OF FIGURES
Figure 1. lllustration of Research AppProach............cccceeeviiiieeciiiiiiiiiiiiceieeeeee e 7

Figure 2. lllustration of Chathot Sampling Methodology, | = 3 (I.E. 4 Lot&)9). ...... 11

Figure 3. Map of the States Using Contractor Test Results in Acceptance Deci¥ions (

............................................................................................................................... 23
Figure 4. The number of SHAs Meeting High Risk QA Best Pracfifes................. 24
Figure 5. Weighted Risk Ass@ted with Best PractiC€®). .............ccccceeeviiiiiiceecinnnns 25

Figure 6. Map of SHA Responses to Use of Contractor Test Résuttsember 201728
Figure 7. SHA Survey Responses to Use of Contractor Test Redldieember 201729

Figure 8. SHA Responsesn Acceptance Process for Asphalt Concrete Mixfure
N[0T 41 o T=] g2 0 U U PP TP R SSTTPT 30

Figure 9. SHA Responses on Acceptance Process for PCC Mixoeember 201735

Figure 10. SHA Responses on Acceptance Process for Base and Drainage Adigregate
[N [0AVZ=T 0 01 =T 2 O PSR SPRPRRN 38

Figure 11. SHA Responses on Acceptance Process for Subgrade and Embankment
[N\ [0 A V2= 0 0T = 2 O PSS SPSPRR 41

Figure 12. SHA Responses on Acceptance Process for All Matieiedsember 201744
Figure 13. Numerical Simulations Flow Chart, Normal Distribution...................... 48

Figure 14 lllustrative Example of the Four Scenarios Used in the Numerical Simulations,

USING HMA INFPIACE DENSITY...ccviiiiiiiiieeeeee e 50
Figure 15. Generating $twed Distribution Using a Gamma Function.................... 54
Figure 16. Generating Skewed DiStributiQn...............eeeveiiiiieeciiiiiiiiiieeeeeeeee e 55
Figure 17. Numerical Simulations Flow Chart, Skewed Distribution..................... 55
Figure 18. Generating Bimodal DiStribution..............ccvvvveoiiiccmnniiiicc e 57
Figure 19 Numerical Simulations Flow Chart, Bimodal Distribution...................... 57

Figure 20. Numerical Simulations Results (Normal) for Hypothesis TeStenario 1:
Equal Means and Equal Standard Deviations..............c.cc.uuiieeeiiiieeeeceviiee e 60



Figure 21. Numerical Simulations Results (Normal) for Hypothesis TeStmario 2:
Equal Means and Unequal Standard Deviations...............coeevviimmmneeeeeeieeeeeeeeinnnnnnns 6l

Figure 22. Numerical Simulations Results (Normal) for Hypothesis TeStmario 3:
Unequal Means and Equal Standard Deviations.................eeeeieeemuieeiinieieieeeeeeeeens 62

Figure 23. Numerical Simulations Results (Nornfal) Hypothesis Tests Scenario 4:
Unequal Means and Unequal Standard Deviations...............ccccuvimmmnninninnnnnnnne. 62

Figure 24. Numerical Simulations Results (Norfiat Variance Tests Scenario 1: Equal
Means and Equal Standard DeviatiQnS.............oooviiiiiiiccce e eeee 63

Figure 25. Numerical Simulations Results (Normal) Y@ariance Test§ Scenario 3:
Unequal Means and Equal Standard Deviations...............coevvviimmmeeeeeeeeeeeeeeeeinnnnnnns 64

Figure 26. Numerical Simulations Results (Normal)Mariance Tests Scenario 2: Equal
Means and Unequal Standard Deviations...............uuueeeeeieemiiiiiireiiiiieieeeeee e e e s eeemeees 65

Figure 27. Numerical Simulations Results (Normal) foriaface Tests Scenario 4:
Unequal Means and Unequal Standard Deviations............cccceevvvveeeeiiiieeeeeeeeeeeee 65

Figure 28 Numerical Simulations Results (Skewed) for Hypothesis TieEigual Means
and Equal Standard DeViatiONS...........ccuiiiiiiiiiiieeeeeceeeee e 66

Figure 29. Numerical Simlations Results (Skewed) for Hypothesis TésEgual Means
and Unequal Standard DeVviations..............oooiiiiiiemr e eee e 67

Figure 30. Numerical Simulations R#ts (Skewed) for Hypothesis TestsUnequal
Means and Equal Standard DeviatiQnS............coooviiiiiiiccceeeeee e 68

Figure 31.Numerical Simulations Results (Skewed) for Hypothesis Testinequal
Means and Unequal Standard Deviations...............uuueeeeiieemiiiiiiiiiiiieiieeeeaeeeeeeeemeeees 68

Figure 32Numerical Simulations Results (Skewed) for Variance TieEtgual Means and
Equal Standard DeVIatiONS..........cooueeiiiiiiiiiice e e 69

Figure 33. Numerical Simations Results (Skewed) for Variance Téstsnequal Means
and Equal Standard DeviationS...........cccoveeeiiiiiiccciiieeeeeeeeeeeeesseeeee s O

Figure 34. Numerical Simulations Resy&kewed) for Variance TestEqual Means and
Unequal Standard DeVIAtiONS...........ueiiiiiiiiiiii et srmmme e 71

Figure 35. Numerical Simulations Results (SkewedMamance Test$ Unequal Means
and Unequal Standard DeVviations..............ooviiiiiiemre oo ee e 71

Figure 36. Numerical Simulations Results (Bimodal) for HypothBsstsi Equal Means
and Equal Standard DeviationS..........cccooeeeeiiiiiiecciiieeeeeeeeeeeeeeeeee e d 2



Figure 37. Numerical Simulations Results (Bimodai)Hypothesis Tests Equal Means
and Unequal Standard Deviations..............oooviiiiimmee e eee e 73

Figure 38. Numerical Simulations Results (Bimodal) for Hypsithdestsi Unequal
Means and Equal Standard DeviatiQnS.............ooooiiiiiiiccceeee e 74

Figure 39. Numerical Simulations Results (Bimodal) for Hypothesis Tiestsequal
Means and Unequal Standard Deviations................uueeeeeieemiiiiiiiiiiieeeieeee e e e s eemeeees 74

Figure 40. Numerical Simulations Results (Bimodal) for Variance TieEigual Means
and Equal Standard DeviationS............ccoeeiiiiiiiircciieeeeeeeeeeeeeeeeeee e d D

Figure 41. Numerical Simulations Results (Bimodal) for Variance Tddteequal Means
and Equal Standard DeviationS..........ccccoeeeeiiiiiiccciieeeeeeeeeeeeeessseeee e O

Figure 42. Numerical Simulations Results (Bimodal) for Variance TieEigual Meas
and Unequal Standard Deviations..............oooiiiiiimmre e e e e 77

Figure 43. Numerical Simulations Results (Bimodal) for Variance Tddtequal Means
and Unegal Standard DeVIatioNS...........oooouiiiiiiiieee e ee e 77

Figure 44. Flow Chart for Sampling and Validation ProdeB&an 1.......................... 84
Figure 45. Cumulative Sampling Technique to Overcome Single SHA Sample e
Figure 46. #féseResulsasaWBacttiontofdvieans Ratid (12) for percent
AV OF HMA . ettt ettt e e ene e e nne e e e aneee 93
Figure 47. #iésaResulis as aWenttionnobStandard Deviations Ragé

Figure 48. Plan 1E-test Results as a Function of Standard Deviations Réatiolk) for
PErCENt AV OF HIMA ...t e e tree s s e e e e e e e e e e e e e e e e eeeeennannneeees 95

Figure 49. Plan IF-test Results as a Function of Means Ratid {12) for percent AV of
HI A e e e e e et e e e et ————— et e e e e e e 95

Figure 50. Plari, Paired-test Results as a Function of Means Ratio/ (u2) for percent
AV OF HM A . o et e e e e e e e e e e et e e e e eenaanns 96

Figure 51. Plan 1, Pairagdest Resultssa Function of Standard Deviations Ratio..97

Figure 52. PdstResultt as aWedtientofMeang Ratio (Ul / u2) faemer
AC OF HM A . et e et e e e e e e et e e e e e e s meesrsneeeaeaans 103
Figure 53. PRtleasnt 1Re sWelltcsh 6ass ta Function of
02) for peMAent. .. AC..of. .. . H. .. 103

"



Xi
Figure 54. Plan 1E-test Results as a Function of Standard Deviations Ratiolk) for
PErCENt AC OFf HMA . ... ettt e e e e e mnne s 104

Figure 55. Plan 1,-fest Results as a Function of Means Ratio (ul / p2) for percent AC of
HI A e et ———— e aann 105

Figure 56. Plan 1, Pairdetest Results as a Function of Means Ratio/ (12) for percent
AC OFf HM A e e eeee e e e e e e e e e et s amnna e e e e e eanaaaas 106

Figure 57. Plan 1, Pairdgdest Results as a Function of Standard Deviations Ratialf)
for percent AC Of HMA ... e ens 106

Figure 58. Components of Variance for Independent versus Split Samples, After Burati et
Y L) OO 114

Figure 59. Scatter Plot of SHA vs Contractor Data to lllustrate Sampling Methotik5
Figure 60. Box Plot of SHA vs Contractor Data to Illustrate Sampling Methods.115
Figure 61. SHA vs Contractor Independent Samples..............coevvvvieeeee e, 116
Figure @. SHA vs Contractor Split Samples...........ooooiiiiiiii e 117
Figure 63. Cumulative Sampling TechnigoeOvercome Single SHA Sample Siz&.20

Figure 64. SHA Data, Box Plot of HMARlace Density Example; (a) Raw Data; (b) Data

After Outlier Detection and EXCIUSION...........coooiiiiiiiiiieeeeee e 124
Figure 65. SHA vs Contractor Original Sample.L.........cccccvviiiiiiieeciiiiiiieieeeeeeeenn 128
Figure 66. Sampling, Testing and Validation ProCess...........ccccoeeieeieeeeivvnnnnennn. 129
Figure 67. SHA vs Contractor Original Sample.2.........ccccevevviiiiieeciiieiiieeeeceeeeen 132

Figure 68. lllustration of Type | and Typedirors in a typical statistical teg1)....... 145

Figure 69 F-test Power for Multiple Contractor Sample Sizd3roject 4................. 148

Figure 71. 3BPlot of F-test Power for Multiple SHA and Contractor Sample Sizes
o (0] [T S PP USPPPPRIN 149

Figure 72. 3BPlot oft-test Power for Multiple SHA and Contractor Sample SizZegoject



Xii

Figure 74 F-test Power for Multiple Contractor Sample Sizd2roject 16............... 152

Figure 75. 3BPlot oft-test Powerdr Multiple SHA and Contractor Sample SizeRroject
I SRR 153

Figure 76. 3BPlot of F-test Power for Multiple SHA and Contractor Sample Sizes
[ (0= ox A TS 154

Figure 77 F-test Power for Multiple SHA and Contractor Sdenizes Project 4..156
Figure 78t-test Power for Multiple SHA and Contractor Sample SizBsoject 4....157

Figure 79.F-test Power for Increasing Number of Lots, SHA to Contractor Sample Size
RAtio Of 51 PrOJECE 4..... oot e e e e e e e e e e emenas 158

Figure 80.F-test Power for Increasing Number of Lots and Multiple Contractor to SHA
Sample Size RatiGSPIrOJECE 4........ccooiiiieieemme e 158

Figure 81.t-test Power for Increasing Number of Lots and Multiple Contractor to SHA
Sample Size RatiGSPIrOJECE 4.......ccooiiiiiieeemme e 159

Figure 82 F-test Power foMultiple SHA and Contractor Sample SiZzeBroject 4..160
Figure 83t-test Power for Multiple SHA and Contractor Sample SizBsgect 16..161

Figure 84 F-test Power for Multiple SHA and Contractor Sample SizBsoject 16.162



CHAPTER 1. INTRODUCTION

State Highway Agencies (SHA&Rave been sing Contractortest resultdn acceptance
decisionssincethe 1970<1). Title 23 Code of Federal Regulations Part 637 Subpart B (23
CFR 637B) permits SHAs to use Contractortest results for construction materials
acceptance, as long as SHAs validateGbatractordata with independent test resys

4). That is why he acceptance decision is typically coupled with a validation process.
Validation is defined in the Transportation Research CirclHEa€235 Glossary of
Transportation Construction Quality Assurance Teras$iThe mathematical comparison

of two independently obtained sets of data (6S¢HA acceptance datand Contractor

data)o (2).

A combination of hypothesis tests is commonly usestatisticallydetermine if
Contractorand SHA test results are from the same populalibe American Association
of State Highway and Transportatio®Officials (AASHTO) developed Joint
Construction/Materials Quality Assurance Task Force publicatibmplementation
Manual for Quality AssurancandQuality Assurance Guide Specificatida,assist SHAs
with specification development and ultimately to mad@cient use of resources and
improve product qualitys, 6). The Manual includes two validation proceduiegestand
t-test, and a simple comparison test between a single SHA test and a r@uyerattor

tests

Recent Federal Highway Administrati (FHWA) reviews and surveys show that

only about onghird of SHAscomparisorproceduresre performed per the first procedure



described in thdASHTO Implementation Manual for Quality Assuran@. (Well over

half of SHAs utilize Contractortest data in acceptance processes, mostly using non
statistical method$7 - 9). Thecommon deviations from thAASHTO Implementation
Manual for Quality Assurancstatistical proceduraclude eliminating thd--test, using

split rather than independent material samglasing annadequate number of SHA test
results, using comparisanethodshat may be inappropriagich as the singI8HA test
method or theDifference TweSigma Limit (D2S Limit) method, and performing
unwarranted r¢ests. These deviations put SHAs at risk of making wrong acceptance and
payment decisions, along with being susceptible to data manipulation andligauthe
literature suggests a general distrustGuintractortest data reported by some SHA
personnel, which may be warranted in some cases based on piaimuml Cooperative
Highway Reseath Program (NCHRPjesearch on this topic and U.S. Department of
Justice (DOJ) Office of Inspector General investigations which have found misconduct and

fraud to improveContractompayment(11 - 14).

1.1.Problem Statement

Identifying procedures and guidelines for validating Contractor tesfatatanstruction
materials isavital need forSHA QA programs. These procedures need tethtstically

sound and practical for validating Contractor construction materialsTdatgorocedures
developedaddress different applications (materials and procurement types) and related
issues, likesampling methodsample sizeretesting associatedisks, and practical

constraints that have led SH&sdeviake from the AASHTOmanuals and specifications



1.2.Objectivesand Scopeof Work

The objectives of this research are to recommend procedures for validating Contractor test
data for construction matelsaand to prepare guidelines for their applicatidimis
dissertatiordocuments and presents the results of stggyrocedures and guidelines for
validating Contractor test datA guide wasalsopreparedn AASHTO formatto describe
appropriate processéx validating Contractor results and recommend subsequent actions

when the results are validated or not validated

The procedures and guidelineescribe appropriate processes for validating
contracting results and recommend subsequent actions wheesthts are validated or
not validated They should help construction and materials engineers effectively use
Contractortest results in th&A process and redudhbe risk of incorrect acceptance

decisions and pay adjustments3iyAs.



CHAPTER 2. RESEARCH PLAN

This effort is part of the National Cooperative Highway Research Program (NCHRP)
Project 10100. A two-phase project with a total efighttaskswas executedo meet the
project objectivef recommenohg procedures for validatin@ontractortest data and
prepaing guidelines for applicationn road construction projecBhase | includgTasks

1 through 4. Task 1 includea review ofthe literature, ongoing research findings, and
current practices relevant to the proceduresvididating Contractor test datdiask 2
includedevaluaion of the procedures identified in Task 1 with consideratfrrisks and
other factorslt identified potential procedures and recommeduahodificationsto existing
procedures and/or new procedures that eemirther evaluationin Phase Il.Task 3
involved developingthe research plan for work to be executed in Phase Il to (a) further
evaluate potential, modified, afod new procedures identified in Task 2; (b)
identify/develop recommended procedures for valida@ugptractortest data; and (c)
prepare guidelines for applying these procedurask 4produced annterim reportthat
documengd the Phaseé work for the NCHRP Panel review and consideratidphase I
consisted ofrasks 5 through 8ask 5includedcomplding the research plan developed in
Task 3 of Phase Task 6involved pepaing examples tallustrateuse ofrecommended
procedures foifferent scenarios Task 7included pepaing presentatiomrmaterials to
facilitate implementation anduse of procedues and guidelines Task 8 involved
documening theresults ina final deliverables package that includes Part I: Final Research

Report, Part Il: A standalone procedures and guidelines document suitable for



consideration and adoption by AASHT@&nd Part It presentationmaterial hatfacilitates

implementation andse ofprocedures anduidelines

The research approach presented in the following sections was built upon the
findings of theliterature review, assessment of the state of cupeatdtice as identified
through the survey of SHAs, review of selected SHiiactices, and review of the
fundamental statistics associated with procedures currently in use. The research steps
included evaluation of identified candidate validation procedwselection of a set of
procedures to bring forward for further consideration, and subsequent application of these
procedures to a series of data setgurel is anillustration of the research approachith
three major stages: gathering information, numerical analysis, and SHA data analysis. This
resulted in a recommended set of procedures for validation of Contractor test data, and the
development of guidelines for SHAS use in applying the recommended procedures on

road construction projectEhe steps of the research are presented in the following sections.

2.1. Gathering Information

Gathering information consisted of two major components, a literature review and survey
of the current SHA practicef reviewing the current literaturepecial consideration was
given to the diverse statd-the-practice, current federal policy, AASHTO guidelines and
standards, relevant recent research, recent developments in projectpetumethods,
modified or new alternative tests and procedures, concerns with potential bias, and

practical constraints’he details of this step are presente@HAPTER 3



A web-based survey to obtain information from SHA&sconducted aaninput
for this project. The intent of the survess to obtain information in addition tehat was
obtained from the search and review of literature, review of SHA standard specifications,
ongoing research projects, and current practices that will be used to fulfill the project

objectives. The surveyf SHAs is presented GHAPTER 4

2.2.Numerical Analysis

As illustrated inFigurel, t he pri mary pur pos easdofinfoimGat her
the process of identifying validation procedures worthy of consideration as recommended
practice. Procedures recommended for evaluation based on the literaturearelgsewey

of SHA practices werevaluated using numerical simulations tatify risks and qualify

acceptableests The numerical analysis is presentedCiHAPTER 5

2.3.SHA Data Analysis

Actual data from SHA projects wepmllected andusedto test the effectiveness of the
validation procedured.he SHA data includednultiple acceptance quality characteristics
(AQCs)for PCC, HMA, and Aggregate Base test resultee methodology and results of

the SHA data analyserepresented ICHAPTER 6

2.4.RecommendedSampling, Testing, and Validation Plan

The observations made during themerical analysis and ti8HA dataanalysisvere used
to developplans for sampling testing andvalidation of Contractotest data in acceptance
processescluding provisions fordentifying outlier data and referee testifignese plans

are presenteth CHAPTER 6andAPPENDIX A.
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CHAPTER 3. LITERATURE REVIEW

The documentseviewedin the literature surveincludel technical papers, reports, and
standard specifications. A handful of statistical methods appeared in the literatuFe with
and t-tests appearing significantly more often than any otimethod The felds
investigated included Highways, Transportation, Pavements, Materials, Quality
Management, Statistics, Biostatistics, and Biometrics. Biostatistics and Biometrics
consider the application of statistical and mathematical theory and methods in the
biosaences, including agriculture, biomedical science, environmental sciences, and allied
disciplines. Special attention was given to the Transportation Research Record series,
FHWA contracts and reports on this subj&gf Stewardship Review findings, and pas
NCHRP projects, as well as other reports related to this study. The literature review was
summarized into seven categories: (a) Validation Techniques and Diversity in Procurement
Methods; (b) Modification of Existing or New Statistical Tests; (c) Corsetith Bias;

(d) Nonparametric tests; (e) Potential Risks associatedFwidimdt-tests; (f) State of the

Practice; and (g) Policy, Standardad Guidelines

3.1.Validation Techniques and Diversity in Procurement Methods

Schmidt et al. proposed a procedure for developing verification test tolerances for either
independent assurance (IA) programs or QA specifications applicable to all highway
construction material§l5). The procedure introduced statistical parameters associated

with determining mean differences for either split or independent sampling. The

parameters included risk, variation, and sample size. Tkey used to develop statistical

equations for comparing the mean difference between two data setsiellin@dswere



then illustrated through a practical analysis example of data from six SHAs. The analysis
confirmed the theorthat the power of statistic&sts increased as sample size increased,

while all other variables were maintained constant.

LaVassar et al. analyzed SHA a@bntractortest data from four states using
various statisticanethod includingF- andt-tests(16). The conclusion reached was that
with adequate sample siEeandt-tests were effective to validageality control(QC) test
results. The neort also indicated that analyzing the data at the statewide level resulted in
sample sizes thatereso largethatthe statistical tests lose relevanirethat caseresults
of nonrcompliant materiatanbe lost in the abundance of compliant results bedome

useless.

Wani et al. used Monte Carlo simulat®mo evaluateContractortest data
verification processes based Bnandt-tests in terms of the probability of detecting data
manipulation and expected péh0). For the simulations, SHA ar@ontractortest results
were randomly sampled from normal distributions representing independent samples. The
Contractordata were then manipulated in tways in attempts to increase pay factors and
were then put through the verification process. The manipulatiomsisted ofeducing
standard deviation while not changing the mean and changing thevmiéanot changing
the standard deviation. The probabiliby detecting the data manipulation and associated
expected pay factors was computed for thousands of iterations so that operating
characteristic (OC) curves for measuring the probability of detecting the data manipulation
and expected pay factors coulddeveloped. The OC curves showed that even at relatively

high sampling ratedife SHA totwentyContractoitest results) the power of the test values
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was low. For example, there was only ap@centchance of identifying a 5Percent
reduction inContractorstandard deviation. In the most extreme cases, it was illustrated
that expected pay for the same sample g$ize ¥s.twenty) could be manipulated from 87

to 100 percentwithout detection. Such manipulation would amount to aness® in
payment (overpayment by the SHA) of $520,000 for a 50,000 ton paving project with a
unit bid price of $80/ton. The authors recommended a series of potential optiSkEN®r

to reduce risk, such as, reqog the Contractoguality management teata be separate

from the project management team (this potentialievesthe Contractortesting staff

from the pressure of producing favorable results), and the use of larger lots to compare test

results fromContractorandSHA (this would result in a fger sample sizg)L0, 17).

To addresthe probability of detecting data manipulation and associated expected
pay factors Arambula and Gharaibeh proposed accumulating SHAGomtractortest
results on consecutive lots to increase sample size and therefore the power of the statistical
tests used to verifyContractortest results(18). Two types of cumulative sampling
techniques were used, continuous cumulative and ¢baifhe chaiAot method utilizes
a concept similar to a moving average, where a fixed number of lots tfeap, are
individually tested firstand if they ardoundto conformto the statistical procedurthe
lots are accumulated toraaximum offour lots. The set of four lots continue until a ron
confirming lot is encountered, where the process reverts back to the sampling of individual
lots. The chaiflot metod was illustrated byArambula and Gharaibeim the diagram
shown inFigure2. These two cumulative sampling techniques were applied to actual SHA

and Contractordata with independent samplinghe analysis showed that a chaiot



11

sampling method with three accumulated lots significantly increased the pofearmd
t-tests for verification purposes, while not significantly changing the percent within limits
(PWL) assoated with the same data. This method will be further discuss@dAPTER

7, Section7.2ASample Siz@® with two examples of SHAs that are currently using a similar
approach, namelyisconsin Department of Transportation (WisDOand Kansas

Department of TransportatioKDOT).

A JVAJ A Ac Ac Ac Ac R R A A A Ac Ac

i consecutive i consecutjve
cor:formjng lots conjorming|lots

Individual Cumulative Lots

< >l 3|

Individual w>|(_ Cumulative Lots

|x:

A= Individual Accepted Lot (i.e., tested and found conforming to agency’s specifications)
Ac= Cumulative Accepted Lot (i.e., favorable t-test)
R= Rejected Lot (i.e., failed t-test)

Figure2. lllustration of ChairLot Sampling Methodology, | = 3 (I.E. 4 Lot&)8).

Cleveland et al. and Tam et al. have both reported on the use ocbases# multi
tier verification approach approved by FHWA for design build projé€t® 20). The
methodology is based on rankiagceptanceguality characteristicGAQCSs) of a material
i.e., compressive strength, temperatuaad slump ofPortland Cement Concrete (PCC)
based on relative importance or relative impact on performance into three categories
through3, with 1 being the most critical and 3 being the leaisical. For the PCC example,
compressive strength would be in category 1, while slump would be in category 3.
Different levels of scrutiny arhenused in theContractortest verification procedures for
each category with the most rigorous used forgmate 1 characteristics, and the least

rigorous used for category 3. Sampling and testing frequencies are also established based
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on risk with greater frequencies for higher risk characteristics. For category 1
characteristics, the AASHTO recommended procedisingF- andt-testsareemployed.
For category 3 items, verification might be limited to review of control cha@eofractor
data and/or limited inspection might be employed. This is becoming common with-design
build projects in Texas. Similar appabees are being used on other alternative procurement

projects in Arizona and Florida including pubpdvate partnerships.

3.2. Modification of Existing or New Statistical Tests

A critical objective of the research plaasthe evaluaton ofpotential newContractoitest
validation procedures or modification of existing procedures. This activigdreh the

review of current AASHTO guidelines, state of the practice, fundamentals of the statistical
methodscurrently used, and consideratiofi mew potential statisticamethod. The
AASHTO Implementation Manual for Quality Assurameters to two procedures for
verifying independently samplgdontractorand SHA tests(5). One involves hypothesis

tests, while the other simply compares a sirgi¢A test to a set oContractortests.
Statistical tests, termed fAhypothesis test
is reasonabléo accept an assumption about a data set. Conducting a hypothesis test
requiresthatan assumed set of conditions known as the null hypothdgi9é defined.

An alternative hypothesigig) is an alternative set of conditions that are assumed to exist

if Ho is rejected. The statistical procedure involves assumingHbas true and then
investigating the data to see whether there is adequate evidence that it should be rejected.
Ho cannot actually be proved by the test, but rather only disprovddo dannot be

disproved (rejected in statistically correct terms) it is stated that the test fails to reject the
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hypothesis. Hypothesis tests are performed at a significance lgvathjch is the
probability of incorrectly rejectingdo when it is actually true. Typically usédlevels are
0.10, 0.050.0250r 0.01.This means, for examplé,anUof 0.01 is used anko is rejected,

then there is only 1 chance in 100 tHatis true and was erroneously rejected.

The recommended and masimmonly used procedure relies both F- andt-
tests. For each hypothesis té4d,is that theContractorand SHA testresuts are from the
same population. Therefore, for tRdest Ho is that the variability of th€ontractorand
SHA data sets are egl Likewise, for the-test Ho is that the means @ontractorand
SHA data sets are equal. It is important to compare botlahability (variance}¥ and
means when comparing two data sets. FHest is used for comparing the variances
(standard devians squared) of the two data sets. Thest is used for comparing means
of the two data sets. These procedures are statistically sound and have far more statistical
power to identify actual differences than a procedure that relies on a SiHgléest br
the comparisonrCommonly available computer programs make use of these tests relatively

simple.

The singleéSHA test compared to a set@bntractotests procedure is very simple.
The procedure is based on a single independently saifpladest being compared with
five to ten Contractortests. TheSHA test result must fall within an interval defined from

the mean and range of thee to tenContractoitests. The allowable intervéilat the single

SHA test must fall within isX + CR whereX andRare the mean and range, respectively,
of theContractortests, andC is a factor that is a function of the numbeCaintractotests.

The allowale interval is based on the numbeQuintractottests an@nUof approximately
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0.02. This is not an effective proceddioe validation. Researctiollowing the publication
of the AASHTO Implementation Manual for Quality Assuraolearly illustratel the test
to be weak statisticallgndthe associated rislor the SHAunacceptably high for use on

highwayprojects(b).

There are several other fundamental statistical tests available for consideration. An
important factor when considering any new test is recognizing the relatively small sample
sizes commaly observedwvith SHA quality testingverification testing and acctemce)

In the independent two samptdest, some researchenavetested the equivalence of
variances between two samples as a method for deciding between using the pooled
variance procedure or Satterthwaite's met@). The pooledt-test and confidence
interval (Cl) are suggested the equivalence of two variances is not violated, and
Satterthwaite's method is recommended if variances are nok &dnea pooledt-test
assumes that the populatioase normaly distributed with equal population standard
deviations. The pooled CI artetests are sensitive to the normality and equal standard
deviation assumptions. The observed data can be used t®thssesasonableness of these
assumptions. When using-test, the data normality assumption should first be assessed
Boxplots and histograms are common taaed to do thisThen theF-test shoulde used

to examine the equal variances assumption. Satterthwaite's method assumes normality but
does not require equal population standard deviations. Satterthwaite's procedures are
somewhat conservative and adjust the standard error and degrees of ticeadoount for

unequal population variances. Satterthwaite's method uses the same CIl and test statistic
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formula but with a modified standard errofhe Satterthwaite's methad also known as

Welch'st-test

There are also nonparametric methods for twsample tests available
Nonparametric is defined ast involving any assumptions as to the form or parameters of
a frequency distribution(22). In the independent twsample t-test, normality,
independence, and equal variances are assumed:t€higs robust against narormality
but is sensitive to dependence. If two sample sizes are close to each other, then the test is
moderately robust agatunequal variance, but if they are quite different,(meandiffer
by a ratio ofthreeor more), then the test is much less robust. To determine whether the
equal variance assumption is appropriatensidering normality, one can compare
populationvariances using sample variances, but such tests are sensitivertornaiity.
Thus, their use is commonl y -panmetridtesfor | nst
comparing two variances, which does not assume normality, is avd&pl@he Fligner
Killeen test is another ngparametric test which isobust against departures from
normality (24). A nonparametric MankVhitney testalso known as the Wilcoxon tetr
two independent samples is also available although analogous tests are possible for paired
sampleg25). The ManAWhitney procedure assumes independent random samples from
two populations and that the populations have the same shapes and spthdsvords
the frequency curves for the two popul ati ¢
frequency curves are not required to be symmetric. The Mé&miney procedurerovides
a Cl and testthe difference between the two population medidnke populations are

symmetric, then the method agslto the differencein population measn
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Permutation tests are also availafle comparison purpose$hey mayalso be
called a randomization test-rendomization test, or an exact testpermutdion testis a
type of statistical significance test in which the distribution of the test statistic Hadker
obtained by calculating all possible values of the test statistic under rearrangements of the
ordess on the observed data poi(2§, 27). In other words, the method by which treatments
are allocated talata poing in an experiment design is mirrored in the analysis of that
design. If theordess areinterchangeable unddfo, then the resulting tests yield exact
significance levels. Confidence intervals can then be derived from the tests. The theory has
evolved from the works of R.A. Fisher and E.J.G. Pitman in the 1(88057). The basic
premise for the permutation test is to use only the assumption that it is possible that all of
thedata set are equivalent, and that evelgta pointis the same before sampling began
(i.e., the position in thedata seto which they belong is not differentiable from other

positions before the positions are filled).

An alternative to the permutation test methodtiéuse of a bootstrapased test.
Permutation testgxamine hypotheses concerning distributiopnshile bootstrap tests
examinenypotheses concerning parameters. As a result, bootstrap tests entail less stringent
assumption$28). The idea behind theobtstrap test is to use the data of a sample study at
hand as a MfAsurrogate popul ation, o for t h
distribution of a statistic. In other words;sample (with replacement) from the sample
data at hand and create alangg mber of Aphantom sampl eso kn
(29). The sample summary is then computed on each of the bootstrap sarsédly a

few thousandsamplesAdvantagesf a bootstragpased teshclude verifying assumptions
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of normality and equality of variances for the population is unnecessary (inferences are
valid even when assumptions are not verified) and there is no need to determine the
underlying sampling distribution for any population quantity (large sample sizes must be

generated).

3.3.Concerns with Bias

There is a general distrust Gbntractortest data reported by some SHA personnel in the
literature due to fear of bias ultimatelyatdd to paymer(iL1- 14). The role ofContractor

test resultsn the QA process has been the focuspogévious NCHRP research. In 2003,

NCHRP initiated Project 26 8 ( 0 2 ) , i Us iPerfgrme@ dests rinaQuality r
Assurance. 0 |t was motivated by a confl uen
regulation 23CFR 637B, which allows use dfontracto test results in the acceptance
decision under <certain c olmgementaton Blgnuapfarb | i c a
Quality Assurance n 1996, aOptimal Pda¥dutes for Quality Assurance
Specificationsin 2003 (3, 4, 12). These and other documents, along with a trend of
reduction in SHA staff during this period, led to increased uS&wnofractor test resulfsr

acceptance. The NCHRP -B8(A) Request for Rwposal (RFP n ot e¢he usé of
Contractorprovided data shifts certain responsibilities from state DOTs to highway
Contractos. Within state DOTSs, there are concerns about this shift and its associated
riskso A critical examination of the differences be@nContractorand SHA test results

became a key thrust of the study.

As part of NCHRP Project 188(02) pecifications of 37 SHAs and the Western

Federal Lands Highway Division (WFLHD) of FHWA were reviewed to document the
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extent ofContractortest result in acceptance procedur€aiestionnaires were then sent

to 26 of theseSHAs for which Contractor test resultsiay have played a role in the
acceptance decision. Based on thespamsesand on discussions witBHA personnel
regarding data availability, &1 Mix Asphalt (HMA) test data were obtained from SHAs in
California, Florida, Georgia, Kansas, New Mexico, and North Carolina. Data for PCC were
obtained from Colorado, and aggregate base data were obtained from \AFH\WB..

Key characteristics of the aqance processes for HMA included verification through
various combinations oftb-1 comparisonandF- andt-tests Pay adjustment factors were
applied in all six states. Contractor and SHA test results were compared-usingdt-

tests with &Ho thatContractortests provide effectively the same results as SHA tesis, at

of 0.01(12).

For each material property tested, the differences in proximity)etkfis deviation
from target values (such as percagphaltindercontent(AC) specified in a mix design,
or excess beyond minimum percentage of mat density), and the variance among the
differences betweefontractorand SHA test results formed the bafsis comparison.
Analyses were conducted at the project level for projects with adequately large datasets
and across all projects within each state. The trend among HMA test data was that
Contractortest results generally yielded smaller variances than g&dAresults, and in
many casegshe differences were statistically significant. Regarding mean deviations from
target values, SHA test results yielded larger values (difference from target values) more
frequently tharContractortest results, but not tdvé¢ extent observed with variances, and

statistically significant differences were less common than with variances. PCC and
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aggregate base test result data sets were too small to allow for generalization of results.
The findings from this research were cdesed controversial within the industgs some
interpreted the results suggested integrity issues@atitractor test result$he concerns

were not unreasonable based on U.S. DOJ investigations, which haveClontrector
misconduct and fraud to aeve acceptance and/or improve payn{éd}. The U.S. DOJ
websit eThes Offce & she Inspector General (OIG) in the WD®&partment of
Justice (DOJ) is a statutorily created independent entity whose mission is to detect and
deter waste, fraud, abuse, and misconduct in DOJ programs and personnel, and to promote
economy and efficiency in those programs. The OIG investigdtagedlviolations of
criminal and civil | aws by DOJ empl oyees
Over the years the OIG has investigated multiple construction projects with findings of
fraud and/or misconduct associated withntractortest data tat were used as a basis for
acceptance and payment. Summary reports of OIG investigation firaindgse founen

the OIG websit€14).

3.4.Nonparametric tests

Ludbrook and Dudley compareld- and t-tests to nonparametricank-order tests in
biomedical experiment®6). The authors recommended employing nonparametric rank
order tests when there are some reasonable doubts in fulfilling--thend t-tess
assumptions. Eudey et al. indicated the need to use nonparametric tests for data sets that
are too small to adequatelgst the assumptions of tlire andt-tests A good example

would be data sets not meeting the normality assumption oF+hend t-tests 27).

Deryberryet al. and Callaert stress#dte point ofusingnonparametri¢estssuch aghe
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Wilcoxon test andVilcoxon-Mann-Whitney (WMW) test(30, 31). O'Gorman compared
several statistical tests to tRetest, including Friedman's test. Then he proposed a new
aligned rankF-test that maintains itdand has relatively high poweespecially when the
number of observations is higtompared to Friedmén test(32). Fay and Proschan

conductedh similar effort comparing thtetest andVMW test(33).

3.5. Potential Risks associated with- and t-tests

TheF- andt-tests are considered powerfaéthod to identify the difference imariances
andmeans, and they achieve the intended purpose as long as the fundamental assumptions
of the tests are not violate@oncernshave beendentified in stateof-the-practicewith

respect to violatig some ofF- andt-tess assumptions. For example, Kahler ratied

some of these violations and gave examples of several misleading (84ultSeveral

other studies identified situations where Frtestfails to perform its intended function of
alerting that a twssamplet-test may be inappropriat85 - 38). When the data do not

follow a normal distributionhe F-test is not helpfutlue to its sensitivity tthe normality

assumption.

A type | erroris defined as thencorrect rejection of a trudo. An example would
be comparing two meansndconcluding the means were different when in reality they
were not differentThe probabilty of the statistical test leading ¢otype | error is denoted
by U A type Il erroris defined as theaflure to reject a falsHo. For instancecomparing
two meansand concludingthat the means were not different when in reality tlaeg
different. The probability ofthe statistical test leading &otype 1l error is denoted (39

- 42).
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Typically, for unequal sample sizes, a preliminkriest is applied prior to thie
test. However, Markowski indicated that even whamgling from a normal distribution,
the F-test is unlikely to detect many situations wheredhaal variance-test should be
avoided. Zimmerman and Zumbo indicated that other preliminary tests of equality of
variances, such as itédhre tLeste,n earnt &hatddtreoy it hef
because, no matter what preliminary test is chosen, it inevitably produces some Type I
errors. On those occasions, therefore, a pooleariances test is performed when a
separatevariances test is needed, nifgthg the significance level to some degree. On the
other hand, a Type | error, resulting in using a separate variances test when variances are
actually homogeneous, is of no consequgridence, it is recommendedatan unequal

variancet-testbe usedyithout a prior variance tesd - 38).

3.6. State of the Practice

FHWA conductQA review activitiesthat arerelevant to this research. They are Quality
Assurance Stewardship Reviews and a survey of SHA practiodsictedvery two years.

The primary objectiveof the stewardship reviews are to review selected SHA QA Program
practices and procedures and to ascertain the status sdlected SHA implementation of
23 CFR 637B(3, 4, 7, 8, 42). It is common that up to four SHeviews be conducted

annually. The stewardship revieWwaveincluded:

1 Interviews with SHA headquarters staff, region/district and field office personnel,

and FHWA Division personnel
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1 Review of SHAIimplementation strategies which includes policy and procedure

documentation and office records where applicable

1 Construction project visits to assess field practices as appropriate

1 Identification of best practices.

Opening and closing meetings are asged with each stewardship review, and
observations are publicly documented. The reviews are summarized over a period of time

to produce State of Practice reports.

The other activity relevant to this projectiee generation of a Quality Assurance
Assesment Report. First produced in 2008 and baseasumvey of SHAs, it is updated
every two years. The survey includes questions specific to 18 QA best practices. The most
recent report dat eThe dgemesissfon he Qualigy Rdsdrancet(@) es 7
assessment includes HIFO0s continuing Qual.i
[The U.S. Government Accountability OfficA O r epor t on fAlncreas:
Contractors can pose Oversight Challenges for Federal and State Officiddged
January2 0 0 8 ; and the FHWA national revi ew, A
Constructiono by Kevin McLaury, dated June
of the effectiveness (health) of the QA programs in ensuring States receive high quality
materials,make appropriate payment for the quality provided and minimize the potential

for fraud and abuseé.(7)

Figure 3 through Figure 5 are from the December 2015 Quality Assurance

Assessment Report and associated PowerPoint preserfagiore3 illustrates that, at the
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time of the survey, 31 SHAs were usi@gntractortest results in the acceptance decision

procesg7, 8).

Materialsidentified by the SHAs were PCC pavement, HMA pavement, and PCC
bridge deckingAt the time of the reporthe most commonly used acceptance criteria for
PCCpavementvere strength and smoothness. For HMA pavemarmplace density and
smoothnessvere the most commonly used acceptance criteria. For PCC bridge deck

acceptance, concrete strength and permeabiditg the most common acceptance criteria.
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Figure3. Map of he States Using Contractor Test Results in Acceptance Decig)ons (

The SHAresponsgto the survey gestions were weighted based on minimizing
the potential of waste, fraud, and abuse. The SHAs total response was given a score based
on percentage of the SHA collective score divided by the total potential St@rdaest
practices with larger numbers indte the areas with the largest risk for 8t¢A. Figure4

shows the number of SHAs meeting high risk QA best pradiicie time of the survey
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17. Project Field Labs Approval
15. System |A (90%)

18. Personnel Qualification (Soils)
18, Personnel Qualification (PCC)
18. Personnel Qualification (HMA)

16. Formal Dispute Resolution FYos

mFY 14
9. Use of F&t (PCCP) 12 States total

9. Use of F&t (HMA) 30 States total

3. Immed. State Possession of Verf. Tests

2. Control of Random Sampling Location

u 1 1 1 1 u
0 10 20 30 40 50 60
Number of States

Figure4. The rumber of SHAs Meeting High Risk QA Best Practi¢és

Note that only 3 of 12 @percent SHAs usingF- andt-tests for validation of
ContractorPCC test resulteere meeting this highisk best practice. Similarly, only 9 of
30 (30percent SHAs usingF- andt-tests for validation o€ontractorHMA test results
were meeting this best practidegure5 illustratestherisk related tadhe survey questions
based on the number of SHASs requiring improvement in lkeashpractice area multiplied
timesa weighting factor assigned to the best practice. Best practices with larger numbers

designate areas with the larg8stA risk (7).
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Weighting Factors: Yellow-7, Orange-5, Green-3, Blue-2, Brown-1

13. Sample Location

12. NTPEP

10. PWL Risk Analysis

7. Lot Size

6. Bridge Quality Char.

5. PCC Quality Char.

4. HMA Quality Char.

14. Limited use of visual acceptance

11. Continuous Equations

8. PWL/PD

1. Materials Management System

17. Project Field Labs Approval

15. System IA

18. Personnel Qualification. |

16. Formal Dispute Resolution |

9. Use of F&t | ]

3. Immed. State Possession of Verf. Tests [
2. Control of Random Sampling Location o

- 1.0 20 3.0 4.0 50 6.0 7.0
Percent of Agencies Requiring Improvement x Weighting Factor

Figure5. Weighted Risk Associated with Best Practi¢8s

Based onFigure 4 and Figure 5, the report statesj € st at i st i cal vVa
Contractortest results and improving the Independent Assurance approach are the two
best practices with the greatest opportunity for$€Ato further reduce overall program

risk.0

A new AASHTO performancbased PCC mix design procedure with
recommended acceptance criteria is now a provisional standard, the AASHTO Provisional
Practice PRB4 (43) includes two new test methods, Super Air Meter (SAM) and electrical
resistivity (ER)(44). Through a poolefund studyTPF5(297)Almproving Specifications
to Resist Frost Damage in Modern Concrete Mixtares devel opment of a

practice for testing using SAM and ER for PCC mnet isunderway(58).
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3.7.Policy, Standards and Guidelines

In 2003,0ptimal Procedures for Quality Assurance Specificatiaromprehensive guide
that aan SHA could use when developing new or modifying existing acceptance plans and
QA specificationsvas published45). It supported®3 CFR637Brequirementg4). It was

also consistent with FHWA Technical Advisory T6120.3s® of Contractor Test Results

in the Accetance Decision, Recommended Quality Measures, and the Identification of
Contractor/Department Riskscreated to provide additional clarification of the
requirements included in 23 CFR 637B and provide recommended guidance to field
personnel46). Collectively, these documents supported and provided needed clarity on
the importance of independent sampling and validatidbaoitractortest results using-

and t-tests as outlined in multiple AASHTO documents including the AASHTO
Implementation Manual for Quality AssurarexedQuality Assurance Guide Specification

(5, 6).
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CHAPTER 4. SURVEY OF STATE HIGHWAY AGENCIES

A web-based survewas conductetb obtain SHAInput for this projectThe intent of the
surveywasto obtainadditionalinformation towhat wasobtainedn the review of literature,

SHA standard specifications, ongoing research projects, and current practicesuldat w

be used to fulfill the project objectiveBhe survey contained multiple questions regarding

the use of Contractor test results as parhefacceptance procedure for different types of
materials. The materials listed in the survey were asphalt concrete mixture, PCC mixture,
base or drainage aggregate, subgrade or embankment, reinforcing or structural steel, and

other material. The webasedsurvey questions and logic are presented in Appendix A.

