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ABSTRACT 

In the development of a Quality Assurance (QA) program, a state highway agency 

(SHA) must make several important 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 sampling and 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 Contractor data with independent test results.  

Therefore, identifying procedures and guidelines for validating Contractor test data 

for construction materials is essential to QA programs. These procedures need to be 

statistically sound and practical for validating Contractor 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 procurement types) 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 appropriate processes for validating Contractor results and recommend 

subsequent actions when the results are validated or not validated. 

Keywords: Quality assurance, quality control, validation, outlier detection, 

acceptance quality characteristics.  
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CHAPTER 1. INTRODUCTION  

State Highway Agencies (SHAs) have been using Contractor test results in acceptance 

decisions since the 1970s (1). Title 23 Code of Federal Regulations Part 637 Subpart B (23 

CFR 637B) permits SHAs to use Contractor test results for construction materials 

acceptance, as long as SHAs validate the Contractor data with independent test results (3, 

4). That is why the acceptance decision is typically coupled with a validation process. 

Validation is defined in the Transportation Research Circular E-C235, Glossary of 

Transportation Construction Quality Assurance Terms, as ñThe mathematical comparison 

of two independently obtained sets of data (e.g., SHA acceptance data and Contractor 

data.)ò (2). 

A combination of hypothesis tests is commonly used to statistically determine if 

Contractor and SHA test results are from the same population. The American Association 

of State Highway and Transportation Officials (AASHTO) developed Joint 

Construction/Materials Quality Assurance Task Force publications, Implementation 

Manual for Quality Assurance and Quality Assurance Guide Specification, to assist SHAs 

with specification development and ultimately to make efficient use of resources and 

improve product quality (5, 6). The Manual includes two validation procedures, F-test and 

t-test, and a simple comparison test between a single SHA test and a range of Contractor 

tests. 

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

only about one-third of SHAs comparison procedures are performed per the first procedure 
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described in the AASHTO Implementation Manual for Quality Assurance (2). Well over 

half of SHAs utilize Contractor test data in acceptance processes, mostly using non-

statistical methods (7 - 9). The common deviations from the AASHTO Implementation 

Manual for Quality Assurance statistical procedure include eliminating the F-test, using 

split rather than independent material samples, having an inadequate number of SHA test 

results, using comparison methods that may be inappropriate such as the single SHA test 

method or the Difference Two-Sigma Limit (D2S Limit) method, and performing 

unwarranted re-tests. These deviations put SHAs at risk of making wrong acceptance and 

payment decisions, along with being susceptible to data manipulation and fraud (10). The 

literature suggests a general distrust of Contractor test data reported by some SHA 

personnel, which may be warranted in some cases based on previous National Cooperative 

Highway Research Program (NCHRP) research on this topic and U.S. Department of 

Justice (DOJ) Office of Inspector General investigations which have found misconduct and 

fraud to improve Contractor payment (11 - 14).  

1.1. Problem Statement 

Identifying procedures and guidelines for validating Contractor test data for construction 

materials is a vital need for SHA QA programs. These procedures need to be statistically 

sound and practical for validating Contractor construction materials data. The procedures 

developed address different applications (materials and procurement types) 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. 
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1.2. Objectives and Scope of Work  

The objectives of this research are to recommend procedures for validating Contractor test 

data for construction materials and to prepare guidelines for their application. This 

dissertation documents and presents the results of studying procedures and guidelines for 

validating Contractor test data. A guide was also prepared in AASHTO format to describe 

appropriate processes for validating Contractor results and recommend subsequent actions 

when the results are validated or not validated.  