The first guest i ®leaseiindicate hieich sfuhe fodowingw a s
statements best describes your current practice (Selectodmesummary, 28 SHAs
completed the survey, with 6 (21 percent) of the 28 SHAs responding that they do not use
Contractor test results as part of the acceptance prddessesponses are presented in the
map shown inFigure 6. Three of the SHAs indicated that they never used Contractor
results, two did use Contractor results at one time but dropped the process, and one SHA
indicated they had no plans to use Contractor test results. Three SHs(UT),
Montana(MT) and Vermont (VT)] responded they have future plans to consider using
Contractor resultsThe positive response from SHAs regarding the use of Contractor test

results as part of the acceptance process was 79 percent (22 out of 28 SHAS).

Since only 56 perceinff theSHAsrespondd to the surveythe conclusions derived

from the survey may nditerepresentative of the entire country.
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SHA use of Contractor data:

B for AC and PCC

[ forPCC only

[ for AC only

[l Do not use Contractor data

Figure6. Map of SHA Responses to Use of Contractor Test ResiNtsvember 2017

The results are summarizedTiablel for the pool of SHASs that responded to the
survey and indicated using Contractor test results as part of the acceptance Ipiguess.
7 shows a breakdown of the SHA responses based on material type. In the following

sectionsa detailed discussion of these responses is also presented.

Ninety-five percenspecified using Contractor test results in the acceptance process
for asphalt concrete mixtures, and 64 percent specified doing so for PCC mixture
acceptance. The responses showed a lower percentage (41 percent) for use of Contractor
test results as paof the acceptance process for unbound material. SHA survey response

details follow.
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Tablel. Survey of State Highway Agenciésesponse ttheuse of Contractor test

results
Material Type Use Contractor Test Results No. of SHA
Overall Response Yes 22 out of B
Asphalt Concrete Mixture Yes 21
Portland Cement Concrete Mixture Yes 14
Base or Drainage Aggregate Yes 9
Subgrade or Embankment Yes 9
Reinforcing or Structural Steel Yes 4
Other Materials Yes 4
0% 100%
0O 2 4 6 8 10 12 14 16 18 20 22
Asphalt Concrete Mixture |7 N 21
Portland Cement Concrete Mixtur i N2 14
Base or Drainage AggregatGiNNES /M o
Subgrade or Embankmenii X2 ©

Reinforcing or Structural Stee[JJFEIZI 4

Other Materials 4

Figure7. SHA SurveyResponses to Use of Contractor Test Resuievember 2017

4.1. Asphalt Concrete Mixture

By far, SHAs responses indicated that asphalt concrete mixture is the material mostly
involved with using Contractor test results as part of the acceptance procedure. 17 of the
21 responding SHAs indicated that they use Contractor test results for aceejtasphalt

concrete mixture and provided further details about their processes.

The first question under tlesphalt concrete mixture a SVhdt method does your

SHA use to validate the Contractordés Asph:
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option).0 Table 2 and Figure 8 summarize the methodss ed i n validating

asphalt concrete test results reported by SHAs.

Table2. SHA Surveyresponse to methods used to validate the Contractor test results for
Asphalt Concrete Mixture

What method does your SHA use toival at e t h e Asplalh tf No. of %
Concrete Mixture test data? Responses|
1 | F- andt-tess, independent samples 3 17.6
2 | F- andt-tess, split samples 1 5.9
3 | Pairedt-test, split samples 0 0.0
4 t-tes)t, independent samples (analggsumes similar variance in data 0 0.0
sets )
5 | average deviation (AD) or average absolute deviation (AAD) 3 17.6
6 Multi -laboratoryprecision value (acceptable deviation between test 3 176
values) '
7 | Other 7 41.2

F- & t- test
(independent)
17%

‘ F- & t- test (split)

Other41% 6%

A\
(independent,

average deviation

similar variance) (AD) 18%
0
Pairedo{{é)st Multi-lab
(split) 0% o
precision value
18%

Figure8. SHA Responses on Acceptance Procesas$phalt Concrete Mixture
November 2017

The results show thdt- and t-tess accounted for less than 24 percent of the
methods used by SHAShis can be compared to 30 percent reported i2@4& Quality

Assurance Assessment Rep@ft8). Less fundamental methods (average deviation and
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multi-laboratory precision) were reported for 35 percent of the respon@GameSHAS
respondingndicated otheprocesss 41 percent of the time. The list of other processes

reported exactly as the question response, were:

1 Moving average with Department verification tests and split sample comparison
tests.

1 Independent Assurance Parameters on split samples.

1 Independent samples for Contractor and SHA.

1 Direct test to test compaon within specified comparison limits.

1 DesignBuild projects usé&- andt-tess with independent samples. Desigjial-
Build projects use operational tolerances.

1 Multi-laboratory precision value ad andt-tess for both independent and split
samples.

1 Starting onF- andt-tess on independent samples. Most of the rest are accepted
on a 4pt running average of results, and disputes determined bylatudtiatory

precision.

The second question under tasphalt concrete mixture a sWhdt documents
prescriie your SHAG6s current validation procedu
all that apply)o The provisions for using Contractor test results are covered in standard
specifications, material/construction manuals, and/or supplemental specifications. A

majority of the SHAs responded that the process is described in multiple documents.
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The next question under tlasphalt concrete mixture a sDoel your SHA have
any concerns with using AASHTO R 9: Acceptance Sampling Plans for Highway
Construction and FHWAG6s 23 CFR 637B guidel
Concrete Mixture test data in the acceptance decisidfdurteen SHAs (48 percent)
responded they had no concerns with their processes and three SHAs (10 percent)
respondedhey did have concerns. Nine SHAs (31 percent) had no problems, five SHAs
(17 percent) responded having a problem with adequate staffing, one SHA (3 percent) has
a problem with time to complete the testing, and four SHAs (14 percent) expressed other

problems. The other issues reported by SHAs were:

1 Unresolved out of tolerance issues,

1 When discrepancies in test data between QC and Verification come up, there can
be issues about how much of the material has failed verification,

1 Laboratory alignment (assumedlihdicate differences in test results between
laboratories), and

1 May need stronger verification and resolution systems.

The survey asked if the construction process was changed when using Contractor
test results. Twentfour (83 percent) SHAs respondedhel SHA responses are

summarized iMable3.
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Table3. SHA Survey response to methods used to validate the Contractor test results for

AsphaltConcrete Mixture

When your SHA began to use or significantly changed how it usg
. Cont r aAsphatt Cangete Mixture test data in the acceptance| No. of o
I o - - . . %
decision did it cause higher frequency of the following-nompliance | Responses
actions?
1 | No change in frequency for naiompliance actions 8 33.3
Higher frequency of efforts to resolve test result differences betwee
2 S ) 4 16.7
laboratoriesvithout dispute
3 | Higher frequency of dispute 5 20.8
4 | Higher frequency of work stoppages 2 8.3
5 | Higher frequency of isplace material removal and replacement 2 8.3
6 | Other 3 12.5
T No data

One third of theSHAS responded that tliecisionto useContractortest datadid

not change the frequency fooncompliance actionswhile 21 percent of the SHAs

reported a higher frequency of disputeTwelve and ondalf percentof the SHAs

respon@édwith otherissues. The list of other issues reported was:

1 This change occurred in 1995. There may have been projects specific issues at

first due to changing the process and staffing levels. This has loeatirruous

improvement process since. We haven't seen major issues with the items listed

above.

1 We are looking into methods to make the Contractor sampling and testing of

asphalt more "blind random." We are also looking into ways that we can

successfullymplementF- andt-tests evaluation as part of Acceptance.

1 Yes, plans are to move away from volumetric acceptance and move towards use

of gradation.

1 Was changed in 1980's and probably not much changes since.

1 We utilize Contractor results vesgldom.
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When aBokeesd yiour SHA anticipate changes

Concrete Mixture test data in the acceptance deciside? SHAs (34 percent) responded
they have no planned changes to their processes and five SHAs (17 perceriy do pl

changes as listed below:

1 We are looking into methods to make the Contractor sampling and testing of
asphalt more "blind random."” We are also looking into ways that we can
successfully implemerf- andt-tests evaluation as part of Acceptance

1 Yes, plansare to move away from volumetric acceptance and move towards use
of gradation.

1 May need stronger verification system.

1 For the past three years the SHA has been using PWL for Acceptance testing on
the SHA test results, however we do not anticipate a coenglft away from
Contractor acceptance testing, our staffing levels would not support this.

1 Yes, we are moving to arié andt-tests system, with more frequent department
testing. This has led to more consistent production, better quality. We have
recenty modified our dispute process to a more tiered system that is more

equitable for both the Contractor and the department.

4.2 .Portland Cement Concrete Mixture

For the dMhadst mem hofd loes your SHAPotamk t o
Cement Con@teMixture test dataB 1 1 o SHAsthateresfoadethdicatedusng
Contractor test results for acceptance of PCC mixilmble 4 and Figure 9 presentthe

methodgeported by SHAsfov al i dat i ng Cdatatr act or 6s PCC
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Table4. SHA Surveyresponse to methods used to validate Contractor test results for

PCC Mixture
: What method does yo@®HA use to va}lidate th€Eo nt r @ortlandr No. of %
Cement Concrete Mixturtest data? Responses|
1 | F- andt-tests,ndependent samples 3 27.3
2 | F- andt-tests, split samples T T
3 | Pairedt-test, split samples T T
4 t-test, independent samples (analysis assumes similar variance in @ T T
sets)
5 | average deviation (AD) or average absolute deviation (AAD) 2 18.2
6 Multi -laboratory precision value (acceptable deviation between test 3 27.3
values)
7 | Other 3 27.3
i No data

F- & t- test
(independent)
28%

Other27%

average deviation

Multi-lab (AD) 18%

precision value
27%

Figure9. SHA Responses on Acceptance ProcesBP@EMixturei November 2017

Some of the SHAs responding they agleer processsincluded variations on the

processslisted above. The list of other processe&s:

1 Independent Assurance Parameters to Verify split samples.
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1 F- andt-testsindependent samples for DesiBuild projects. Operational
tolerances on DesigBid-Build projects.
1 Atiered system based on statistical analysis of strength tests. Moving average

with Department verification tests and split sample comparison tests.

Forhe quesWhatn ddcuiments prescribe your
procedure forPortland Cement Concretdixture? A majority of the SHAs responded

the process is described in multiple documents.

Ten SHAs responded they had no concerns with theirepsoand one SHA
responded they did have concerns. Seven SHAs had no problems, three SHAs responded
having a problem with adequate staffing, two SHAs have problems with retesting, one
SHA has a problem with material not tested, and one SHA egsragzoblem with

ALaboratory alignmend.

The survey asked if the construction process was changed by the use of Contractor

test results. The SHA responsesre:

1 671 no change.
1 47 more time to resolve test differences.
1 17 more disputes.

1 17 more work stoppages.

Whe n ashkoeeds fiyour SHA anticipate changes

Portland Cement Concretblixture test data in the acceptance decisioi®x SHAs
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responded they have no planned changes to their process and two SHAs do plan changes

as listed below:

1 Wecurrently use compressive strength and thickness for pay factors. This will be
expanded to included permeability, SAMmber, and air content.

1 Looking at different testing. May move to a performance related spec that
includes pay factors. The SHA needsrtove to a system that puts more weight

on the QV test.

4.3.Base and Drainage Aggregate

Seven of the nine SHAs that responded they use Contractor test results for acceptance of
base and drainage aggregate provided further detail about their pi@#eS.andFigure
10present he met hods wused i basevaad draidame daggrepesCont r a

results reported by SHAs.

Table5. SHA Surveyresponse to methods used to validheeContractor test results for
Base and Drainage Aggregate

What method does yo@HA use to validate th€ o n t r @Bast and No. of %

Drainage Aggregateest data? Responses|
1 | F- andt-tests, independent samples 1 14.3
2 | F- andt-test, splitsamples [ T
3 | Pairedt-test, split samples T T
4 t-test, independent samples (analysis assumes similar variance in @ T T
sets)
5 | average deviation (AD) or average absolute deviation (AAD) 1 14.3
6 Multi -laboratory precision valu@cceptable deviation between test 2 28.6
values)
7 | Other 3 42.9

T No data
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F- & t- test
(independent)
14%

average deviation

Multi-lab
precision value
29%

Figure10. SHA Responses on Acceptance ProcesBé&se and Drainage Aggregéte
November 2017

Some of the SHASs responding they use ofirecesssincluded variations on the

processslisted above. The list of other processes:

1 Independent Assurance Parameters between QC and Verification split samples.
1 F- andt-tessfor both independent and split samples.

1 Direct comparison of the QC antkrification data.

The provisions for using Contractor test results are covered in standard
specifications, material/construction manuals, and/or supplemental specifications. A

majority of the SHAs responded the process is described in multiple documents.

Six SHAs responded they had no concerns with their process and one SHA
responded they did have concerns. Four SHAs had no problems; onadit#tedhaving

a problem with adequate staffing. Two SHAs had a problem with time to complete the
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testing; two SIAs had problems with retesting; one SHA had problems with not getting

test results, and one SHA expregsroblemw i t Tlesting of material in stockpiles may

not be representative of material that is place on project

The survey asked if the constructimmcess was changed by the use of Contractor

test results. The SHA responses are:

T

371 no change.

17 more time to resolve test differences.
17 more disputes.

17 more remove and replace.

21 other.

Two SHAs responded with other issues as liseldw:

Difficult to track. Norrcompliance issues handled on job. Issues not tracked.

Does not apply to their process.

One SHA responded they have no planned changes to their process and no SHAs

plan changes.

4.4.Subgrade and Embankment

Six of the nine SHASs that responded they use Contractor test results for acceptance

of subgrade and embankment provided further detail about their process.
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Table9 andFigurellpresent he met hods wused

crete test results reported by SHAs.
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Some of the SHASs responding they use another process in@dudéons on the

process listed above. The list of other processes is:

Table6. SHA Suweyresponse to methods used to validate the Contractor test results for

1 Independent Assurance Parameters on QC and Verification split samples.

1 No testing of subgrades.

1 Direct Comparison of QC and Verification data.

Subgrade and Embankment

i What method does yo@®HA use to validate th€ o n t r &uobgrade No. of %
and Embankmertest data? Responses|

1 | F-andt-tests, independesaimples 1 16.7

2 | F- andt-tests, split samples T |

3 | Pairedt-test, split samples T |

4 t-test, independent samples (analysis assumes similar variance in @ T T
sets)

5 | average deviation (AD) or average absolute deviation (AAD) 1 16.7

6 Multi -laboratory precision value (acceptable deviation between test 1 16.7
values)

7 | Other 3 50.0

T No data

dat
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F- & t- test
(independent)
16%

average deviation

I (AD) 17%

Multi-lab
precision value
17%

Other50%

Figurell SHA Responses on Acceptance ProcesSatngrade and Embankmént
November 2017

The provisions forusing Contractor test results are covered in standard
specifications, material/construction manuals, and/or supplemental specifications. Some of

the SHAs responded the process is described in multiple documents.

Three SHAs responded they had no conceriis thieir process and three SHAs
responded they did have concerns. Four SHAs had no problems; One SHA responded
having a problem with adequate staffing; one SHA has a problem with time to complete
the testing; one SHA has problems with gettingtest performd, and one SHA express
other problems. The other isswea sTesiiresults from one location may not be

representative of all of the material placedl

The survey asked if the construction process was changed by the use of Contractor

test results. The SHA rpsnses are:
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1 57 nochange

M1 17 other

One SHA responded with other issues as listed below:

1 Difficult to track. Non-compliance issues hamdl on job. Issues not tracked.

Three SHAs responded they have no planned changes to their process and one SHA

does plarchanges as listed below:

1 Would like to see some improvements in earthwork specs.

4.5.Reinforcing and Structural Steel

One of the four SHAs that responded they use Contractor test results for acceptance of
reinforcing and structural steel provided further detlout their process indicating other
proceses. The SHA respondirtpatthey use another processiigrification of testing by

witnessing and small sample tests

The provisions for using Contractor test results were not gienSHA responded
they hadno concerns with their process and responded having a problem with adequate

staffing.

The survey asked if the construction process was changed by the use of Contractor

test results. The SHA responsesre

1 17 more time to resolve test differences.

1 17 more disputes.
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1 17 more work stoppages.

The SHA responded they have no planned changes to their process.

4.6.Other Materials

The survey asked the SHAs to list other materials not covered by the previous categories.

Four SHAs responded with the followingaterials or construction items:

1 Pavement smoothness.
1 Asphalt compaction.
1 Cement treated base.

1 DesignBuild projects will allowContractorbased acceptance on all materials.

No critical material categories appeared from this list. No details for eactvéem

given.

4.7.Survey Summary andObservations

Twenty-eight SHAs completed the survey wit® percent (22 of theSHAS) responding

that they do use Contractor test results as part of the acceptance protable#.and
Figure 7 show a breakdown of the SHA responses based on material type.-filieety
percent othe SHAsthat responded to the survieglicated using Contractor test results in
the acceptance process &sphalt concrete mixtures. Whid percent and 41 perceoit
SHAs indicatedthe use of Contractor test results in the acceptance process for PCC
mixtures and unbound material, respectivEigurel2is a summary of the SHA responses

for methods used to validate Contractor test results for various materialeaveéis
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resultsshowthat F- andt-tess are used far less by SHAs than other less fundamental or
higher risk méhods. These results demonstrate the need for imprpraaeduresand

guidelinedfor validatingContractortest data for construction materials

The survey also provided important information on how SHA validation of
Contractor test results has impactedoompliance actions. About half of the survey
respondents indicated thereasvsome type(s) of concerns with validation processes
currently being used. The combination of responses around these two items also helped
inform the research team on exampleslitesstrate the use of procedures for different
scenarios and development of guidelines for applying recommended procedures, which are

discussed iICHAPTER 7

No. of SHA responses
0 2 4 6 8 10 12 14 16 18

Asphalt Concrete Mixture [ENERES e
Portland Cement Concrete MixturElERR (=

Base or Drainage Aggregatéii AT

Subgrade or EmbankmenfEBEEFE[[(I]]

Reinforcing or Structural Steel[|

u F- & t- test (independent) B F- & t- test (split)

% Paired t-test (split) it t-test (independent, similar variance)
average deviation (AD) Multi-lab precision value

im Other

Figurel2. SHA Responses on Acceptance Process for All Matdridisvember 2017
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The responses to this survey led to the following observations:

1 Asphalt concrete mture is the most common highway construction material that
the SHAs use Contractor test results as part of the acceptance process.

1 Portland cement concrete, base aggregate, and subgrade are the next most
common materials that use Contractor test results.

1 There is no dominant method used to validate the Contractor test resaltsit-
tests, average deviation, and multiple laboratory difference (or a variation on
these methods) were all commonly used.

1 A majority of SHAs have no concerns about their \a&limh process and
identified no problems with their current process. A common problem for some

SHAs was having adequate staffing to perform the validation.

A majority of SHAs had no change in their sampling and testing program due to

the use ofContractor test results as part of their acceptance program.
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CHAPTER 5. NUMERICAL ANALYSIS

The procedures identified in the ndnGather:i
evaluated using numerical simulations to quantify risks and qualify acceptable procedures.
SHA data were then used to test the effectiveness of the validation procedures. The research
approach presented@HAPTER 2andillustrated in Figure 1GHAPTER 2 was the basis

of evaluation.

5.1. Methodology

Procedures recommended for evaluation based on the literature ringswivey ofSHAs
practices, and other experiencestaf research teamerebrought forwardor evaluaion

for possible consideration as recommended procedtinefist of the procedure®r tests)
identified ispresentedn Table7. Someteststhat have been shown to be inappropriately
used (D2S) or ineffective due to low powes £ CR) wereincluded because the SHA

survey indicates a number 8HAs are currently usingpem.

Upon consultation witthe UNR Statistics Department on fundamentals relative to
the specific application of the identifieéelstsfor validatingContractortest dataa shortlist
of testswas identified for further analysis based on application (Aralysis of variance
or ANOVA, checking thenormality assumption), robustness of tiest and reported
successful application in the literature. Tastsrecommended for further evaluatiorere
categorized based on functiofable8 summarizes the shortlisted hypothesis te&dble

9 the shortlisted analysis of variance tests, Bable 10 the shortlisted normality tests.
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Table7. Testsldentifiedduringtheliterature reviewand survey of SHAs

Test Also Known As Comments
- . 1 on 1 comparison
D2S limits ! (tests method variability only)
W+ CR i Low power range test

equal variancé-test

Student's-test

mean comparison

unequal variancetest

Welch's, Satterthwaite's

mean comparison

pairedt-test

mean comparison

AnsariBradley test T non-parametric

MannWhitney Wilc_t_)xon. test_z Mgn’hWhitney U, nonparametric
Manri Whitneyi Wilcoxon (MWW)

FlignerKilleen test T nonparametric

F-test

variancecomparison

Levenebs tes

variancecomparison

Bartlett's test

variancecomparison

Friedman's test

variancecomparison

KruskalWallis test

variancecomparison

Kolmogorow+Smirnov test

mean comparison

AndersonDarling test

Normality

ShapireWilk test

Normality

Permutation test

randomization

bootstrapbased test

randomization

No data

Table8. Tests recommended for further evaluatidfypothesis Testing

Test Compares Abbreviation
equal variancé-testi St ute eerstt mean t-test
unequal variancetestifiWelch'st-test mean UV-t-test
pairedt-test mean p-t-test
MannWhitney median U-test
KolmogorowSmirnov two sample test distribution ks-test

Table9. Tests recommended for further evaluatid®ariancetests

Test Compares Abbreviation
F-test variance f-test
AnsariBradley test variance AnsariBradley
Levenebs test variance Levene
Modi fied Leven variance Modified Levene
Bartlett's test variance Bartlett
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Table10. Tests recommended for further evaluatiddormality tess

Test Type
AndersonrDarling test Normality
ShapireWilk test Normality
Lillieforstesti Ko | mo-§mir onov nor mal Normality

5.1.1.Normal Distribution data sets

The testsidentified in the first step ofhe literature review and survey of SHAgere
evaluated using numerical simulations to quantify risks and qualify accepistée
Multiple distribution types and construction mateA&Cs were consideredhe process

used in evaluating the tests is illustratedigure 13.

Lot (i)

Lot (i) Sample 1
SHA

Sample 2
Contractor (Tests) X, 8
_ t-test
X;.5; F-test
Normality test

Figure13. Numerical Simulations Flow Chart, Normal Distribution.

The first step in the procesgs generating a random sample from a distribution
with a known mean1, and a known standard deviatidn, illustrated by the blue normal
distribution curve to the right half ofFigure 13, which represents the SHA sample (or
sample 1). The meadf, and the standard deviatia®, of sample 1 were then calculated.

The next stepvas generating another random sample from a second distribution with a
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known mean,2, and a known standard deviatioly, illustrated by the red normal
distribution curve to the left half ofFigure 13, representing th€ontractorsample (or

sample 2). The meadf, and the standard deviatia, of sample 2 were then calculated.

With the sample statistics availapthe testsrecommendedor further evaluation
were applied to the two samples (sample 1 and sample 2) and the wesaltecorded.
These three steps completed one iteration of evaludwrgest in this example. Then the
process was iterated several times to accounh&wariability coming from the random

number generation.

For each AQC, four different scenarios of distributions were examined using this
iterative procesdgrigure 14 shows an illustration of the four scenarios considered for in

place densityvhenp: was94.0 percenandth was1.0 percent, as an example

In the first scenario, the mean of tBeIA distribution, 1, and standard deviation,
1, were equal to the meani the Contractodistribution, J2, and standard deviatiod;
(¢ ‘ and, =, ). The two distributions appear on top of each oth&igurel4. In
this case, thetest hypothesis test result is expected to be zero since the means of the two

samples were equal{ = @y andS; = $).

The other three scenarios considered are also illustrakégure14. In the second
scenario, the mean of tl8HA distribution, 11, was equal to the mean of the Contractor

distribution, 2, but the standard deviations were not equal ( * and, |, ).
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Figurel4. lllustrative Example of the Four Scenarios Used inNbenerical Simulations

using HMA In-Place Density
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In the third scenario, the mean of t8&lA distribution, 11, was not equal to the
mean of the Contractdalistribution, 2, but the standard deviatiomsere equal‘( ‘
and, =, ). In the fourth scenario, the mean of tBEA distribution, 1, and standard
deviation,lh, were not equal to the mean of the Contradtstribution, 2, and standard

deviation,(p (¢ ‘ and, )

MATLAB codes weredeveloped taun the iterative procesnd theoutputdata

was exportedn MS Excel spreadsheets for further analy3ike advantage of using

MATLAB in the iterative process was the ready to use functions available in MATLAB

library with detailel documentation on function applicati¢s?7). Following are some

examples of the ready to use MATLAB functions:

1 The MATLAB functionnormrd generates random numbers following a normal
distribution, with &known meana knownstandard daation, and a known number

of samples.

1 The MATLABttest2 functionwasused to perform thequal variancéwvo-sample

t-test The functioncompares SHA (sample 1) and Contractor (sample 2) data

returring a test decision fdro that theSHA (sample 1andContractor (sample 2)

datacome from independent random samples from normal distributions with equal

means and equal but unknown variances, using thas@wple-test.Hais that the
SHA (sample l)and Contractor (sample 2)latacome from populationsvith
unequal means. THg/pothesisesult is 1 if the test rejeck at theselected, and

0 otherwise
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1 The twesampleKolmogorow+Smirnov testwas performed using thelATLAB
kstest2  function.The functioncompares SHA (sample 1) and Contractor (sample
2) data andeturns a test decision fdto that the data irSHA (sample 1)and
Contractor (sample 2ome fromthe same continuous distribution, using tive-
sampleKolmogorov+Smirnov testHa is that theSHA (sample 1and Contractor
(sample 2datacome fromdifferent continuous distribution hehypothesisesult

is 1 if the test rejectso at theselected], and 0 otherwise

To rank the tests performance a test success rate was caldutatiestance, when
thet-test is appliedHo was that thelata in sample 1 and sample 2 come from independent
random samples from normal distributions with equal mddasvas the two means are
not equal. The-test hypothesis was coded a value of 0O if the test did not Hjdequal
means) and a value of 1tlie test did rejedtlo (unequal meansf he MfAsuccess r a
each test was then evaluated by calculating the ratio of the number of hypothesis test result

with a value of i P a ® thetotal number of iterations:
0 .
Succesbkb =Rat 2800
Nt
Where( is thenumber of hypothesis test results with a value ah@Nris the

total number of iterations.

Six different AQCs were investigated in the numerical simulationgpldce
density asphalt Binder conteAC), andair voids(AV) were usedor HMA. Compressive

strength flexural strength andthicknesswere used for PCClable 11 summarizes the
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AQCs considered and threpresentativeralues used in the numeal simulationsSince
the representative valuesAQCs selected had a wide range of target means and standard
deviations theoefficient of variation{CV), the ratio of the standard deviation to the mean,

was the most suitable parameto compare the seresults.

Table 11. Numerical simulations, representative valueof AQCs

Pavement _ Repres.en_tative Valggs _
Type AQC Units | Mean Standarq Deviation| Coefficient of Variation
() (1) (CV)

AsphaltBinder content % 5.5 +0.50 9.1 %

HMA In-place density % 94 +1.0 1.1%
Air Voids % 7 +0.5 7.1 %
Flexural Strength psi 550 +100.0 18.2 %

PCC Compressive Strength | psi 6,000 +1000.0 16.7 %
Thickness inch 10 +0.25 25%

5.1.2.Non-Parametric, Skewed distributions

For the skewed datasetssimilarprocesdo the one explaineith Section5.1.1fiNormal
Distribution data setswas used. Howevethe first challenge was generatingealistic
skewed distributiorfor construction material8QCs. When typical skewed distribution
types were used, such as Gamma and Beta distributiorealistic ranges were observed
for typical construction materialSQCs. Using inplace density as an example with a mean
of 94.0 percenta Gamma distribution results in a range of values from 40 to 160 as
illustrated inFigurel5. Thereforeadifferenttechniquevas usedo develop more realistic

skewed distributions for construction materiaf3Cs.
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Figurel5. GeneratingSkewed Distribution Usinga Gamma Function.

To generate akewed distribution with a controlled mean and a reasonable range
two normal distributions were combined to form a skewed distribUtignrel6illustrates
the process used in generatirge\sed distributions. The first step inthe processwas
generating aormaldistribution with a known meampy, and a known standard deviation,
Ca, illustrated by thegray dotted linen Figure 16 (normal distribution 1)The nextstep
was generating second normalistribution with a known meapy, and a known standard

deviation,U», where

The second normalistributionis illustrated bya gray dashedline in Figure 16.
The combined distributions result in a rigkesed distributionillustrated bya solid red
line in Figure 16. In this exampleps = 94.0 andlh = 1.0, henceuz = 93.0 andl, = 0.5.

This skewed distributiorepresergthe SHA sample énple 1).
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Figure16. Generating Skewed Distribution.

The same steps were followed to generate a second skewed distribution
representing th€ontractor sample (sample 2). The distributioillistrated by the red
skeweddistribution to the left half ofigure 17, while the SHA sample (sample 1%
illustratedby a blue skeweddistribution to the right half ofFigure17. The same iterative
process explained in Sectidnl.1 titled fiNormal Distribution data seisvas usedo

evaluate the success rate of the tests list@alime8 throughTable10.

Lot (i)
Lot (i) Sample 1
SHA

Sample 2
Contractor (Tests) X,. S
_ t-test

X: B 52 F-test

Normality test

Figurel7. Numerical Simulations Flow Chai$kewed Distribution
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5.1.3.Non-Parametric, Bimodal distributions

For the bimodal dataseis similar evaluation process to the one explaunedierSection
5.1.1fNormal Distribution data saisvas usedNoreadily available function forlaimodal

distributionwas found to generate distributions wigalistic ranges observed for typical

construction material8QCs. To generate bimodal distributions with ranges representative

of typical construction materials AQCs, a technique analogous to that followed tatgener

the skewed distributions was used. Two normal distributions were generated and combined

to form a bimodal distributiorf-igure 18 illustrates the process of generatadpimodal
distribution.The first step intheprocessvas generating aormaldistribution with a known
mean,u1, and a known standard deviatian, illustrated by theyray dotted linen Figure
18. Thenextstep was generatingsecond normalistribution with a known meapyp, and

a known standard deviatiotr, where

The second normalistributionis illustrated bya gray dashedline in Figure 18.
The combined distributions result in a rigkesed distribution llustrated bya blueline
in Figure 18. In this examplg: = 94.0 andl; = 0.5, henceiz = 92.5 andl, = 0.4. This

bimodal distributiorrepresergthe SHA sample (sample 1).
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Normal 2
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distribution distribution 1
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Figure18. Generating BimodaDistribution

The SHA sample (sample 13 alsaillustrated bya bluebimodaldistribution to the
right half of Figure 19. Similar steps were followed to generate a second bimodal
distribution representing the Contractor sample (sample 2). This distributlustsated
by the redbimodaldistribution to the left half oFigure 19. The same iterative process
explained in Sectiob.1.1titled fiNormal Distribution data seisvas usedo evaluate the

success rate of the tests listed able8 throughTable10.

25 b ORI M M5
Target X Vaive

Lot (i) Lot (i)
Sample 2 (Tests) Sample 1
Contractor t-test SHA
- 3 X,.S
X,.S, F tgst =31
- Normality test

Figure19. Numerical Simulations Flow Chart, Bimodal Distribution.
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In total, over 1.2 million numerical simulations were completed for normally
distributed data set3able12 summarizes the number of simulations conducted for each
AQC considered, distribution scenarios, numbeBSBIA samplegsample 1), number of
Contractorsamplegsample 2), and number of iterations for the normally distributed data
sets. A similar set of analyses was also conducted for the twparametric dataets,
using skewed and bimodal distributions. The total number of simulations completed was
over 3.7 million. The results of the numerical simulations are presentdteifollowing

section

Table 12. Numerical simulations summary

AQC No. of Sample 1 Sample 2 No._of _ No. o_f
Scenarios  Sizes Sizes Iterations Simulations
HMA - In-place density 4 5 10 1,000 200,000
HMA 1 AsphaltBinder Content 4 5 10 1,000 200,000
HMA - LaboratoryAir Voids 4 5 10 1,000 200,000
PCC- Compressive Strength 4 5 10 1,000 200,000
PCC- Flexural Strength 4 5 10 1,000 200,000
PCC- Thickness 4 5 10 1,000 200,000
HMA - In-place density 4 5 10 20 4,000
HMA - AsphaltBinder Content 4 5 10 20 4,000
HMA - LaboratoryAir Voids 4 5 10 20 4,000
PCC- Compressive Strength 4 5 10 20 4,000
PCC- Flexural Strength 4 5 10 20 4,000
PCC- Thickness 4 5 10 20 4,000
HMA - In-place density 4 5 10 10 2,000
HMA - AsphaltBinder Content 4 5 10 10 2,000
HMA - LaboratoryAir Voids 4 5 10 10 2,000
PCC- Compressive Strength 4 5 10 10 2,000
PCC- Flexural Strength 4 5 10 10 2,000
PCC- Thickness 4 5 10 10 2,000
HMA - In-place density 4 5 10 5 1,000
HMA - AsphaltBinder Content 4 5 10 5 1,000
HMA - LaboratoryAir Voids 4 5 10 5 1,000
PCC- Compressive Strength 4 5 10 5 1,000
PCC- Flexural Strength 4 5 10 5 1,000
PCC- Thickness 4 5 10 5 1,000
Total number of simulations for normal distribution 1,242,000
Total number of simulations for all three distributions (1,242 93) 3,726,000
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5.2.Resultsof the Numerical Analysis

The statistical tests were evaluated using numerical simulations to quantify risks and
qualify acceptable tests. Multiple distribution @égand construction materi@@QCs were
considered as summarized iMable 11 and Table 12. The results of the numerical

simulationsfor normal skewed and bimodabistributiondata set$ollow.

5.2.1.Normal Distribution results

For each AQC, four different scenarios of distributions were examined using this iterative

processFigurel4 shows an illustration of the four scenarios considered:

1 Scenario 1SHA distribution meanyl1, and standard deviatiots, equal Contractor

distribution meanylz, and standard deviatiot (‘ ‘ and, =, ).

1 Scenario 2SHA distribution meanyti, equal Contractodistribution meanylz, but

thestandard deviations were not equal ( * and, |, ).

f Scenario 3SHA distribution meanpi, was not equal to Contractdistribution

mean 2, but the standard deviations were equal ( * and, =, ).

f Scenario 4SHA distribution meanyl;, and standard deviatiofy;, were not equal

to Contractodistribution meanyl2, and standard deviatiot (* ‘ and,

b )
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5.2.1.1 Hypothesis Test

Figure 20 shows the numerical simulation results for a set of hypothesis tests under
scenario 1The success rate of the different tests is shown on-gh@syas a function of
SHA sample C\(CV1). Since the representative value&\QICs selected had a wide range

of target means and standard deviatighe CV was the most suitable parameter to

compae the test results

100%

R e S K= - == S S
90%
S 80%
S 0%
§ 60% t_test
@ 50% UV_t test
0]
g 40% p_t_test
>
» 30% ks_test
20%
X U_test
10%
0%
0% 5% 10% 15% 20% 25%

X SHA sample CV
|Samp|e 1 size :|7 P

Figure20. Numerical Simulations ResultBl¢rmal) for Hypothesis Tests Scenario 1:
Equal Means and Equal Standard Deviations.

Table 11 shows theAQCs selectedand the correspondinGV values. Under
scenario 1the tests are expected to perform at a success ratgpef@mnibr above, which
is represented by therizontaldotted line inFigure20. The values presentedfigure20
are for the SHA sample size of 7, while thentractorsample size variefftom a sample
size of 7 (equal sample size) upasample size of 70SHA sample sizex 10). The

Contractorsample sizes considered were 7, 14, 21, 28, 35, 42, 49, 56, 63, &idtre.
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hypothesis testsn this casewere performed at the expected threshold95 percent
Figure21 shows similar results for scenario 2 wheresample meanwere equal while
the standard devi=atandui sb), mastrokhe hypothepis edts in( €

this case performed at the expected threshold pe&éent

100% = ®_______| X Rk ____. X o ___
90% %
S 80%
S 0%
E 60% t test
@ 50% UV_t test
@
8 40% p_t test
>
¢ 30% ks_test
20%
X U_test
10%
0%
0% 5% 10% 15% 20% 25%

| Sample 1 size :|7 SHA sample CV

Figure21. Numerical Simulations Resul{slormal) for Hypothesis Tests Scenario 2:
Equal Means and Unequal StandBeViations

Figure 22 shows results for hypothesis tests under scenario 3 whesarhge
meanswvere unequal while the stdard deviations werequal(e1i €2 andd = 2). Under
scenarid, the tests are expected to perform at a success raggeoééntor below, which
is represented by tHeorizontal dotted line in Figure® and23. Thehypothesis testsn
this casedid not perform at thexpectedhreshold o5 percent, howeer, the hypothesis
tests performed better as the CV1 value got smaller. By comparistitesteperformed
best, followed byWe | cthe8tgunequal variandetest) andMannWhitneytest.Figure
23 shows similar results for scenariovfiere thesample meanand the standard deviations

wereunequal(e: | ez andl | ).
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Figure22. Numerical Simulations Resul{slormal) for Hypothesis Tests Scenario 3:
Unequal Means and Equal Standard Deviations.
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Figure23. Numerical Simulations Resul{slormal) for Hypothesis Tests Scenario 4:
Unequal Means and Unequal Standard Deviations.

5.2.1.2 VarianceTests

Figure24 shows the numerical simulation results for a set of variance tests under scenario

1 where thesample meanand standard deviations were equa¥ (2 andly = (b).
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100%
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Figure24. Numerical Simulations Resul{Blormal) for Variance Tests Scenario 1:
Equal Means and Equal Standard Deviations.

The success rate of the tests is shown on #esyas a function of SHA sample

CV (CV1). Under senario 1 the tests are expected to perform at a success rate of 95
percenbr above, which is represented by fioeizontaldotted line inFigure24. Thevalues
presented ifrigure24 are for the SHA sample size of 7, while tBentractorsample size
varied from 7(equal sample size) up tosample size of 705HA sample sizex 10). The
variance tests in this case performed at the expected thresholdpefc@mt Figure 25
shows similar results for scenario 3 where slaenple meansvere unequal while the
standard deviations were equal f ¢ 2andd 1= 0 2, except for the Ansafradley test

since it requires that the samples have equal medians.
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Figure25. Numerical Simulations Resul{Blormal) for Variance Tests Scenario 3:
Unequal Means and Equal Standard Deviations.

Figure26 shows a similar set of results for variance tests under scenario 2 where
thesample meanwere equal while the standard deviations were unequalg,; anddn |
k). Under scenario,2he tess are expected to perform at a success rdteeopercentor
below, which is represented by therizontaldotted line in Figure26 and27. All of the
variance testsin this casedid not performat the expected threshold fite percent
However, by comparison thie-test had the best performance followed by the Ansari
Bradleyt est , L eared eBar ttHigeseR? shavs dinela tesults for scenario
4 where thesample meanand the standard deviations were unecgral €2 andiy [ ).
The AnsariBradley test performance was inconsistent in scenario 4 since it requires that

the samples have equal medians.
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Figure26. Numerical Simulations Resul{Blormal) for Variance Tests Scenario 2:
Equal Means and Unequal Standard Deviations.
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Figure27. Numerical Simulations Resul(slormal) for Variance Test$ Scenario 4:
Unequal Means and Unequal Standard Deviations.

5.2.2.SkewedDistribution Results

For each AQC, the same four different scenarios of distributions were examinethasing

iterative procesdiscussed under Sectidil fiMethodologyo
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5.2.2.1 Hypothesis Test

Figure 28 shows the numerical simulation results for a set of hypothesis tests under
scenario 1 where the sample means and standard deviations wereegualgnd s =

(k).
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Figure28. Numerical Simulations Resul(Skewed for Hypothesis Tests Equal Means
and Equal Standard Deviations.

The success rate of the tests is shown on{fes/as a function of SHA sample
CV1. Under scenario, the tests are expected to perform at a sucets®f 95percentor
above, which is represented by the horizontal dotted lir@ure28. The values presented
in Figure 28 are for theSHA samplesize of 7, while the Contracteamplesizes varied
from 7 (equal sample size) to 70 samples (SHA sample size x 10). The Corsaaupbe
sizes consided were 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70hypethesis test® this
case performed at tlexpectedhreshold oB5 percent, except for the pairedest.Figure

29 shows the results for scenariovBere the samplmeansvereequalwhile the standard



67

deviations werainequal(e =¢ 2andi 1 G P anda similar trend is observed for af
the tests except fahe Kolmogorow+Smirnov two sample testvhere the performance of

the test slightly deteriorated
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Figure29. Numerical Simulations Resul{(Skewed for Hypothesis Tests Equal Means
and Unequal Standard Deviations.

Figure30shows a similar set of results for hypothesis tests under scenario 3 where
the samplemeans were unequal while the standard deviations were eglial(andds =
k). Under scenario,3he tests are expected to perform at a success rfiwe percentor
below, which is represented by therizontaldotted line inFigure30 andFigure31 The
hypothesis testsn this casedid not perform at the expected thresholdiee percent.
However, the hypothesis tests performed better as the CV1 value got smaller. By
comparison thétest had the best performance followed by the Mafiitney testFigure
31 shows results for scenario 4 where the sample means and the standard deviations were
unequal €1 | 2 andly I ). By comparisonthe KolmogorovSmirnov two sample test

had the best performance followed by the unequal variaiess.
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Figure30. Numerical Simulations Resul{Skewed for Hypothesis Tests Unequal
Means and Equal Standard Deviations.
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Figure31. Numerical Simulations Resul(Skewed for Hypothesis Tests Unequal
Means and Unequal Standard Deviations.

5.2.2.2 Variance Tests

Figure32 shows the numerical simulation results for a set of variance tests under scenario

1 where thesamplemeans and standard deviations were equa# €2 andly = (). The
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success rate of thests is shown on theakis as a function of SHA sample CV1. Under
scenario 1the tests are expected to perform at a success ratgpef@mir above, which

is represented by therizontaldotted line inFigure32. The values presentedhigure32

are for the SHA sample size of 7 samples, whileQbetractorsample size varieftom 7

samples (equal sample size) up to 70 samfe\(sample sizex 10). The variance tests

in this case performed at the expected threshold gfe®&ent Figure 33 shows similar

results for scenario 3 where the sample means were unequal while the standard deviations
were equaldy | €2 andly = 0), except for the AnsaBradley test since it requires that the

samples have equal medians.
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Figure32. Numerical Simulations Resul{Skewed for VarianceTestsi Equal Means
and Equal Standard Deviations.
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Figure33. Numerical Simulations Resul{Skewed for VarianceTestsi Unequal Means
and Equal &andard Deviations.

Figure34 shows a similar set of results for variance tests under scenario 2 where
thesamplemeans were equal while the standard deviations werguah €1 = £, andih |
k). Under scenario,2he tests are expected to perform at a success rfiwe percentor
below, which is represented by therizontaldotted line inFigure34 andFigure35. The
variance testsn this casegdid not perform at the expected thresholdieé percent By
comparisonthe F-testperformed théest followed by the AnsaBr adl ey t est ,

tessand Bar tHFigere35 dhsws similartresults for scenadovhere the sample

meansand the standard deviations werequal(e1 | €2 anddy [ ).
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Figure34. Numerical Simulations Resul{Skewed for VarianceTestsi Equal Means
and Unequal Standard Deviations.
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Figure35. Numerical Simulations Resul{(Skewed for VarianceTestsi Unequal Means
and Unequal Standard Deviations.

5.2.3.Bimodal Distribution Results

The same four different scenarios were examined usiagerative processliscussed

under Sectio®.1iMethodologyo
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5.2.3.1.Hypothesis Test

Figure 36 shows the numerical simulation results for a set of hypothesis tests under
scenario 1 where treamplemeans and standard deviations were ecuiat €2 andly =

o). The succss rate of the tests is shown on thaxjs as a function of SHA sample CV1.
Under scenario,Xhe tests are expected to perform at a success ratgpef@mnbor above,

which is represented by thmrizontaldotted line inFigure36. The values presented in
Figure36 are for the SHA sample size of 7, while entractorsample sizes varied from

7 (equal sample size) to s@mple{SHA sample sizex 10). TheContractorsample sizes
considered were 7, 141228, 35, 42, 49, 56, 63, and 70. The hypothesis tests in this case
performed at the expected threshold ofp@bcentexcept for the pairetitest. Figure 37
shows theresults for scenario 2 where tekamplemeans were equal while the standard

deviations were unequédi = g2 andi | (), the tests performed similar to scenario 1.
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Figure36. Numerical Simulations ResultBifnodal) for Hypothesis Tests Equal Means
and Equal Standard Deviations.
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Figure37. Numerical Simulations ResultBifnodal) for Hypothesis Tests Equal Means
and Unequal Standard Deviations.

Figure38 shows a similar set of results for hypothesis tests under scenario 3 where
the samplemeans were unequal while the standard deviations were eglial(anddy =
k). Under scenario,3he tests arexpected to perform at a success ratéivef percentor
below, which is represented by therizontaldotted line inFigure38 andFigure39. The
hypothesis testsn this casedid not perform at the expected thresholdieé percant.
However, the hypothesis tests performed better as the CV1 value got smaller. By
comparisonthet-test had the best performance followed by the Mafhitney testFigure
39 shows results for scenario 4 where shenplemeans and the standard deviations were
unequal 11 e2andly i ). The unequal variandgdest had the best performance followed

by the KolmogorovSmirnovsampletest.
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Figure38. Numerical Simulations ResultBifnodal) for Hypothesis Tests Unequal
Means and Equal Standard Deviations.
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Figure39. Numerical Simulations ResultBifnodal) for Hypothesis Tests Unequal
Means and Unequ&tandard Deviations.

5.2.3.2 Variance Tests

Figure40 shows the numerical simulation results for a set of variance tests under scenario

1 where thesamplemeans and standarduigions were equakf = €2 andly = (o). The
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success rate of the tests is shown on thgiy as a function of SHA sample CV1. Under
scenario 1the tests are expected to perform at a success ratgpef@mir above, which

is represented by therizontaldotted line inFigure40. The values presentedfigure40

are for the SHA sample size of 7, while thentractorsample sizes varied from 7 (equal
sample size) to 70 sampleSHA sample sizex 10). The variance tests in this case
performed at the exgeted threshold of 9percent Figure 41 shows similar results for
scenario 3 where tramplemeans were unequal while the standard deviations were equal
(e1 1 g2 andin = (), except for theAnsariBradley tessince itrequires that the samples

have equal medians
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Figure40. Numerical Simulations ResultBifnodal) for VarianceTestsi Equal Means
and Equal Standard Deviations.
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Figure4l. Numerical Simulations ResultBifnodal) for VarianceTestsi Unequal
Means and Equal Standard Deviations.

Figure42 shows a similaset of results for variance tests under scenario 2 where

thesamplemeans were equal while the standard deviations were unegead{anddn |

k). Under scenario,2he tests are expected to perform at a success rfiwe percentor

below, which isrepresented by thieorizontaldotted line inFigure42 andFigure43. The

variance testsn this casegdid not perform at the expected thresholdieé percent By
comparisonLeveneds test had the bestBragleyrtestor manc
Figure43 shows similar results for scenario 4 where shemplemeans and the standard
deviations were unequati(i €2 andty | ). The AnsariBradley test performance was

inconsistent in scenario 4 since it requires that the samples have equal medians.
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Summary of Numerical Analysis Findings

The numerical analysis provided the information needed to recommend valigat®on
a statistical basis. he following observationsvere made based on the numerical

simulationsconcluded for the normally distributeshd norparametric data sets:

1 The t-test and theWe | c ttests(unequal variancd-tes) showed consistent
satisfatory results in the simulations at the selected significance level regardless

of distribution type.

1T The Wetltestdh@ved more consistency in detecting the difference in means

than the-testand other hypothesis tests regardless of distribution type.

1 The effectiveness of the hypothesis tests decreased when the CV increased.

1 The alternative testdMann-Whitney and Kolmogorov+Smirnov two sample test

showed similar results to thaests in most of the cases.

1 TheF-test showed consistent satisfactorgules in the simulations at the selected

significance level.

T The alternative variance tests (Levenedc

results to thé--tests in most of the cases.

1 The Ansand Bradley test showed satisfactory results whenstmaples haequal

medians
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The numerical analysis provided the information needed to recommend validation
tests on a statistical basis. The observatwer® thenvalidated using actual SHA project
data. Thet-test and thewWe | c ttastsshowed consistent satisfactory results in the
simulations at the selected significance Isvelyardless of distribution typé&lowever
We | ctdebt showed more consistency in detecting the difference in means thaesthe
and other hypothesis tests regardless of distribution type. Thetiedfexss of the
hypothesis tests decreased when the CV increabkd.F-test showed consistent
satisfactory results in the simulations at the selected significance Teéesle results; i.e.,
the consistent results providesingthe F- andt-tests, suppathe references that state they

are the most statistically appropriate tests to use for validation.
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CHAPTER 6. SHA DATA ANALYSIS

Actual data from SHA projects were used ttest the effectiveness of the validation
proceduresData from actual highway projects welgtained from sistatesrepresenting

a wide regional distribution across the U.S. They represent the East, Southeast, Midwest,
Southwest, Rocky Mountain and West regions. The data received indiiMadPCC,

and Aggregate Badest results

6.1. Data Processing

The SHA data were received in two formd@srtable Document Format (PDiles and

Excel Binary File FormatXLS) spreadsheets. The PDF files were scanned test reports
from multiple projects within mSHA. These reports contained SHA test resahd the
corresponding Contractor resulfBhe PDF filesincluded some duplicate reportgll

reports were cross checkethd only one copy of the duplicatports vas used, and the

other copy(s) wadiscardedThe PDF files were converted inkl.S sprealsheets, so the

data could be analyzed usikfticrosoft Excel As a data quality checkl the test results in

the PDF scanned reports were then cross checked against the XLS spreadsheets for
discrepancies that may have occurred in conversion from PDF #® fdtmat. Any
discrepancies identified were corrected to match the original PDF scanned reports. The
XLS spreadsheetwere essentially ready to use only requiring minimalgozessing.

The XLS spreadsheets typically listed project numbers, lot and sobrtbers, SHA test

results, and the corresponding Contractor test results.
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A MATLAB code was developed to scan and sort the data based on the project
number and lot number. The test results of a lot represented a sample. All the XLS
spreadsheets were pessed using MATLAB, andable 13 summarizes the SHA data
received and processed for further analysis. HMA AQCs inclualgthce densityAV,

AC, andVoids in MineralAggregates (VMA)

Processing of SHAs data revealed the following observations:

1 Most of the SHA data received were obtained using independent sampling
techniques however, some SHAs obtained data using split samplegth
Contractors.Using split rather tha independent samples can put SHAs at
significant risk of making wrong acceptance and payment decis\iisle
independent samples contain up to four sources of variability: material, process,
sampling, and test method; split samples contaily test metbd variability.

Samping methodsare discussedith an example irbection7.2

1 SHA defintions oflots, sampling and testing frequenci® variable,esuling in
numerous scenarios for the numbeBbfA and Mntractor samples. In general, the
differentsample size canbe putin threecategoriedbased on the number SHA
samples pelot: 1) a single SHAtestresult perlot, 2) three tawenty SHA test
results petot, and 3) morghantwenty SHAtestresults petot. The three SHA

sample size categories are discussid an example irsection7.2

Sample raw SHA data sets are phedataent ed

contairs recent SHA and Contractor results of percentapercent AC
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Table13. SHA data received and processedftother analysis

. No. of Average Total Samples
SHAID Material Type AQC ; Lots per
Projects : (Lots)
Project
Density 259 15 3,804
SHA 1 HMA AV 302 7 2,050
PCC St.rength 16 22 354
Thickness 16 22 354
SHA 2 PCC Strength 18 1 25
Density 690 7 5,084
AV 708 8 5,620
SHA 3 HMA AC 720 9 6,488
No. 8 Sieve 720 9 6,487
No. 200 Sieve| 720 9 6,490
2 inch Sieve 3 41 123
1 inchSieve 3 41 123
3/8 inch Sieve 3 41 123
No. 10 Sieve 3 41 123
No. 40 Sieve 3 41 123
SHA 4 Aggregates Base N(.)' 2.00 _Sl(_ave 3 41 123
Liquid Limit 3 a1 123
(LL)
Plasticity
Index (PI) 3 4L 123
Moisture
Content (MC) 3 41 123
AV 289 6 1,734
SHA 5 HMA AC 289 6 1,734
VMA 289 6 1,734

6.2. Methodology: A Preliminary Testing and Validation Process

The observations made during the SHA data processing revealed th&ldémampling

and testing plans that useontractordata in acceptance decisions do not meet the
requirements of 23 CFR 637Bue tdack of independnt sampling. Some of tlsampling

and testing plangse a single SHA sample per lot. Based on these observations the research
team developetivo plansfor sampling and testing the SHA data, and for Contractor data
validation These plans are presented in more detaNppendix DProposed Practice for

Validating Contractor Test Data
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Plan 1: Minimum SHA tests per lot.

Thisplanrequires a minimum of six subkper lot, where a minimum of three SHA results
and sixContractor resultare utilized for sampling andalidation usingF- and t-tests.
Three results from eaantity areconsidered the minimum for the statistical comparisons
however,adisadvantage afising just three results is the statistical power oRhandt-
tests diminishe substantially, and the risks associated with Typed &ype Il errors

increaseTo reduce both SHA and Contractor rikdleger sample sizes are encouraged

It is recommendd that SHAs assessthe anticipatedrisk when establishing
minimum sample sizes for both the SHA a@dntractor Several publications provide
guidelines for SHASs for selection of optimum number of samples for validating Contractor
test data as a functioio SHA bu ye ra&msd rCosrkt r(a t)tandrsanple | | er 6
size ). Guidance to determine the risks to SHAs when ustrandt-tests for comparing

SHA and Contractor data sets antigratingOC curvesare also discussdd5, 49).

The flow chartpresentedin Figure 44 illustrates the sampling, testingnd
validation process foplan 1. The flowchart consists of three stages: sampling, primary

validation, and secondary validat.
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Each sample is split ~ —
into two portions:

A=SHA

C = Contractor

Outliers detected

(e.g. 1-A, 3-A, and 6-A).

r—— - | I

l SHA randomly selects three (3) | Contractor tests all samples, but uses

I i i | Qutliers tests results that are different from the
samples and tests for validation

| | Detection SHA splits for validation

I I

(e.g. 2-C, 4-C, and 5-C)

- ||

|—M Outliers.

No Outliers.

F- and t- tests
to compare
SHA test results
to the
Contractor
test results

Non-Validation

Use paired (-test
to compare
SHA results to the
Contractor results
(all 6 results)

/ Use all possible SHA test \
| results for Pay Factor |<—Non-VaIidation
\ calculation. I,

Use ALL Contractor test
results (6) for Pay Factor
calculation.

Figure44. Flow Chart for Sampling and Validation ProcédRlanl.

The top box ofFigure44 illustrates the samplingof each lb that consists o$ix
split samplegor more). echsample wasplit into tvo equal portiongaindlabekd1-A, 1-

C, 2A, 2-C and so onThe number is the saie number, A is the Agency (SHA) portion
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of the split,and C is theContractor portion of the split. Three subletsre randomly

selected to represent the Sigértionsfor validation The results of the Contractor tests on
sublotscorresponding to the SH&amplesvereexcluded from th&- andt-tess statistical
comparisons in the primary validatistage. As illustratenh Figure44, the SHA randomly
selecedsamplefor validationwas1-A, 3-A,and6A, t hen t he Contractor
the primary validation testing excludleesults from samples@, 3C, and 6C. Therefore,

t he Contractor s r es ul weeresulssé@&ahsampleiCh4e€, pr i ma |
and 5C. Note that since the Contractor and SHA results from the same sublots were not

used in the primary validatiofr{ andt-tests), this satisfies the 23 CFR 637B requirement

that verification testing be conducted on independent samples.

Outlier detectiontheinitial step in the acceptance procedwrasusedto test the
SHA andContractordata sets for outlying observatiofffie ASTM E178 proceduneas
appliedto both SHA andContractorsamplesprior to conducting hypothesis testi(4g),
as illustrated in the middb®x of Figure44. If an outlierwasdetected in either set, then
the outlying observation was discarded. It is recommended as part of the plan to detect
outliersto determine the probable cause(s) of the auglydatabefore discarding a test

result. The use of outlier detectiordiscussedvith an example ifsection7.3,

For primary validationthe independent Contractdaita set ivalidatedagainst the
SHA data set using thie-test andWe | ctiiedt@inequal variancetest)at a significant
level, U of 0.05 The F-statistic is calculated as the ratio of the variances from the

Contractor results and SHA results fradme lot
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C 000 M oMb
Wherei is the larger variance from either the Contractor results or the SHA

results, and is the smallewariance of the two.

The F-critical valuewas obtained from ak table AppendixC Proposed Practice
For Validating Contractor Test DatAnnex CStatistical TablesTable C.2throughC.5),
or usingMS Excel (F.INV) functionat a level oftJ2 and a degreef freedom,Q "Qof

sample sizes minus one;
QC ¢ pandQC ¢ p

Where¢ is the number of samples corresponding to the larger variance end

the number of samples corresponding to the smaller variance.

Whenthe F-statisticis less thark-critical, then the hypothesis is not rejected, and
it is concluded thiathe variabilities of the two data sets are sfatistically different.
Otherwise, it is concluded that the variabilities of the two data sedtagiicallydifferent.
When the variabilities are found to Istatistically different, the stakeholdershauld
investigate why one of the sets of data higher variability than the other. As a starting
point, the SHA and the Contractor personnel who take the samples and conduct the tests
should review each otherds mets dr@lthsed onSi nc e
independent samples, there are more opportunities for differences in sampling,dasting
materials variability.As an example, aterial segregation, whether it occurs in haul

vehicles, placement, or sample handling, is a common souvegiability.
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TheWe | ctheét ¢also known as the unequal variantast) is recommended for

comparing the means of the data séts. | ctistétistic is calculated as follows:

The criticalt-value from thed-table @ppendixC Proposed Practice For Validating
Contractor Test DataAnnex C Statistical Tables,Table CJ3, or using MS Excel

(T.INV.2T) function at a level of U2 and an estimated degreef freedom, Q'

approximated as:

Qe

If a t-table is used,hie estimated degrees of freedom should be rounded down to
the nearest integer since the degrees of freedd+tabies are integergv/hen the absolute
value of thet-statisticis less thart-critical, then the hgothesis is not rejected, and it is
concluded that the means of the SHA resul ts and the Contr ac

statisticallyd i f f er ent . Ot her wi s e, it is concluded

t he Contractor d6s r epesdretaistidallydifferent. ndependent

If both theF-test andVe | ctdtest mdicate that theHA results and the Contractor
results are not statistically different (j.the data sets are from the same population), the

Contractor 6s d adlidaeddfreither theFrestiotiVe 1 & tdieSt sndicate



88

that the Contractorresults andthe SHA results are statistically different, then the

Contractor 6s d,asibustrateden the bottomvpartion leyaré44 d

Secondary validation igroposedvh e n  t h e Co natencdvalidatedd s dat e
the primaryvalidation stage. lese®ndary validation is performda compaimg the SHA
resultsandthe Contractor results from the sasublots(i.e., split portions) using the paired
t-test.As illustrated inFigure44, the secondary validation compares all the results available
(1-Ato 1-C, 2A to 2C, 3Ato 3-C, 4A to 4-C, 5A to 5C, and 6A to 6-C). The paired
t-test determins if the averagedifference betweerhe pairs of resultsis statistically

different from zeroThet-statistic for the pairetitestis calculated as follows
'S
i
%3
Wheredf is the average of the differences between the split sample test riesults,

is the standard deviation of the differences between the split sample test resultss and

the number of split samples.

The criticalt-valueis obtainedrom thet-table AppendixC Proposed Practice For
Validating Contractor Test DgtAnnex CStatistcal TablesTable C.}, orusing MS Excel
(T.INV.2T) function at a level olJ2 and ¢  p) degrees of freedoriVhen the pairet
statisticis less than-critical, it is concluded thatairwise difference betweeHA results
and Contractor results notstatistically differenthanzeroand t he Contr act or

A

validated by secondamalidation Otherwiset he Contr act or 6sThdata ar
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power of the paired-test increases with the increase mmple size. Hence, it is

recommended to use all available split sample results iplms

Plan 2: Cumulative Validation Lots

Thisplanenables the use tfts withasingle SHA result, compared t€Cantractoisample

size of three or more observations [mr In thissituation anF-test cannot be performed
which puts the SHA at significant risk of making wrong acceptance and payment decisions.
A cumulative sampling techniqueproposed to overcome theballenge. Theumulative
sampling techniquatilizes a concept similar to a moving average, where a fixed number
of lots (e.g.threg are accumulated timrm a singleCumulative Validation Lot (CVL)

The technique is illustrated Figure45. Lots 1, 2, and 3 form CVL 1, then lot 1 in thet

is dropped and a new lot is added (lot 4) to form CVA «indow of three lots (or more)

will continue untila norconforminglot is encounteredhenthe process gtarts, and a

new CVL is formed.

The process used ptan?2 is similar to the process usecpianl, howeverin the sampling
stagevalidation resultsfrom three consecutive lots are combirfedn aCVL. CVL 1

includes results from letl, 2, and 3The second CVlidrops the results from lot and

combines the results from lots 2, 3, and His moving CVL process continues as long as

t he validation pr oc e s sToitustmatethe cumalatitelsaanpli@po nt r a ¢
technigue when performing data validation, an example is presented in Se2tidhis

cumulative technique is part of a comprehensive validation plan described in detail in

APPENDI X A AProposed Practice Fheresubtaof i dat i
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applying the preéiinary testingand validation plan on SHA data are presented in the

following section.

o evaamten et oLl ol cveal
Lot1 Lot 2 Lot3 Lotd Lot5 |
@@@@@@@@.@@@|
® @
® ® ol |- e | = § _Jl
= @ — @ II:I‘::I;I ative é lation Lot,
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r—— - - - - — - — — — —/ 7 7 7 couw2
| @ @ |
le e @ | ¢ !
r—— - - - - — — —/ —/ /7 7 7 7 7 Tcw3l
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Figure45. Cumulative Samplingechniqueo Overcome Single SHA Sample Size
Plan2.

6.3. Results of theSHA Data Analysis

Thestatistical testsecommended from the numerical simulations, kdgstandWe | ¢ h 6 s
t-test(unequal variancetes), wereused on SHA data according to fireliminarytesting
andvalidation plan presentdd the previous sectiomhe results of applyig the plan on

SHA data are presented in the following sections. Recall that data were obtained from six
SHAs representing goodregional distribution across the U.S. The data received included

HMA, PCC,and Aggregate Base test resifiseTable13).



91

Plan 1 SHA results

HMA data from SHA 5 wreselected for the analysis using plathe data received from
several SHAs had a number of limitations, in terms of comsigiesample size, and
fulfilling the independent samiplg requirement, henc&HA 5 data were qualified based

on thesethreecriteria.

SHA 5 requires Contactors to perform QC tests on samples split from the same bulk
samples that the SHA uses for each lot. The data contained recent SHA and Contractor
results of percent AV of HMASome of he raw data sets are presenteAPPENDIX B
ASHA RawData & MATLAB code was developed to scan and sort the data based on
SHA sample size per lot. All lots with less than six SHA samples were filtered out since
the minimum criterion for the proposeaispling testing andvalidation plan is six sublots

per lot.

During the sampling stagéhreesublots were randomly selected tpmesent e
SHA test resultsfor validation. The results of the Contractor tests tba sublots
corresponding to the SHtest resuli were excluded from the Contract@st resultor
the primary validation stage. So, the Contrataet results for printg validation consisted
of the total number of sublots minus the three SHA subi\uite that theSHA testresuls
are now independenbf the Contractor testesuls (not from the sameublo). In the
primary validationstage the initial stepvastesing the SHA and Contractor data sets for
outlying observations. The ASTM E178 procedure was appiedoth SHA and
Contractortest resultgprior to conducting hypothesis testi@f). The independent data

set of the Contractor was validated against the SHA data set usiRggbtandNe | ¢ h 6 s
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t-test at asignificancdevel, U of 0.05. In cases where the Contrad¢est resultsverenot

validatedin the primary validation asecondary validation was conductsampaimng the

SHA results to the Contractor results from the saotdotsusing the pairetttest.

Air Voids

Eighty-six data sets qualified from the percent AV data using timenmim of six sublots

per lot criterion.The results of the analysis carried out on the 86 data sets are presented in

Tablel4. Note that there are 88 data points for thegult-test compared to 86 data points

for theF-testbecausea couple of lots had a variance value close to zero, which disqualified

them for theF-test and Primary validatioiowever, those lots qualified for the paired

test. The table presents the tally of the hypothesis test results, where the value of 1 was

gi ven

Table14, 8.1 percent (7 of 86) of the data sets failedRttestand 3.5 percent (3 of 86)

t

o the

AfPasso

resul

ts

and

a val

ue

failed theWe | ctiteét $n total, 11.6 percent (10 of 86) of the data sets failed the primary

validaion. From the 10 data sets failing the primary validation, 20 percent (2 of 10) failed

the secondary validation.

Tablel14. Plan1l SHA 5 results opercentAV of HMA

IndependentV\S/eeml"an((:ash Pr!ma_ry PaiSrFe)l(ljt Samples Seqondary
F-test Validation D2S Validation
t-test t-test
Pass oWalidated 79 83 76 67 84 8
Fail orNon-validated 7 3 10 21 4 2
Total 86 86 86 88 88 10
Percent Fail 8.1% 3.5% 11.6% 23.9% 4.5% 20.0%

of
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The results of th&Ve | ctheéten all 86 data sets are presente&igure46; the
means ratiégs shown on the-axis, i.e., the ratio of SHA sample mean) to the Contractor
sample meanuk), and tle pvalues on the‘axis. However, since theyalues were very
small the values presented on thaxys are the negative value bktlogarithm to base 10
of the pvalues T logio (p-value)]. As seen irigure46, the pvalues take a symmetrical
shape around a means ratio of one. The horizontal dotted line in the figure is the threshold
value for a 95 percent confidence levg= 0.05). Sincei[ logio (0.05) = 1.3], all values
below the horizontal dotted limee pr e s e nt HFgdra47 $hows similaMid It csh 6 s
t-testresultsas a function of the standard ddioas ratio, ratio of SHA sample standard

deviation (i) to the Contractor sample standard deviatieh (
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Figure46. Planl,We | ctheétResults as a Function of Means Rafio /(L) for
percentAV of HMA.
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Figure47. Plan1l,We | ctheétResults as a Function of Standard Deviations Ratio
(01 / Gp) for percentAV of HMA.

The results of th&-teston all 86 data sets are presentefligure48; the standard
deviations ratids shown on the-axis, i.e., the ratio of SHA sample standard deviation
(0h) to the Contractor sample standard deviati@y, @nd the pralues [ logio (p-value)]
on the yaxis. TheF-testresults Figure48) showed a similar trend to what was observed
in theWe | cthe8teesults Figure46); the pvalues take a symmetrical shape around a
standard deviations ratio of one. The horizontal dotted line in the figure is the threshold
value for a 95 percent confidence levgH 0.05). Sincei[ logio (0.05) = 1.3], all values
below the horizontal dotted linee pr e s e nt  Rigu49Iskobwsrsieisar-test s .
results as a function oféhmeans ratio, ratio of SHA sample mepi) (o the Contractor

sample meanup).
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Figure48. Plan1, F-testResults as a Function of Standard Deviations Rétib(p) for
percentAV of HMA.
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Figure49. Planl, F-testResults as a Function of Means Ratio/(|12) for percentAV of
HMA.

Although only 10 data sets went through to the secondary validation, the fpaired

test was performed on all available data sets. The results of the tp@istoh all data sets
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are presented iRigure50. The means ratis shown on the-axis and the {wvalues on the
y-axis [i logio (p-value)]. The pvalues take a less pronounced symmetrical shape around
a means ratio of one and appear to be almost random. The horizoitéal line in the
figure is the threshold value for a 95 percent confidence l&lelQ.05). Sincei[ logio
(0.05) = 1.3], all values below the horizontal dotted ine pr esent HAFai |l o
the data sets failed the pairetest. Figure 51 shows similar paired-test resultsas a
function of the standard deviations ratio, ratio of SHA sample standard deviaddo (

the Contractor sample standard deviati). (
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Figure50. Planl, Paired-testResults as a Function of Means Ratio /() for percent
AV of HMA.
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Figure51 Planl, Paired-testResults as a Function of Standard Deviations Ratio

(01 / Gp) for percentAV of HMA.

D2S limits

The results of applying D2S limits on split samples from the SHA datsuanenarizedn
Table14. While 23.9% of the data sets failed the pair¢est, only 4.5% failed the D2S

limits when applied on the same split samplesthe survey of SHAs presented in
CHAPTER 4 a number of SHAs indicated using D2S abd CR for validation. It is
evident that these low power tests put SHAs at risk of makiegrong acceptance and
payment decisian The percetages presented are of failed testscase of fraud or data
manipulation, the data show that 2Slimits, as a low power comparison tool, has little
chance of detecting differences (4.5 percent questionable or failed test results, i.e., 95.5
percent pssing the test) when compared to a more powerful tool like the pagsid23.9

percent questionable or failed test results, i.e., only 76.1 percent passing the test). As
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mentioned,theselow powertestsput SHAs at risk of making wrong acceptance and

payment decisions, along with being susceptible to data manipulation and fraud

Details of the summary results presented able 14 are presented ifiable 15
throughTablel17. The original SHA and Contractor samples are presented to the left side
of the tables undethe original region.During the sampling stagénree sublots were
randomly selected to represem ISHAsampldor validation. The results afie Contractor
tests orthe sublotsorresponding to the SHA samplesreexcludedirom theContractor
sample forthe primary validatiorstage. So, the Contractor sample for primary validation
consisted of the total number of sublots minus the three SHIAtsulote that theSHA
testresuls arenow independenbf the Contractor tesesuls (not from the samsublo).
This stage is presented Trable 15 throughTable 17 under independent samples region.
The independent data set of the Contractor was vatidagainst the SHA data set using
theF-test andVe | ctlteét at a significazelevel, U, of 0.05, and the results are presented

under independent samples region

In cases where the Contracttast resultswere not validatedin the primary
validation a secondary validation was conductedmpaimg the SHA results to the
Contractor results from the sarmgblots (split samplesising the pairetttest. This stage
is presented iTable15throughTable17 under portions of the table titled Split Samples.
Thepairedt-test performed on the split samples was comparB@&limits performed on

the same split samples as shown under t

h e



Table1l5. SHA Planl results opercentAV of HMA T part 1 of 3
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Original

Agency Contracto

Project- Sample r Sample
Lot ID . .
Size Size
1 11 6 6
2 1-2 6 6
3 2-1 6 6
4 2-2 6 6
5] 5-4 6 6
6 16-1 11 11
7 16-2 6 6
8| 28-1 12 12
9 30-1 8 8
10 35-1 6 6
11 40-1 6 6
12, 411 6 6
13 48-1 7 7
14 48-2 6 6
15 54-1 6 6
16 61-1 7 7
17 66-1 6 6
18 66-2 6 6
19 66-3 6 6
20 66-4 6 6
21 67-1 6 6
22 741 11 11
24, 83-1 9 9
25 86-1 11 11
26, 86-2 7 7
28 93-2 9 9
29 95-1 15 15
30 95-2 7 7
31 98-1 6 6
32 98-2 6 6
33 98-3 6 6
34 103-1 6 6
35 104-1 6 6
36| 104-2 6 6
37 110-1 11 11
38| 112-1 7 7

Independent Samples Split Samples
Agency Agency Agency Contrac Contrac Contrac Primary Agency Agency Agency Contrac Contrac Contrac ' Secondary
1 1 1 tor 2 tor 2 tor 2 S 1 1 1 tor 1 tor 1 torl Paired L
F-test Validation D2S | Validation
Sample Sample Sample Sample Sample Sample t-test Sample Sample Sample Sample Sample Sample t-test
Size mean sd Size  mean sd Size mean sd Size mean sd
3 3.9 1.46 3 4.6 0.40 Pass Pass Valid 5 4.6 0.30 5 4.7 0.29 Pass Pass
3 4.8 0.25 3 4.3 0.25 Pass Pass Valid 6 4.5 0.34 6 4.4 0.23 Pass Pass
3 4.0 0.59 3 3.6 0.78 Pass Pass Valid 6 3.6 0.74 6 4.1 0.91 Pass Pass
3 38 183 3 52 155 Pass Pass Valid 6 42 160 6 41 168 pass|IEXH
3 4.5 0.25 3 4.4 0.64 Pass Pass Valid 6 4.6 0.37 5 4.0 0.13 Pass Pass
3 4.1 0.51 8 4.2 0.24 Pass Pass Valid 11 4.0 0.41 11 4.2 0.31 =1l Pass
3 3.8 0.31 3 4.0 0.35 Pass Pass Valid 6 3.6 0.29 6 4.1 0.35 =1l Pass
3 5.1 0.87 9 4.5 0.97 Pass Pass Valid 12 4.3 1.10 12 4.7 0.99 Fail  Fail
3 3.7 1.21 5 5.2 1.15 Pass Pass Valid 8 4.5 1.31 8 4.7 1.18 Pass Pass
3 5.4 1.10 3 4.5 1.66 Pass Pass Valid 6 5.0 1.22 6 4.6 1.31 Il Pass
3 4.8 0.15 3 4.6 0.90 Pass Pass Valid 5 4.9 0.19 6 4.7 0.63 Pass Pass
3 4.7 1.08 3 4.0 0.92 Pass Pass Valid 6 4.4 1.18 6 4.4 1.03 Pass Pass|
3 3.6 0.67 4 4.0 0.76 Pass Pass Valid 7 3.8 0.50 7 3.8 0.65 Pass Pass
3 3.2 0.42 3 3.9 0.52 Pass Pass Valid 6 3.5 0.54 6 3.9 0.54 Pass Pass
3 3.8 0.45 3 3.9 0.67 Pass Pass Valid 6 3.9 0.47 6 3.8 0.69 Pass Pass
3 4.1 1.31 4 3.8 0.47 Pass Pass Valid 6 4.4 0.42 7 3.9 0.63 Pass Pass
3 4.1 0.32 3 4.0 0.25 Pass Pass Valid 5 4.2 0.07 6 3.9 0.38 Pass Pass
3 40 057 3 44 091 Pass Pass Vald 6 44 070 6 41 078 Pass
3 2.6 0.35 3 3.8 0.32 Pass 6 3.3 0.84 6 3.3 0.76 Pass Pass Valid
3 3.8 0.58 3 4.0 0.76 Pass Pass 6 3.7 0.46 6 3.9 0.65 Pass Pass|
3 34 108 3 3.3 | 0.06 Pass 6 34 072 6 3.3 062 Pass Pass| Valid
3 3.9 0.76 8 3.7 0.33 Pass Pass Valid 11 4.0 0.43 11 3.7 0.34 Pass Pass
3 3.8 0.12 6 3.9 0.29 Pass Pass Valid 9 3.7 0.24 9 3.9 0.23 Ul Pass|
3 4.2 0.26 7 3.9 0.41 Pass Pass Valid 11 3.9 0.59 10 4.0 0.39 Pass Pass
3 4.0 0.25 4 4.0 0.59 Pass Pass Valid 6 3.9 0.28 7 4.1 0.55 Pass Pass
3 3.8 0.21 6 3.8 0.40 Pass Pass Valid 9 3.8 0.26 9 3.9 0.37 Pass Pass|
3 4.3 1.15 12 4.6 0.68 Pass Pass Valid 15 4.4 0.74 15 4.5 0.80 Pass Pass
3 3.9 0.40 4 4.2 0.51 Pass Pass Valid 7 3.9 0.55 7 4.1 0.48 Pass Pass
3 31 015 3 3.7 045 Pass Pass Valid 6 31 036 6 36  0.33 Pass
3 3.4 0.06 3 3.9 0.20 Passjz=ll N.V. 6 3.7 0.31 6 3.9 0.26 Pass Pass| Valid
3 4.0 0.12 3 4.1 0.21 Pass Pass Valid 5 4.1 0.19 6 4.0 0.20 Pass Pass
3 50 127 3 46 044 Pass Pass Valid 6 47 093 6 50 085 Pass
3 4.6 0.67 3 4.7 0.47 Pass Pass Valid 6 4.5 0.45 6 4.7 0.43 Pass Pass
3 3.1 0.55 3 3.4 0.87 Pass Pass Valid 6 3.1 0.60 6 3.4 0.60 Il Pass
3 4.0 0.98 8 3.9 0.99 Pass Pass Valid 11 4.0 0.83 11 3.9 0.92 Pass Pass
3 45 115 4 44 070 Pass Pass Vald 7 41 092 7 47 085 Pass




Table16. SHA Planl resuls ofpercentAV of HMA T part 2 of 3

100

#

39
40

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

Project-

LotID

114-1
115-1

127-1
127-2
127-3
134-1
136-1
138-1
140-1
140-2
141-1
145-1
148-1
149-1
150-1
151-1
151-2
152-1
159-1
160-1
169-1
169-2
170-1
1711
174-1
174-2
174-3
182-1
182-2
182-3
186-1
187-1
187-2
190-1
193-1

Original

Size

[ 3¢ -Jie B B e e B BN o) o) Y o))

Agency Contracto
Sample r Sample
Size

[ 3¢ -Jie B B e B e B BN o) o) Y o))

Independent Samples Split Samples
Agency Agency Agency Contrac Contrac Contrac Primary Agency Agency Agency Contrac Contrac Contrac . Secondary
1 1 1 tor 2 tor 2 tor 2 S 1 1 1 tor 1 tor 1 torl Paired o
F-test Validation D2S | Validation
Sample Sample Sample Sample Sample Sample t-test Sample Sample Sample Sample Sample Sample t-test

Size mean sd Size mean sd Size mean sd Size mean sd

3 4.1 0.29 4 4.1 0.21 Pass Pass Valid 7 4.1 0.19 7 4.1 0.28 Pass Pass|

3 40 087 3 47 025 Pass Pass Vald 6 40 061 6 47 054 Pass

3 44 006 18 a2 079 A Pass 20 40 048 21 42 075 Pass Pass| Valid
3 3.9 0.12 12 4.0 1.12 =1l Pass N.V. 15 3.9 0.92 15 4.0 1.01 Pass Pass| Valid
3 46 058 11 3.8 075 Pass Pass Valid 14 41 068 14 41 091 pass XN

3 4.6 0.61 5 4.7 0.61 Pass Pass Valid 8 4.7 0.54 8 4.6 0.51 Pass Pass

3 3.9 0.80 6 4.0 0.50 Pass Pass Valid 9 4.2 0.56 9 3.9 0.63 Ul Pass|

3 50 015 3 45 | 1.08 rassINRA o 48 068 3 48  0.00
3 4.9 0.42 3 5.1 0.71 Pass Pass Valid 6 5.0 0.39 6 5.0 0.55 Pass Pass

3 4.6 0.46 3 4.4 0.91 Pass Pass Valid 6 4.6 0.67 6 4.4 0.67 Pass Pass

3 3.4 0.51 3 3.1 0.75 Pass Pass Valid 6 3.5 0.46 6 3.3 0.60 Pass Pass

3 4.7 0.20 7 4.4 0.45 Pass Pass Valid 10 4.6 0.61 10 4.4 0.39 Pass Pass

3 4.3 0.90 6 4.3 0.62 Pass Pass Valid 9 4.3 0.88 7 4.1 0.30 Pass Pass

3 3.5 0.10 4 4.3 0.51 Pass Pass Valid 6 3.8 0.34 7 3.9 0.58 Pass Pass

3 3.2 0.32 3 3.4 0.29 Pass Pass Valid 5 3.4 0.11 6 3.4 0.27 Pass Pass

3 3.5 0.52 12 4.1 0.48 Pass Pass Valid 15 3.6 0.36 15 4.1 0.45 XUl Pass

3 3.9 0.40 6 4.2 0.22 Pass Pass Valid 10 3.8 0.29 9 4.2 0.23 Pass Pass

3 42 006 25 40 053 Passi VAl 28 22 o052 28 40 o051 EOR rassYAE
3 3.3 0.49 3 3.8 0.53 Pass Pass Valid 6 3.4 0.38 6 3.8 0.64 Ul Pass