The procedures and guidelines describe appropriate processes for validating 

contracting results and recommend subsequent actions when the results are validated or 

not validated. They should help construction and materials engineers effectively use 

Contractor test results in the QA process and reduce the risk of incorrect acceptance 

decisions and pay adjustments by SHAs. 
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CHAPTER 2. RESEARCH PLAN  

This effort is part of the National Cooperative Highway Research Program (NCHRP) 

Project 10-100. A two-phase project with a total of eight tasks was executed to meet the 

project objectives of recommending procedures for validating Contractor test data and 

preparing guidelines for application on road construction projects. Phase I included Tasks 

1 through 4. Task 1 included a review of the literature, ongoing research findings, and 

current practices relevant to the procedures for validating Contractor test data. Task 2 

included evaluation of the procedures identified in Task 1 with considerations of risks and 

other factors. It identified potential procedures and recommended modifications to existing 

procedures and/or new procedures that merited further evaluation in Phase II. Task 3 

involved developing the research plan for work to be executed in Phase II to (a) further 

evaluate potential, modified, and/or new procedures identified in Task 2; (b) 

identify/develop recommended procedures for validating Contractor test data; and (c) 

prepare guidelines for applying these procedures. Task 4 produced an interim report that 

documented the Phase I work for the NCHRP Panel review and consideration. Phase II 

consisted of Tasks 5 through 8. Task 5 included completing the research plan developed in 

Task 3 of Phase I. Task 6 involved preparing examples to illustrate use of recommended 

procedures for different scenarios. Task 7 included preparing presentation materials to 

facilitate implementation and use of procedures and guidelines. Task 8 involved 

documenting the results in a final deliverables package that includes Part I: Final Research 

Report, Part II: A stand-alone procedures and guidelines document suitable for 
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consideration and adoption by AASHTO, and Part III: presentation material that facilitates 

implementation and use of procedures and guidelines. 

The research approach presented in the following sections was built upon the 

findings of the literature review, assessment of the state of current practice as identified 

through the survey of SHAs, review of selected SHA practices, and review of the 

fundamental statistics associated with procedures currently in use. The research steps 

included evaluation of identified candidate validation procedures, selection of a set of 

procedures to bring forward for further consideration, and subsequent application of these 

procedures to a series of data sets. Figure 1 is an illustration of the research approach, with 

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 to use in applying the recommended procedures on 

road construction projects. The 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 practices. In reviewing the current literature, special consideration was 

given to the diverse state-of-the-practice, current federal policy, AASHTO guidelines and 

standards, relevant recent research, recent developments in project procurement methods, 

modified or new alternative tests and procedures, concerns with potential bias, and 

practical constraints. The details of this step are presented in CHAPTER 3. 
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A web-based survey to obtain information from SHAs was conducted as an input 

for this project. The intent of the survey was to obtain information in addition to what 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 survey of SHAs is presented in CHAPTER 4. 

2.2. Numerical Analysis 

As illustrated in Figure 1, the primary purpose of ñGathering Informationò was to inform 

the process of identifying validation procedures worthy of consideration as recommended 

practice. Procedures recommended for evaluation based on the literature review and survey 

of SHA practices were evaluated using numerical simulations to quantify risks and qualify 

acceptable tests. The numerical analysis is presented in CHAPTER 5. 

2.3. SHA Data Analysis 

Actual data from SHA projects were collected and used to test the effectiveness of the 

validation procedures. The SHA data included multiple acceptance quality characteristics 

(AQCs) for PCC, HMA, and Aggregate Base test results. The methodology and results of 

the SHA data analysis are presented in CHAPTER 6. 

2.4. Recommended Sampling, Testing, and Validation Plan 

The observations made during the numerical analysis and the SHA data analysis were used 

to develop plans for sampling, testing, and validation of Contractor test data in acceptance 

processes including provisions for identifying outlier data and referee testing. These plans 

are presented in CHAPTER 6 and APPENDIX A. 
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Figure 1. Illustration of Research Approach. 
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CHAPTER 3. L ITERATURE REVIEW  

The documents reviewed in the literature survey included technical papers, reports, and 

standard specifications. A handful of statistical methods appeared in the literature with F- 

and t-tests appearing significantly more often than any other method. The fields 

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 

biosciences, 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 subject, QA Stewardship Review findings, and past 

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) Concerns with Bias; 

(d) Nonparametric tests; (e) Potential Risks associated with F- and t-tests; (f) State of the 

Practice; and (g) Policy, Standards, and 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 materials (15). The procedure introduced statistical parameters associated 

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

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

equations for comparing the mean difference between two data sets. The methods were 
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then illustrated through a practical analysis example of data from six SHAs. The analysis 

confirmed the theory that the power of statistical tests increased as sample size increased, 

while all other variables were maintained constant. 