3 4.6 0.92 25 4.4 0.58 Pass Pass Valid 27 3.9 0.51 28 4.4 0.63 Pass Pass

3 3.5 0.59 3 4.3 0.17 Pass Pass Valid 6 3.8 0.50 5 4.2 0.18 Pass Pass|

3 4.4 0.67 3 3.6 0.86 Pass Pass Valid 6 3.7 1.20 5 4.3 0.36 Pass Pass|

3 4.6 0.21 6 5.3 0.68 Pass Pass Valid 9 4.6 0.61 8 5.1 0.33 Pass Pass

3 5.1 0.90 14 4.5 1.02 Pass Pass Valid 17 4.5 1.06 17 4.7 1.08 Pass

3 3.6 1.31 3 3.8 0.83 Pass Pass Valid 6 3.5 1.03 6 4.0 0.94 Pass

3 4.7 0.64 3 4.1 0.35 Pass Pass Valid 6 4.3 0.60 6 4.6 0.59 Pass Pass

3 4.3 0.64 3 4.9 0.70 Pass Pass Valid 6 4.2 0.63 6 4.7 0.60 Ul Pass|

3 4.1 1.51 3 3.5 0.68 Pass Pass Valid 5 3.5 0.49 6 3.8 1.35 Pass Pass

3 5.0 0.35 3 4.5 0.15 Pass Pass Valid 5 5.0 0.25 6 4.6 0.21 Pass Pass

3 4.5 0.56 3 3.0 1.03 Pass Pass Valid 6 3.8 1.03 6 3.7 1.07 Ul Pass

3 4.4 0.61 3 4.3 0.21 Pass Pass Valid 6 4.4 0.48 6 4.2 0.42 Pass Pass|

3 4.4 0.25 3 4.1 0.30 Pass Pass Valid 6 4.5 0.29 6 4.1 0.21 Ul Pass

3 4.2 0.20 3 4.1 0.21 Pass Pass Valid 6 4.3 0.43 6 4.1 0.36 Pass Pass

3 5.0 1.16 5 4.4 0.42 Pass Pass Valid 8 4.6 0.80 8 4.6 0.56 Pass Pass

3 40 006 3 45 040 Passf IRl 6 42 o031 6 44 043 Pass Pass| Valid

Table17. SHA Plan1 results opercentAV of HMA i part 3 of 3
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Original Independent Samples Split Samples
. AT CETE Agency Agency Agency Contrac Contrac Contrac Primary Agency Agency Agency Contrac Contrac Contrac - Secondary
Project- 1 1 1 tor 2 tor 2 tor 2 o 1 1 1 tor1 tor1 torl Paired o
Lot ID SaJT1pIe rSa.mpIe Sample Sample Sample Sample Sample Sample Fest t-test Validation Sample Sample Sample Sample Sample Sample t-test BzS | ielieien
Size Size . . . .
Size  mean sd Size  mean sd Size  mean sd Size mean sd
75 194-1 7 7 3 4.1 0.72 3 4.6 0.12 Fail Pass 7 4.2 0.72 7 4.0 0.82 Pass Pass| Valid
76| 197-1 6 6 3 3.1 0.30 3 3.4 0.21 Pass Pass Valid 6 3.1 0.20 5 3.3 0.19 Pass Pass|
77 2051 14 14 3 42 074 11 42 037 Pass Pass Valid 14 41 046 14 43 034 Pass
78 218-1 8 8 3 4.1 0.83 5 3.8 0.51 Pass Pass Valid 8 4.0 0.65 8 3.9 0.57 Pass Pass
79 218-2 7 7 3 3.5 0.46 4 3.6 0.26 Pass Pass Valid 7 3.6 0.33 7 3.4 0.26 Pass Pass
80 218-3 6 6 3 3.7 1.04 3 4.0 0.44 Pass Pass Valid 5 4.2 0.38 5 4.1 0.36 Pass Pass
81 222-1 6 6 3 3.9 0.32 3 4.3 0.55 Pass Pass Valid 6 3.9 0.69 6 4.1 0.48 Pass Pass
82 230-1 6 6 3 3.3 0.23 3 4.0 0.30 Pass|getl N.V. 6 3.6 0.36 6 3.8 0.34 Pass Pass| Valid
83 235-1 7 7 3 3.8 0.35 4 3.2 0.55 Pass Pass Valid 7 3.6 0.51 7 3.5 0.56 Pass Pass|
84 238-1 6 6 3 3.5 1.02 3 3.4 1.06 Pass Pass Valid 6 &85 0.74 6 3.3 0.77 Pass Pass|
85 240-1 6 6 3 3.9 0.23 3 4.3 0.85 Pass Pass Valid 6 4.0 0.48 6 4.1 0.68 Pass Pass|
86| 240-2 6 6 3 4.7 0.23 3 4.4 0.32 Pass Pass Valid 6 4.7 0.15 6 4.5 0.28 Pass Pass
87 242-1 6 6 3 4.7 0.67 3 3.9 0.66 Pass Pass Valid 6 4.3 0.68 6 4.2 0.65 Pass Pass
88 243-1 8 8 3 4.0 0.46 5 3.7 0.68 Pass Pass Valid 8 3.6 0.70 8 3.9 0.70 Pass Pass
89 316-1 6 6 3 4.2 0.15 3 4.1 0.06 Pass Pass Valid 6 4.0 0.34 6 4.1 0.23 Pass Pass
Pass or Valid 79 83 76 67 84 8
Fail or N.V. 7 3 10 21 4 2
Total 86 86 86 88 88 10
Pass or Valid 91.9% 96.5% 88.4% 76.1% 95.5% 80.0%
Fail or N.V. 8.1% 35% 11.6% 23.9% 4.5%  20.0%
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Asphalt Binder Content (AC)

Ninety-nine samples qualified from the percent AC data using thesiudlots per lot
criteria. The results otheanalysis carried on the 99 sampdespresented iTablel8, the

table presents the tally of the hypothesis test results, teralue of 1 was given to the
APasso results and a value of QGhetal@deonlygi ven
1.0 percent (1 of 99) of the samples failed Baestand 10.1 percent (10 of 99) failed

We | ctiteét $n total, 11.1 percent (11 of 99) samples failed the primary validation; from
these 11 samples failing the primary validation, 9.1 percent (1 of 11) failed the secondary
validation. Please note that there anéy 98sampledor the paired-test The paredt-test

requires an equal sample size for both sampled h case(s) where the sample sizesav

not equal, the pairedtest results were excluded

Tablel18. Plan1 SHA 5 results opercentAC of HMA

'|' IndependentV\S/eeml"an((:ash Pr_ima_ry PaiSrFe)l(ljt Samples Seqondary
F-test Validation D2S Validation
t-test t-test
Pass oWalidated 98 89 88 90 80 10
Fail orNon-validated 1 10 11 8 18 1
Total 99 99 99 98 98 11
Percent Fail 1.0% 10.1% 11.1% 8.2% 18.4% 9.1%

TNo data

The results of th&Ve | ctheétsn all 99 samples are presentedrigure52. The
means raties shown on the-axis, i.e., the ratio of SHA sample mean) to the Contractor
sample meanuk), and the pvalues on the Jaxis. However, since theyalues were very
small the values presented on thexis are the negative value bktlogarithm to base 10
of the pvalues [ logio (p-value)]. As seen ifrigure52, the pvalues take aysnmetrical

shape around a means ratio of one. The horizontal dotted line in the figure is the threshold
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value for a 95 percent confidence levgH 0.05). Sincei[ logio (0.05) = 1.3]; all values
below the horizontal dotted limee pr e s e nt HFgdra53$hows sirilaMid It csh 6 s
t-testresultsas a function of the standard deviations ratio, ratio of SHA sample standard

deviation (i) to the Contractor sample standard deviati@). (
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Figure52. Planl, We | ctheét Results as a Function of Means Ratio (u1 fpi2)
percent AC of HMA
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Figure53. Planl,We | cth&st Results as a Function of
0 2fyr percent AC of HMA
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The results of thé-teston all 99 samples are presentedrigure54. The standard
deviations ratids shown on the-axis, i.e., the ratio of SHA sample standard deviation
((h) to the Contractor sample standard deviatioi), @nd the pralues T logio (p-value)]
on the yaxis. TheF-testresults Figure54) showed a similar trend to what was observed
in theWe | cthe8teesults Figure52); the pvalues take a symmetrical shape around a
standard deviations ratio of one. The horizontal dotted line in the figure is the threshold
value for a 95 percent confidence levg= 0.05).Since | logio (0.05) = 1.3], all values
below the horizontal dotted limee pr e s e nt  Ridgu 55Ishiows sireilar &-test s .
results as a function of the means ratio, ratio of SHA sample meato the Contractor

sample meanup).
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Figure54. Plan1, F-testResults as a Function of Standard Deviations Rétib) for
percentAC of HMA.
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Figure55. Planl, Ftest Results as a Function of Means Ratio (U1 fpi2percent AC
of HMA.

Only 11 samples went through to the secondary validation. The pdaestwas
performed on all available samples. However, the sasipé was limited this time to three
to investigate the influence of a small sample size. The results of the pastdn all
samples are presentedHigure56. The means ratis shown on the-axis and the yvalues
on the yaxis [i logio (p-value)]. As seen ifrigure56, the pvalues take a less pronounced
symmetrical shaperaund a means ratio of one and seem almost random. The horizontal
dotted line in the figure is the threshold value for a 95 percent confidencelevels).
Since | logio (0.05) = 1.3], all values below the horizontal dotted line pr esent 0 Fe
resuts, 8.2 percent of the samples failed the paire$t. Figure57 shows similar paired
t-test resultsas a function of the standard deviations ratio, ratio of SHple standard

deviation (i) to the Contractor sample standard deviatieh (
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Figure56. Planl, Paired-testResults as a Function of Means Ratio/(l.) for percent

AC of HMA.
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D2S limits

The results of the SHA data analypresented iTable18include the results of applying
D2S limits on split sample3he paired-test performed on 3 vs 3 split samples indicated
that 8.2% of the samples failed the pairé¢elst. However, using tH22S limits on the same
split samples 18.4% failed the D2S limilis this case, the D2S value coded was too small
for the data used. In this analysis, #oeeptable range aofulti-laboratoryprecision D2S

limits, of the AASHTO T308 D2S was 0.330 percent

Details of the summary results presented able 18 are presented ifiable 19
throughTable21. The original SHA and Contractor samples are presented to the left side
of the tables utdher the original region.During the sampling stagénree sublots were
randomly selected to represem ISHAsampldor validation. The results of the Contractor
tests orthe sublotsorresponding to the SHA samplesreexcludedirom theContractor
sample forthe primary validatiorstage. So, the Contractor sample for primary validation
consisted of the total number of sublots minus the three SHA sulluits that theSHA
testresuls arenow independenbf the Contractor tesesuls (not from the samsubla).
This stage is presented Trable 19 throughTable 21 under independent samples region.
The independent data set of the Contractor was vatidagainst the SHA data set using
theF-test andVe | ctlteét at a significazelevel, U, of 0.05, and the results are presented

under independent samples region

In cases where the Contracttast resultswere not validatedin the primary
validation a secondary validation was conductedmpaing the SHA results to the

Contractor results from the sarmgblots (split samplesjsing the pairetttest. This stage



108
is presented ifMable 19 throughTable 21 under split samples region. Tipairedt-test

performed on the split samples was compared28 limits performed on theame split

samples as shown under the tablebds split s



Table19. SHA Planl results of perce®C of HMA 1 part 1 of 3
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Original

Agency Contracto

PLrgjtelgt- Sample r Sample
Size Size
1 1-1 6 6
2 1-2 6 6
4 2-2 6 6
5 5-4 6 6
6 16-1 11 11
7 16-2 6 6
8 | 281 12 12
9 301 8 8
10 | 35-2 6 6
11 40-2 6 6
12 | 41-2 6 6
13 48-1 7 7
14 | 48-2 6 6
15 | 5441 6 6
16 | 61-1 7 7
17  66-2 6 6
18 | 66-3 6 6
20 665 6 6
21 67-1 6 6
22 | 741 11 11
23 80-1 8 8
24 | 83-1 9 9
25 86-1 11 11
26 = 86-3 7 7
27 93-1 8 8
28 | 93-2 9 9
29  95-1 15 15
30 | 95-2 7 7
31 98-1 6 6
32| 98-2 6 6
33 983 6 6
34 | 103-1 6 6
35 104-1 6 6
36 | 104-2 6 6
37 11041 11 11
38 112-1 7 7

Independent Samples Split Samples
Agency Agency Agency Contrac Contrac Contrac i Agency Agency Agency Contrac Contrac Contrac _ Sy
1 1 1 tor 2 tor 2 tor 2 S 1 1 1 tor 1 tor1 torl Paired o
F-test Validation D2S | Validation
Sample Sample Sample Sample Sample Sample t-test Sample Sample Sample Sample Sample Sample t-test
Size mean sd Size = mean sd Size mean sd Size mean sd
3 6.0 0.15 3 6.1 0.40 Pass Pass Valid 3 6.0 0.15 3 6.0 0.12 Pass Pass
3 5.9 0.10 3 6.0 0.15 Pass Pass Valid 3 5.9 0.10 3 6.0 0.15 Pass Pass
3 6.1 0.15 3 6.2 0.15 Pass Pass Valid 3 6.1 0.15 3 6.2 0.17 Pass Pass
3 6.1 0.12 3 6.0 0.06 Pass Pass Valid 3 6.1 0.12 8 6.0 0.15 Pass Pass
3 6.3 0.12 8 6.1 0.14 Pass Pass Valid 3 6.3 0.12 3 6.1 0.10 Pass Pass
3 62 006 3 60 006 PassENIRAN : 62 006 3 61 015 Pass Pass| vald
3 5.7 0.17 9 5.6 0.20 Pass Pass Valid 3 5.7 0.17 3 5.5 0.20 Pass Pass
3 5.6 0.23 5 5.4 0.34 Pass Pass Valid 3 5.6 0.23 3 5.6 0.21 Pass Pass
3 5.9 0.12 3 6.0 0.12 Pass Pass Valid 8 5.9 0.12 8 5.8 0.21 Pass Pass
3 5.9 0.26 3 5.8 0.25 Pass Pass Valid 3 5.9 0.26 3 5.8 0.29 Pass Pass
3 5.9 0.31 3 6.0 0.12 Pass Pass Valid 3 5.9 0.31 3 5.9 0.12 Pass Pass
3 5.5 0.10 4 5.7 0.17 Pass Pass Valid 8 5.5 0.10 3 5.5 0.10 Pass Pass
3 5.7 0.10 3 5.7 0.26 Pass Pass Valid 3 5.7 0.10 3 5.6 0.06 Pass Pass
3 5.6 0.21 3 5.4 0.25 Pass Pass Valid 3 5.6 0.21 3 5.6 0.06 Pass Pass
3 55 045 4 57 006 XN rass DA 3 55 045 3 58 021 Pass Valid
3 5.8 0.06 3 5.8 0.15 Pass Pass Valid 3 5.8 0.06 3 5.9 0.26  Pass izl
3 6.0 0.17 3 5.8 0.10 Pass Pass Valid 3 6.0 0.17 3 5.9 0.15 Pass Pass
3 59 006 3 57 0.2 Pass Pass Valid 3 59 006 3 59 032 Pass| NN
3 5.8 0.21 3 6.0 0.10 Pass Pass Valid 8 5.8 0.21 3 5.8 0.06 Pass Pass
3 5.7 0.26 8 5.6 0.18 Pass Pass Valid 3 5.7 0.26 3 5.8 0.10 Pass Pass
3 5.6 0.06 5 5.6 0.23 Pass Pass Valid 3 5.6 0.06 3 5.6 0.15 Pass Pass
3 5.6 0.21 6 5.7 0.19 Pass Pass Valid 3 5.6 0.21 3 5.6 0.30 Pass Pass
3 5.7 0.10 8 5.4 0.13  Pass 3 5.7 0.10 3 5.5 0.15 Pass Pass Valid
3 5.6 0.06 4 5.4 0.22 Pass Pass Valid 3 5.6 0.06 3 5.6 0.12 Pass Pass
3 63 006 5 64 005 Pass 3 63 006 3 64  0.06 pass [N
3 6.4 0.06 6 6.3 0.10 Pass Pass Valid 3 6.4 0.06 3 6.4 0.12 Pass Pass
3 6.7 0.06 12 6.6 0.13 Pass Pass Valid 3 6.7 0.06 3 6.6 0.25 Pass Pass
3 6.8 0.25 4 6.6 0.10 Pass Pass Valid 3 6.8 0.25 8 6.7 0.12 Pass Pass
3 6.2 0.21 3 6.2 0.06 Pass Pass Valid 3 6.2 0.21 3 6.0 0.15 Pass Pass
3 6.2 0.15 3 6.1 0.06 Pass Pass Valid 3 6.2 0.15 8 6.2 0.21 Pass Pass
3 6.1 0.12 3 5.9 0.10 Pass Pass Valid 3 6.1 0.12 8 5.9 0.17 Il Pass|
3 6.7 0.12 3 6.5 0.12 Pass Pass Valid 3 6.7 0.12 3 6.7 0.12 Pass Pass
3 6.6 0.06 3 6.5 0.06 Pass [zl N.V. 3 6.6 0.06 3 6.5 0.10 Pass Pass Valid
3 66 006 3 6.6 0.0 Pass Pass Valid 3 6.6 006 3 6.7 044 pass [N
3 6.4 0.25 8 6.4 0.13 Pass Pass Valid 3 6.4 0.25 3 6.5 0.35 Pass Pass
3 6.5 0.20 4 6.2 0.14 Pass Pass Valid 3 6.5 0.20 3 6.3 0.17 Ul Pass
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#

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

Project-

Lot ID

114-2
115-3
122-1
127-1
127-2
127-3
134-1
136-1
138-1
140-1
140-2
141-1
145-1
148-1
149-1
150-3
151-1
151-2
152-1
159-1
160-1
169-3
169-4
170-2
1711
174-4
174-5
174-6
182-1
182-3
182-5
186-1
187-2
187-3
190-1
193-2
194-1
197-1

Original

Agency Contracto

Sample r Sample
Size Size
7 7
6 6
6 6
21 21
15 15
14 14
8 8
9 9
6 6
6 6
6 6
6 6
10 10
9 9
7 7
6 6
15 15
10 10
28 28
6 6
28 28
6 6
6 6
9 9
17 17
6 6
6 6
6 6
6 6
6 6
6 6
6 6
6 6
6 6
8 8
6 6
7 7
6 6

Independent Samples
Agency Agency Agency Contrac Contrac Contrac

Split Samples
Agency Agency Agency Contrac Contrac Contrac

1 1 1 tor 2 tor 2 tor 2 uv Pr.lmalry 1 1 1 torl torl torl Paired SegonQary
Sample Sample Sample Sample Sample Sample Ftest t-test Validation Sample Sample Sample Sample Sample Sample t-test D2s | Validation

Size mean sd Size mean sd Size mean sd Size mean sd

3 6.3 0.15 4 6.3 0.14 Pass Pass Valid 8 6.3 0.15 8 6.2 0.06 Pass Pass

3 6.3 0.06 3 6.2 0.12 Pass Pass Valid 3 6.3 0.06 3 6.3 0.21 Pass Pass

3 6.6 0.10 3 6.5 0.12 Pass Pass Valid 3 6.6 0.10 3 6.6 0.15 Pass Pass

3 6.5 0.10 18 6.6 0.23 Pass Pass Valid 3 6.5 0.10 8 6.6 0.20 Pass Pass

3 6.6 0.06 12 6.6 0.13 Pass Pass Valid 3 6.6 0.06 3 6.5 0.12 Pass Pass

3 65 006 11 65 0.0 Pass Pass Valid 3 6.5 006 3 6.7 030 Pass|IEXN

3 5.9 0.31 5 6.0 0.15 Pass Pass Valid 3 5.9 0.31 8 5.9 0.10 Pass Pass

3 63 021 6 65 0.4 Pass Pass Valid 3 63 021 3 6.6 020 mﬁi

3 6.8 0.25 3 7.0 0.15 Pass Pass Valid 3 6.8 0.25 3 7.1 0.12 Pass

3 6.6 0.15 3 6.7 0.10 Pass Pass Valid 3 6.6 0.15 3 6.6 0.06 Pass Pass

3 6.8 0.17 3 6.6 0.06 Pass Pass Valid 3 6.8 0.17 3 6.8 0.26  Pass Pass

3 6.8 0.10 3 6.7 0.17 Pass Pass Valid 8 6.8 0.10 3 6.7 0.15 Pass Pass

3 6.2 0.06 7 6.3 0.19 Pass Pass Valid 3 6.2 0.06 3 6.3 0.00

3 6.7 0.17 6 6.7 0.16 Pass Pass Valid 3 6.7 0.17 3 6.7 0.00

3 65 012 4 62 013 Pass ENINRAN : 65 o012 3 64 023 Pass Pass| Valid
3 6.2 0.12 3 6.2 0.20 Pass Pass Valid 3 6.2 0.12 3 6.2 0.00

3 6.4 0.10 12 6.2 0.23 Pass Pass Valid 3 6.4 0.10 3 6.2 0.15 Ul Pass|

3 6.2 0.06 6 6.3 0.05 Pass Pass Valid 8 6.2 0.06 8 6.2 0.06 Pass Pass

3 6.2 0.17 25 6.4 0.11 Pass Pass Valid 3 6.2 0.17 3 6.3 0.15 Pass Pass

3 6.4 0.12 3 6.4 0.09 Pass Pass Valid 3 6.4 0.12 3 6.3 0.08 Pass Pass

3 64 006 25 63 017 rass Il : 64 o006 3 62 015 Pass Pass| vald
3 5.8 0.26 3 5.8 0.10 Pass Pass Valid 3 5.8 0.26 3 5.8 0.12 Pass Pass

3 5.8 0.35 3 5.9 0.52 Pass Pass Valid 3 5.8 0.35 3 5.3 1.16

3 6.0 0.15 6 5.9 0.34 Pass Pass Valid 3 6.0 0.15 8 5.8 0.10

3 5.6 0.06 14 5.6 0.12 Pass Pass Valid 3 5.6 0.06 & 5.4 0.21

3 5.8 0.21 3 5.7 0.44 Pass Pass Valid 3 5.8 0.21 8 5.4 0.12 Fail Fail

3 5.5 0.15 3 5.7 0.10 Pass Pass Valid 3 5.5 0.15 8 5.5 0.26 Pass Pass

3 5.5 0.12 3 5.7 0.15 Pass Pass Valid 3 5.5 0.12 3 5.5 0.12 Pass Pass

3 59 023 3 59 015 Pass Pass Valid 3 59 023 3 54 025 Pass XN

3 5.9 0.29 3 5.8 0.12 Pass Pass Valid 3 5.9 0.29 3 5.9 0.30 Pass Pass

3 5.8 0.12 3 5.9 0.10 Pass Pass Valid 3 5.8 0.12 3 5.9 0.21 Pass Pass

3 59 012 3 56 012 Pass Pass Valid 3 59 012 3 56 006 Pass XN

3 5.7 0.06 3 5.9 0.12 Pass Pass Valid 3 5.7 0.06 3 5.8 0.15 Pass Pass

3 5.8 0.10 3 5.7 0.10 Pass Pass Valid 3 5.8 0.10 3 5.8 0.12 Pass Pass

3 5.8 0.20 5 6.0 0.28 Pass Pass Valid 3 5.8 0.20 3 5.8 0.23 Pass Pass

3 56 010 3 50 006 Pass ENJNEAM : 56 o010 3 58 010 Pass Pass| Valid
3 59 0.12 4 5.8 0.15 Pass Pass Valid 3 5.9 0.12 3 5.9 0.10 Pass Pass

3 5.5 0.26 3 5.5 0.06 Pass Pass Valid 3 5.5 0.26 3 5.6 0.20 Pass Pass
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Table21 SHA Planl results of perce®C of HMA 1 part 3 of 3

Original Independent Samples Split Samples
. e G Agency Agency Agency Contrac Contrac Contrac Primary Agency Agency Agency Contrac Contrac Contrac ‘ Secondary
Project- 1 1 1 tor 2 tor 2 tor 2 S 1 1 1 tor1 tor 1 torl Paired S
# Sample r Sample F-test Validation D2S | Validation
Lot ID . . Sample Sample Sample Sample Sample Sample t-test Sample Sample Sample Sample Sample Sample t-test
Size Size . . . .
Size mean sd Size mean sd Size mean sd Size  mean sd
77  205-1 14 14 3 5.9 0.15 11 5.7 0.10 Pass Pass Valid 8 5.9 0.15 3 5.8 0.12 Pass Pass
78 | 218-1 8 8 3 5.8 0.06 5 5.8 0.18 Pass Pass Valid 3 5.8 0.06 3 5.7 0.15 Pass Pass
79 | 218-2 7 7 3 5.9 0.12 4 5.7 0.13 Pass Pass Valid 3 5.9 0.12 8 5.8 0.12 Pass Pass|
80  218-3 6 6 3 5.9 0.10 3 5.7 0.10 Pass Pass Valid 8 5.9 0.10 3 5.6 0.20 Fail Fail
81 | 222-1 6 6 3 5.6 0.06 3 5.7 0.12 Pass Pass Valid 3 5.6 0.06 3 5.6 0.06
82| 2301 | 6 6 3 58 012 3 55 010 PassENIENAN 3 58 012 3 55 0.5 valid
83 | 235-1 7 7 3 6.6 0.21 4 6.7 0.13 Pass Pass Valid 8 6.6 0.21 3 6.6 0.10
84 | 238-1 6 6 3 6.4 0.15 3 6.7 0.06 Pass Pass Valid 3 6.4 0.15 3 6.6 0.20
85 | 240-1 6 6 3 6.8 0.10 3 6.9 0.20 Pass Pass Valid 3 6.8 0.10 3 6.8 0.21
86 | 240-2 6 6 3 6.8 0.10 3 6.9 0.10 Pass Pass Valid 3 6.8 0.10 3 6.7 0.06
87 | 242-1 6 6 3 6.6 0.20 3 6.5 0.06 Pass Pass Valid 3 6.6 0.20 3 6.5 0.17
88 | 243-1 8 8 3 6.2 0.10 5 6.3 0.13 Pass Pass Valid 3 6.2 0.10 3 6.3 0.10
89 | 252-2 6 6 3 5.1 0.15 3 4.8 0.06 Pass Pass Valid 3 5.1 0.15 & 5.0 0.15
90 @ 254-1 8 8 3 5.1 0.12 5 5.1 0.28 Pass Pass Valid 3 5.1 0.12 3 5.3 0.26
91  257-1 6 6 3 5.0 0.30 3 4.9 0.15 Pass Pass Valid 8 5.0 0.30 3 5.0 0.21
92 | 257-2 6 6 3 5.2 0.30 3 4.8 0.10 Pass Pass Valid 3 5.2 0.30 3 5.0 0.10
93 | 257-3 6 6 3 4.9 0.29 3 4.8 0.12 Pass Pass Valid 3 4.9 0.29 3 4.9 0.26 Pass Pass|
94 | 259-1 8 8 3 4.9 0.23 5 5.0 0.10 Pass Pass Valid 3 4.9 0.23 3 4.9 0.12 Pass Pass|
95 | 259-2 6 6 3 5.1 0.12 3 4.9 0.15 Pass Pass Valid 3 5.1 0.12 3 5.0 0.06 Pass Pass
96 | 261-1| 6 6 3 51 010 3 50 0.22 Pass Pass Valid 3 51 010 3 55 079 Pass|IEIN
97 | 262-2 6 6 3 4.9 0.06 3 5.0 0.10 Pass Pass Valid 3 4.9 0.06 3 4.9 0.06 Pass Pass|
99 | 2642 | 6 6 3 52 006 3 50 006 Pass SN : 52 o006 3 51 015 Pass Pass| Valid
100| 265-1 14 14 3 5.1 0.21 11 5.0 0.17 Pass Pass Valid 3 5.1 0.21 3 5.2 0.06 Pass Pass
102 268-1 11 11 3 4.8 0.10 8 4.8 0.12 Pass Pass Valid 3 4.8 0.10 8 4.7 0.17 Pass Pass|
103 316-1 | 6 6 3 66 006 3 63 006 Pass NN 3 66 006 3 64 035 Pass| RNl vaid |
Pass or Valid 98 89 88 90 80 10
Fail or N.V. 1 10 11 8 18 1
Total 99 99 99 98 98 11
Pass or Valid 99.0% 89.9% 88.9% 91.8% 81.6% 90.9%

Fail or N.V. 1.0% 10.1% 11.1% 8.2% 18.4%  9.1%
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6.4. Summary of SHA Data Analysis Findings

The observations of both numerical and SHA data analyses support thd-tsstaindt-
tess. The t-test andWe | c titgstsshowed consistent satisfactory resuHswever,
We | ctheét showed more consistency in detecting the difference in means thaesthe
and other hypothesis testegardless of whether thariance were equal or nofThe
We | ctdestis an adaptation of Studenttest and is more reliable when the tsamples
haveunequal variangeand unequal sample siz&®at is one reason thée | ctitedt ss
the default hypothesis test in most statistical software, e.Fh&R Project for Statistical
Computing. More SHA results are presentedGRAPTER 7iExamples tdllustrate Use

of Recommended Procedui@s
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CHAPTER 7. EXAMPLES TO |ILLUSTRATE USE OF RECOMMENDED

PROCEDURES

During the numerical simulations and the application of the recommended procedure on
actual SHA data, examples to illustratee use of the recommended procedures for
different scenarios were identified. The five examspteveloped are presented in the
following sections. The data used for the examples were all from actual project data

obtained from SHAs. The examples are:

1 Sampling method split vs. independent

1 Sample Size

9 Outlier Detection

1 Retestingor Resampling and Retesting

i Validation versus Notvalidation of Contractor Test Results

7.1. Sampling method- split vs. independent

In the survey o6HAs, some indicatedising independent samplimgethods, while a few
indicatedusing split samphg methodsn collecting SHA and Contractor test results for
validation purposesUsing split rather than independent samples canapuHA at

significant risk of making wrong acceptance and payment decisibesl ransportation

Research Circular¥£235f1 G| ossary of Transportation Con

Ter ms o plitsémpleasisa st ype of replicate sample ¢t
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or more portions representing the same mateariand the independent sample fasa
sample taken without regard to any other sample that may also have been taken to
represent the material iguestiono While independent samples contain up to four sources

of variability: material, process, sampling, and test method; split saogoiésn only test
method variability(2). Therefore, as illustrated iRigure 58, independent samples are
suitable for validating all sources of variability, whereas split samples are only suitable for

validating test results.

i e ™ A S EA———7—— F————-

/
Agency Contractorg é g
-
Y

2 2 2
+0 +0

material process sampling

Contractor Agency

- o

g

) 2 ) testing
material +o +o

process sampling

+o, +0o

testing

g g

r:’srmg
a. Independent &aples; b. Split Samples

Figure58. Components of Variance for Independent versus Split Samples, After &urati

a (45).

Toillustrate the impact of using split versus independent sambles performing
data validation, a data set was obtained franSBIA which only usesSHA data for
acceptance. However, ti8HA requiresContactos to performQC tests on samples split
from the same bulk samples tB&lA uses for each lot. A unique data setnprised of
SHA and Contractor data from multiple projects made it possible to compare, and thus
illustrate the impact ofising split versusndependent sampleBigure 59 and Figure 60
show an example data set of random SHA and Contractor resuk§ falstained from the

compiled SHA and Contractor data.
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Figure59. Scatter Plobf SHA vs ContractoDatato lllustrate Samphg Methods
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Figure60. Box Plot ofSHA vs Contractor Data to lllustrate Sanmgl Methods
The scatter plotRigure59) illustrates 28 samples split two ways betweerSHA

and ContractorThe same data are also presented using boxpl&iguine 60. A boxplot

is a standardized way of displaying the distribution of data based on 1) timeumin2)
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the first quartile (Q1), 3) the median, 4) the third quartile (Q3), and 5) the maximum, as
shown inFigure60. The ASTM E178 procedure for thetdetion of outlying results was
appliedto thedata sets prior to conducting hypothesis testing and no outlying observations

were detected in either data 668).

Step 1 Independent Samples The independent samples weobtaired by
randomly selecting half of the samples (14) to represent the SHA portion of test results for
validation. The results of the Contractor tests on portions corresponding to the SHA
sampleswere excludedsot he Contractorés results wused
validation testing were results from the remaining 14 samples. Notéhibatakesthe
SHA tests and the Contractor tesFigureblndepen
shows aoxplot Figure61 a) and a scatter ploF{gure61 b) of thel4 independenSHA

samplesand the 14ndependenContractorsamples.

B sHA Contractor SHA SHA mean Contractor Contractor mean
6.8 ;\a 2?
6.7 -
66 PC_’. 6.6
6.5 - g 6o
6.4 d', % 6.4
63 »7) e 6.3
€2 '@ 6.2
6.1 Z © 61
6 i 2 6.0
- K <59
538 5.8

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Sample No.
(a) Box Plot (b) Scatter Plot

Figure61l. SHA vs Contractor Independent Samples.
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Step 2 Split Samples The split samples were formed by keeping the same 14 test

results selected for the SHA in the previous step. The results of the Contractor tests on

portions correspnding to the SHA samples were selected for split samplegheesplit
portions of the 14 samples selected for the SHgure62 shows aoxplot Figure62 a)
and a scatter plotF{gure 62 b) of the 14 split SHA samplesresults and the 14plit

Contractorsample results.

B sHA Contractor SHA SHA mean @ Contractor—— — Contractor mean
- < 6.8
(=)
67 < 6.7
- § 6.6 °® Q
6c é 6.5 ]
6.4 e R N B O A . G S B .
- L 63 o e B o
. £
6.2 o 6.2 o ) °®
=616@
6.1 e
6 9 6.0
<
59 5.9
58 5.8
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Sample No.
(a) Box Plot (b) Scatter Plot

Figure62. SHA vs Contractor Split Samples.

Step 3 Statistical Tests Validation of the Contractor test results was performed
for both theindependent sample sets and split sampleusatg theF-test andVe | cth 6 s
test at a significace level, U of 0.05. The results of the statistical tests are presented in

Table22 with summary statistics.
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Table22. SHA vs Contractor data to illustrate samplimgthod

Independent Samples Split Samples
SHA Contractor SHA Contractor
Sample Size 14 14 14 14
Mean 6.41 6.22 6.41 6.34
Standard Deviation 0.138 0.158 0.138 0.150
U 0.050

hypothesis Pass Pass
F-test p-value 0.645 0.769
hypothesis Fail Pass
UV ttest p-value 0.003 0.250

TheWe | ctedtsndicated that for the independent sample sets the SHA results
and the corresponding Contractor results are statistically different at a significance level,
g of 0.05, tTable 22. While dor thieFs@lii shniple sets thide | cthedts
indicated that the SHA results and the corresponding Contractor results are not statistically
di fferent, t hu dJabklRerheffdButscantalseshbie deany inferred from
Figure 60 and Figure 61 where the variability of the independent samplegyre60) is
much larger than that of the split samplEg(re61) and is much more representative of
the original dataKigure 59 and Figure 60). This example illustrates e¢himportance of

using independent samples when applyigand t-tests to manage SHA risk in the

validation process.

7.2.Sample Size

Analysis of the SHA data indicated that the sample sizes of the data fall under one of three

categories

1 Category 1Single SHASample pelot - SHA samplesize is onger lot
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1 Category 2Good SHA Samplger lot- SHA samplesizeis greater than twand

less thartwenty per lot

1 Category 3Large SHA Sampléot - SHA samplesizeis greater than twenty per

lot.

Category 1Single SHA Sample pdot - A considerable amount of the SHA data
contained a single SHA result per lot, compared @oatractorsample size of three or
more observations per lot. In theguation an F-test cannot be performgghich puts the
SHA at sigiificant risk of making wrong acceptance and payment decisions. Cumulative
sampling techniques are proposed to overcome dhalenge. Wing the cumulative
sampling technique these data sets convert from Category 1 to a more desirable situation,
Category 2 The cumulative sampling techniqugilizes a concept similar to a moving
average, where a fixed number of lots (ehyed are accumulated form a singleCVL.

Lots 1, 2, and 3 form CVL 1, then lot 1 in thetis dropped and a new lot is added (Ipt 4

to form CVL 2.The technique is illustrated Figure63. Note that the SHA samples are

the single trcolor samples in each lot, while the other four samples peepotsent the
Contractor sample#& window of three lots (or more) will continue until a roonfirming

lot is encountered, where the procestass, and a new CVL is formeto illustrate the
cumulative sampling techniquehen performing data validatioan SHA data set was
used.Table23summarizes PCC strength (psi) test results of four consecutive lots; each lot
contained a single SHA result and four to five Contractor reduitstechniquds partof
acomprehensive validation plan described in detaARPENDIX CiiProposed Practice

for Validating Contractor Test Data
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Figure63. Cumulative Samplingechniqueo Overcome Single SHA Sample Size

Table23. SHA and ContractobData,PCC strengtlexampé with statistical test results

Cumulative Lot Lot Sublot SHA Contractor F-test UV t-test
Sublot 1 i 5990.3
Sublot 2 ) 6221.4
Sublot 3 ) 5900.9
Sublot 4 ) 7006.6
__________ — lotl _ 1 _Sublot5_|_ 6806.2_ 1 _ 1 _ | — — — .

: Sublot 1 i 7671.9

: Sublot 2 i 6324.6

I Sublot 3 ) 5748.3

I Sublot 4 ) 6020.6

1 Lot 2 Sublot 5 6913.8 5061.9

1 Sublot 1 ) 6204.7

I Sublot 2 ) 6098.6

: Sublot 3 i 4349.5

I Cumulative Sublot 4 ) 3845.8

I Validation Lot 1 Lot 3 Sublot 5 6252.8 T Pass Fail

I Sublot 1 I 0040.9

1 Sublot 2 ) 4700.6

1 Sublot 3 ) 5018.0

I Cumulative Sublot 4 i 5996.6

|| vaidationLot2 | Lot4 | Sublots | 63346 | i | Pass | Fail |
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Category 2Good SHA Sample pdot - A reasonable amount of the SHA data
contained SHA sample sizes of three or more observations per lot, compared to a
Contractorsample size of six or more observations perNate that three SHA samples
versus sixContractorsampesis the minimum number of samples requiregésformthe
statistical testsH- andt-tests),andit is recommended that SHAlways assess risk when
establishing minimum sample sizes for both the SHAGmwtractor In this casgthe SHA
sample size iseasonable and the application of statistical iegt®ssible, though a larger

sample size reduces risk for both the SHA and Contractor.

Category 3Large SHA SampleOne of the SHAs that provided data considers the
entire project as a single lot. Thalidation is performed at the end of the project, pooling
all of the testing performed during the project as one single lot. This type of data pooling
leads to a large SHA sample siltealso leaves the Contractor at risk of failing validation
for the duation of the project which may not be reasonable, especially with large projects.
With this method of pooling project data, sample sizes tend to grow so large that the latter
testscanlose relevancdJse of the entire project as a single lot is not recermdad unless

the project is small and the total number of samples for the project will not exceed 20.

Examples of SHAs currently usingneulative sampling

The concept of the CVL is already implemented by some SHAe specifications dfvo
SHAs currentlyusingCVL in Contractor dataalidationwere reviewed and summarized
in this section The states reviewed andisDOT and KDOT. They bothusea form of CVLs

to validateContractor test results ing F- andt-tests
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Wisconsin Department dfransportation (WisDOT)

Wi sDOT pr esent &tate ROT prrgplpneentationioft Statstical Analysis and
Percent within Limits (PWL), at tTiarespo&alidh Research Boadnual Meeting.
The paper highlighting the use of cumulative samplingrtiegtes as a means to overcome

the small SHA sample size probl€¢s0-53). The hghlights of the paper include:

1 Each lot maintains a constant 5:1 ratio (ContraStdA ratio) of sublots per lot
results in mixture testing lot size of 3750 tons.
1 WisDOT uses 5 lots to form its cumulative lots, they call th&it5Svindow a
Arol |l iwgowindo
1 If non-validation occurs, the new individual lot added to the rolling window is
investigated, but the rest of the lots in the window are not.
1 As soon as lots are validated the pay adjustment is determined elbasikot
1 Inthecase of nofvalidation, theD2S limits are checked.
o If within D2S limits, the Contractor results are accepted.
o If not, the Contractor could invoke referee testing.

1 Referee testing is performed by the Central Office Laboratory.

KansadDepartment of TransportatioKDOT)

The Kansas Dpartment of Transportation (KDOTputinely comparethe variances and
the mean®f the verification test resultsith the QC test results using-testandt-test
respectively. KDOT provides a seriespf@sadshesu s ed t o comparQ€ t he C

resultsand KDOTOs ver i f isdescribedimSeft@QA) 5r2s6 | i €0 mpa.
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of Quality Controland Verification Testg,Part V.The description of the asphalt paving

Excel spreadsheet, where four Contractésults are validated against a single SHA result,

i ndi c a startsg witln lat 8, thé F & t tests are used to compare the QC results and
verification results. All of the QC results and verification results are used in the
comparison for lots 3, 4 angl. Starting with lot 6, all of the QC results and verification
results for the last five lots are used in the compatison | n ot her wor ds,

accumulated to form a CVL, then a rolling window of five lots continues.

7.3.Outlier Detection

One of theinitial steps proposed in the acceptance procedure is to test the SHA and
Contractor dataetsfor outlying observationsThe outlier detection was added that early

in the process to maintain a high level of quality in the analyzed data.r&hsportation

Research Circular€£235A G| ossary of Transportation Con
Ter ms 0 adautlier asigs observation that appears to deviate markedly in value

from other members of the sample in which it appéakssimilar definition is also fond

u n d eutlyindgi observatioon ASTM E178t i t IStandigrd Practice fddealing with

Outlying Observations 0

The standard suggests applying the procedure on data sets prior to conducting
hypothesis testing ahe inclusion of significant outliers in datgan lead to erroneous
decisionsOutlying observationsome fromdifferent sources; such as nonconformity with
SHA procedures, errors in recording test valpesr sample integrityerrors associated
with calculating results of test valyesnd couldalso represent a valid test result of an

extreme valueObservations that do not pass the statistical criterion for outlier detection
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are to be flagged for further investigation to find a physical cause, or support suspicions
against the flagged observat® Eventually, thigan kead tocorrectlydiscarding invalid
observations. The process is not applicadEmall sample sizes (less thiduneg. Almost

all outlier detection criteria assume noripalistribuied data48).

Section 7 MARecommended Cr ithe A$STMaEL78 0 r Si
procedure was appligd an SHA data sethat containeHA andContractor resultprior
to conducting hypothesigdgting A comparison was made to assess the impact of using
and not using the outlier detection procedare validating Contractortest data The
example SHA data for #place density ardustrated with a boxplot ifrigure64. The data

are also summarized rable24 with summary statistics arsfatistical test resul{@8).

HMA - In-place density (%)

B Contractor SHA [ Contractor SHA (Outlier removed)
95.00 - 95.00 -
7
93.00 7 93.00 7
=] £ =
91.00 = 91.00 _1_4
89.00 S 89.00
p=]
87.00 S 87.00
=
85.00 Z £ 8500
83.00 < 8300
T
81.00 81.00
79.00 79.00
(@) (b)

Figure64. SHA Data, Box Plobf HMA In-Place Density Exampleg Raw Data; If)
Data After Outlier Detectioand Exclusion.



125

Table24. SHA data, HMA percentn-place densitgxample with statistical test results

HMA - In-place density
Contractor SHA Contractor . S
(Outlier removed)
91.8 90.3 91.8 90.3
90.7 92.3 90.7 92.3
91.0 92.9 91.0 92.9
90.8 94.6 90.8 94.6
91.2 79.2 91.2 i
90.8 i 90.8 i
92.3 i 92.3 I
91.3 i 91.3 i
92.5 i 92.5 i
92.3 i 92.34 |
Sample Size, n 10.0 5.0 10.0 4.0
Sample mean 91.5 89.9 91.5 92.5
Sample Variance 0.47 37.65 0.47 3.15
t-test hypothesis Pass Pass
t-test pvalue 0.406 0.128
F-test hypothesis Fail Pass
F-test pvalue 9.8E07 0.023

T No data

In this examplethe ASTM E178 procedure was appliedthe data setResults
indicated that the SHA data contained a potential outlier (madkdxbld and underlined
textin Table24). This is visible comparing the raw data boxplot present&igure64 (a)
versus the data after excluding the outlier observation presentedure 64 (b). A
comparison is also made Trable24 between the summary statistensd applying thé--
andt-tests onthe data sets with and without the outlying observation. Whild-tast
hypothesis result did not change in this case (equal sample mears)etienypothesis
result changed from Fail indicatingeoual variancé Pass indicating equal variances, at
a significance level of 0.01JE 0.01). Unfortunately, the ASTM E178 procedure does not
provide guidance on how to address the fact that the number of test results goes down when

outliers are detected and deposed. As the number decreases the powsattival tests
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goes down. This may lead to retesting or resampling and testing depending on adequate

sample siz¢48).

7.4.Retestingor Resampling and Retesting

Some SHA specifications include retest provisions. Retesting occurs when a second test or
set of tests are performed to replace a previous test or set of tests for a sound reason. For
example, an outlier was statistically degstand an abnormal condition was identified

with it. The retest may be on a split of a previous sample or a completely new sample. The
retest result(s) may then be included in the validation process and used as part of the
acceptance and payment decisibis important that specifications clearly address when
retesting provisions apply and if retesting is not allowed it should be explicitly stated in
SHA specifications. Otherwise, a Contractor might believe that retesting is permitted. The
potential needor retesting could exist for several reasons, such as a statistical outlier is
detected and identified as an abnormal condition, a sample is damaged (e.g., sample
dropped, or temperature control system fails), a testing error is made and acknowledged

(eg., wrong loading rate).

In the case of a retesting provision, the SHA needs to carefully consider and clarify

the following:

1 The cefinition of retesting, when it applies, how the results will be usegrtheess
of notification, obtaining samples, securjignd traceability.

1 Labelingandidentificationof retest resulté reporting
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If a single sample is split into multiple portions kvéome remaining sample that
could be retested later, the SHA needs to decide whether it is necessary to retest all
AQCs from the resample or elect to just retest a specific AQC. For example, a 50
Ib sample of HMA is split into 25 Ib for testing multipl€)XCs (e.g., AC, theoretical
maximum specific gravity, and compacted mix bulk specific gravity samples), and
25 Ib of the samplaemains. If abnormal conditions were identified in the
theoretical maximum specific gravitfe.g., due to poor vacuum pump
perfomance) and a retest is permitted, it is not necessary, in this case, to retest all
three AQCs. On the other hand, if the abnormal conditions were identified as poor
sample integrity (e.g., segregation), all three AQCs would need to be retested.

The differences inherent in the AQC tested by virtue of sample type and conditions.
Examples would be pavement thickness and compressive strength in concrete
pavements. While retesting might work well for thickness verification purposes,
the compressive strength cdubary significantly from cylinders cast during
construction and cured in a controlled manner for 7 or 28 days to cores taken from
the pavement thatascured under field conditions and for a period longer than the
cast cylinders. This example is true famy resampling that may come from a
different population than the original.

How the retesting does or does not impact the number of samples being used for
validation.

Whether the test results are used for validation only or included in payment

calculatiors.
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7.5.Validation versus NonValidation of Contractor Test Results

This example illustrags theapplication of the recommended procedures for cases when
Contractor test results are validatddalso clarifiessituations when th€ontractor test
results are ot validated and how that can be handled in a specificatwwo data sets were
obtained froman SHAfor percent AV of HMA.Figure65 shows the first data set (Sample

1) of SHA and Contractor results.

7.0 7.0
6.5 . 6.5
6.0 6.0
55 é DD heceeeeccececectcecececececesecesesesesesesesesesesecesecssecesecesecnsrcescccscccscctscscscsoscsoce
5.0 % 5.0
4.5 ‘S 4.5
4.0 2 40 m = = == == e e e - e - - - - - - - ——— -
3.5 < 35
3.0 3.0
25 D5 herrersersersetsrsersersersedrrrirsersersesirsersersersersessreersersestorere{fereesirerrrereercers
2.0 2.0
1 3 5 7 9 11 13 15
. Sample number
SHA P
B Contractor SHA contractor seeeeeees LSL ceceeenes USL = = _Target
(a) Box Plot (b) Scatter Plot

Figure65. SHA vs ContractoOriginal Sample 1.

The scatter plotigure65b) illustrates fifteen (15) samples split two ways between
the SHA and ContractorThe same data are also presented using boxplots as shown in
Figure65 a. The recommended validation procesed in these examples is illustrated

Figure66, including sampling, primary validation, and secondary validation steps as shown

by the dotted lines in the figure.
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Each sample is split
into two portions:
A=SHA

C = Contractor

Qutliers detected

r— - - - — — — — — — | |

Contractor tests all samples, but uses
tests results that are different from the
Dc; ‘:!(':flrjn SHA splits for validation twelve (12)
(e.g. 1-C, 2-C, 4-C, 5-C, 6-C, 7-C, 8-C,
10-C, 11-C, 12-C, 14-C and 15-C)

I |
| SHA randomly selects three (3) I
samples and tests for validation
| (e.g. 3-A, 9-A, and 13-A). I
I |

No Outliers. No Outliers

F- and t- tests
to compare
SHA test results
to the
Contractor
test results

Non-Validation

—_——— —— —,

Ve N
Use paired t-test
to compare
SHA results to the
Contractor results
(all 15 results)

Use ALL Contractor test
results (15) for Pay Factor

/ \
Use SHA test results (15) for Non-Validation
| Pay Factor calculation. |+

calculation.

Figure66. Sampling, Testing and Validation Pess
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This process is an application of the comprehensive validation plan described in
detail in the complementary guideline document (Paptdposed Practice for Validating

Contractor Test Daja

Step 1 Sampling- The lot included 15 sublots and each sublonple is split into
two portions. The two portions are identified as SHA and Contractor portions. The
Contractor performs QC tests on all 15 portions. During the sampling stage, the SHA
randomly selects three of the fifteen sublots to test their pofioralidation. These three
test results represent the SHA sample and are samples number 3, 9, and 13 (highlighted
and bolded in the original sample columnlaible25). The results of the Contractor tests
on sublots corresponding to the SHA samples are excluded from the Contractor sample for
the primary validation stage. So, the Contractor sample for primary validation consisted of
12 test results, as shovimthe sampling box ofigure66. The 12 sublots remaining for
the Contractor (after the SHA random selection) are samples number 1, 2, 4, 5, 6, 7, 8, 10,
11, 12, 14, and 15 (highlighted &ablek5.bol ded
Note that the SHA test results are independent of the Contractor test results (not from the
same sublots); this satisfies the 23 CFR 637B requirement that verification testing be

conducted on indepdent samples.

Step 2Primary Validation As explained under the Outlier Detection examible,
initial step proposed in the acceptance procedure is to test the SHaoatrdctordata
sets for outlying observationshe ASTM E178 procedure was appliedooth SHA and
Contractorsamplesprior to conducting hypothesis testirgyd no outlying observations

were detected in either data £48). The independent data set of the Contract@s



131

validatedagainst the SHA data set using fheest andWe | ctheStsat a significare
level,U, (0.05). Theoriginal SHA and Contractor data, randomly selected independent data

sets, theaesults of the statistal testsandsummary statistics are presented able25.

Table25. SHA vs Contractosample 1 data sets

Original Sample Independent
SHA Contractor SHA Contractor
1 3.8 3.6 4.0 3.6
2 4.6 4.4 3.5 4.4
3 4.0 3.7 3.1 3.0
4 2.8 3.0 i 4.2
5 4.3 4.2 | 5.8
6 5.0 5.8 | 3.6
7 4.0 3.6 | 3.8
8 3.8 3.8 | 4.8
9 3.5 3.9 i 3.2
10 5.2 4.8 i 2.8
11 3.2 3.2 | 6.3
12 2.5 2.8 | 3.0
13 3.1 3.4 | i
14 5.8 6.3 | i
15 3.4 3.0 | i
Count 15 15 3 12
mean 3.93 3.97 3.53 4.04
G 0.922 1.009 0.451 1.120
hypothesis Pass
. R p-value 0.29547
Primary Validation :
UV t-test hypothesis Pass
p-value 0.25166

TNo data

Both theF-test andheWe | ctheétiadicated that the independent data set of the
SHA and the corresponding Contractdata setare not statistically differentat a
significance levell, of 0.05 APasso0o is shown i nTabléRk®R pr i ma
Note that in sample 1, the variability of both SHA and Contractor data sets appear to be
high, as seen iRigure65. However, since both data sets had similarly high variability, the

statistical tests indicated that the two data sets are not significantly different. Ineall cas

the variability in the data will be accounted for in the PWL calculation following the
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validation step. To help illustrate, the target specification values, the upper specification
limits (USLs), and the lower specification limits (LSLs) are presemdelgure 65 with
dashed and dotted lines. An example involving PWL and pay adjustment factor

calculations will be presented GHAPTER 8fiCase Study.

A seconddata se{Sample2) is shown inFigure67 using both scatter and box plots.
Sample 2 data is independent of sample 1 and was introduced to illustrate a situation where

the Contractor data is not validated in granary validation, and ththird stepof Figure

66isecondary validationo is required.
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6.0 6.0
55 ;\3 5.5 |ecerssrserseedersensssscsredocsessessessashorsessassassohonserssnsersotoossessssesseionsssssessened
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4.0 z L R B — R i B
3.5 %* < 35
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25 D5 Hererereserssrtsrsestscsrsssnssrsssrsostsossssssssesesesonsssssssrsosrssersssssssssetosesosssonsens
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SHA Sample number
B Contractor SHA contractor eeeeeeees LSL ceceeenes USL - - -Target

(a) Box Plot (b) Scatter Plot

Figure67. SHA vs ContractoOriginal Sample 2.

Step 3, Secondary/alidation - The independent data set of the Contractias
againvalidatedagainst the SHA data set using Freest andVe | ctteét at a significace

level, U of 0.05, following step ZPrimary Validation ®heoriginal SHA and Contractor
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data for Sample 2 shownkigure67 are presented ifable26, together with the randomly

selected independent data sets, andebelts of the statistical tests.

Table26. SHA vs Contractosample 2 data sets

Original Sample Independent Split
SHA Contractor SHA Contractor SHA Contractor
1 4.1 4.2 3.4 4.2 4.1 4.2
2 3.9 4.1 3.3 4.1 3.9 4.1
3 3.4 4.1 3.2 4.7 3.4 4.1
4 3.6 4.7 i 4.4 3.6 4.7
5 4.0 4.4 i 4.4 4.0 4.4
6 3.9 4.4 i 3.7 3.9 4.4
7 3.2 3.7 i 3.8 3.2 3.7
8 3.5 3.8 i 3.7 3.5 3.8
9 3.5 3.7 i 4.6 3.5 3.7
10 3.3 3.4 i 4.7 3.3 3.4
11 3.2 3.7 i 3.3 3.2 3.7
12 4.0 4.6 i 4.0 4.0 4.6
13 4.2 4.7 i i 4.2 4.7
14 3.1 3.3 i i 3.1 3.3
15 3.6 4.0 i i 3.6 4.0
Count 15 15 3 12 15 15
mean 3.63 4.05 3.30 4.13 3.63 4.05
G 0.360 0.450 0.100 0.448 0.360 0.450
hypothesis Pass
Primary Ftest p-value 0.09683 .
Validation hypothesis Fail
UVit-test p-value 0.00005
Secondary| paired hypothesis T Fail
Validation t-test p-value 0.00002
T No data

TheF-testindicated that the independent data set of the &kththe corresponding
Contractordata sefrenot statistically differentat a significance level) (0.05), thus the
A Pas s, We |wdtlietisalicated that the two data set® statistically dferent, thus
the AFail, 0 shown i n Tahle26 [nthis oaser the Cordrdciord at i o
test results are not validatéa the fiPrimary Validation 0 he Text step issecondary
validation, i.e.compaing the SHA results to the Contractor results from the same samples

these arghe split portions of the three portiof@ more)that the SHA testedising the
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pairedt-test. The paired-test uses thdifference between pairs of tests and determines
whether the average difference is statistically different from. zeiorecommended to use

as many portions as possible (the SHA needs to test their portions). In the example
presented here, all fifteenogiions were used in thpaired t-test As shown in the
ASecondar ypoMenlofiTable26,ithe paicedt-testindicated that the SHAata

setand the Contractadata setare statistically differenat a significance level) (0.05),

thus the AFail o i n t he tastadsdlteare ndt malidattmhds c as e
the SHA test results are used for pay factor calculatibhs.comprehensive validation

plan described in detail in the complementargposed Practice for Validating Contractor

Test Datgd APPENDIX O contains a discussiori dispute resolution
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CHAPTER 8. CASE STuDY

In this case study, th@ata obtained fronan SHA for thethickness andhe compressive
strengthof PCC Pavements were used for Contractor QC data validation. For the
determination ofPWL valuesand Pay Adjustments the SHA specificatios and the
associated Quality Manual were usdthe existing validation procedure in the selected
SHA specificationswas applied to sampledContractor and SHA datdollowed by
applying the recommended procedurgs the vaidation plan described in the
complementaryproposed practicelocument (Part Il)Table 27 summarizes SHA and

Contractor test results of three consecutive lots.

PCC Thickness Test Results

The first stefdn the acceptance procedure is to test the SHAGotdractordata sets for
outlying observationsThe ASTM E178 procedure was applied both SHA and
Contractor PCC thicknesstest results prior to conducting hypothesis testirapd no
outlying observations were detected in either dat§d&t The PCCthicknesdest results

of the Contractowerevalidatedagainst the SHA test results using FrestandVe | ¢ h 6 s
t-test at aignificance level|J, (0.05).Both theF-test and th&Ve | ctleét indicated that

the PCChicknesgestresults of the SHA and the corresponding Contraestresults are

not statistically different at a significealevel, U, (0.05), thusthei Pas s o s hown
i ‘lidatiord field of Table27. The PCC thickness hadsaglelimit specificationwith a

target value of 6.0 inch anisL of 5.75 inch (6 inch minus 0.25 inch).
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Table27. SHA andContractoiPCC Pavement test results

Thickness (inch) Compressive Strength (psi
Lot Sublot
SHA Contractor SHA Contractor
| Lotl Sublot 1 T 6.80 i 5137.1 ||
I Lot 1 Sublot 2 ) 5.31 T 61011 |
I Lot 1 Sublot 3 T 6.94 | 56285 ||
I Lot 1 Sublot 4 ) 6.73 T 6102.7 |1
I Lot 1 Sublot 5 6.46 5.88 6064.0 6069.2 |
I Lot 2 Sublot 1 T 6.43 T 61356 |
I - :
, Cumulative Lot 2 Sublot 2 i 6.26 i 5118.7 |1
Validation Lot Lot 2 Sublot 3 i 6.14 i 5119.1
| Cvi1 Lot2 | Sublot4 i 7.00 i 4479.4
l Lot 2 Sublot 5 7.58 6.94 5395.1 56705 |
| Lot3 | Sublot1 i 6.00 i 58701 |
I Lot 3 Sublot 2 i 6.60 i 50109 |
I Lot3 | Sublot3 i 6.42 i 5765.0 |
I Lot3 | Sublot4 i 6.18 i 5967.5 |
l Lot 3 Sublot 5 6.65 6.91 6623.6 5958.5 I
-_— I EE O EE EE o e e s s . ] C— [ B O _ =
Mean(off 6.90 6.44 6027.6 5608.9
Standard Deviatio(s) 0.599 0.482 615.05 511.23
hypothesis Pass Pass
F-test
L p-value 0.4904 0.5366
Validation .
hypothesis Pass Pass
UV t-test
p-value 0.2952 0.3613
i No data

PCC Compressive Strength Test Results

The ASTM E178 procedure was appliedboth SHA andContractorPCC compressive

strengthtestresultsprior to conducting hypothesis testingnd no outlying observations

were detected in either data $48). The PCC compressivestrengthtest results of the

Contractoiwerevalidatedagainst the SHA test results using Fréest andVe | ctiteéts

atthe sameaignificance levelBoth theF-test andheWe | ctiteét sxdicated that the PCC

compressivestrengthtestresults of the SHA and the corresponding Contraetstresults
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are not statistically different at a significarevel, U, of 0.05 thusthei Pas s o s hown i
A Mlidatioro field of Table27. The PCC Compressive Streng#tso had asinglelimit

specificatiorwith a target value of 4,200 psi anallsSL of 3,900psi (4,200 psi minus 300

psi).
PWL Calculations

The Quality Index, Q, foPCC thicknessand ®mpressivestrengthwas calculated by
subtracting the LSL from theean of and dividing the result by ti&tandard Deviation

S.

_ x-LSL
- S
ThePCCthicknessQr:
_6.-64 2_51 ’ 4
T 0.482
ThePCCcompressivestrength Qs:
B 560-8990_.30 343
Qs™ 511. 23" °

The percentage that falls above the Specification limit PWL was estimated using
Table C.6(Appendix C Proposed Practice For Validating Contractor Test Data, Annex C

Statistical Tablesand the computed value of Q and the sample size, n.
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FromTable C.6for a Quality Index of 1.42 and n of 15 tRE€Cthickness PWLy,
is 92.63. And for a Quality Index fromiable C.7 Qs of 3.34 and n of 15 th@CC

compressivestrength PWLs, is 100.

Thickress Pay Adjustment

The PCC thickness Pay Factd?y, for is calculated using the following equation and is

equal to 0.01:

0w zZT@ T
PTT

(]
B
>

Combined Pay Adjustment

The Combined Pay Factor, P, for thickness and compressive strecgthukted using

the following equation is equal to 0.04:

- 0 @O G(bi)ZTta)n
0 T® T
CTIT

8.1.Data Manipulation Example

ThePCC thicknesdatapresented in the previous case studyiwantionally manipulated

to examine the effect of data manipulatiorRWL and pay adjustment factor calculations.

In this example, the SHA test results remained the same while the Contractor test results
were manipulateth two ways. Thdirst manipulationwasincreasing the Contractor test
resultsmeanwhile maintaining thevariability of the test results at the same leWelthe

second manipulation, the Contractor test resatgbility wasredued while maintaining
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the mean value at the original lev&he original SHA and Contractor test results are
presented iTable28 along with five rounds of Contractor results manipulation, increasing
the Contractor test resultsean0.1 inch each round while maintaining the variability of

the tes results at the same level (x 0.01 inch). The PCC thicknesses in this example are
reported to the hundredth of an inch, to illuminate some of the very small changes applied.
The analysis approacimtroducedby Wani and Gharaibeli10), where they manipulated

the AC of a Contractor sample of ten results validated agamSHA sample of five

results.

Table28. SHA PCC Pavement thickness in inch vigimal and manipulated Contractor
results (increased mean)

i Original Data Manipulation Rounds
SHA Contractor | Round 1 Round 2 Round 3 Round 4 Round 5
1-1 6.46 6.80 7.61 7.01 7.25 7.90 6.63
1-2 7.58 5.31 6.45 7.13 6.51 7.23 8.12
1-3 6.65 6.94 5.93 6.66 6.73 6.76 7.67
1-4 i 6.73 6.17 6.10 6.70 7.10 6.35
1-5 i 5.88 6.19 5.43 6.55 7.18 6.91
2-1 i 6.43 6.21 7.30 6.95 6.97 7.74
2-2 i 6.26 6.74 6.79 6.56 6.99 7.01
2-3 i 6.14 6.40 7.06 7.67 6.65 7.02
2-4 i 7.00 6.37 6.53 6.58 6.57 6.55
2-5 i 6.94 7.25 6.72 5.52 6.47 6.83
31 i 6.00 6.53 6.67 6.69 6.90 6.97
32 i 6.60 7.29 6.16 6.74 5.76 6.89
3-3 i 6.42 6.70 6.94 7.22 7.20 6.69
34 i 6.18 6.49 6.86 7.16 7.30 7.27
35 [ 6.91 7.16 6.40 7.18 7.01 7.31
mean 6.90 6.44 6.63 6.65 6.80 6.93 7.06
jtaf‘d‘f’“d 0.599 0.482 0.487 0.480 0.490 0.476 0.484
eviation
Ftest p-value 0.494 0.509 0.488 0.517 0.479 0.499
hypothesis Pass Pass Pass Pass Pass Pass
UV t-test p-value 0.313 0.533 0.559 0.813 0.929 0.684
hypothesis Pass Pass Pass Pass Pass Pass
Sample size, n 15 15 15 15 15 15

LSL 5.70 5.70 5.70 5.70 5.70 5.70
Q 1.914 1.982 2.243 2.590 2.822 1.914
PWLt 97.86 98.27 99.31 99.87 99.97 97.86
Pr 0.02 0.02 0.03 0.03 0.03 0.02
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T No data

In these five rounds of Contractor resuttenipulation ihcreased mean the
Contractor test results passed Bieandt-tests. However, the PWlwent up from 97.86
to a max of 99.97, and the pay factor increased from 0.02 toTab®&29 summarizes the
original SHA and Contractor test results along with five rounds of Contractor results
manipulation, reducing the Contractor test restdtgability (0.05 inch minus 0.1 inch) in

each round while maintaining thest results mean at the same level (£ 0.1 inch).

Table29. SHA PCC Pavement thickness in inch vs original and manipulated Contractor
results (reduced Standard Deviation)

Original Data Manipulation Rounds
SHA Contractor | Round 1 Round 2 Round 3 Round 4 Round 5

1-1 6.46 6.80 5.93 6.54 6.48 6.59 6.34

1-2 7.58 5.31 6.83 6.72 6.81 6.25 6.56

1-3 6.65 6.94 6.95 6.79 6.25 6.56 6.44

1-4 i 6.73 6.51 6.35 6.85 6.22 6.52

1-5 i 5.88 6.44 6.80 6.03 6.57 6.56

2-1 i 6.43 5.93 5.71 6.74 6.44 6.27

2-2 i 6.26 7.24 6.50 6.27 6.37 6.54

2-3 i 6.14 5.81 6.57 6.79 6.61 6.36

2-4 i 7.00 6.84 6.24 6.34 6.27 6.37

2-5 i 6.94 5.92 6.56 6.53 6.75 6.39

31 i 6.00 5.92 7.08 5.89 6.37 6.63

32 i 6.60 6.83 6.50 6.26 6.13 6.36

3-3 i 6.42 6.54 5.67 6.26 6.65 6.56

34 i 6.18 6.35 6.61 6.54 6.46 6.44

3-5 i 6.91 6.46 6.04 6.34 6.37 6.29

mean 6.90 6.44 6.43 6.44 6.43 6.44 6.44

jtaf‘d‘."‘rd 0.599 0.482 0.451 0.393 0.287 0.178 0.112
eviation

Ftest p-value 0.494 0.413 0.268 0.067 0.002 0.000

hypothesis Pass Pass Pass Pass Fail Fail
UV t-test p-value 0.313 0.311 0.320 0.305 0.317 0.319
hypothesis Pass Pass Pass Pass Pass Pass
Sample size, n 15 15 15 15 15 15
LSL 5.75 5.75 5.75 5.75 5.75 5.75
Qr 1.424 1.517 1.769 2.356 3.869 6.204
PWLy 92.63 94.07 96.80 99.58 100.00 100.00
Pr 0.01 0.01 0.02 0.03 0.03 0.03

T No data
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In these rounds of Contractor results manipulatiedycedstandarddeviation), the
Contractor test results passed Freandt-tests for three rounds before the data failed the
F-test in rounds four and five. However, it is interesting that in the first three rounds of
manipulation, the PWiLincreased from 92.63 to a max of 99.88d the pay factor went
up from 0.01 to 0.03. The example shows how Contractor data manipulation, especially
reducingvariability in this case, can lead to increased PWLs and pay adjustment factors
while still passing the statistical tests. This is arication of how sensitive PWL is to
changes in estimated variability, especially when the sample size is small (the SHA sample
size was three). Waaind Gharaibehecommended a series of potential optionsSidAs
to reduce risg such asequiing the Contactorquality management team to be separate
from the project management team, and the use of larger lots to compare test results from

ContractorandSHA (10).
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CHAPTER 9. INFLUENCE OF SAMPLE SIZE ON STATISTICAL TESTSPOWER

In the literature reviewit was discussed th&chmidt et al. proposed a procedure for
developing verification tesblerances for either independent assurance (1A) prodiEsns
Theanalysispresented confirmed the thedhat the power of statistical testsieased as
sample size increased, while all other variables were maintained congtamtet al.in

their data manipulation reseangtommended the use of larger lots to compare test results
from Contractorand SHA, which would result in a larger samples (10, 17). To reduce

both SHA and Contractor riskarger sample sizes are encouraged

As part of the sampling, testing, and validation plan presented in this research
effort, it is recommendd that SHAs assesshe risk when establishing minimum sample
sizes for both the SHA anQontractor Burati et al.provide guidelines for selection of
optimum number of samples for validating Contractor test data as a function of SHA
buyer ®@s and kCqnt r abtasdrsample dize)eThedgsdancanaukles (
determinng the risks to SHAs when using- and t-tests for comparing SHA and
Contractor data se(d5, 49). These risks r@ affected byseveralfactors,including SHA
buyer ®s, rCasrkt ( ac tUlotdedirgtibn, sebiobdsfinition, th& Ac¢eptance
Quality Characteristic (AQC) considered, the statistical test consjdbe®&HA sample
size, and the Contragteample sizeHowever, this chapter presents a study of the influence
of the SHA sample size and the Contractor sample size on the power of statistical tests,
i.e.,F- and Welch-tests It should be noted th#te influence of the sample size presented
here is isolated from the other factors to highlight the significance of this factor, while in

reality the influences of multiple factors are combined
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FHWA Project DTFH6113-R-0 0 0 3Dkvelopiment of Guidelines for Selecting
Optimum Sample Size for Validat of Contractor Test Data with Improved Application
of F- & t-Testing Verificatiorg has recently resulted in the developmensaftware to
relate sample size to rigk9). The report of th&=HWA Project DTFH6113-R-00037is
not published yet, however, thesearch team requestpérmission from FHWA to
reference thevork andgot approval from FHWA, ande folowing are key observations

from theproject(60).

1 The software developed in this projastintended to be a tool for SHAs and
Contractos to use for selection ajptimum number of samples for validating
Contractortest dataThe tool uses SHA andontractortest summary statistics
(variance and me ab) andColtrectorsdilen § 8 rh, &nslk i § k |

sample size.

1 It can also be used to determine the risks to agencies whenFasgngrtests for

comparing SHA an€ontractordata sets.

1 The tool is reported to show that required sample sizes, particularly fBrtts,
are often largethan the sizes that would be taken on normal size SHA projects

depending on the SHA risk chosen.

T This tool should be very helpful not onl
tool that will provide enlightenment as to the need for an adequatgesaize to

makerationaldecisiors concerning verification
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The webbased tool isavailable in the public domai(b9) and was used in the
analysis presented in this chapiére data useith the analysisvereobtained fronan SHA
thatconsiders the entire project as a single lot. $HA validation is performe at the end
of the project, poolingll the testing performed during the project as one single lot.
Summary statistics of th®CC Pavement flexural strength (p$oy 17 projectsare

presented iTable30.

Table30. Summary statistics @HA PCC Pavemerilexural strengthi{psi) data for
multiple projects

Project S1 Size S2 Size Slmean S2mean di\llis:t?gr??;g) dileisatﬁgg?ég)
1 18 68 802.5 800.1 35.49 54.03
2 10 40 649.5 667.3 40.79 24.57
3 20 55 673.8 709.4 39.83 42.41
4 47 247 7354 733.7 79.09 56.11
5 31 99 685.6 682.7 33.34 34.13
6 24 92 752.7 760.3 47.78 45.70
7 11 42 758.6 753.5 29.42 41.94
8 39 152 726.5 722.2 51.61 44.22
9 25 86 613.2 645.2 34.43 31.80
10 13 45 661.5 694.7 34.12 61.07
11 13 49 782.3 802.3 52.62 65.15
12 19 78 693.4 724.0 33.67 37.45
13 14 44 656.8 672.0 41.77 32.08
14 8 27 667.5 714.8 33.91 49.41
15 17 69 632.9 649.9 23.19 47.59
16 34 102 679.1 708.4 45.70 48.08
17 26 106 735.8 782.3 38.23 42.20

9.1. Analysis Methodology

The analysis methodologysedrelied on examining the change in theandt-testspower,

defined as (% b), to evaluate the effect of sample size on the validation proRessll
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thatb is theprobability ofthe statistical test leading &otype 1l error Thedilemmaof the
SHA buy eb) @&wxthe Costlactos e | | e r W for argives ktatigtical tess
illustrated inFigure68 (61) .Whife alow value ofb is desirablewell-written acceptance

plan attempts to provide a balance betwdandb.o (59, 60)

Theoretical
Null non-null value

Null
Hypothesis

H

0

Alternative
Hypothesis

H

1

Type ll Type |
error error

Figure68. lllustration of Type | and Type lerrors in a typical statistical tel@1).

TheF- and Welch-tests were applied on tdata fromthe 17 projectsin addition
the power of each test was evaluated using thelwabs Badernfination of Agency's Risk
and Optimum SamplSizétool (59). The results of the analysis are presentédhlrie31.
Project 4, presented ifable30 andTable31, had the largest sample sizes for both SHA
(47 sublots per loand Contracto(247 sublots per lot)it presented a good case of a large
data set that would allow room for adjusting sample sizes and studying the effect of the
sample size on the power of the statistical tests. All the tests were condiicéed

significance level of 0.080= 0.05).
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Table31. SHA PCC Pavement flexural strength (psi) data for multiple proggatshe
statistical tests results

Project Sl $2 S1 S2 S1 S2 t-L':;/st t-LtJ;,/st t-test | F-test| F-test | F-test
Size | Size | mean| mean| sd sd H p-value b H p-value b
1 18 | 68 | 802.5| 800.1| 35.49 | 54.03 0 0.826 | 0.9466| O 0.056 | 0.491
2 10 | 40 | 649.5| 667.3| 40.79 | 24.57 0 0.215 | 0.5882| 1 0.027 | 0.4593
3 20 | 55 | 673.8| 709.4| 39.83| 42.41 1 0.002 | 0.1032| O 0.791 | 0.9428
4 47 | 247 | 735.4| 733.7| 79.09 | 56.11 0 0.886 | 0.9462| 1 0.001 | 0.1347
5 31 | 99 | 685.6| 682.7 | 33.34 | 34.13 0 0.669 | 0.9294| O 0.915 | 0.9491
6 24 | 92 | 752.7| 760.3 | 47.78 | 45.70 0 0.487 | 0.8898| O 0.737 | 0.9376
7 11 | 42 | 758.6| 753.5| 29.42 | 41.94 0 0.641 | 0.9335| O 0.229 | 0.7834
8 39 | 152 | 726.5| 722.2 | 51.61 | 44.22 0 0.628 | 0.9171| O 0.198 | 0.7523
9 25 | 86 | 613.2| 645.2 | 34.43| 31.80 1 0.000 | 0.0095| O 0.582 | 0.9155
10 13 | 45 | 661.5| 694.7 | 34.12 | 61.07 1 0.016 | 0.5502| 1 0.033 | 0.3776
11 13 | 49 | 782.3| 802.3| 52.62 | 65.15 0 0.259 | 0.8285| O 0.427 | 0.8813
12 19 | 78 | 693.4| 724.0| 33.67 | 37.45 1 0.002 | 0.1044| O 0.630 | 0.9252
13 14 | 44 | 656.8| 672.0| 41.77 | 32.08 0 0.226 | 0.7072| O 0.194 | 0.754
14 8 27 | 667.5| 714.8| 33.91| 4941 1 0.007 | 0.3118| O 0.307 | 0.8377
15 17 | 69 | 632.9| 649.9| 23.19 | 47.59 1 0.040 | 0.7106| 1 0.002 | 0.0612
16 | 34 | 102 | 679.1| 708.4 | 45.70 | 48.08 1 0.002 | 0.1296| O 0.760 | 0.9399
17 26 | 106 | 735.8 | 782.3 | 38.23| 42.20 1 0.000 | 0.0009| O 0.584 | 0.9168

Project 4 Results

Th e WetHesthyposhesis result of 0, shownTable31l, indicated that the independent

data set of the SHA and the corresponding Contractor data set are not statistically different
at a signi fi c aassp Whiletheetdst hypthesis ce$ult df Isi@own in

Table 31, indicated thathe variances of the two data sate statistically different ahe
significance leve(Fail). Theb value ofWe | ctiteétwas 0.946meaning thathe risk of

the SHA of not detecting a difference between the mear&HA and Contractor dafais

0.946. Thus, the power of the test-(f) is 0.051, i.e. there isa 5.36 percentchanceof

detecting a difference in tf#HA and ContractomeansAnd theb value of tha--testwas
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0.135, meaning thale risk of theSHA of not detecting a difference between Wagiances
of SHA and Contractor dafais 0135 Thus, the power of the test{h) is 0865,i.e.there

isan86.5 percenthanceof detecting a difference in tf&HA and Contractor variances

To isolate the effect of the Contractor sample size on the power of the statistical
tests, all the parameters of the SHA project 4 data et kept constant, i.e., SHA mean,
variance, sample sizeshile only the Contractor data set sample size was changed. Now,
in reality changing the Contractor sample size would be accompaniecchgnge in
Contractor mean and variance, however, for the sattes analysis the Contractor sample
mean and variance were kept constant. In addition, the significance level was maintained

constant at 0.09)= 0.05) throughout the analysis.

Figure 69 shows the variation in thie-test power as a function of the Contractor
sample size in project 4. The power of Breest decreased as the Contractor sample size
decreasedin line with the tleory that the power othe statistical test increased e
sample size increaseBigure 70 shows the-test power as a function of the Contractor
sample size in pregt 4. The power of thetest remained almost constant at around 5
percent regardless of the Contractor sample size, between 3 and 247. This could be due to

the fact that the SHA meai35.4psi) and Contractor meai33.7psi) are very close.

The effecof both the SHA sample size and the Contractor sample size on the power
of the statistical tests was further investigated, by changing both the SHAhand
Contractor data set sample sizes, while maintaining all the other variables constant. Again,

this rgpresents a hypothetical situation, since in reality changing the Contractor or the SHA
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sample size would be accompanieddmhange in means and variances. The significance

level was also maintained constant at 0105 0.05) throughout the analysis.
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Figure69. F-test Power for Multiple Contractor Sample Sizd2roject 4.
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Figure70. t-test Power for Multiple Contractor Sample Sizd3roject 4.
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Figure71is a 3D surface plot that shows the variation in Ehest power as a
function of both the SHA sample size and the Contractor sample size in project 4. While
Figure72shows a 3D surface plot of théest power as a function of both the SHA sample

size and the Contractor sample size.

The power of thé&-test kept the same tread previously shownwhere it decreased
as theSHA or the Contractor sample sizes decreakiewise, the power of the-test
remained almost constant at around 5 percent regardless of the SHA or the Contractor

sample sizes.

Ftest Power

@0.0-0.1 0.1-0.2 m0.2-0.3@0.3-0.4 m0.4-0.5 m0.5-0.6 m0.6-0.7 m0.7-0.8 m0.8-0.9 m0.9-1.0

Figure71. 3D-Plot of F-test Power for Multiple SA and Contractor Sample Sizes
Project 4.
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t-test Power
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Figure72. 3D-Plot oft-test Power for Multiple SHA and Contractor Sample Sizes
Project 4.

This example clearlghowsthe effect of the sample size on the powehef-test
However, thepower of thet-test remained almost constant throughout the analysis. For
that reason, a second project data was analyzed, focusing this time on the power of the

test, as presented in the following section.

Project 16 Results

Project 16, presented irable30 and Table31, had large sample sizes for botH/A (34
sublots per lotand Contracto(101 sublots per lotjn addition to, a low starting value of

thet-testb. It presented a contrast case to project 4 and was selected for the analysis

Th e We t-testhypathesis result of 1, shown Trable 31, indicated that the

independent data set of the SHA and the corresponding Contractor data set are statistically
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di fferent at a si dRail). While theFdest hypaheserésult ofd,, of
shown inTable 31, indicated thathe variances of the two data sate not statistically
different atthesignificance leve{Pass). Thé value ofWe | ctitieétwas 0.130, meaning

that the risk of theSHA of not detecting a difference between the meanSH#A and
Contractor dat& is 0130 Thus, the power of the test{b) is 0870,i.e.there isan 87.0
percentthanceof detecting a difference the SHA and ContractomeansTheb value of
theF-testwas 0.940, meaning thide risk of theSHA of not detecting a difference between
thevarianceof SHA and Contractor dafais 0940. Thus, the power of the test{b) is
0.060,i.e.there isa6.0 percenthanceof detecting a difference in tli8®HA and Contractor

variances

Similar to the analysis performed qgoroject 4 data, to isolate the effect of the
Contractor sample size on the power of the statistical tests, all the paravh¢herSHA
project 16 data set were kept constant (SHA mean, variance, and sampléhdeenly
the Contractor data set sample size was changed. The significance level was maintained
constant at 0.09)= 0.05) throughout the analysiEigure73 shows the variation in the
test power as a function of the Contractor sample size in project 16. The powertekthe
decreased as the Contractor sample size decréassmgteement with the theotkat the

power ofthe statistical test increased e sample size increased
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Figure73. t-test Power for Multiple Contractor Sample Sizd3roject Bb.

Figure 74 shows the~-test power as a function of the Contractor samplefsize
project 16. The power of thHetest, in this case, remained almost constant at around 5 to 6
percent regardless of the @oactor sample size. This could be due to the fact that the SHA

standard deviation (45.70 psi) and Contractor standard deviation (48.08 psi) are very close.
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Figure74. F-test Power for Multiple Contractor Sample Sizd2roject 16.
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The effect of both the SHA sample size and the Contractor sample size on the power
of the t-testwas further investigated, by changing both the SHAthedContractor data

set sample sizes, while maintaining all the other variables constant.

Figure 75 is a 3D surface plot that shows the variation in tHest power as a
function of both the SHA sample size and the Contractor sample size in j®jg¢hile
Figure76shows a 3D surface plot of tRetest power as a function of both the SHA sample

size and the Contractor sample size.

t-test Power

@0.0-0.1 0.1-0.2 @0.2-0.3@0.3-0.4 0.4-0.5@0.5-0.6 @0.6-0.7 @0.7-0.8 @0.8-0.9 @0.9-1.0

Figure75. 3D-Plot oft-test Power for Multiple SHA and Contractor Sample Sizes
Project b.
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Ftest Power
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Figure76. 3D-Plot of F-test Power for Multiple SHA and Contractor Sample Sizes
Project 16.

The power of thé-test kept the same tread pr&iously shownwhere it decreased
as the SHA or the Contractor sample sizes decrebgevise,the power of thé&-test, in

this case, remained almost constant at around 5 to 6 percent regardless of the SHA or the

Contractor sample sizes.
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CHAPTER 10. APPLICATION TO ALTERNATIVE DELIVERY PROJECTS

In the SHA data analysis chapter, it was discussed that the data received from SHAs fall
under three categories, 1) a single SHA sample per lttrébto twenty SHA samples per

lot, and 3) more than twenty $Hsamples per lot. Category ®herethe SHA pods all

the testing performed during the projectaasngle lot represents a very interesting case
study that can helfm understanénd analye the effect of sample size for large projects,

e.g.,alternative delivery projects.

The SHA data presented in the previous chapter was used to investigate the
application of the sample size analytsisn projects.One of the key elements to investigate
is the lot and sublot definition. The same data utilinetthe previous chapter will be used
in this chapterThe SHA data and summary statistics of tAREC Pavement flexural
strength (psifor 17 projects wrepresented iMTable30. TheF- and Welcht-tests were
applied on the data from the 17 projects, in addition to, the statistical tests power evaluation
using the welb a s ®eternfination of Agency's Risk and Optimum Sample &izet o0 o |

(59), as presented ifable31.

Project 4 Results

The data of pject 4, presented in Table 30 and Table 31 ahsidgle lofor the SHA with
47 sublots per lot and single lot for theContractomwith 247 sublots per lofThe b value
of theWe | ctheétwas 0.946 anthe power of the test (4b) was0.0%4 (5.4 pecent)
The b value of theF-testwas 0.135and the power of the test (4b) was 0865 (86.5

percent) The ratio of the Contractor sample size to the SHA sample size was 5.3 (247/47).
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The idea of having a single lot for the entire project is not practical. To illustrate
the Contractords risk i n t hiasoneday pawingisl et
considered a sublot, let us assume the contractor produces 2500 tons of HMAnal day
the price per ton is $80. That means each sublot of HMA worth at4286t000. In a
project like project 4, where 247 sublots exist, that is almost $50 million at risk of validation
in case of a single lot per project. When the number ofdaterease for that project the

amount at stake for the Contractor decreases.

The 3D surface plot presentedRigure 71, that shows the variation in tiketest
power as aunction of both the SHA sample size and the Contractor sample size in project
4, was reresented irFigure 77. While the t-test power as a function of both the SHA

sampe size and the Contractor sample size sagsented ifrigure78.
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Figure77. F-test Power for Multiple SHA and Contractor Sample SizBsoject 4.
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Figure78. t-test Power for Multiple SHA and Contractor Sample SizBsoject 4.

As seen inFigure 77 the F-test power increased as the Contractor sample size
increased up to a certain point, regardless of the SHA sample size, after that point, very
little gain in theF-test power is observeas the Contractor sample size increases. For
example, in the case of SHA sample size of 3Ftbest power increased as the Contractor
sample size increased up to a Contractor sample size of 20, tHetetfigpower is almost

a flat line forall the Contactor sample sizes between 20 and 247.

To examinghe effect of the lot size on the power of the statistical,taskeoretical
lot definition was introduced to project 4 data set, ranging from 1 lot for the entire project
to 16 lots for the project datresulting imnSHA sample size ranging from 47 all the way
down to 3. Al the parameters of the SHA project 4 data set were kept constarthe.e.,
SHA meanandvariancethe Contractor mean and varianaadthe significance levebf
0.05 U= 0.05) throughout the analysEigure79 shows the variation in the-test power

as a function of the Lot size in project 4. The power oftest decreased as thet size
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increased. The ratio of the Contractor to SHA sample size was maintained constant at a
value of 5 throughout the analysis presente#igure 79. The same angsis was then

repeated for Contractor to SHA sample size ratios of 4 and 3, as shbwguie80.
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Figure79. F-test Power for Increasinguxhber of Lots, SHA to Contractor Sample Size
Ratio of 5i Project 4.
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Figure80. F-test Power for Increasing Number of Lots and Multiple Contractor to SHA
Sample Size RatidsProject 4.
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In this case, selecting 4 Lots for the project with Contractor to SHA sample size
ratio of 3 would result in acceptable rangesbofhile keeping the sample sizes at
reasonable ranges, in this caseShA sample size is 15 (instead of 47) and the Comiract

sample size is 45 (instead of 247).