LaVassar et al. analyzed SHA and Contractor test data from four states using 

various statistical methods including F- and t-tests (16). The conclusion reached was that 

with adequate sample size F- and t-tests were effective to validate quality control (QC) test 

results. The report also indicated that analyzing the data at the statewide level resulted in 

sample sizes that were so large that the statistical tests lose relevance. In that case, results 

of non-compliant material can be lost in the abundance of compliant results and become 

useless. 

Wani et al. used Monte Carlo simulations to evaluate Contractor test data 

verification processes based on F- and t-tests in terms of the probability of detecting data 

manipulation and expected pay (10). For the simulations, SHA and Contractor test results 

were randomly sampled from normal distributions representing independent samples. The 

Contractor data were then manipulated in two ways in attempts to increase pay factors and 

were then put through the verification process. The manipulations consisted of reducing 

standard deviation while not changing the mean and changing the mean while not changing 

the standard deviation. The probability of 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 could be developed. The OC curves showed that even at relatively 

high sampling rates (five SHA to twenty Contractor test results) the power of the test values 
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was low. For example, there was only a 60 percent chance of identifying a 50 percent 

reduction in Contractor standard deviation. In the most extreme cases, it was illustrated 

that expected pay for the same sample size (five vs. twenty) could be manipulated from 87 

to 100 percent without detection. Such manipulation would amount to an increase 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 options for SHAs 

to reduce risk, such as, requiring the Contractor quality management team to be separate 

from the project management team (this potentially relieves the Contractor testing staff 

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

results from Contractor and SHA (this would result in a larger sample size) (10, 17). 

To address the probability of detecting data manipulation and associated expected 

pay factors, Arambula and Gharaibeh proposed accumulating SHA and Contractor test 

results on consecutive lots to increase sample size and therefore the power of the statistical 

tests used to verify Contractor test results (18). Two types of cumulative sampling 

techniques were used, continuous cumulative and chain-lot. The chain-lot method utilizes 

a concept similar to a moving average, where a fixed number of lots (e.g., three) are 

individually tested first, and if they are found to conform to the statistical procedure, the 

lots are accumulated to a maximum of four lots. The set of four lots continue until a non-

confirming lot is encountered, where the process reverts back to the sampling of individual 

lots. The chain-lot method was illustrated by Arambula and Gharaibeh in the diagram 

shown in Figure 2. These two cumulative sampling techniques were applied to actual SHA 

and Contractor data with independent sampling. The analysis showed that a chain-lot 
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sampling method with three accumulated lots significantly increased the power of F- and 

t-tests for verification purposes, while not significantly changing the percent within limits 

(PWL) associated with the same data. This method will be further discussed in CHAPTER 

7, Section 7.2 ñSample Size,ò with two examples of SHAs that are currently using a similar 

approach, namely Wisconsin Department of Transportation (WisDOT) and Kansas 

Department of Transportation (KDOT). 

 

Figure 2. Illustration of Chain-Lot Sampling Methodology, I = 3 (I.E. 4 Lots) (18). 

Cleveland et al. and Tam et al. have both reported on the use of a risk-based multi-

tier verification approach approved by FHWA for design build projects (19, 20). The 

methodology is based on ranking acceptance quality characteristics (AQCs) of a material, 

i.e., compressive strength, temperature, and slump of Portland Cement Concrete (PCC), 

based on relative importance or relative impact on performance into three categories, 1 

through 3, with 1 being the most critical and 3 being the least critical. For the PCC example, 

compressive strength would be in category 1, while slump would be in category 3. 

Different levels of scrutiny are then used in the Contractor test verification procedures for 

each category with the most rigorous used for category 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 procedure using F- and t-tests are employed. 

For category 3 items, verification might be limited to review of control charts of Contractor 

data and/or limited inspection might be employed. This is becoming common with design-

build projects in Texas. Similar approaches are being used on other alternative procurement 

projects in Arizona and Florida including public-private partnerships. 

3.2. Modification of Existing or New Statistical Tests 

A critical objective of the research plan was the evaluation of potential new Contractor test 

validation procedures or modification of existing procedures. This activity relied on the 

review of current AASHTO guidelines, state of the practice, fundamentals of the statistical 

methods currently used, and consideration of new potential statistical methods. The 

AASHTO Implementation Manual for Quality Assurance refers to two procedures for 

verifying independently sampled Contractor and SHA tests (5). One involves hypothesis 

tests, while the other simply compares a single SHA test to a set of Contractor tests. 