Figure 81 shows thet-test power as a function of the Lot size in project 4 for
multiple Contractor to SHA sample size ratios. Tlosver of thet-test remained almost
constant at around 5 percent regardless of the Lot size, between 1 and 16. This could be
due to the fact that the SHA meaf8%.4psi) and Contractor meai@33.7psi) are very

close.
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Figure8L1. t-test Power for Increasing Number of Lots and Multiple Contractor to SHA
Sample Size RatidsProject 4.

Selection of Suitable Sample Sizésased on Acceptablé® Ranges

In the literature reviewthe suggested range bfto keep the SHAisks at a reasonable

level, based on experience, lietween 0.40 for a lov risk and 0.60 for higher than
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desirableb risk (59, 60). The suggestedvalue translatgto a power of 0.6 and 0.4 and are

shown with horizontadiotted linesn Figure77 andFigure78.

When selecting a desirable sample size for the SHA and the Contractor, the SHA
shall establish acceptahlanges of b to keep the SHAisksat a reasonable level, similar
to the lowb risk and the higtb risk shown with hazontal dotted linesn Figure77 and
Figure78. Within the band shown, multiple combinations of SHA and Contractor sample
sizes qualify & maintain the SHA risks at a desirable le&fure 82 is a zoomedn

version ofFigure77, zooming in the Contractor sample size range of 3 to 60.
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Figure82. F-test Power for Multiple SHA and Contractor Sample SizBsoject 4.

As can be seen iRigure82, the following combination of sample sizes quatdy

produce desirable values between 0.40 and 0.60

1 SHA sample size of 15 and Contractor sample size of 55;

1 SHA sample size of 18 and Contractor sample size of 48;
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1 SHA sample size of 21 and Contractor sample size of 37;

1 SHA sample size of 25 and Contractor sample size of 30.

The suitable SHA sample size and Contractor size combination can then be selected
based on the SHA assessment of the mosteftesttive combinatin. Note that the SHA

can set their own acceptabbnges of b to keep the SHAisksat a desirable level.

A similar analysis was conducted on project 16 data and is shoWwigume 83
representinghe variation in thé-test power as a function of both the SHA sample size and
the Contractor sample size aRidure84 depictingthe F-test power as a function of both
the SHA sample size and the Contractor sample sizesudgestegower of 0.6 and 0.4

are shown with horizontalotted linesn Figure83 andFigure84.
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Figure83. t-test Powefor Multiple SHA and Contractor Sample SizeBroject 16.
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Figure84. F-test Power for Multiple SHA and Contractor Sample SizBsoject 16.

As seen inFigure 83 the t-test power increased as the Contractor sample size
increased up to a certain point, regardless of the SHA sample size, after that point, very
little gain in thet-test power is observeas the Contractor sampl&e increases. For
example, in the case of SHA sample size of 6{-tiest power increased as the Contractor
sample size increased up to a Contractor sample size of 30, theteshpower is almost

a flat line forall the Contractor sample sizes betw&® and 102.
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CHAPTER 11. CONCLUSIONS AND RECOMMENDATIONS

11.1.Summary

Many SHAs use Contractortest resultsn acceptancand paymentecisions One of the

key decisions ithe process is whether the SMAll conduct the acceptance sampling and
testing orutilize Contractor data for acceptance sampling and testimg23 CFR 637B
permitstheuse ofContractortest data for construction materials acceptance, as lahg as
SHAs validate th€ontractordata with independent test resultbus therewas a needa
identify procedures currently available for validatigntractortest data for construction
materials and to develop statistically sound and practical procedures for validating
Contractorconstruction materials test data.eBh procedures need to addradifferent
applications (materials and procurement types) and related issues, like sample size, minor
deviations, associated risks, and practical constraints that have ledt&H@sae from

the AASHTO implementation guide specificatiorhus, he objetives of this research
were to recommend procedures for validati@gntractortest data for construction
materials and to prepare guidelines for their applicatiorihe form of a proposed

AASHTO practice

The literature, prior and ongoing researfifdings, review of SHA standard
specifications, ongoing research projects, and current practices relevant to procedures for
validating Contractortest datavere presented iICHAPTER 3 A web-based survey to
obtain information from SHAs was conductasl input for this projectThe intent of the
surveywasto obtain information in addition to that obtained from the search and review

of theliterature The survey is presesd inCHAPTER 4 Twenty-eight SHAs completed
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the survey. Thought the response rate was relatively low, 79 percent (22 of the 28 SHAS)
of responding SHAs indicateldt they use Contractor test results as part of the acceptance
procedure. A breakdown of the SHA responses based on material type was presented. The
survey also identified challenges that SHAs face with QA programs that needed to be
considered in developinrecommendations and conclusionfieTSHA survey results
showed thatise offF- andt-testsaacountfor a much smaller proportion of all methods used

by SHAs for validating Contractor test resultisan what wasanticipated. Insteadess
fundamental higher risk methods were reportethy many SHASs. These results
demonstrate the need for improved procedures and guidelines for valid&orgractor

test data for construction materialdsing the appropriate validation technique(s) is
extremely important foiSHAs to ensureonformancewith the SHA standards and to

manage associatei$ks.

The research approach used to evaluate identified procedures was built upon the
findings from thditerature review, assessment of the state of current practiderdasied
through the survey of SHAs, review of selected SHhactices, and review of the
fundamental statistics associated with procedures currently in use. The research approach
included three major stages: gathering information, numerical analysisSiA data
analysis (illustrated irFigure 1). The research steps included evaluation of identified
candidate validation procedures, selection of a set of procedurem¢pferward for
further consideration, and subsequent application of these procedures to a series of data
sets. This resulted in a recommended set of procedures for validation of Contractor test

data, and the development of a proposed AASHTO practiceH#&s to use in applying
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the recommended procedures. Practices and procedures with potential risks were
identified, and for each risk factor, mitigation measures were proposed to limit the risk
associated with these activities. Among the risk factors ifileshtivere bias, use of nen
statistical or statistically weak methods, data manipulation, sample size, and risks

associated with violating tHe- andt-tests assumptions.

The observations made during the SHA data processing revealed thaSlkdéme
sampling ad testing plans that use Contactor data in acceptance decisionsagpeat
to meet the requirements of 23 CFR 63t®causendepen@nt samples are not used.
Other SHAsampling and testing plansed a single SHA sample per lot. Based on these
observabns, the research team develop&d plansfor samplingand testing of the SHA
data, and for Contractor datalidation These plans were presentedCHAPTER 6ard
became an integral part of the accompanying GuideliAd®PENDIX A: Proposed
Practice for Validating Contractor Test Datdo address the SHA single sample per lot

issue, a cumulative sampling lot technique was introduced and illustrated.

The numerical angsis provided the information needed to recommend validation
tests on a statistical basis. The observatwoe® thervalidated using actual SHA project
data. Thet-test and theWe | c tftestsshowed consistent satisfactory results in the
simulations at tla selected significance legalegardless of distribution typ&@he F-test
showed consistent satisfactory results in the simulations at the selected significance level.
The observations of both numerical and SHA data analyses supporEttsistgndt-ted.

The t-test and theNe | c tite8tsshowed consistdéytsatisfactory resultshowever, he

We | ctdebt showed more consistency in detecting the difference in means thaesthe
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and other hypothesis testsgardless of whether theariances were equaor not The
We | ctdeétis an adaptation of Studeritgest and is more reliable when the two samples

haveunequal variangeand unequal sample sizes

During the numerical simulations and evaluation of actual SHA data, examples to
illustratethe use of the recommended procedures for different scenarios were identified.
The five examples developed were presente€HAPTER 7 The data used for the
examples were all actual project data obtained from SHAs. The examples included
Sampling method split vs. independenSample SizeOutlier Detection Retestingor
Resampling and Retestingnd Validation versus NotValidation of Contractor Test

Results

11.2.Conclusions

Based on thditerature review, the survey of SHAs review of current SHA standard
specificationsand practices the researciplan the findings and applications of the
numerical simwtions, the application of SHA datand theexamples and case stuthe

following conclusions were made:

1 One of the key decisions in the development of the QA program is whether the
SHA will conduct the acceptance sampling and testing or utilize Contrdata

for acceptance sampling and testing.

1 For conformance with 23 CFR6378BHA QA program need tomeet certain
minimumrequirementsincludingvalidaing Contractor data with independent test

results
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1 Though many fundamentally sound statistical testevesaluated for validating
Contractor test results, the observations of both nhumerical and SHA data analyses

support usindr-testandt-tess.

1 Thet-test and th&Ve | ctiedt showed consistépisatisfactory resulihowever,
the We | c ttdésis also known as the unequal variarntegest showed more
consistency in detecting the difference in means thaiatdst and other hypothesis

tests egardless of whether tvariance were equal or not

To help construction and materials engineers effettiuseContractortestresults
andto reduce the risk of incorrect acceptance decisions and pay adjustmentgosed
practice was prepared tiescribe appropriate processes for valida@ugtractorresults
and recommend subsequent actions when thdtseare validated or not validatethe
proposed practice is recommended for SHAs of all kinds (local, regional, or otherwise),
even wheran SHA conducs all sampling andesting used iracceptance decisiorand
validation testing is not requiredhose $1As may still find value in several of the
recommendations provided in this proposed practice for identifying outlier data and referee

testing.

The pesentatiommaterialwas preparedn PowerPoinformatbased on collective
observations and efforis the projectThe pesentatiormaterialwaspreparedo facilitate
theimplementation and use cdcommendegrocedures anthe accompanyindg?roposed
Practice for Validating Contractor Test Daf&e materialvasdeveloped such that subsets

of it can ke used for delivery to different audiences such as senior management, engineers
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and practitionersThe presentation materiglsummarizedn APPENDIX Dand inclued

in Microsoft PowerPoint format as an addendum to this research. dfach subset
presentation includgethe same topics, but the level of detail included for specific topics
and the expected durations adéferent based on theaudience.For example, the
presentationsnclude a background section outlininthe recommended procedures for
validatingContractordatg examples illustrating the application of the procedursiss of

not using the remmmended validation proceduyesd implemstation resourcerequired.

11.3.Recommendations

In summary, théey recommendations this project for SHAs include using:

1 F-testand unequal variandeestsfor primary validation of Contractor data.

1 Independent SHA and Contractor samples.

1 Adequatesample sizes to manage SHA and Contractor risk.

1 A cumulative sampling technique to address low SHA sampling rates.

9 Ouitlier detection prior to conductirigtestsand unequal variandeests

1 Explicitly defining resampling and retesting provisions in speatifons.

1 Pairedt-testfor secondary validation when primary validation fails.

1 Not using high risk single test comparison methods for validating Contractor test

results such as D2S anit+ CR
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1 Guidelines presented in AASHTO standard forfoaiguidance o theapplication

of these recommendations.

1 The examples and presentation materials developed to illustrate and communicate

the importance of using the above listed recommendations

Recommendations for Future Research

The researchecommendd procedures for validatinGontractortest data for construction
materials and prepat@ proposed AASHTO practider their applicationFurther research

needed to address several aspec@fprograns including the following:

1 The ample size of the data seind the associated risks to both parties for multiple

AQCs.

1 Implementation tools (software) that may be used in QA programs to improve

validation procedures.

1 Procedures for validatinGontractortest datdor alternative delivery projects.

Support for inplementation of the findings and proposed practice would accelerate
knowledge transfer and could help leath®®more rapid implementation of them by SHAs.

This would reduce risk in the acceptance process for some.SHAs
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APPENDIX A. SURVEY OF STATE HIGHWAY AGENCIES

Introduction

Welcome to the NCHRProject 10100Procedures and Guidelines for Validating

Contractor Test Datsurvey.

If you have questions about the survey, please contact Atiard at Xxx) XXX-XXXX or

by email atpoooooxxx@unr.edi.

Thank you for your participation in this study!

Please do NOT use your internet browser Back and Forward buttons during the
survey Please use the Baekd Next button at the bottom of each survey page instead. If
you used Back and Forward buttons on your browser by accident, please refresh the page

by clicking the Refresh button on your browser to proceed with the survey


mailto:xxxxxxxx@unr.edu
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Your Current Practice

1. Pleag indicate which of the following statements best describes your current practice

(Select one). *

“ The SHA uses Contractor test results as part of the acceptance decision for specific

materials

© TheSHA does not use Contractor test results as part afdbeptance decision for any

material

Page exit logic: Skip / Disqualify Logic IF: Question "1. Please indicate which of the
following statements best describes your current practice (Select #2eé3.one of the
following answers ("Th&HA does not use Contractor test results as part of the
acceptance decision for any material.") THES¥ow tle following two questions and
Jump topage 10 Thank You!Flag response as complete

2. Please indicate which of the following statements best describes your past and future

use of Contractor test results as part of the acceptdecesion (Select all that apply).

" TheSHA has never used Contractor test results as part of the acceptance decision for
any material

" TheSHA used Contractor test results as part of the acceptance decision for some
materials in the past, but later dropped the program

" TheSHA has no plans in the future to use Contractor test results as part of the
acceptance decision for any material

" TheSHA has future plans to use Contractor test results as part of the acceptance
decision for material(s)

3. Who can the Research Team contact in @i for clarification or more information

regarding the use of ContraionPor s test dat
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Name:‘

Title: ‘

Email:‘

Telephone:

Construction Material Tests

1. Please indicate which of the following materials yBttAuses Contractor test data in
a portion or all of the acceptance process. This includes test data on the finished product,

such as smoothness (Select all that apply).*

1. Asphalt concrete mixture

2. Portland cement concrete mixture
3. Base or drainage aggregate

4. Subgrade or embankment soil

5. Reinforcing or structural steel

6. Other
Please specify "Other" in the textdbelow:

[ R N R R B
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IF: Question " 1. Please indicate which of the following construction materials your
SHA uses Contractor test data in the acceptance protéssne of the following
answers (Asphalt Concrete Mixtuf¢ THEN: Show the followingquestions

Asphalt Concrete Mixture

1. What method doesyoBHAu s e t o v al i d aAsphaltCorecret€Mixturer act or

test data? (select best option) *

1. F and t test, independent samples
© 2. F and t test, split samples
© 3. Paired-test, split samies
© 4. ttest, independent samples (analysis assumes similar variance in data sets)
© 5. average deviation (AD) or average absolute deviation (AAD)
© 6. Multi-laboratory precision value (acceptable deviation between test values)
© 7. Other

Pleasespecify "Other" in the text box below:

2. What documents prescribe yoBHAO s curr ent val i dsphait on pr

Concrete Mixture? (select all that apply) *

[ 1. Standard Specification
[ 2. Material/Construction Manual

<} Supplemental Specificatianm Special Provision

3. Please place a reference link(s) to the selected documents in the following text box.
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=]
[ | 2l

4.1s yourSHAwilling to provide project level dataClontractorand SHA) used to validate

Contractortest results foAsphalt Concrete MixturgSelect one). *

“ Yes

“ No

5. Does youSHAhave any concerns with using AASHTO R 9: Acceptance Sampling Plans
for Hi ghway Construction and FHWAOG s 23

Co nt r aAsphait Cansete Mixturdest data in the acceptance decision? (Select one)*

“ Yes

“ No
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6. DoesyouSHApr ocedur es f or Agpmalt Cogcretle Mirttirdest datao r 6 s

in the acceptance decision lead to projkstel problems? (Select all that apply) *

1. No problems

2. Inadequate SHA staffing

3. Long test turraround time

4. Availability of reesting procedures

5. Required amount of testing not conducted

6. Other
Please specify "Other" in the text box below:

[ R N R R B

7.WhenyouBHAbegan to use or significanmsphat chang
Concrete Mixturetest data in the acceptanceaiigon did it cause higher frequency of the

following norcompliance actions? (Select all that apply) *

" 1. No change in frequency for neompliance actions

[ 2. Higher frequency of efforts to resolve test result differences betaleeratories
without dispute

' 3. Higher frequency of dispute
[ 4. Higher frequency of work stoppages
[ 5. Higher frequency of iplace material removal and replacement

" 6. Other
Please specify "Other" in the text box below:
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8.DoesyouSHAa nt i ci pat e c¢hanges Aspmlt Cohcecte Mistere of Co
test data in the acceptance decision? (Give a brief description, the research team may

contact you for more details).

5

=]
[ | 2l

9. Who can the Research Team contact in i for clarification or more information
regarding the use of Contractoroés Asphalt't

decision?

Name:‘

Title: ‘

Telephone{

Email: ‘
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IF: Question " 1. Please indicate which of the following construction materials your
SHA uses Contractor test data in the acceptance protéssne of the following
answers (Portland Cement Concrete Mixtlyd HEN: Show the following questions

Portland CementConcrete Mixture

1. What method doesyddHAu s e t o v al i d aPodlantd GeenenCQomctete a ct o r

Mixture test dataqselect best option) *

1. F and t test, independent samples
© 2. F and t test, split samples
© 3. Paired-test, split samples
© 4. ttest, independent samples (analysis assumes similar variance in data sets)
© 5. average deviation (AD) or average absolute deviation (AAD)
© 6. Multi-laboratory precision value (acceptable deviation between test values)
© 7. Other

Please specify "Other" in thext box below:

2. What documents prescribe yoBHAO s curr ent val i Batbndon pr c

Cement Concrete Mixture (select all that apply) *

[ 1. Standard Specification
[ 2. Material/Construction Manual

<} Supplemental Specification or Special\Wsmn
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3. Please place a reference link(s) to the selected documents in the following text box.

5

=

[ | 2l

4.1s yourSHAwilling to provide project level dataContractorand SHA) used to validate

Contractortest results foPortland Cement Concrete MixturéSelect one). *

“ Yes

“ No

5. Does youSHAhave any concerns with using AASHTO R 9: Acceptance Sampling Plans
for Hi ghway Construction and FHWAOG s 23
Cont r aPortlamd @emsent Concretdixture test data in the acceptance decision?

(Select one) *

“ Yes

“ No
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6. DoesyouSHApr ocedur es f or Partland @gnent@oncrete Mixttur® r 6 S

test data in the acceptance decision lead to prdgetl problems? (Select all that apply)*

" 1. No problems
2. Inadequate SHA staffing

3. Long test turraround time

-
-

[ 4. Availability of retesting procedures

[ 5. Required amount of testing not conducted
~

6. Other
Please specify "Other" in the text box below:

7. When youSHAbegan to use or significat | y changed howorilahd uses

Cement Concrete Mixturetest data in the acceptance decision did it cause higher

frequency of the following necompliance actions? (Select all that apply) *

" 1. No change in frequency fabn-compliance actions

[ 2. Higher frequency of efforts to resolve test result differences between laboratories
without dispute

[ 3. Higher frequency of dispute
[ 4. Higher frequency of work stoppages
" 5. Higher frequency of iplace material removal amdplacement

' 6. Other
Please specify "Other" in the text box below:
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8.DoesyouSHAa nt i ci pat e c¢hanges Porttandicdmentaorsceete of Co
mixture test data in the acceptance decision? (Give a brief description, the research team

may comact you for more details).

5

=]
[ | 2l

9. Who can the Research Team contact in i for clarification or more information
regarding the ~eatend €eémenC Gomdrete aViextureest daga in the

acceptance decision?

Name:‘

Title: ‘

Telephone{

Emal: ‘
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IF: Question " 1. Please indicate which of the following construction materials your
SHA uses Contractor test data in the acceptance protéssne of the following
answers (Base or drainage aggregdlefHEN: Show the followingyuestions

Base or drainage aggregate

1. What method does yo@HAuse t o vali datRasetohdzaind@@ nt r ac

aggregateest dataqselect best option) *

1. F and t test, independent samples
© 2. F and t test, split samples
© 3. Paired-test,split samples
© 4. ttest, independent samples (analysis assumes similar variance in data sets)
© 5. average deviation (AD) or average absolute deviation (AAD)
© 6. Multi-laboratory precision value (acceptable deviation between test values)
© 7. Other

Please gecify "Other" in the text box below:

2. What documents prescribe yoBHA s curr ent val i Basd oron pr

drainage aggregate (select all that apply) *

[ 1. Standard Specification
[ 2. Material/Construction Manual

<} Supplementgbpecification or Special Provision
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3. Please place a reference link(s) to the selected documents in the following text box.

5

=

[ |

4.1s yourSHAwilling to provide project level dataContractorand SHA) used to validate

Contractortest results foBase ordrainage aggregat¢Select one). *

“ Yes
“ No
5. Does youSHAhave any concerns with using AASHTO R 9: Acceptance Sampling Plans
for Hi ghway Construction and FHWAOG s 23

Co nt r aBage @rdéamage aggregatest data inthe acceptance decision? (Select

one) *

“ Yes

“ No
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6. DoesyouSHApr ocedur es f or Baseordnamag€apgregatestaatao r 6 s

in the acceptance decision lead to projkstel problems? (Select all that apply) *

1. No problems

2. Inadequate SHA staffing

3. Long test turraround time

4. Availability of retesting procedures

5. Required amount of testing not conducted

6. Other
Please specify "Other" in the text box below:

7.WhenyouBHAbegan to use or significamBasegr chang

[ R N R R B

drainage aggregateest data in the acceptance decision did it cause higher frequency of

the following norcompliance actions? (Select all that apply) *

" 1. No change in frequency fabn-compliance actions

[ 2. Higher frequency of efforts to resolve test result differences between laboratories
without dispute

' 3. Higher frequency of dispute
[ 4. Higher frequency of work stoppages
[ 5. Higher frequency of iplace material removal and repement

" 6. Other
Please specify "Other" in the text box below:
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8. Does yourSHAant i ci pate changes iBase brhdeainages e of
aggregatetest data in the acceptance decision? (Give a brief description, the research

team may contact yoorfmore details).

5

=]
[ | 2l

9. Who can the Research Team contact in i for clarification or more information
regarding t he Basesordmaihag€ayggrdgateatasttdata idtbe acceptance

decision?

Name:‘

Title: ‘

Telephone{

Email: ‘
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IF: Question " 1. Please indicate which of the following construction materials your
SHA uses Contractor test data in the acceptance protéssne of the following
answers (Subgrade or embankment sQIITHEN: Show the following questions

Subgrade or enbbankment soil

1. What method doesyoBHAuU s e t o v al i da $SubgradehoeemBamkment act or

soil test dataqselect best option) *

1. F and t test, independent samples
© 2. F and t test, split samples
© 3. Paired-test, split samples
© 4. ttest, inépendent samples (analysis assumes similar variance in data sets)
© 5. average deviation (AD) or average absolute deviation (AAD)
© 6. Multi-laboratory precision value (acceptable deviation between test values)
© 7. Other

Please specify "Other" in the textdbelow:

2. What documents prescribe yd@iHAO s current val iSdlgtadeomn pr oc

embankment so#t (select all that apply) *

[ 1. Standard Specification
[ 2. Material/Construction Manual

<} Supplemental Specification or Spedtabvision
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3. Please place a reference link(s) to the selected documents in the following text box.

5

=

[ |

4.1s yourSHAwilling to provide project level dataContractorand SHA) used to validate

Contractortest results foSubgrade or embankment sdibelect one). *

“ Yes
“ No
5. Does youSHAhave any concerns with using AASHTO R 9: Acceptance Sampling Plans
for Hi ghway Construction and FHWAOG s 23

Co nt r aSohkgrade orembankment sdist data in the acceptanceai@on? (Select

one) *

“ Yes

“ No



192

6. Does youSHApr ocedur es f or Subgrade a enhankniemtadgdt or 6 s

data in the acceptance decision lead to projegel problems? (Select all that apply) *

1. No problems

2. Inadequate SHAtaffing

3. Long test turraround time

4. Availability of retesting procedures

5. Required amount of testing not conducted

6. Other
Please specify "Other" in the text box below:

7. When yourSHA began to use or significantly changed how it uses @oott or 6 s

[ R N R R B

Subgrade or embankment sdiést data in the acceptance decision did it cause higher

frequency of the following necompliance actions? (Select all that apply) *

" 1. No change in frequency for neompliance actions

[ 2. Higher frequency of effort® resolve test result differences between laboratories
without dispute

' 3. Higher frequency of dispute
[ 4. Higher frequency of work stoppages
[ 5. Higher frequency of iplace material removal and replacement

" 6. Other
Please specify "Other" in thext box below:
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8. Does yourSHA anti ci pat e changes i 1Bubgrateeor u s e
embankment soil test data in the acceptance decision? (Give a brief description, the

research team may contact you for more details).

5

=]
[ | 2l

9. Who can the Researchare contact in youSHA for clarification or more information
regardi ng t he Sulgradeorfemb@kmentrs@stdata in thesacceptance

decision?

Name:‘

Title: ‘

Telephone{

Email: ‘
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IF: Question " 1. Please indicate which of the following construction materials your
SHA uses Contractor test data in the acceptance protéssne of the following
answers (Reinforcing or structural ste&l THEN: Show the following questions

Reinforcing or structural steel

1. What method doesyoBHAuU s e t o Vv al i d a Renforcihgeor sttucturdl r act or

steeltest dataqselect best option) *

1. F and t test, independent samples

2. F and t test, split samples

3. Pairedtest, split samples

4.t-test, independent samples (analysis assumes similar variance in data sets)
5. average deviation (AD) or average absolute deviation (AAD)

~

6. Multi-laboratory precision value (acceptable deviation between test values)

© 7. Other
Please specifyOther" in the text box below:

2. What documents prescribey@HA0 s current v al iRdirdorcingpon pr 0 C ¢

structural stee? (select all that apply) *

[ 1. Standard Specification
[ 2. Material/Construction Manual

3 Supplemental Specificatiom Special Provision
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3. Please place a reference link(s) to the selected documents in the following text box.

5

=

[ |

4.1s yourSHAwilling to provide project level dataContractorand SHA) used to validate

Contractortest results foReinforcing or structuml steel(Select one). *

“ Yes
“ No
5. Does youSHAhave any concerns with using AASHTO R 9: Acceptance Sampling Plans
for Hi ghway Construction and FHWAOG s 23

Co nt r aReibfaraing @ structural steetest data in the @ceptance decision? (Select

one) *

“ Yes

“ No
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6. DoesyouSHApr ocedur es f or Reindorcinggor sCuxtorél steetest or 6 s

data in the acceptance decision lead to projegel problems? (Select all that apply) *
1. No problems
2. Inadequate SHA staffing
3. Long test turraround time

-
-

-

[ 4. Availability of retesting procedures

[ 5. Required amount of testing raminducted
-

6. Other
Please specify "Other" in the text box below:

7. When youSHAbegan to wuse or significantly c¢h;
Reinforcing or structural steetest data in the acceptance decision did it cause higher

frequency of theoflowing norcompliance actions? (Select all that apply) *

" 1. No change in frequency for neompliance actions

[ 2. Higher frequency of efforts to resolve test result differences between laboratories
without dispute

[ 3. Higher frequency of dispute
[ 4. Higher frequency of work stoppages
[ 5. Higher frequency of iplace material removal and replacement

' 6. Other
Please specify "Other" in the text box below:
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8. DoesyouSHAa nt i ci pat e c¢hanges Reinforcinghoestrucairal of Co
steeltestdata in the acceptance decision? (Give a brief description, the research team may

contact you for more details).

5

=]
[ | 2l

9. Who can the Research Team contact in i for clarification or more information
regarding t he uReieforciag or Srcctural rseea tesb dabasin the

acceptance decision?

Name:‘

Title: ‘

Telephone{

Email: ‘
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IF: Question " 1. Please indicate which of the following construction materials your
SHA uses Contractor test data in the acceptance protéssne of the following
answers (Other Material(s): [other material nafeTHEN: Show the following
guestions

Other Material(s): [other material name]

1. What method does yoBHAuse to validat¢ h e C o n [othea mateoat nans¢test

data?(select best option) *

© 1. F and t test, independent samples

© 2. Fand t test, split samples

© 3. Paired-test, split samples

© 4. ttest, independent samples (analysis assumes similar variance setdjta

© 5. average deviation (AD) or average absolute deviation (AAD)

© 6. Multi-laboratory precision value (acceptable deviation between test values)

© 7. Other
Please specify "Other" in the text box below:

2. What documents prescribe y&@HA6 s ¢ u lidatemproceduase fofother material

namg? (select all that apply) *

[ 1. Standard Specification
[ 2. Material/Construction Manual

L3 Supplemental Specification or Special Provision
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3. Please place a reference link(s) to the selected documehesfisllowing text box.

5

=

[ | 2l

4.1s yourSHAwilling to provide project level dataContractorand SHA) used to validate

Contractortest results fofother material namé (Select one). *

“ Yes
“ No
5. Does youSHAhave any concerns with using AASHTO R 9: Acceptance Sampling Plans
for Hi ghway Construction and FHWAOG s 23

Co nt r daheromatérigl namgtest data in the acceptance decision? (Select one) *

“ Yes

“ No
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6. Does youSHApr ocedur es f or [other mateyial Gamptéstrdatain or 6 s

the acceptance decision lead to projestel problems? (Select all that apply) *

" 1. No problems

2. Inadequate SHA staffing

3. Long test turraround time

4. Availability of retestig procedures

5. Required amount of testing not conducted

6. Other
Please specify "Other" in the text box below:

7.WhenyouSHAbegan to use or significanothey chan

I R R R B

material namgtest data in the acceptance decision did it cause higher frequency of the

following norcompliance actions? (Select all that apply)

" 1. No change in frequency fabn-compliance actions

[ 2. Higher frequency of efforts to resolve test result differences between laboratories
without dispute

' 3. Higher frequency of dispute
[ 4. Higher frequency of work stoppages
[ 5. Higher frequency of iplace material removal and repement

" 6. Other
Please specify "Other" in the text box below:
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8.DoesyouBSHAa nt i ci pat e c¢changes [other matdria nametest of Co
data in the acceptance decision? (Give a brief description, the research team may contact

you for moe details).

5

=]
[ | 2l

9. Who can the Research Team contact in i for clarification or more information
regarding t he Josher matdrial Ramatéstr data inahe Goceptance

decision?

Name:‘

Title: ‘

Telephone{

Email: ‘
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Thank You!

Thank you for taking our survey. Your response is very important to our industry.
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APPENDIX B. SHA RAW DATA

SHA Raw data

Data were obtained, fro®HA 5 whichrequireContactors to perforr@Ctests on samples

split from the same bulk samples BidA uses for each loThe dataontained recent SHA

and Contractor results plercent AV of HMA. Sample raw data sets of percent AV and
AC are presented in the following sectioASMATLAB code was deeloped to scan and

sort the data based on SHA sample size per lot. All lots with less than six SHA samples
were filtered out as the minimum criteria for the proposeding testing andvalidation

plan is six sublots per lot.

Air Voids

SHA and Contraair results ofpercent AV of HMA are presented FigureD.1 through
Figure D.10. The target specification values are showed in the figures with a dashed

horizontal line, the USLs and the LSLs are presented with horizontal dotted lines.

.................................................................................................................................
A b om oo o o ————————————————————————————————

................................................................................................................................

2.0

SHA Contractor «««------ LSL eeeeeees USL = = =Target

FigureD.1. SHA Raw Data Air Voids i Sample 11.
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FigureD.2. SHA Raw Data Air Voids i Sample 12.
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FigureD.3. SHA Raw Data Air Voids i Sample 21.
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Figure D4. SHA Raw Data Air Voids 1 Sample 16L.
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FigureD.5. SHA Raw Data Air Voids i Sample 1&2.
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FigureD.7. SHA Raw Data Air Voids 1 Sample 36L.
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FigureD.9. SHA Raw Data Air Voids i Sample 1541.
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FigureD.10. SHA Raw Data Air Voids i Sample 1521.
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Asphalt Binder Conta (AC)

SHA and Contractor results pércent AC of HMA are presentedkigureD.11 through
FigureD.20. The target specification values are showed with a dashed horizontal line, the

USLs and the LSLs are marked with horizontal dotted lines in the figures.

7.0

6.5

.................................................................................................................................

) F=m—mmmmcmc e mr e —rc e —m————————————

.................................................................................................................................

5.5
5.0

SHA Contractor eeceeee- LSL ceeceeeee USL = = =Target

FigureD.11. SHA Raw Data Asphalt BindetContenti Sample 11.
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5.0

SHA Contractor «««------ LSL eeeeeees USL = = =Target

FigureD.12. SHA Raw Datd Asphalt Binder Conterit Sample 12.
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FigureD.13. SHA Raw Data Asphalt Binder Conterit Sample 21.
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FigureD.15. SHA Raw Datd Asphalt Binder Conterit Sample 1&2.
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FigureD.18 SHA Raw Datd Asphalt Binder Conterit Sample 145L.
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FigureD.19. SHA Raw Data Asphalt BindeiContenti Sample 1541.
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FigureD.20. SHA Raw Datd Asphalt Binder Conterit Sample 152.
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APPENDIX C. PROPOSEDPRACTICE FOR VALIDATING CONTRACTOR TEST

DATA

The guidelinedor use of recommendeprocedures for validatinGontractortest results
prepared as a deliverable of NCHRP Projeel@0 are in the form of a Proposed Practice
in AASHTO format. The content is recommended by NCHRP Projedi0D0staff at the
University of Nevada Rendt has not been approved by NCHRP or any AASHTO

committee nor formally accepted for adoption by AASHTO.

AASHTO Designation: R xxi

1. SCOPE

1.1 Purposé The purpose of this document is to provide guidance on how State
Highway Agency (SHAs) should validate Contractor data that are used in
acceptance decisions for materials and construction.

1.2 Target audience Stakeholdersvho should apply this gdiance are SHA materials
and construction engineers responsible for establishing and maintaining Quality
Assurance programs for highway materials and construction, as well as Contractor
personnel responsible for managing testing used in acceptance decisions
Consultants and third party testers that are involved in validation should also apply
this guidance.

1.3 Background resourcé&sAn important resource on the use of Contractor data in
acceptance decisions is the Federal Hi gt
Techncal Advisory T 620.3Use of Contractor Test Results in the Acceptance
Decision, Recommended Quality Measures, and the Identification of
Contractor/Department Risk&ugust 2, 2004) which provides the legal
interpretation of Title 23 Code of Federal Regidns Part 637 Subpart B (23 CFR
637B).Optimal Procedures for Quality Assurance Specificati@wgati et al,

2002) and Transportation Research Circular Numb€0&7, Glossary of
Highway Quality Assurance Terms (2002), are other essential resources. Oth
important references are listed in Section 2.
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Application of recommended proceduie$his guide is applicable to highway
construction materials (e,@sphalt concret@ortlandcement concrete pavement,
aggregate base) which are evaluated for quidityughcharacteristics used to

assess compliance with project specifications. There may be certain circumstances
that limit or preclude the use of some aspects of the guide. For example, the
properties of some materials change substantially with timehwdnecludes the

ability to resample the material or make comparisons of material properties
measured at different times.

This guide does not provide recommendations regarding the selection of Quality
Characteristics for acceptance decisions.

This guide des not provide recommendations for frequency of sampling and
testing. However, recommendations are provided regarding the minimum number
of results that should be used in data validation.

This guide does not provide guidance on Independent Assurangadi’)

2.1

2.2

REFERENCED DOCUMENTS
AASHTO Standards and Publications

A R 9 Standard Recommended Practice for Acceptance Sampling Plans for
Highway Construction+ Verification, Statistical Tests, Process Verification
Practices, Fand t tests, Disput®esolution, Dealing with Outlier Observations,
Resampling and Retesting

A R 10 Standard Recommended Practice Definitions of Terms Related to Quality
and Statistics as Used in Highway Constructitdultiple Related Definitions

A R 18 Standard Recommended &iwe for Establishing and Implementing a
Quality Management System for Construction Material Testing L&bspute
Resolution, Appeals

A R 42 Standard Recommended Practice for Development of a Quality Assurance
Plan for Hot Mix Asphalt DisputeResolution

A R 44 Standard Recommended Practice for Independent Assurance (IA)
Comparison of Test Results, Split Samples, Disadvantage of D2S, Use of Paired
t-test

ASTMStandard
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A E 178 Standard Practice for Dealing with Outlying Observations
Others.

A NCHRP Research Report XXX (Project-100).

A FHWA-RD-02-095 Optimal Procedures for Quality Assurance Specifications
Quality Assurance Specifications and Risk Assessment.

A FHWA-HRT-04-046 Evaluation Procedures for Quality Assurance
Specifications Quality Assurance Considerations.

3.

3.1

3.2

3.3

3.4

3.5

3.6

3.7

TERMINOLOGY

acceptanceplahal so cal l ed fAacceptance sampling
pl ano. -uponpraess fer evdluating the acceptability of a lot of material.

It includes defining lot size, frequency of sampling and testing, sampling methods,
guality measures, aeptance limit(s), validation procedures, and pay adjustment
provisions.

acceptance sampling and testingampling and testing performed to evaluate
acceptabilityof the final product.

acceptance quality characteristic (AQCHa quality characterigt that is measured
and used to determine acceptability of a material or a constructed pay item.

accredited laboratorie® laboratories that are recognized by a formal accrediting
body as meeting quality system requirements including demonstrated coogpete
to perform standard test procedures.

accuracy the degree to which a measurement, or the mean of a distribution of
measurements, tends to coincide with the true population mean. When the true
population mean is unknown, the degree of agreement bettiee observed
measurements and an accepted reference value may be used to quantify the
accuracy of the measurements.

averag® a measure of central value that usually refers to the arithmetic wdean (
The mean, median, and mode are equal for a natistalbution. As a distribution
becomes more skewed, the mean, median, and mode will differ more and more.

certified techniciad a technician certified by some organization as being
proficient in performing certain duties. A certified technician issobered to be
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3.17

3.18
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qualified. A qualified technician may or may not be certified. See qualified
technician.

characteristi® a measurable property of a material, product, or item of
construction.

coefficient of variation (COV)) the ratio of the standard dation to the mean
expressed as a percentage. It provides a measure of dispersion or spread relative to
the mean.

composite pay factral so call ed Acombined pay fact
multiplication factor, often expressed as a percentage, that considers two or more
guality characteristics and is used to

a unit of work.

confidence intervad an estimate of an interval in which the estimated parameter
will Ilie for a predetermined probabilit

confidence levél if a large number of confidence intervals are constructed, the
proportion of time thathe estimated parameter will lie within the interval. A
confidence level is usually expressed as a percentage, typically ranging from 90 to
99 percent. Copgfidence | evel = 1 1

confidence limit8 the end points of a confidence interval.
conflict resolutio® see dispute resolution.

degrees of freedodnthe number of independent observations in a data set minus
the number of population parameters to be estimated from the data set.

dispute resolutiodal so call ed WdAconfelfieateer @ esltutnic
procedure used to decide for one side or the other when discrepancies occur
betwveenanSHAA s results and Contractoro6s resul
to impact payment. The procedure may, as an initial step, include the testing of
independent or split samples and, as a final step;phairty arbitration.

F-test (Fstatistich a hypothesis test involving the comparison of the variances of
two sets of data. The null hypothesis is the variance of one population equals the
variance of another population.

Independent Assurance (B\pctivities that provide an independent veafion of
the reliability of the acceptance data obtained by the SHA and the Contractor. The
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results of IA testing or inspection are not to be used as a basis of acceptance. IA
provides information for quality system management.

independent sampea sanple taken without regard to any other sample that may
also have been taken to represent the material in question. An independent sample
is sometimes taken to verify an acceptance decision. This is possible because the
data sets from independent sampledike those from split samples, each contain
independent information reflecting all sources of variability, i.e., sampling, testing,
materials, and construction.

independenttes® a hypothesis test involving the comparison of the means of two
independently obtained sets of data. The null hypothesis for this test is that the mean
of one normal population is equal to the mean of another normal population.

level of significance/()d the probability of rejecting the null hypothesis when it is
true. The level of significance is also referred to as the probability of a Type | error.

lotd a specific quantity of material from a single source that is assumed to be
produced or placed by the same controlled process.

meadt he ar i t hm®ot idce naovteersa gteh.e fiar i t hmet i ¢
denotes the arithmetic average of a population.

mediar® The midpoint of a set of values after they have been ordered from the
smallest to the largest, or the largest to the smallest. There are agatumsyabove
the median as below it in the data array.

Monte Carlo simulatiod a simulation technique (usually performed by a

computer) that uses random numbers to sample from probability distributions to
produce hundreds or thousands of scenaridsice d fAi t er ati ons, 0
A complete Monte Carlo simulation thus uses each result from each individual

iteration.
normalityd the state of being normally distributed or having a normal distribution.

paired ttesb al s 0o ¢ttestf loed pfai red measur ement s
test used to compare the test values for multiple pairs of data. The test uses the
differences between the pairs of test values and determines whether the average
difference is statistically significant fno zero.

a

nt

(s
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pay adjustmerd the actual amount, either in dollars or in dollars per
areal/ weight/volume, that i1s to be added
or unit bid price.

pay adjustment schedule (forqualdy® | s o cal | e de nftp rsicchee daud jew
Aadj ust ed p ay-esalidheddanédele, id either tabular or equation

form, for assigning pay factors associated with estimated quality levels of a given
characteristic. Pay factors are usually expressed as percentage€afthé r act or 0
bid price per unit of work but may also be given as direct dollar amounts.

pay adjustment systéra | so call ed #dAprice adjustment
system. o Al l pay adjust ment schedul es,
determinethe overall pay factor for a submitted lot of material or construction. A

pay adjustment system, and each pay adjustment schedule, should yield sufficiently
large pay increases/decreases to provide the Contractor sufficient
incentive/disincentive for higlow quality.

pay factor (PF) a factor based on a single AQC, often expressed as a percentage,
that is multiplied by the Contractorods |
for a unit of work.

percent defective (PD)the percentage of thiet falling outside specification
limits. [PD mayrefer to either the population value or the sample estimate of the
population value.]

percent within limits (PWI9) the percentage of the lot falling above a lower
specification limit, beneath anpper specification limit, or between upper and
| ower specification | imits. PWL = 100
popul ation value or the sample estimate
conformingo should not be used as a syn

qualified techniciad a technician who has been determined to be qualified (i.e.,
meeting some minimum standard) to perform specific duties. A qualified technician
may or may not be certified. See certified technician.

quality characteristi® a praduct attribute that is measured either for quality
control (QC) purposes or for conformance with acceptance requirements. Quality
characteristics are specific material properties evaluated by QC and acceptance
sampling and testing. Quality characteristised in acceptance specifications are
typically selected because they: (a) relate to initial and-terrg performance; (b)

are quantifiable or measurable; and (c) can be measured with good repeatability.
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resamplin@ the process of obtaining a new sdeppf warranted, to replace the
original sample for an individual sublot. [See retesting.]

retesting the process of performing another test to confirm the initial test.
Retesting should be performed using a second test portion or a sppcépared
from the same original sample. [See resampling.]

samplé also called materials sample when intended to mean: (1) a small physical
guantity of material or a measurement obtained in some manner so that the portion
is representative of the wholey;, (2) a quantity of material fabricated in a lab on
which future tests can be run. Also called statistical sample when intended to mean:
(1) all of the individual samples obtained from a lot that provide information that
may be used to quantify the quglof the entire lot, or (2) the integer number of
random material samples obtained from a sublot or lot. The context in which the

word fAsampledo is used determines its meece
could mean either obtain a physical quantit material at this location or take a
test (obtain a measurement) at this | o

would mean that a total of 9 individual material samples were obtained in a random
manner and thus comprised the statistical sampezef = 9.

sample size r)) (referring to a statistical samplé)the number of random
individual observations, (i.e., data points, test results, measurements) under
consideration or comprising a sublot or lot. The sample size (i.e., number of random
observations) has important implications on how well other statistical measures
represent the population. The greater the sample gjzthé greater the degree of
confidence in inferences made about the population.

split samplé a sample that has beéided into two or more portions representing

the same material. Split samples may be used for comparison of results from two
or more operators or laboratories. The variability calculated from differences in
split sample test results is composed solelyesting variability.

standard deviationg0 a biased measure of the dispersion of a series of results
around their mean, expressed as the square root of the quantity obtained by
summing the squares of the deviations from the mean of the resultviaimgdoy

the number of observations minus one.

standard normal distributiol a mathematical construct of a continuous
probability distribution having a symmetrical, asymptotic4séhped curve that is
fully defined by ¢ aandforwhichthdnneeare megian= 0 a
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and mode are all equal. All distribution curves having a similar shape may be
modeled by the standard normal distribution via tiseae transformation.

statistic® a branch of mathematics that deals with the collactianalysis,
interpretation, and presentation of masses of numerical data. Statistics use
mathematical theories of probability to impose order and regularity on the analysis
of data.

Student 6s 0tafaehily sftcantindioustsamplimg distributi®s employed
in small sampling theory where the standard deviation is unknown.

validationd the mathematical comparison of two independently obtained sets of
data (e.g., SHA data versus Contractor data) to determine whether it can be assumed
they came fom the same population. Some references define validation as the
process of verifying the soundness or effectiveness of a product (such as a model,
a program, or specifications) thereby indicating official sanction.

variance )0 a statistical measure of the dispersion of a population or a set of
data. An unbiased measure of the dispersion of a set of data around its mean,
calculated as the sum of the squares of the deviations from the mean of the results
divided by the number of obsrations minus one. Variance is equal to the standard
deviation squared.

verificationd the process of determining or testing the truth or accuracy of test
results by examining the data and/or providing objective evidence. Verification
may be part of m Independent Assurance (IA) program or part of an acceptance
program.

4.

4.1

PROCEDURES AND GUIDELINES FOR VALIDATING CONTRACTOR
TEST DATA

This practicerefers to validation as the documented process usad ByHAto
assess the reliability of Contractatd used to determine how well a material or

construction meets the SHAO6s project sp

required parofanSHA s QA program when results f
used in acceptance decisions.

r

C
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4.1.1 Acceptance dasions for a material or construction must be evaluated on a lot by
|l ot as defined in the SHAG6s QA progr am.

4.1.2 The acceptance quality characteristics (AQCSs) that are used to determine
acceptability (i.e.compliance with the specifications) must bevaint to
performance, encourage quality, and if multiple AQCs are used, they must not be
interdependent such that there is a strong chance of dieolplerdy, that is,
failing of one AQC also results in failing of another. For example, asphalt paving
mixtures are often accepted based on asphalt content, extracted gradation,
laboratory compacted air void content, and voids in the mineral aggregate
(VMA). There are strong intenelationships among these properties which
increases the probability of additiverlties. Criteria for acceptance (i.e.
specification limits) must be based on achievable limits. Each AQC for the lot of
materi al must be evaluated independent|
acceptance is determined based on a composite pay factgrfasi measured
AQCs, then each AQC must be validated.

4.1.3 According to 23 CFR 637B, samples obtained for validation of Contractor results
must be taken independent of those samples taken by the Contractor for
acceptance testing.

4.1.4 The SHA must eablish procedures regarding the security of samplesdhain
of custody) for materials samples to be used in validation and dispute resolution
testing.

4.2  The ability of the validation procedure to identify potential differences between
SHAandContrat or test results depends on the
significance and the number of test results (samples) that are being compared. The
greater the number of test results from each set, the greater the ability of the
comparison procedure to identifyasistically valid differences. Using a single
SHA sample to validate Contractor results is not valid since no measure of
variability can be obtained from the single SHA sample.

4.3 Overview of the Validation Process

4.3.1 Figure lillustrates how the validatioprocess is a key step witham SHAS s
larger acceptance plan that is used to determine whether or not Contractor results
should be used in the calculation of pay for a lot of material or construction item.
Validation includesomparisons of test results from the SHA and the Contractor
using formal statistical procedures that are fairly simple to apply. An important
detail is the 23 CFR 637B requirement of independent samples. Since test results
from independent samples includbsee sources of variation, namely materials
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variability, sampling variability, and testing variability, it can be challenging to
determine if results obtaindry an SHAand a Contractor from the same lot are
statistically different. Therefore, this guidescommends an additional step for
validation that compares results from multiple split samples. Further discussion of
this matter is presented later in this guide. Two example sampling and testing
plans with efficient validation processes that utilize botlependent and split
samples are provided AnnexA.

1. Project Sampling & Testing for each AQC
¢ Contractor sampling and testing for acceptance
¢ SHA sampling and testing for validation

¥

2. Validation Process
e Qutlier detection of Contractor and SHA data

Primary validation with F- and #- tests

Secondary validation with paired /-tests

{

e ™

3. Calculation of Pay Factors
o Use Contractor data if they pass either primary or

Dispute Resolution

secondary validation or wins the dispute resolution

¢ Use SHA data if both primary and secondary
validation fail and SHA data win the dispute
resolution

. J

Figure 1 Simplified Diagram of the Key Parts in an Acceptance Plan

4.3.2 Validation may include up to four steps: (1) outlier detection, (2) primary
validation using-- andt-tests, (3) secondary validation with paite@sts, and (4)
dispute resolution. Each step has a specific statistical procedure. The first step is
to idertify potential outlying results and if there are outliers, replace the results
from additional tests or other available samples. This step is essential to minimize
the potential of including data that are beyond normal variability. The second step
is the pimary validation step and it has two parts. The first part is used to
determine if the two data sets have similar variances. The procedure used for this
step is thd--test. The second part of step 2 is used to determine if the two data
sets have similar eans. The procedure used for the second part tstéise If the
F-testandth¢t est vali date the Contractorods da
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used to calculate the pay factor for that AQC. Otherwise, the process moves to

step 3, secondary valitian. This step uses the pairetést on multiple split

samples. If the secondary validation shows that the difference in means of results
from split samples is statistically dif
are not validated and the fol step, dispute resolution, may be invoked. Dispute
resolution is a process used to judge whether the SHA results or the Contractor
results are better estimates of the population when significant differences between
those results are evident.

43.3 Samping and Testing The goal of sampling as part of a QA program is to obtain
a suitable number of small but representative portions of the lot that are of
sufficient size to conduct tests of the AQCs for determining specification
compliance. Materials forugsh purposes must be obtained in a random manner
and in accordance with the appropriate standards such as AASHTO R 60, R90, T
23, and T 168. In order to adequately represent the lot, multiple samples are
needed to estimate t heeaph)@T@dispersion(,e.r al t e
variability) within the lot. A minimum of three SHA results are needed to validate
Contractor data. A fundamental truth of statistics is that having more samples
provides better estimates of the population and having betieaéss reduces the
risks to both SHAs and Contractors. On the other hand, increasing the number of
samples increases the cost of making the product simply due to higher costs for
assessing the productds qualitpesetln gen
such that a balance is achieved between the total cost per completed set of AQCs
and risks associated with pay penalties and accepting poor quality materials and
construction.

44  Description of Validation Steps

44.1 Testing of ReplicatesAs part of normal sampling and testing practices, all
organizations that conduct tests for quality control, acceptance, validation, and
Independent Assurance should consider the value of conducting replicate tests for
each AQC on each sample and compatiregreplicate results to the single
operator acceptable range., Difference TwaSigma(D2S),in the precision
statement of the given test method. This practice is a worthwhile check on
individual data points and will help identify procedural errors\athtions that
may affect subsequent steps in the acceptance decision process.

44.2 Dealing with Outliers Contractor and SHA data sets should be evaluated for
potential outlier observations using an established statistizalily method such
as ASTME 178Standard Practice for Dealing with Outlying Observatiohkis
standard provides several methods for determining if one or more observations
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are markedly different from other observations in the same data set and allows the
user to select the levef significance for determining critical values. A simpler
version of this method appropriate for identifying outliers in small data sets of
materials test results is providedAnnexB. Possible causes for erroneous results
could include mishandling ohé sample prior to testing, failure to properly

follow the test method, malfunction of test equipment, errors in recording
measurements, or computation errors. It is important to identify the cause(s) of
outlying results and correct them so that they dgpeosist.

44.3 Primary Validation The first part of primary validation is a test of the hypothesis
that thevariabilities of the Contractor results and the SHA results for the lot (or
combined lots) are the same. This hypothesis is evaluated witlté&se.

Underlying assumptions of thetest are that the samples are independent and the
population is approximately normaltiystributed. Inputs needed to conductan

test are the variances?, of the Contractor results and the SHA results, the
number of resultsy, used to calculate those variances, and the level of
significance,/. The recommended value fpiis 0.05, whith means that there is

only a five percent chance that the hypothesis will be incorrectly rejected.

Note 1i Since the calculation of tHestatistic and determining the critical

value from a statistical table are easily coded, programs or spreadsheets a
commonly used to conduct thetest. When the number of SHA results is

small (usually much smaller than the number of Contractor results), the power
of theF-test is weak and relatively large differences between SiktA

Contractor variances may nm significant. This is why combining data from
consecutive lots is preferred over testing data with small numbers of results.

4 4.3.1 TheF-statistic is calculated as the ratio of the variances from the Contractor
results and SHA results from the lot,acambined lots.
"0 i 0o Qi 0,00
Wherei is the larger variance from either the Contractor results or the SHA
results, and is the smaller of variance of the two.

4.4.3.20btain theF-critical value from ark table AnnexC, TableC.2, C.3,or C.4) ata
level of U2 and the degrees of freedom. The degrees of freéddye the
sample sizes minus 1,

QQ & pandQQ ¢ p
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Where¢ is the number of samples corresponding to the larger variance, esnd
the number of samples corresponding to the smaller variance.

4.4.3.3WhenF-statistic <F-critical, then the hypothesis is not rejected and it is
concluded that the variabilitie$ the two data sets are not different. Otherwise, it
is concluded that the variabilities of the two data sets are different.

Note 2i When the variabilities are found to be different, the stakeholders

should investigate why one of the sets of data haghehvariability than the

other. As a starting point, the SHA and the Contractor personnel who take the
samples and conduct the tests should r
primary validation tests are based on independent samples, there are more
opportunities for differences in sampling, testing and materials variability.

Material segregation, whether it occurs in haul vehicles, placement, or sample
handling, is a common source of variability.

4.4.3.3The second part of primary validation is testihg hypothesis that theeansof
t he Contractor results antiestt(disekn@MHA r esu
as the Aunegesat oyarsaneeommended for co.
dat a s e ttstatistitve dalculat@dsas follows:

o o

0

4.4.3.40btain the criticat-value from the-table AnnexC, Table C.1) at a level &f2
and the estimated degrees of freed@rt&which is approximated as:

Qe

Note 31 The estimated degrees of freedom should be rounded down to the
nearest integer since the degrees of freedantables are integers.

4.4.3.5When the absolute value of thstatistic <t-critical, then the hypothesis is not
rejected and it is concluded thhetmeans of the SHAS results and the
Contractordéds results are not different.
the SHAG6s results and the Contractords
different.
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44.3.6lftheF-t e st a n dtesMnalitacen 6tshat t he SHA resul ts
results are not statistically different
val i dated. I n this case, the determinat
proceed using the Contractoro6s resul ts.

If eithertheF-t e st or-t &t chvddi cate that the SHA
results are statistically different, th
validation and the comparison should proceed to the secondary validation.

44.4 Secondary ViidationT This comparison of SHA and Contractor results utilizes
multiple split samples that are evaluated with the pditedt. The pairetitest
determines whether the average difference between pairs of results is statistically
different from zero.

Note 41 The paired-test on split samples will only detect differences caused
by testing variabilities of SHA and Contractor results. Since the results used in
the paired-test are obtained from split portions of the same sample, potential
sources of variation from sampling and materials are eliminated. This can be
helpful in identifying the cause of differences between SHA and Contractor
results. If the pairetitestrestl s i ndi cate the datta ar e
test indicates that the means of the SHA and Contractor data are not similar,
then the differences between the independent samples could be attributed to
sampling differences or changes in the material. @other hand, if the

pairedt-t e st a n dtesMdeth inditadesthat the SHA and Contractor data
are different, then there is a stronger chance that the differences can be
attributed to variations in the test method used by the two labs.

4.4.4.1Thet-statistic for the pairetitest is:

Wheredf is the average of the differences between the split sample test results,
i isthe standard deviation of the differences between the split sample test
results, and is the number of dip samples.

4.4.4.2 Obtain the criticat-value from the-table @AnnexC, Table C.1) at a level &f2
and ¢ p) degrees of freedom.
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4.4.4.3When the pairettstatistic <t-critical, it is concluded that the means of the SHA
resul ts and reasditeareQat statistically tiftereri and the
Contractords results are validated by s
determination of the | otds acceptance f
Contractordos results.

When the pairetts t a t i-agittcdl, it is €@ncluded that the means of the SHA
results and the Contractoro6s results ar
results fail the primary and secondary validation and the comparison may proceed

to Referee Testing, also known as DigpResolution and Conflict Resolution.

Note 51 Some SHAs give the Contractor the choice of whether or not to

invoke Dispute Resolution. If the Contractor chooses to proceed with the

Dispute Resolution and the Referee results favor the Contractorhtheast

of the Referee Testing is paid by the SHA. If the Contractor chooses to

proceed with the Referee Testing and the Referee results favor the SHA, then

the cost of the Referee Testing is paid by the Contractor. If the Contractor

does notinvoke Refeee Testi ng, then the SHAGsS r e:
the pay factor of the AQC for the lot in question.

44.5 Dispute Resolutior Dispute Resolution is a defined process used when
Contractor results are not validated and it is necessary to determine whether the
Contractords data or the SHAOG6s verifica
often consists of Referee testing condudig@n accredited laboratory that is
different (independent) from the SHA laboratory that conducted the verification
testing. Often, the SHAOGs centr al |l abor
be another SHA laboratory or an independent, consultbotdtory as long as it
is accredited.

A common practice in current Dispute Resolution systems is to conduct a Referee
test on a single split sample and compare that result against the Contractor result
and the SHA validation result. However, a more pdwestatistical procedure for
Dispute Resolution is to test the Referee portion of each sample corresponding to
the samples used for verification. This recommended process for Dispute
Resolution also utilizes the pairetest for analysis of multiple spisamples. The
example sampling plans AnnexA provide additional illustrations of the
recommended Dispute Resolution process.

4.4.5.1Results of the Referee testing are compared to both the SHA results and the
Contractor results using the pairtetéststeps described in 4.5.4.1 and 4.5.4.2.
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4.4.5.2There are three possible outcomes of the paitest comparisons using the
results of the Referee tests:

1. The Referee test results are not significantly different than the SHA
results, but are significanttyi f f er ent t han the Contr a

words, the Referee results favor the
results for the lot, excluding outliers, would be used to determine the pay
factor for the AQC.

2. The Referee test results arat significantly different than the
Contractorodos results, but are signif
ot her words, the Referee test result

case, all of the Contraci@rdata for the lot, excluding oigfs, would be
used to determine the pay factor for the AQC.

3. The Refereeresulmenotsi gni fi cantly different t
AND the SHA results, OR the Referee resaltssignificantly different
than the Contractors results AND the SHA resutii®ither of these cases,
the party whosepairedt-testresultyields the lowest ywalue is theparty
whose results are considered validatedtatistics program or the Data
Analysis ToolPak in Excel can be used to determine thadyes of the
pairedt-tests.

ANNEX A T RECOMMENDED SAMPLING PLANS

This annexincludes two optional sampling plans that provide efficient validation
processes consistent with the precedagpmmendationsThe first case utilizes a

minimum of six Contractor results per lot #ach AQC and a minimum of three SHA

results per lot for validation of those Contractor results. The second case is referred to as
a Cumulative Validation Lots which features a smaller ratio of SHA validation tests per
Contractor testdt is important to ote that each SHA should determine the minimum
sample sizes for the AQCs in its specifications

Case 1: Minimum of six Contractor tests and a minimum of three SHA validation tests
per lot.

A.1.1 For each lot, randomly take a minimwhsix samples and split each of them
into three equal portions. Label the samples 1-C, 1-R, 2A, 2-C, 2R and so
on, where the number is the sample number (minimum of 6 in this case), A is
the Agency (SHA) portion of the split, C is the Contractoriparof the split,
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and R is the Referee portion of the split. See Figure A.1 for a flow chart
illustrating this case. The figure shows how the process is divided into four
parts: Sampling, Primary Validation, Secondary Validation, and Dispute
Resolution.

Note Ali The SHA must establish a policy for the security of validation
and Referee sample portions (ig@chain of custody policy). All samples
must be clearly labeled, securely sealed, and stored to avoid any concerns
about sample integrity.

The Contractor tests one portion from each of the samples. This will yield at
least six Contractor test results per lot. Figure A.1 illustrates six random
samples are tested by the Contractor.

The SHA randomly selects and tests at least three porbonslfdation. Three
verification results are considered the minimum number to produce statistically
valid results for thé-- andt-tests. The results of the Contractor tests on portions
corresponding to the SHA samples must be excluded frof-thedt-test

statistical comparisons in the primary validation. As illustrated in Figure A.1,



Each sample is split into three

portions:
A=SHA

C = Contractor
R = Referee

|

| SHA randomly selects three (3)
| samples and tests for validation
|

(e.9. 1-A, 3-A, and 6-A).

N Contractor invoke

referee testing

|
Yes

|=e-Non-Validatiol

Outliers detected

|
| Outliers
| Detection
|

<4

A
4

Y

Contractor tests all samples, but uses
tests results that are different from the
SHA splits for validation
(e.g. 2-C, 4-C, and 5-C)

F-and t- tests
to compare
SHA test results
to the
Contractor
test results

Non-Validation
Y

Use paired t-test

to compare
SHA results to the
Contractor results
(e.9.1-C, 3-C,
and 6-C)

Ise paired t-test’

to compare
Referee results to the
SHA

Referee test their split
of the SHA samples

Use Contractor results
same as Referee

(e.g. 1-R, 3-R, and
6R)

(eg. 1-C.3-C,
and 6-C)

Case 1: SHA results validated and
Contractor results are not.

Case 2: Contractor results validated
and SHA results are not.

Case 3: Both datasets not validated
(or both validated)

4 N\
/ \ Determine results
| Use SHA test results (3) for SHA results clo: closer to the
Pay Factor calculation. I referee results
(lowest p-value)
N /

Ise paired (-test
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Referee results to the
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No Outl

Validation———————————

Validatio N |

ontractor results clo

l Use ALL Contractor test
results (6) for Pay Factor
calculation.
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Figure A.1 Flow Chart for a Sampling and Validation Process Using a Minimum of Six
Contractor Results and Three SHA Results per Lot.
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A.1.4.1 If an outlier is detected in either set, then an investigation must be conducted to
determine the prable cause(s) of the outlying data. The cause(s) must be
corrected for subsequent sampling and testing.

A.142

A.l15

A.l5.1
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Conduct an assessment of outliers among the SHA results and the Contractor
results. A simple outlier detection procedure is provideinnexB.

Note A4i If an outlier is detected among either the SHA results or the

Contractor results and it is discarded, then there are several possible options

for replacing the outlier result or combining data from consecutive lots for a

proper validation. One option may be resampling and testing the material or

construction. The SHA should establish a resampling and testing policy and
procedure as part of itsAQplan. A second option exists when more than six
samples were obtained in the initial sampling of the lot as described in

A. 1. 1. | f the outlier resul t i's from

samples were taken in the original sampling plan ferdk then the

Contractor data set will still have at least three independent test results after

excluding samples used for validation
data, then the SHA could elect to randomly select and test one of the other
origi nal sample potions and the Contrac
portion must be excluded from the primary validation analysis.

I f no outlier results are detected, the

data proceeds.

Primary Vdidation - The first part of the primary validation is a comparison of
the variabilities of the Contractor results and the SHA results for the lot. The
statistical comparison of variabilities is evaluated withRkest.Inputs

required for thé--test are the variances?, of the Contractor results and the
SHA results, the number of results,used to calculate those variances, and the
level of significance/. The recommended value fpiis 0.05.

TheF-statistic is calculated as thatio of the variances from the Contractor
results and SHA results from the lot.

O [ 0wo i oiQoo

Wherei is the larger variance from either the Contractor results or the SHA
results, and is the smaller of variance of the two.
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TheF-critical value is obtained from dntable (Table C.2, C.3, or C.4 in
AnnexC) based on the degrees of freedomthaedselected level of
significance. The degrees of freeddn’(are the sample sizes minus 1.:

QQ ¢ pandQQ ¢ p

Wheree is the number of samples corresponding to the larger variance, and
is the number of samples corresponding to the smaller variance.

WhenF-s t a t iF-sritidalcit is©@oncluded that the variabilities of the
Contractor data and SHA data are statistically different. The stakeholders should
investigate why one of the sets of data has a higher variability than the other.

The second part of the primary validation is a statistical comparison of the
means othe Contractor results and the SHA results. The statistical comparison
of means i s evafttueastte.d lunspiuntgs Wedesyana orse
the meansy, of the Contractor results and the SHA results, the variagées,

of the Contractoresults and the SHA results, the number of results for each set,
m, and the level of significancg, The recommended value fpiis 0.05.

o

We | ctistétistic is calculated as follows:
(0] _—

1 i

£ £

Thet-critical value isobtained from Table C.1 iAnnexC at a level of)2
based on the estimated degrees of freedoi@which is approximated as
follows:

Qe

Round down the estimated degrees of freedom to the nearestinteg

When t he abs ol utsttisticgx-cutieal, tihdn théladares bfdé s |
the SHA results and the Contractor6s

r

€
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If boththeF-t e st a n dtesMralitate lthat she SHA results and the

Contractor results are not statistically different (itee data sets are from the

same population), the Contractorodos dat e
assessmento and all of the Contractord

to determine theay factor for this AQC.

If either theF-t e s t o rt-tedhMiadicatds that the Contractor results and the

SHA results are statistically differen

validated by the primary assessment and the process mavé&erundary
Validation.

Secondary ValidationWhen t he Contractords dat a

primary assessment, the next step is to compare SHA results and the Contractor

results from the same samples (itkee split portions) using the pairetest. As
illustrated in Figure A.1, the secondary validation would compare the results of
1-Ato 1-C, 3Ato 3-C, and 6A to 6-C. The paired-test is used to determine if
the average difference between these pairesults is statistically different

from zero.

Thet-statistic for the pairetitest is:

Wheredf is the average of the differences between the split sample test results,
i is the standard deviation of the differences betwkersplit sample test
results, and is the number of split samples.

The criticalt-value is obtained from Table C.1AmnexC at a level ofJ2 and
(¢ p) degrees of freedom.

When the pairettstatistic >t-critical, the means of thi8HA results and the

ar

Contractorodos results are statistically
Di spute Resolution. Ot herwise, the Cont

by secondary assessmento and aftlier of
data) are used to calculate the pay factor for this AQC.

Dispute Resolution The recommended process for Dispute Resolution utilizes
Referee testing on each of the split samples corresponding to the samples
already tested by the SHA for valtdan and testdby the Contractor isection

C

C

<

t

t h e
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A.1.2. The results of the Referee tests are compared to the SHA validation
results and the Contractorés resul ts
pairedt-tests are conducted. One of the patresbts isused to examine the

average difference between the Referee test results and the SHA verification test
results. As illustrated in Figure A.1, the differences would be determined

between IR and 1A, between 3R and 3A, and between-® and 6A. The
secondpairedt-test is used to examine the average difference between the
Referee test results and the Contractor test results. Again, using the illustration

in Figure A.1, the second pairetkest would examine the differences between

1-R and 1C, between R and 3C, and between-R and 6C.

The paired-test statistic and critical values for the Refer&A pairs and the
Referee Contractor pairs are determined following the same steps described in
A.1.6.1 and A.1.6.2.

The three possible teomes of the Dispute Resolution paitedsts using
Referee test results are:

1. The difference between the Referee test results and the SHA results are
not significantly different than zero, but the difference between Referee
test results and Contractasults are significantly different than zero. In
ot her words, the Referee results
Contractor results. I n this case,
determine the pay factor for the AQC.

2. The difference betweendiReferee test results and the Contractor
results are not significantly different than zero, but the difference
between Referee test results and SHA results are significantly different

agr

tf

t han zero. I n other words, t he Ref er

results, but not the SHA results. In this case, all of the Contractors data
for the lot, excluding outliers, would be used to determine the pay factor
for the AQC.

3. The Referee results do not agree (statistically speaking) with either the

Contr adther BHA®dBrs resul t s, OR t he Ref

both the Contractordés results AND
cases, thparty whoseairedt-testresultyields the lowest value is the
partywhose results are considered validaded thapatyd s dat a ar
used to determine the pay factor for the AQC.

t !
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Case 2: Cumulative Validation Lots

A.2 This case enables the use of smaller lots from which three or more samples are
randomly taken and tested by the Contractor and one sample is randomly
obtained for validation testing by the SHA. Since this yields only a single SHA
result per lot, which isisufficient for proper validation usirfg andt-tests,
validation results from three consecutive lots are combined as a Cumulative
Validation Lot (CVL). This approach is similar to a moving average, where a
fixed number of consecutive lots (e.g., 3) asmbined to form a larger
Avalidationo | ot that includes at | east
results from lot 1, lot 2, and lot 3. The second CVL drops the results from lot 1
and combines the results from lots 2, 3, and 4. This moving CVIegsoc
continues as | ong as the vali d8gei on pr
Figure A.2 for a flow chart illustrating this case.

For each lot, randomly take a minimum of four samples and split each of them
into three equal portions. Label the saespt1-A, 1-1-C, 1-1-R, 1-2-A, 1-2-C,

1-2-R and so on, where the first number is the lot number, the second number is
the sample number (minimum of 4 in this case), and A is the Agency (SHA)
portion of the split, C is the Contractor portion of the spiij R is the Referee
portion of the split. Figure A.2 illustrates how the process is divided into four
parts: Sampling, Primary Validation, Secondary Validation, and Dispute
Resolution.

Note A5i The SHA must establish a policy for the security of valatati

and Referee sample portions (i@chain of custody policy). All samples
must be clearly labeled, securely sealed, and stored to avoid any concerns
about sample integrity.

A.2.1 The Contractor tests one portion from each of the samples. Thigeidlat
least four Contractor test results per lot. The illustration in Figure A.2 shows
four Contractor samples per lot.

A.2.2 For each lot, the SHA randomly selects and tests one portion for validation. As
illustrated in Figure A.2, if the SHA randomdglects sample-1-A from lot 1,
for validation, then the Contractoro6s 1
testing would exclude results fromsampié&-C. Ther ef ore, the Cc
results used in the primary validation would be results fre2¥Cl 1-3-C, and
1-4-C.
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Note A6 Si nce the Contractords and SHAOSs
sample are not used in the primary validatienandt-tests), this satisfies

the 23 CFR 637B requirement that verification testing be conducted on
independent sample$o reduce risk on the initiation of a new CMhe

SHA may choose to select a total of three samples from the first twanlots

thatthe first two lotscan be validated, then use only one validation sample

in lots 2 and 3 to form the first CVL. This wpkovide additional assurance

that the material or construction meets the specification at the start of the

work.
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Figure A.2 lllustration of the Cumulative Validation Lot Approach
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A.2.3 When the SHA has completed testing of three consecutive lotstlaar o
analysis is conducted on the three SHA results. Outlier detection is also
conducted on the Contractor results from those same lots. If an outlier is
detected in either data set, then an investigation must be conducted to determine
the probable caug® of the outlying data. The cause(s) must be corrected for
subsequent sampling and testing.

A.2.3.1 If an outlier is detected among the SHA results, then the SHA must randomly
select and test one of the other original sampte poons and t he Cont
result on the corresponding portion must be excluded from the primary
validation analysis. If an outlier is detected among the Contractor data for the
CVL, then that result is simply discarded and no additional sample is needed
since t he CeenforthaCVL contdins at tbastemht other results.

A.2.4  Primary Validation The three SHA results from the CVL are compared to all
of the Contractor results from the three lots in the CVL. In this case, the number
of validation results will be at #st three, and the number of Contractor results
will be nine unless an outlier was detected and discarded.

A.2.4.1 The first statistical procedure for primary validation is a test of the hypothesis
that the variabilities of the Contractor results and tH& $esults for the lot are
the same. This hypothesis is evaluated witHest. Inputs needed to conduct
anF-test are the variances?, of the Contractor results and the SHA results, the
number of results;, used to calculate those variances, aedétiel of
significance;. The recommended value for U is
only afive percent chance that the hypothesis will be incorrectly rejected.

A.2.4.2 TheF-statistic is calculated as the ratio of the variances from the Contractor
results and SHA results from the lot, or combined lots.

O i 0wo NOi oiQoo

Wherei is the larger variance from either the Contractor results or the SHA
results, and is the smaller of variance of the two.

A.2.4.3 TheF-critical value is obtained from the table inAnnexC, based on the
degrees of freedom and the selected level of significance. The degrees of
freedom,Q "Care the sample sizes minus 1,

QQ & pandQQ ¢ p
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Wheret is the number of saphes corresponding to the larger variance, @and
is the number of samples corresponding to the smaller variance.

A.2.4.4 WhenF-s t at iF-sriticalcit is@oncluded that the variabilities of the
Contractor data and SHA data are different. The stdllels should investigate
why one of the sets of data has a higher variability than the other.

A.2.4.5 The second part of the primary validation is a statistical comparison of the
means of the Contractor results and the SHA results. The statistical csaonpari
of means i s evafttueastte.d lunspiuntgs Wedesqans orse d f
the meansy, of the Contractor results and the SHA results, the variasées,
of the Contractor results and the SHA results, the number of results for each set,
ni, and the level of significancg, The recommended value fpiis 0.05.

A.2.4.6 We | ctistatistic is calculated as follows:

o o

0 —

A.2.4.7 Thet-critical value is obtained from the Table C.1AinnexC at a level off2
based on the estimated degrees of freedoi@which is approximated as
follows:

Qe

Round down the estimated degreefreédom to the nearest integer.

A248 When t he abs ol utsktistic aticritical, tloeh theWihedns df thes
SHA results and the Contractorods result

A.2.49 IfboththeF-t e st a n dtestelitate that $h8HA results and the
Contractor results are not statistically different (tlee data sets are from the
same popul ation), the Contractorodos dat
Afaccepted by Primary Validati ontler and tl
data) corresponding to each lot are used to calculate the pay factor for this AQC.
For exampl e, if CVL 1 is validated, t he
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used to determine the pay factor for |«
used to determine the pay factor for lot 2, and so on.

A.2.4.10 If either thé&-t e s t o rt-tedMadicatds that the Contractor results and the

A.2.5

A.25.1

A.2.5.2

A.2.5.3

A.254

A.2.6

SHA results are statistically different
accepted by Primary Validation éthe process moves into Secondary
Validation.

Secondary ValidationWhen t he Contractords data ar
primary assessment, the next step is to compare SHA results and the Contractor
results from the same samples (itee split pations) using a pairetdtest.

The Contractor tests the split portions of the three SHA verification samples
from the CVL (e.g.1-1-C, 2-3-C, and 32-C, as illustrated in Figure A.2).

The paired-test is used to determine if the averdgterence between the pairs
of results (e.g.1-1-A I};1-C) is statistically different from zero. Thestatistic
for the paired-test is:

Whered is the average of the differences between the split sample test results,
i is the standard deviation of the differences between the split sample test
results, andzis the number of split samples.

The criticalt-value is obtained from Table Lin AnnexC at a level ofJ2 and
(n-1) degrees of freedom.

When the pairettstatistic > tcritical, the means of the SHA results and the

Contractorodos results are statistically
Dispute Resolution. Otheri se, t he Contractoros dat a
by secondary assessmento and all of t he

data) are used to calculate the pay factor for this AQC.

Dispute Resolution The recommended process for Disputsdtetion for this

case is the same as for Case 1 as described in A.1.7. However, note that in Case
2, when the SHA wins the Dispute Resolution, the SHA or the Referee testing is
required to test all portions for at least one lot.
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Note A7i If a CVL is notvalidated through the entire validation process,

then only the latest lot added to the CVL is considered not validated. For
example, i f the Cont rresdis fomidtd,lotZ2 sul t s
and | ot 3, were val i diadf@ul2,iaresdltst he Co
from lot 2, lot 3, and lot 4, are not validated, only lot 4 results are not

validated at the secondary assessment. In the case that CVL 1 is not

validated then Lot 1 is considered not validated, and the next CVL includes
resultsfrom lot 2, lot 3, and lot 4.

A.2.7 Restarting the CVL When a CVL is not validated through Primary Validation,
Secondary Validation, and Dispute Resolution, the next CVL must start with a
new lot. For example, if CVL1 is not validated, then CVL 2 wasthitt with lot
4 and include lots 5 and 6.

ANNEX B 1 PROCEDURE FOR DETERMINING STATISTICAL OUTLIERS

This procedure was developed by the Maine Department of Transportation. It is adapted
from ASTM E 178Dealing with Outlying Observations

Scope: This procedure deals with identifying outlying observations in sets of at least
three results.

Definition:Anaut | yi ng observation, or Aoutlier, o i
from other test values from the same population or lot. When considering outliers, two
conditions may exist: 1) the value may be an extreme value of the population or

excessive vaability of the population, and in either case, the value should not be

discarded, or 2) it may be the result of gross deviation from prescribed sampling and or

test procedures, errors in calculations, or errors in recording of numerical values, in

which ase it should be discarded. The procedure below provides steps to determine

which of the two decisions to make, i.e., the value is not an outlier and should be

retained, or the value is an outlier and should be discarded.

Procedure:

Step 1. Determine if physical reason is known for the outlier. Possible reasons may
include: the sample was mishandled prior to testing, the test equipment malfunctioned, or
a computation error was made. If a computation error is found, it may be corrected and
the correctedtalue used as the test result.
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Step 2. If no reason is found for the outlier, the following calculation procedure should be
used.

Calculation ProcedureT hi s procedur e itsebaoedi bh heifieive
significance §) of 5%. Thetwo-tail test means that the outlier may be either on the high

or low side of the average. The level of significance means that if a value is identified as

an outlier, there is only a 5% chance that it is not.

1. Calculate the sample avera@® énd standat deviation §) of the results in
the sample set (e,dot).

2. Find the criticatv a | tit6 Hr om Tabl e B. 1 using the
samples ) in the sample set.

3. Determine D, the total allowable deviation on either sid& &y multiplying
dcritOby s

4, Establish values for MAX and MIN by adding and subtracting D to and from
Q

5. Any result greater than MAX or less than MIN is determined to be an outlier.

Example 1. The following eight (8) density test results were obtained. Is one an outlier?

Sanple Relative Density, %
1 89.5
2 94.0
3 93.3
4 93.3
5 92.8
6 92.6
7 93.5

8 94.3
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Calculations
n=38
® =929
5=1.49
terit = 2.126 (from Table B.1)
D =teit X §=2.126 x 1.49 = 3.17
MAX=®+D =929 +3.17 =96.07%
MIN = @i D =92.9i 3.17 = 89.73%

Since Sample 1 is 89.5%hich is less than the MIN of 89.73%, this sample result is
identified as an outlier and should be investigated.

Example 2. The following three air void resultsrevebtained. Is one an outlier?

Sample Air Voids, %

1 5.2
2 5.2
3 6.6
Calculations
n=3
w=57
5=0.81

terit = 1.155 (from Table B.1)
D =terit X S= 1.155 x 0.81 =0.94

MAX = @+ D =5.7+0.94 =6.64%
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MIN = @-D =5.71 0.94 = 4.76%

Since Sample 3 is 6.6%vhich is less than MAX of 6.64%, this sample result is not an
outlier and should be used in further calculations.
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TABLE B.1 tcrit values for a 5% Significance Level

n terit

3 1.155
4 1.481
5 1.715
6 1.887
7 2.020
8 2.126
9 2.215
10 2.290
11 2.355
12 2412
13 2.462
14 2.507
15 2.549
16 2.585
17 2.620
18 2.651
19 2.681
20 2.709
21 2.733
22 2.758
23 2.781
24 2.802
25 2.822
26 2.841
27 2.859
28 2.876
29 2.893
30 2.908
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ANNEX C1 STATISTICAL TABLES

Table C.1. Critical Valuedsi, for thet-test for multiple levels of significance (Twiail) *

Two tailh, U=0.01 U=0.025 U=0.05 U=0.10
deg. of freedo

1 63.657 25.452 12.706 6.314
2 9.925 6.205 4.303 2.920
3 5.841 4.177 3.182 2.353
4 4.604 3.495 2.776 2.132
5 4.032 3.163 2.571 2.015
6 3.707 2.969 2.447 1.943
7 3.499 2.841 2.365 1.895
8 3.355 2.752 2.306 1.860
9 3.250 2.685 2.262 1.833
10 3.169 2.634 2.228 1.812
11 3.106 2.593 2.201 1.796
12 3.055 2.560 2.179 1.782
13 3.012 2.533 2.160 1.771
14 2.977 2.510 2.145 1.761
15 2.947 2.490 2.131 1.753
16 2.921 2.473 2.120 1.746
17 2.898 2.458 2.110 1.740
18 2.878 2.445 2.101 1.734
19 2.861 2.433 2.093 1.729
20 2.845 2.423 2.086 1.725
21 2.831 2.414 2.080 1.721
22 2.819 2.405 2.074 1.717
23 2.807 2.398 2.069 1.714
24 2.797 2.391 2.064 1.711
25 2.787 2.385 2.060 1.708
26 2.779 2.379 2.056 1.706
27 2.771 2.373 2.052 1.703
28 2.763 2.368 2.048 1.701
29 2.756 2.364 2.045 1.699
30 2.750 2.360 2.042 1.697
40 2.704 2.329 2.021 1.684
50 2.678 2.311 2.009 1.676
60 2.660 2.299 2.000 1.671
70 2.648 2.291 1.994 1.667
80 2.639 2.284 1.990 1.664
90 2.632 2.280 1.987 1.662
100 2.626 2.276 1.984 1.660
110 2.621 2.272 1.982 1.659
120 2.617 2.270 1.980 1.658
2.576 2.242 1.960 1.645

*Table generated using MS Excédl.(NV.2T) function.
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Table C.2. Critical Values, Fcrit, fortliet e st f or a | evel
Degrees of Freedom for numerator

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 | 16211 | 20000 | 21615 | 22500 | 23056 | 23437 | 23715 | 23925 | 24091 | 24224 | 24334 | 24426 | 24505 | 24572 | 24630

2 1985 | 199.0 | 199.2 | 199.2 | 199.3 | 199.3 | 1994 | 1994 | 199.4 | 199.4 | 199.4 | 1994 | 199.4 | 199.4 | 1994

3 5555 | 49.80 | 47.47 | 46.19 | 45.39 | 4484 | 4443 | 44.13 | 43.88 | 43.69 | 43.52 | 43.39 | 43.27 | 43.17 | 43.08

4 31.33 | 26.28 | 24.26 | 23.15 | 22.46 | 21.97 | 21.62 | 21.35 | 21.14 | 20.97 | 20.82 | 20.70 | 20.60 | 20.51 | 20.44

5 22.78 | 18.31 | 16.53 | 1556 | 14.94 | 1451 | 1420 | 13.96 | 13.77 | 13.62 | 13.49 | 13.38 | 13.29 | 13.21 | 13.15

6 18.63 | 14.54 | 1292 | 12.03 | 11.46 | 11.07 | 10.79 | 10.57 | 10.39 | 10.25 | 10.13 | 10.03 | 9.95 9.88 9.81

7 16.24 | 12.40 | 10.88 | 10.05 | 9.52 9.16 8.89 8.68 8.51 8.38 8.27 8.18 8.10 8.03 7.97

8 1469 | 11.04 | 9.60 8.81 8.30 7.95 7.69 7.50 7.34 7.21 7.10 7.01 6.94 6.87 6.81

9 13.61 | 10.11 | 8.72 7.96 7.47 7.13 6.88 6.69 6.54 6.42 6.31 6.23 6.15 6.09 6.03

10 | 12.83 | 9.43 8.08 734 | 6.87 6.54 6.30 6.12 5.97 5.85 5.75 5.66 5.59 5.53 5.47

11 | 12.23 | 8.91 7.60 6.88 6.42 6.10 5.86 5.68 5.54 5.42 5.32 5.24 5.16 5.10 5.05

12 | 11.75| 851 7.23 6.52 6.07 5.76 5.52 5.35 5.20 5.09 4.99 491 4.84 4.77 4.72

13 | 11.37 | 8.19 6.93 6.23 5.79 5.48 5.25 5.08 494 4.82 4.72 4.64 4.57 451 4.46

14 | 11.06 | 7.92 6.68 6.00 5.56 5.26 5.03 | 4.86 4.72 460 | 451 443 | 436 | 4.30 4.25

. 15 | 10.80| 7.70 6.48 5.80 5.37 5.07 4.85 4.67 4.54 4.42 4.33 4.25 4.18 4.12 4.07
% 16 | 1058 | 7.51 6.30 5.64 5.21 4.91 4.69 4.52 4.38 4.27 4.18 4.10 4.03 3.97 3.92
g 17 | 10.38 | 7.35 6.16 5.50 5.07 4.78 4.56 4.39 4.25 4.14 4.05 3.97 3.90 3.84 3.79
é 18 | 10.22 | 7.21 6.03 5.37 4.96 4.66 4.44 4.28 414 4.03 3.94 3.86 3.79 3.73 3.68
S 19 | 10.07 | 7.09 5.92 527 | 485 | 456 434 | 418 4.04 3.93 384 | 3.76 3.70 3.64 3.59
g 20 | 994 6.99 5.82 517 | 476 | 447 426 | 4.09 3.96 3.85 3.76 3.68 3.61 3.55 3.50
§ 21 | 9.83 6.89 5.73 5.09 | 468 | 4.39 418 | 4.01 3.88 3.77 3.68 3.60 3.54 | 3.48 343
E 22 9.73 6.81 5.65 5.02 4.61 4.32 411 3.94 3.81 3.70 3.61 3.54 3.47 341 3.36
z 23 | 9.63 6.73 5.58 495 | 454 | 4.26 4.05 3.88 3.75 3.64 | 3.55 3.47 341 3.35 3.30
95), 24 | 955 6.66 5.52 489 | 449 | 4.20 3.99 3.83 3.69 3.59 3.50 3.42 3.35 3.30 3.25
a 25 | 9.48 6.60 5.46 484 | 443 | 4.15 3.94 | 3.78 3.64 354 | 3.45 3.37 3.30 3.25 3.20
26 | 941 6.54 5.41 479 | 438 | 4.10 3.89 3.73 3.60 3.49 3.40 3.33 3.26 3.20 3.15

27 | 9.34 6.49 5.36 474 | 434 | 4.06 3.85 3.69 3.56 3.45 3.36 3.28 3.22 3.16 3.11

28 | 9.28 6.44 5.32 470 | 430 | 4.02 381 3.65 3.52 341 3.32 3.25 3.18 3.12 3.07

29 | 9.23 6.40 5.28 466 | 4.26 3.98 3.77 3.61 3.48 3.38 3.29 3.21 3.15 3.09 3.04

30 | 9.18 6.35 524 | 462 | 4.23 3.95 3.74 | 3.58 3.45 334 | 3.25 3.18 3.11 3.06 3.01

40 | 8.83 6.07 | 4.98 4.37 3.99 3.71 351 3.35 3.22 3.12 3.03 2.95 2.89 2.83 2.78

50 | 8.63 5.90 | 4.83 4.23 3.85 3.58 3.38 3.22 3.09 2.99 2.90 2.82 2.76 2.70 2.65

60 | 8.49 579 | 473 414 | 3.76 3.49 3.29 3.13 3.01 2.90 2.82 2.74 2.68 2.62 2,57

70 | 8.40 572 | 4.66 4.08 3.70 3.43 3.23 3.08 2.95 2.85 2.76 2.68 2.62 2.56 251

80 | 8.33 5.67 | 4.61 4.03 3.65 3.39 3.19 3.03 291 2.80 2.72 2.64 2.58 2.52 247

90 8.28 5.62 4.57 3.99 3.62 3.35 3.15 3.00 2.87 2.77 2.68 2.61 2.54 2.49 2.44

100 | 8.24 5.59 4.54 3.96 3.59 3.33 3.13 2.97 2.85 2.74 2.66 2.58 2.52 2.46 241

110 | 8.21 556 | 4.52 3.94 | 357 3.30 311 2.95 2.83 2.72 2.64 2.56 2.50 244 2.39

120 | 8.18 5,54 | 4.50 3.92 3.55 3.28 3.09 2.93 281 271 2.62 2.54 248 242 2.37

7.88 5.30 4.28 3.72 3.35 3.09 2.90 2.75 2.62 2.52 2.43 2.36 2.30 2.24 2.19

*Table generated using MS Excé&l.(NV) function.
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Table C.3. Critical Values, Fcrit, forthet e st f or a | evel of-Tad)irgni fi c
Degrees of Freedom for numerator

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 | 2593 | 3200 | 3458 | 3600 | 3689 | 3750 | 3794 | 3828 | 3854 | 3876 | 3893 | 3908 | 3920 | 3931 | 3941

2 | 785 | 790 | 792 | 792 | 793 | 793 | 79.4 | 79.4 | 794 | 79.4 | 79.4 | 79.4 | 794 | 79.4 | 79.4

3 | 29.07| 26.35| 25.22| 24.60 | 24.20 | 23.93 | 23.73| 23.57 | 23.45| 23.36 | 23.28 | 23.21 | 23.15| 23.10 | 23.06

4 | 18.62| 15.89| 14.77 | 14.15| 13.75| 13.48 | 13.28| 13.13 | 13.01| 12.91 | 12.83| 12.76 | 12.70| 12.65 | 12.61

5 | 14.52| 11.93| 10.86| 10.28| 9.90 | 9.64 | 9.45 | 9.31 | 9.19 | 9.10 | 9.02 | 895 | 8.90 | 8.85 | 8.81

6 | 12.40| 9.93 | 891 | 835 | 800 | 7.75 | 756 | 7.42 | 7.31 | 7.22 | 7.14 | 7.08 | 7.02 | 6.98 | 6.94

7 | 1112| 874 | 7.77 | 722 | 6.88 | 6.64 | 6.46 | 6.32 | 6.21 | 6.12 | 6.05 | 599 | 593 | 589 | 5.85

8 |10.28| 7.96 | 7.02 | 6.49 | 6.15 | 592 | 574 | 561 | 550 | 541 | 534 | 528 | 523 | 5.18 | 5.14

9 | 968 | 742 | 6.49 | 598 | 565 | 541 | 524 | 511 | 500 | 492 | 485 | 479 | 473 | 469 | 4.65

10 | 923 | 7.01 | 6.10 | 560 | 527 | 5.04 | 4.88 | 474 | 464 | 456 | 4.48 | 4.42 | 437 | 433 | 4.29

11 | 889 | 6.70 | 581 | 531 | 499 | 476 | 460 | 447 | 436 | 428 | 421 | 415 | 410 | 405 | 4.01

12 | 861 | 6.45 | 557 | 5.08 | 476 | 454 | 437 | 425 | 414 | 406 | 3.99 | 393 | 3.88 | 3.83 | 3.80

13 | 839 | 6.26 | 538 | 490 | 458 | 436 | 420 | 407 | 397 | 3.88 | 3.81 | 3.75 | 3.70 | 3.66 | 3.62

14 | 820 | 6.09 | 523 | 474 | 443 | 421 | 405 | 392 | 3.82 | 3.74 | 3.67 | 3.61 | 3.56 | 3.51 | 3.48

% 15 | 8.05| 5.95 | 510 | 462 | 431 | 409 | 393 | 3.80 | 3.70 | 3.62 | 3.55 | 3.49 | 3.44 | 3.39 | 3.36
g 16 | 791 | 583 | 498 | 451 | 420 | 398 | 3.82 | 3.70 | 3.60 | 3.51 | 3.44 | 3.39 | 3.33 | 3.29 | 3.25
© | 17| 780 | 573 | 489 | 442 | 411 | 3.89 | 3.73 | 361 | 351 | 3.42 | 3.36 | 3.30 | 3.25 | 3.20 | 3.16
% 18 | 770 | 5.65 | 480 | 433 | 403 | 3.82 | 365 | 353 | 343 | 3.35 | 3.28 | 3.22 | 3.17 | 3.13 | 3.09
£ | 19| 761 | 557 | 473 | 426 | 3.96 | 3.75 | 359 | 3.46 | 3.36 | 3.28 | 3.21 | 3.15 | 3.10 | 3.06 | 3.02
§ 20 | 753 | 550 | 467 | 420 | 3.90 | 3.69 | 3.53 | 340 | 3.30 | 3.22 | 3.15 | 3.09 | 3.04 | 3.00 | 2.96
$ | 21| 746 | 544 | 461 | 415 | 3.84 | 3.63 | 3.47 | 3.35| 3.25 | 3.17 | 3.10 | 3.04 | 2.99 | 2.94 | 2.91
E 22 | 740 | 5.38 | 456 | 410 | 3.79 | 358 | 3.42 | 3.30 | 3.20 | 3.12 | 3.05 | 2.99 | 2.94 | 2.90 | 2.86
§ 23 | 734 | 533 | 451 | 405 | 375 | 354 | 3.38 | 3.26 | 3.16 | 3.08 | 3.01 | 295 | 2.90 | 2.85 | 2.82
g 24 | 729 | 529 | 447 | 401 | 3.71 | 350 | 3.34 | 322 | 312 | 3.04 | 297 | 291 | 2.86 | 2.82 | 2.78
8 | 25| 724 | 525| 443 | 397 | 367 | 3.46 | 3.31 | 3.18 | 3.08 | 3.00 | 2.93 | 2.87 | 2.82 | 2.78 | 2.74
26 | 7.20 | 521 | 440 | 3.94 | 364 | 343 | 327 | 315 | 3.05 | 297 | 290 | 284 | 279 | 275 | 2.71

27 | 716 | 518 | 436 | 3.91 | 361 | 3.40 | 324 | 312 | 3.02 | 294 | 2.87 | 281 | 276 | 2.72 | 2.68

28 | 713 | 515 | 433 | 3.88 | 358 | 3.37 | 322 | 3.09 | 299 | 291 | 2.84 | 279 | 2.74 | 2.69 | 2.65

29 | 7.09 | 512 | 431 | 3.85 | 356 | 3.35 | 3.19 | 3.07 | 297 | 2.89 | 2.82 | 2.76 | 2.71 | 2.67 | 2.63

30 | 7.06 | 5.09 | 428 | 3.83 | 3.53 | 3.32 | 3.17 | 3.04 | 2.95 | 2.86 | 2.80 | 2.74 | 2.69 | 2.64 | 2.60

40 | 6.84 | 490 | 410 | 3.66 | 3.36 | 3.16 | 3.00 | 2.88 | 2.78 | 2.70 | 2.63 | 257 | 2.52 | 2.48 | 2.44

50 | 6.71 | 479 | 400 | 3.56 | 3.27 | 3.06 | 291 | 2.78 | 2.69 | 2.61 | 2.54 | 2.48 | 2.43 | 2.38 | 2.34

60 | 6.63 | 4.72 | 3.93 | 349 | 320 | 3.00 | 2.84 | 272 | 263 | 254 | 2.48 | 242 | 237 | 2.32 | 2.28

70 | 657 | 4.67 | 3.89 | 345 | 3.16 | 2,96 | 2.80 | 2.68 | 2.58 | 2,50 | 2.43 | 2.37 | 2.32 | 2.28 | 2.24

80 | 653 | 463 | 3.85 | 3.41 | 3.13 | 292 | 277 | 265 | 255 | 2.47 | 240 | 2.34 | 229 | 225 | 2.21

90 | 650 | 4.60 | 3.83 | 3.39 | 3.10 | 290 | 2.74 | 262 | 253 | 244 | 238 | 2.32 | 227 | 222 | 2.18

100 | 6.47 | 458 | 3.80 | 3.37 | 3.08 | 2.88 | 2.72 | 2.60 | 251 | 243 | 2.36 | 2.30 | 2.25 | 2.20 | 2.16
110| 6.45 | 456 | 3.79 | 335 | 3.07 | 2.86 | 271 | 259 | 249 | 241 | 234 | 228 | 223 | 219 | 2.15
120 | 6.43 | 455 | 3.77 | 3.34 | 3.05 | 2.85 | 270 | 258 | 2.48 | 240 | 233 | 227 | 222 | 217 | 213
6.24 | 438 | 3.62 | 319 | 291 | 2.71 | 256 | 2.44 | 2.34 | 2.26 | 219 | 2.13 | 2.08 | 2.03 | 1.99

*Table generated using MS Excé&l.(NV) function.
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Table C4. Critical Values, Fcrit, forthé-t est f or a | evel o fTaily*i gni f i ¢
Degrees of Freedom foiumerator

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 648 | 799 | 864 | 900 | 922 | 937 | 948 | 957 | 963 | 969 | 973 | 977 | 980 | 983 | 985

2 | 385|390 392 | 392 | 393 | 393 | 394 | 394 | 394 | 394 | 39.4 | 39.4 | 394 | 39.4 | 39.4

3 | 17.44| 16.04| 15.44| 15.10| 14.88| 14.73| 14.62| 14.54 | 14.47 | 14.42| 14.37| 14.34| 14.30| 14.28| 14.25

4 |12.22|10.65| 9.98 | 9.60 | 9.36 | 9.20 | 9.07 | 8.98 | 8.90 | 8.84 | 8.79 | 8.75 | 8.71 | 8.68 | 8.66

5 |1001| 843 | 7.76 | 739 | 7.15 | 6.98 | 6.85 | 6.76 | 6.68 | 6.62 | 6.57 | 6.52 | 6.49 | 6.46 | 6.43

6 | 881 | 726 | 6.60 | 6.23 | 599 | 582 | 570 | 560 | 552 | 546 | 541 | 537 | 533 | 530 | 5.27

7 | 807 | 654 | 589 | 552 | 529 | 512 | 499 | 490 | 482 | 476 | 471 | 4.67 | 463 | 460 | 4.57

8 | 757 | 6.06 | 542 | 5.05 | 482 | 465 | 453 | 443 | 436 | 430 | 424 | 420 | 416 | 413 | 4.10

9 | 721|571 | 508 | 472 | 448 | 432 | 420 | 410 | 4.03 | 3.96 | 3.91 | 3.87 | 3.83 | 3.80 | 3.77

10 | 6.94 | 5.46 | 483 | 447 | 424 | 407 | 3.95 | 3.85 | 3.78 | 3.72 | 3.66 | 3.62 | 3.58 | 3.55 | 3.52

11 | 6.72 | 5.26 | 463 | 428 | 404 | 3.88 | 3.76 | 3.66 | 3.59 | 3.53 | 3.47 | 3.43 | 3.39 | 3.36 | 3.33

12 | 655 | 5.10 | 447 | 412 | 3.89 | 3.73 | 3.61 | 351 | 344 | 3.37 | 3.32 | 3.28 | 3.24 | 3.21 | 3.18

13 | 641 | 497 | 435 | 400 | 3.77 | 3.60 | 3.48 | 3.39 | 3.31 | 3.25| 3.20 | 3.15 | 3.12 | 3.08 | 3.05

14 | 630 | 486 | 424 | 3.89 | 3.66 | 3.50 | 3.38 | 3.29 | 3.21 | 3.15| 3.09 | 3.05 | 3.01 | 2.98 | 2.95

% 15 | 620 | 477 | 415 | 3.80 | 358 | 341 | 3.29 | 3.20 | 3.12 | 3.06 | 3.01 | 2.96 | 2.92 | 2.89 | 2.86
E 16 | 6.12 | 469 | 408 | 3.73 | 3.50 | 3.34 | 3.22 | 3.12 | 3.05 | 299 | 293 | 2.89 | 2.85 | 2.82 | 2.79
© | 17 | 6.04 | 462 | 401 | 366 | 344 | 328 | 3.16 | 3.06 | 2.98 | 2.92 | 2.87 | 2.82 | 279 | 275 | 2.72
% 18 | 598 | 456 | 3.95| 3.61 | 3.38 | 3.22 | 3.10 | 3.01 | 293 | 287 | 2.81 | 277 | 273 | 2.70 | 2.67
£ | 19 | 592 | 451 | 390 | 356 | 3.33 | 3.17 | 3.05 | 2.96 | 2.88 | 2.82 | 2.76 | 2.72 | 2.68 | 2.65 | 2.62
§ 20 | 587 | 446 | 3.86 | 351 | 329 | 3.13 | 3.01 | 2.91 | 2.84 | 2.77 | 2.72 | 2.68 | 2.64 | 2.60 | 2.57
$ | 21 | 583 | 442 | 3.82 | 348 | 325 | 3.09 | 297 | 2.87 | 2.80 | 2.73 | 2.68 | 2.64 | 2.60 | 2.56 | 2.53
E 22 | 579 | 438 | 3.78 | 344 | 322 | 3.05| 293 | 2.84 | 2.76 | 2.70 | 2.65 | 2.60 | 2.56 | 2.53 | 2.50
§ 23 | 575 | 435 | 375 | 3.41 | 3.18 | 3.02 | 290 | 2.81 | 2.73 | 2.67 | 2.62 | 2.57 | 2.53 | 2,50 | 2.47
g 24 | 572 | 432 | 372 | 338 | 3.15| 2.99 | 287 | 2.78 | 270 | 2.64 | 2.59 | 2.54 | 2.50 | 2.47 | 2.44
8 | 25 | 569 | 429 | 369 | 335 | 3.13 | 297 | 2.85 | 2.75 | 2.68 | 2.61 | 256 | 2.51 | 2.48 | 2.44 | 2.41
26 | 566 | 427 | 3.67 | 3.33 | 3.10 | 294 | 2.82 | 2.73 | 2.65 | 259 | 2.54 | 2.49 | 2.45 | 2.42 | 2.39

27 | 563 | 424 | 365 | 331 | 3.08| 292 | 280 | 2.71 | 2.63 | 257 | 251 | 2.47 | 2.43 | 2.39 | 2.36

28 | 561 | 422 | 363 | 3.29 | 3.06 | 290 | 2.78 | 2.69 | 2.61 | 255 | 2.49 | 2.45 | 2.41 | 2.37 | 2.34

29 | 559 | 420 | 361 | 3.27 | 3.04 | 2.88 | 276 | 2.67 | 259 | 253 | 2.48 | 2.43 | 2.39 | 2.36 | 2.32

30 | 557 | 418 | 359 | 3.25 | 3.03 | 2.87 | 2.75 | 2.65 | 257 | 251 | 2.46 | 241 | 2.37 | 2.34 | 2.31

40 | 542 | 405 | 3.46 | 3.13 | 2.90 | 2.74 | 262 | 253 | 245 | 2.39 | 233 | 229 | 2.25 | 2.21 | 2.18

50 | 534 | 397 | 3.39 | 3.05| 283 | 2.67 | 255 | 246 | 2.38 | 232 | 2.26 | 2.22 | 2.18 | 2.14 | 2.11

60 | 529 | 393 | 3.34 | 3.01 | 279 | 2.63 | 251 | 241 | 233 | 227 | 2.22 | 2.17 | 2.13 | 2.09 | 2.06

70 | 525 | 3.89 | 331 | 297 | 275 | 259 | 247 | 238 | 230 | 2.24 | 2.18 | 2.14 | 2.10 | 2.06 | 2.03

80 | 522 | 3.86 | 3.28 | 295 | 273 | 257 | 245 | 235 | 228 | 221 | 2.16 | 2.11 | 2.07 | 2.03 | 2.00

90 | 520 | 3.84 | 3.26 | 293 | 271 | 255 | 243 | 234 | 2.26 | 219 | 2.14 | 2.09 | 2.05 | 2.02 | 1.98

100 | 518 | 3.83 | 3.25 | 292 | 270 | 254 | 2.42 | 2.32 | 2.24 | 218 | 2.12 | 2.08 | 2.04 | 2.00 | 1.97

110 | 516 | 3.82 | 3.24 | 290 | 2.68 | 2.53 | 240 | 231 | 223 | 217 | 211 | 2.07 | 2.02 | 1.99 | 1.96

120 | 515 | 3.80 | 3.23 | 2.89 | 2.67 | 252 | 239 | 230 | 222 | 216 | 2.10 | 2.05 | 2.01 | 1.98 | 1.94
503 | 369 | 312 | 279 | 257 | 241 | 229 | 219 | 211 | 2.05| 1.99 | 1.95 | 1.90 | 1.87 | 1.83

*Table generated using MS Excé&l.(NV) function.
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Table C5. Critical Values, Fcrit, forthé-t est f or a | evel o-Tailgi gni fic

Degrees of Freedom for denominator

Degrees of Freedom for numerator

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 161 | 200 | 216 | 225 | 230 | 234 | 237 | 239 | 241 | 242 | 243 | 244 | 245 | 245 | 246

2 185 | 19.0| 19.2| 19.2| 193 | 193 | 194 | 194 | 194 | 194 | 194 | 194 | 194 | 194 | 194

3 ]110.13| 955| 9.28| 9.12| 9.01| 8.94 | 889 | 8.85| 8.81| 8.79 | 8.76 | 8.74 | 8.73 | 8.71 | 8.70

4 7.71 | 694 | 659 | 6.39| 6.26 | 6.16 | 6.09 | 6.04 | 6.00| 596 | 594 | 591 | 5.89 | 5.87 | 5.86

5 6.61 | 5,79 | 541 | 519 | 5.05| 495| 488 | 482 | 4.77| 474 | 470 | 468 | 4.66 | 4.64 | 4.62

6 599 | 514 | 4.76 | 453 | 439 | 4.28| 4.21| 4.15| 4.10| 4.06 | 4.03 | 4.00 | 3.98 | 3.96 | 3.94

7 559 | 4.74| 435| 4.12| 3.97| 3.87| 3.79| 3.73| 3.68| 3.64 | 3.60 | 3.57 | 3.55| 3.53 | 3.51

8 532 | 446 | 4.07| 3.84| 3.69| 3.58| 3.50| 3.44| 3.39| 3.35| 3.31| 3.28| 3.26 | 3.24 | 3.22

9 512 | 426 | 3.86 | 3.63| 3.48| 3.37| 3.29 | 3.23| 3.18| 3.14| 3.10| 3.07 | 3.05| 3.03 | 3.01

10 | 496 | 410| 3.71| 3.48| 3.33| 3.22| 3.14| 3.07| 3.02| 2.98| 294 | 291 | 2.89| 2.86 | 2.85
11 | 484 | 3.98| 359 | 3.36| 3.20| 3.09| 3.01 | 2.95| 290 | 2.85| 2.82 | 2.79 | 2.76 | 2.74 | 2.72
12 | 475 | 3.89| 3.49| 3.26| 3.11| 3.00| 291 | 2.85| 2.80| 2.75| 2.72 | 2.69 | 2.66 | 2.64 | 2.62
13 | 467 | 3.81| 3.41| 3.18| 3.03| 2.92| 2.83| 2.77 | 2.71| 2.67 | 2.63 | 2.60 | 2.58 | 2.55 | 2.53
14 | 460 | 3.74| 3.34| 3.11| 2.96| 2.85| 2.76 | 2.70 | 2.65| 2.60 | 2.57 | 2.53 | 2.51 | 2.48 | 2.46
15 | 454 | 368| 3.29| 3.06| 2.90 | 2.79| 2.71 | 2.64 | 259 | 2.54 | 251 | 2.48 | 2.45| 2.42 | 2.40
16 | 449 | 3.63| 3.24| 3.01 | 2.85| 2.74 | 266 | 259 | 254 | 2.49 | 2.46 | 2.42 | 2.40 | 2.37 | 2.35
17 | 445 | 359| 3.20| 296 | 2.81| 2.70| 2.61 | 255 | 249 | 2.45| 2.41 | 2.38| 2.35| 2.33| 2.31
18 | 441 | 355| 3.16| 293 | 2.77| 2.66 | 258 | 251 | 2.46 | 2.41| 2.37 | 2.34 | 2.31| 2.29 | 2.27
19 | 438 | 352| 3.13| 290 | 2.74| 2.63| 254 | 248 | 2.42| 2.38| 2.34 | 2.31 | 2.28| 2.26 | 2.23
20 | 435|349 3.10| 287 | 2.71| 2.60| 251 | 2.45| 2.39| 2.35| 2.31 | 2.28 | 2.25| 2.22| 2.20
21 | 432 | 3.47| 3.07| 2.84| 2.68| 257 | 2.49| 2.42| 237 | 2.32| 2.28 | 2.25| 2.22| 2.20| 2.18
22 | 430 | 3.44| 3.05| 2.82| 2.66 | 255| 2.46 | 2.40| 2.34| 2.30 | 2.26 | 2.23| 2.20 | 2.17 | 2.15
23 | 428 | 3.42| 3.03| 2.80| 2.64 | 253 | 2.44| 237 | 2.32| 2.27| 2.24| 220 | 2.18 | 2.15| 2.13
24 | 426 | 3.40| 3.01| 2.78| 2.62| 251 | 2.42| 236 | 2.30| 2.25| 2.22| 2.18| 2.15| 2.13| 2.11
25 | 424 | 3.39| 299 | 2.76| 260 | 249 | 2.40| 2.34| 2.28 | 2.24| 220 | 2.16 | 2.14| 2.11 | 2.09
26 | 423 | 337|298 2.74| 259 | 247 | 2.39| 2.32| 2.27| 2.22| 2.18 | 2.15| 2.12| 2.09 | 2.07
27 | 421 | 335|296 2.73| 257 | 246 2.37| 2.31| 2.25| 2.20| 2.17 | 2.13| 2.10| 2.08 | 2.06
28 | 420 | 3.34| 2.95| 2.71| 256 | 2.45| 2.36| 2.29 | 2.24| 2.19| 2.15| 2.12 | 2.09 | 2.06 | 2.04
29 | 418 | 3.33| 2.93| 2.70| 255| 2.43| 2.35| 2.28 | 2.22 | 2.18| 2.14| 2.10 | 2.08 | 2.05| 2.03
30 | 417 | 3.32| 292|269 | 253 | 242 | 2.33| 2.27| 2.21| 2.16| 2.13| 2.09| 2.06 | 2.04 | 2.01
40 | 408 | 3.23| 2.84| 261 | 2.45| 2.34| 2.25| 2.18| 2.12| 2.08| 2.04 | 2.00| 1.97 | 1.95| 1.92
50 | 403 | 3.18| 2.79| 256 | 2.40| 2.29| 2.20| 2.13| 2.07| 2.03| 1.99| 1.95| 1.92 | 1.89 | 1.87
60 | 400 | 3.15| 2.76 | 2.53| 2.37| 2.25| 2.17| 2.10| 2.04| 1.99| 1.95| 1.92 | 1.89 | 1.86 | 1.84
70 | 398 | 3.13| 2.74| 250| 2.35| 2.23| 2.14| 2.07| 2.02| 1.97| 1.93| 1.89| 1.86| 1.84 | 1.81
80 | 396 | 3.11| 2.72| 2.49| 2.33| 221 | 2.13| 2.06| 2.00| 1.95| 1.91| 1.88| 1.84| 1.82 | 1.79
90 | 395 | 3.10| 2.71| 247 | 2.32| 220 | 2.11| 2.04| 1.99| 194 | 1.90| 1.86| 1.83| 1.80| 1.78
100| 394 | 3.09| 2.70| 2.46| 2.31| 2.19| 2.10| 2.03| 1.97 | 1.93| 1.89| 1.85| 1.82| 1.79 | 1.77
110| 393 | 3.08| 2.69| 2.45| 2.30| 2.18| 2.09| 2.02| 197 | 1.92| 1.88| 1.84| 1.81 | 1.78 | 1.76
120 392 | 3.07| 2.68| 2.45| 2.29| 2.18| 2.09| 2.02| 1.96| 1.91 | 1.87| 1.83| 1.80| 1.78 | 1.75
384 | 300| 261 | 237 | 221| 2.10| 201 | 194 | 1.88| 1.83| 1.79| 1.75| 1.72| 1.69 | 1.67

*Table generated using MS Excé&l.(NV) function.



Q
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1.00
1.01
1.02
1.03
1.04
1.05
1.06
1.07
1.08
1.09
1.10
1.11
1.12
1.13
1.14
1.15
1.16
1.17
1.18
1.19
1.20
1.21
1.22
1.23
1.24
1.25
1.26
1.27
1.28
1.29
1.30
131
1.32
1.33
1.34
1.35
1.36
1.37
1.38
1.39
1.40
1.41
1.42
1.43
1.44
1.45
1.46

N=3
78.89
79.34
79.81
80.27
80.75
81.25
81.75
82.26
82.79
83.33
83.89
84.47
85.07
85.69
86.34
87.02
87.73
88.49
89.29
90.16
91.11
92.18
93.40
94.92
97.13

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=4
80.33
80.67
81.00
81.33
81.67
82.00
82.33
82.67
83.00
83.33
83.67
84.00
84.33
84.67
85.00
85.33
85.67
86.00
86.33
86.67
87.00
87.33
87.67
88.00
88.33
88.67
89.00
89.33
89.67
90.00
90.33
90.67
91.00
91.33
91.67
92.00
92.33
92.67
93.00
93.33
93.67
94.00
94.33
94.67
95.00
95.33
95.67
96.00
96.33
96.67
97.00
97.33
97.67
98.00
98.33
98.67

Table C6. Estimation of Lot PWL- standard deviation method

N=5
80.93
81.23
81.54
81.84
82.14
82.45
82.75
83.04
83.34
83.64
83.93
84.22
84.52
84.81
85.09
85.38
85.67
85.95
86.24
86.52
86.80
87.07
87.35
87.63
87.90
88.17
88.44
88.71
88.98
89.24
89.50
89.77
90.03
90.28
90.54
90.79
91.04
91.29
91.54
91.79
92.03
92.27
92.51
92.75
92.98
93.21
93.44
93.67
93.90
94.12
94.34
94.56
94.77
94.98
95.19
95.40

N=6
81.22
81.51
81.81
82.10
82.39
82.67
82.96
83.24
83.52
83.80
84.08
84.36
84.63
84.91
85.18
85.45
85.71
85.98
86.24
86.50
86.76
87.02
87.28
87.53
87.78
88.03
88.28
88.53
88.77
89.01
89.25
89.49
89.72
89.96
90.19
90.42
90.64
90.87
91.09
91.31
91.52
91.74
91.95
92.16
92.37
92.58
92.78
92.98
93.18
93.37
93.57
93.76
93.95
94.13
94.32
94.50

N=7
81.39
81.67
81.96
82.24
82.52
82.80
83.08
83.35
83.63
83.90
84.17
84.44
84.70
84.97
85.23
85.49
85.74
86.00
86.25
86.51
86.75
87.00
87.25
87.49
87.73
87.97
88.21
88.44
88.67
88.90
89.13
89.35
89.58
89.80
90.02
90.23
90.45
90.66
90.87
91.07
91.28
91.48
91.68
91.88
92.08
92.27
92.46
92.65
92.83
93.02
93.20
93.38
93.55
93.73
93.90
94.07

N=8
81.49
81.77
82.05
82.33
82.61
82.88
83.15
83.43
83.69
83.96
84.22
84.49
84.75
85.00
85.26
85.51
85.76
86.01
86.26
86.51
86.75
86.99
87.23
87.46
87.70
87.93
88.16
88.39
88.61
88.83
89.06
89.27
89.49
89.70
89.91
90.12
90.33
90.53
90.74
90.94
91.13
91.33
91.52
91.71
91.90
92.09
92.27
92.45
92.63
92.81
92.98
93.15
93.32
93.49
93.65
93.81

N=9
81.56
81.84
82.12
82.39
82.67
82.94
83.21
83.47
83.74
84.00
84.26
84.52
84.77
85.03
85.28
85.53
85.78
86.02
86.27
86.51
86.74
86.98
87.21
87.45
87.68
87.90
88.13
88.35
88.57
88.79
89.00
89.22
89.43
89.64
89.85
90.05
90.25
90.45
90.65
90.84
91.04
91.23
91.41
91.60
91.78
91.96
92.14
92.32
92.49
92.67
92.83
93.00
93.17
93.33
93.49
93.65

N=10
81.61
81.89
82.16
82.44
82.71
82.97
83.24
83.51
83.77
84.03
84.28
84.54
84.79
85.04
85.29
85.54
85.78
86.03
86.27
86.50
86.74
86.97
87.20
87.43
87.66
87.88
88.10
88.32
88.54
88.76
88.97
89.18
89.39
89.59
89.79
90.00
90.19
90.39
90.58
90.78
90.97
91.15
91.34
91.52
91.70
91.88
92.05
92.23
92.40
92.56
92.73
92.90
93.06
93.22
93.37
93.53

N=15
81.73
82.00
82.27
82.54
82.80
83.06
83.32
83.58
83.84
84.09
84.34
84.59
84.83
85.08
85.32
85.56
85.80
86.03
86.26
86.49
86.72
86.95
87.17
87.39
87.61
87.82
88.04
88.25
88.46
88.66
88.87
89.07
89.27
89.47
89.66
89.85
90.04
90.23
90.42
90.60
90.78
90.96
91.14
91.31
91.48
91.65
91.82
91.99
92.15
92.31
92.47
92.63
92.78
92.93
93.08
93.23

N=20
81.77
82.04
82.31
82.57
82.84
83.10
83.35
83.61
83.86
84.11
84.36
84.60
84.85
85.09
85.33
85.56
85.80
86.03
86.26
86.48
86.71
86.93
87.15
87.37
87.58
87.79
88.00
88.21
88.42
88.62
88.82
89.02
89.22
89.41
89.60
89.79
89.98
90.16
90.34
90.52
90.70
90.88
91.05
91.22
91.39
91.56
91.72
91.88
92.04
92.20
92.36
92.51
92.66
92.81
92.96
93.10

N=30
81.81
82.08
82.34
82.60
82.86
83.12
83.37
83.63
83.88
84.12
84.37
84.61
84.85
85.09
85.33
85.56
85.79
86.02
86.25
86.47
86.69
86.91
87.13
87.34
87.55
87.76
87.97
88.18
88.38
88.58
88.78
88.97
89.16
89.36
89.54
89.73
89.91
90.10
90.28
90.45
90.63
90.80
90.97
91.14
91.31
91.47
91.63
91.79
91.95
92.10
92.26
92.41
92.56
92.70
92.85
92.99
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N=50
81.83
82.10
82.36
82.62
82.88
83.13
83.39
83.64
83.88
84.13
84.37
84.62
84.85
85.09
85.32
85.55
85.78
86.01
86.23
86.46
86.68
86.89
87.11
87.32
87.53
87.74
87.94
88.15
88.35
88.54
88.74
88.93
89.12
89.31
89.50
89.68
89.87
90.05
90.22
90.40
90.57
90.74
90.91
91.08
91.24
91.40
91.56
91.72
91.88
92.03
92.18
92.33
92.48
92.62
92.76
92.90

N=100
81.85
82.11
82.37
82.63
82.89
83.14
83.39
83.64
83.89
84.13
84.38
84.62
84.85
85.09
85.32
85.55
85.78
86.00
86.23
86.45
86.66
86.88
87.09
87.30
87.51
87.72
87.92
88.12
88.32
88.52
88.71
88.91
89.09
89.28
89.47
89.65
89.83
90.01
90.18
90.36
90.53
90.70
90.87
91.03
91.19
91.35
91.51
91.67
91.82
91.98
92.13
92.27
92.42
92.56
92.70
92.84



Q
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
3.32
3.33
3.34
3.35
3.36
3.37
3.38
3.39
3.40
341
3.42
3.43
3.44
3.45
3.46
3.47
3.48
3.49
3.50
3.51
3.52
3.53
3.54
3.55
3.56
3.57
3.58
3.59
3.60
3.61
3.62
3.63
3.64
3.65
3.66
3.67
3.68
3.69
3.70

N=3
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=4
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

Table C7. Estimation of Lot PWL- standard deviation method

N=5
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=6
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=7
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=8
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=9
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=10
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=15
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=20
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=30
99.97
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
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N=50
99.95
99.96
99.96
99.96
99.96
99.96
99.96
99.97
99.97
99.97
99.97
99.97
99.97
99.97
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

N=100
99.94
99.94
99.94
99.94
99.95
99.95
99.95
99.95
99.95
99.96
99.96
99.96
99.96
99.96
99.96
99.96
99.97
99.97
99.97
99.97
99.97
99.97
99.97
99.97
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
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APPENDIX D. IMPLEMENTATION PRESENTATION MATERIAL

To facilitate implementation and use of the recommended procedures documehigd in
documentand accompanying Proposed Practice for Validating Contractor Test Data,
presentation material ag prepared in Microsoft PowerPoint format. The presentation
materal is summarized here and included in Microsoft PowerPoint forma asldendum

to this research effort. The presentation material indbdekground, state of the practice,
highlights of the literature review, fundamentals of statistical procedusnneended
procedures for validating Contractor data, risks associated with the validation procedure,
and examples to illustrate key concepts. The presentation matasdéwveloped in a way

that subsets af could be used for delivery of training courseslifferent audiences such

as management, engineers, and practitioners. In the following sections, examples of
courses developed, with different emphases based on the audience, utilizing the
accompanying Microsoft PowerPoint presentation material asepied. Implementation
Course A is aimed to management personnel with emphasis on topics like risks and return
of investment. Implementation Course B is aimed to engineers with emphasis on the
fundamentals of the procedures and return of investment. Ireptation Course C is

aimed to practicing staff with emphasis on implementation of the recommendations.
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A. Management Implementation Course

Course Name

Procedures and Guidelines Validating Contractor Test Dafa)

Course Duration

8 hours (1 day).

Course Description

There is aneed for transportation construction and materials personnel to increase their
knowledge of the fundamentals of validati@pntractor test data. This course was
developed terovide training for SHAersonnel responsible fealidatingContractor test
datautilized in the acceptance process for construction matefiaks course will utilize

the proposed AASHTO practicdeveloped as part of tHerocedures and Guidelines for

Validating Contractor Test Data

Course Outcomes

Uponcompletion of the course, participants will be able to:

1 Understand the risk associated with using inappropriate validation procedures like

D2S limits.

1 Understand the risk associated with usinglying observations.
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1 Understand the importance of using thight sampling method (split vs.

independent samples).

1 Recognize the tools available to applyandt-tests on two sets of data sets.

1 Understandhe recommended validation procedure.

1 Recognizssituations when the Contractor test results are not validated and how that

can be handled in a specification.

Target Audience

This is a courséor personnel who amnanagingstate highway agernes (SHASs) thatuse

Contractor test results in one or moretddir acceptance decision processes.

Course Activities

Class Activity 1i Reflection on State of the Practice

Class Activity 2i Think-PairShare

Class Activity31 Pair and Compare

Class Activity4 1 Quiz

Course Outline

 Front Matter

0 Introductions
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o Safety Instruction.

1 Learning Objectives

1 Background

o Problem Statement

o0 Research Objectives.

0 Research Deliverables

0 Research Plan.

i State of the Practice

o FHWA Quality Assurance Assessment Report

0 Survey of SHAs.

1 ClassActivity 1 i Reflection on State of the Practice

9 Literature Review

M1 Risks

o0 Independent vs. Split Samples.

o D2S Limits.

o0 Sample Size.
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o Outlying Observations.

1 ClassActivity 2 T Think -Pair-Share

i Statistical Procedures

o Available Tools.

1 ClassActivity 31 Pair and Compare

1 Break!

9 Validation Procedure

o Sampling.

o Primary Validation.

o Outlier Detection.

0 Secondary Validation.

o Dispute Resolution.

1 Examples to lllustrate Use of the Recommended Procedure

o Sampling Method (Split vs Independent).

0 Sample Size.

o Cumulative Sampling.
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o Outlier Detection.

0 Retesting.

o Validation vs. NorValidation of Contractor results.

1 ClassActivity 41 Quiz

T Summary
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B. Engineers Implementation Course

Course Name

Procedures and Guidelings Validating Contractor Test Da(B)

Course Duration

4 hours (0.5 day).

Course Description

There is aneed for transportation construction and materials personnel to increase their
knowledge of the fundamentals of validati@pntractor test data. This course was
developed terovide trainingor SHA personnel responsible fealidatingContractor test
datautilized in the acceptance process for construction materials. The course will utilize
the proposed AASHTO practicdeveloped as part of tHerocedures and Guidelines for

Validating Contractor Test Data

Course Outcomes

Upon completion of the course, participants will be able to:

1 Understand the importance of using the right sampling method (split vs.

independent samples).

1 Apply F- andt-tests on two sets of data sets, bwiginually and using Microsoft

Excel Analysis ToolPak.
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1 Implement the recommended validation procedure.

1 Evaluate and deal with outlying observations.

1 Clarify situations when the Contractor test results are not validated and how that

can be handled in a speacdtion.

Target Audience

This is a courséor the Engineers and Supervisafsthe SHA Quality Assurance (QA)

team thause Contractor test results in one or more of their acceptance decision processes.

Course Activities

Class Activityl i Example Problem 1

Class Activity2 i Example Problem 2

Class Activity3i Pair and Compare

Class Activity4 i Quiz

Course Outline

Y Front Matter

=a

Learning Objectives

State of the Practice

=a

1 Risks
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M Statistical Procedures

0 Hypothesis Testing.

0O St udetest. 6 s

o We | ctheéts

1 ClassActivity 17 Example Problem 1

M Statistical Procedures

o Pairedt-test.

0 F-test.

1 ClassActivity 27 Example Problem 2

i Statistical Procedures

o Available Tools.

1 ClassActivity 31 Pair and Compare

1 Validation Procedure

o Sampling.

o Primary Validation.

o0 Outlier Detection.
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0 Secondary Validation.

o Dispute Resolution.

1 Examples to lllustrate Use of the Recommended Procedure

o Sampling Method (Split vs Independent).

o0 Sample Size.

o Outlier Detection.

1 ClassActivity 41 Quiz

T Summary

C. Practitioners Implementation Course

Course Name

Procedures and Guidelings Validating Contractor Test Daf&)

Course Duration

1 day.

Course Description

There is aneed for transportation construction and materials personnel to increase their
knowledge of the fundamentals of validati@pntractor test data. This course was

developed terovidetraining forSHA personnel responsible fealidatingContractor test
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datautilized in the acceptance process for construction materials. The course will utilize
the proposed AASHTO practicdeveloped as part of tHerocedures and Guidelines for

Validating Contractor Test Data

Course Outcomes

Upon completion of the course, papants will be able to:

1 Understand the importance of using the right sampling method (split vs.

independent samples).

1 Apply F- andt-tests on two sets of data sets, both manually and using Microsoft

Excel Analysis ToolPak.

1 Understandhe recommended vdktion procedure.

1 Evaluate and deal with outlying observations.

1 Recognizesituations when the Contractor test results are not validated.

Target Audience

This is a courséor the SHA practitionersvho areimplementing the QA plan for these

of Contractor test results in acceptance decssion

Course Activities

Class Activityli Example Problem 1
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Class Activity2 1 Example Problem 2

Class Activity31 Quiz

Course Outline

I Front Matter

1 Learning Objectives

1 Background

1 Risks

i Statistical Procedures

o We | ctheéts

1 ClassActivity 117 Example Problem 1

i Statistical Procedures

o0 F-test.

1 ClassActivity 21 Example Problem 2

9 Validation Procedure

o Sampling.

o Primary Validation.
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o Outlier Detection.

1 Examples to lllustrate Use of the Recommended Procedure

o Sampling Method (Split vs Independent).

0o Sample Size.

o Outlier Detection.

1 ClassActivity 371 Quiz

T Summary