Statistical tests, termed ñhypothesis tests,ò are used when it is necessary to test whether it 

is reasonable to accept an assumption about a data set. Conducting a hypothesis test 

requires that an assumed set of conditions known as the null hypothesis (Ho) be defined. 

An alternative hypothesis (Ha) is an alternative set of conditions that are assumed to exist 

if  Ho is rejected. The statistical procedure involves assuming that Ho is 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 disproved. If Ho cannot 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 level (Ŭ) which is the 

probability of incorrectly rejecting Ho when it is actually true. Typically used Ŭ levels are 

0.10, 0.05, 0.025 or 0.01. This means, for example, if an Ŭ of 0.01 is used and Ho is rejected, 

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

The recommended and most commonly used procedure relies on both F- and t-

tests. For each hypothesis test, Ho is that the Contractor and SHA test results are from the 

same population. Therefore, for the F-test, Ho is that the variability of the Contractor and 

SHA data sets are equal. Likewise, for the t-test, Ho is that the means of Contractor and 

SHA data sets are equal. It is important to compare both the variability (variances) and 

means when comparing two data sets. The F-test is used for comparing the variances 

(standard deviations squared) of the two data sets. The t-test 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 single SHA test for 

the comparison. Commonly available computer programs make use of these tests relatively 

simple. 

The single SHA test compared to a set of Contractor tests procedure is very simple. 

The procedure is based on a single independently sampled SHA test being compared with 

five to ten Contractor tests. The SHA test result must fall within an interval defined from 

the mean and range of the five to ten Contractor tests. The allowable interval that the single 

SHA test must fall within is X  ± CR, where X  and R are the mean and range, respectively, 

of the Contractor tests, and C is a factor that is a function of the number of Contractor tests. 

The allowable interval is based on the number of Contractor tests and an Ŭ of approximately 
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0.02. This is not an effective procedure for validation. Research following the publication 

of the AASHTO Implementation Manual for Quality Assurance clearly illustrated the test 

to be weak statistically and the associated risk for the SHA unacceptably high for use on 

highway projects (5).  

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 commonly observed with SHA quality testing (verification testing and acceptance). 

In the independent two sample t-test, some researchers have tested the equivalence of 

variances between two samples as a method for deciding between using the pooled-

variance procedure or Satterthwaite's method (21). The pooled t-test and confidence 

interval (CI) are suggested if the equivalence of two variances is not violated, and 

Satterthwaite's method is recommended if variances are not equal. The pooled t-test 

assumes that the populations are normally distributed, with equal population standard 

deviations. The pooled CI and t-tests are sensitive to the normality and equal standard 

deviation assumptions. The observed data can be used to assess the reasonableness of these 

assumptions. When using a t-test, the data normality assumption should first be assessed. 

Boxplots and histograms are common tools used to do this. Then the F-test should be 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 freedom to account for 

unequal population variances. Satterthwaite's method uses the same CI and test statistic 
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formula but with a modified standard error. The Satterthwaite's method is also known as 

Welch's t-test. 

There are also nonparametric methods for two-sample tests available. 

Nonparametric is defined as not involving any assumptions as to the form or parameters of 

a frequency distribution (22). In the independent two-sample t-test, normality, 

independence, and equal variances are assumed. This t-test is robust against non-normality 

but is sensitive to dependence. If two sample sizes are close to each other, then the test is 

moderately robust against unequal variance, but if they are quite different (i.e., means differ 

by a ratio of three or more), then the test is much less robust. To determine whether the 

equal variance assumption is appropriate, considering normality, one can compare 

population variances using sample variances, but such tests are sensitive to non-normality. 

Thus, their use is commonly avoided. Instead, Leveneôs test, a non-parametric test for 

comparing two variances, which does not assume normality, is available (23). The Fligner-

Killeen test is another non-parametric test which is robust against departures from 

normality (24). A nonparametric Mann-Whitney test, also known as the Wilcoxon test, for 

two independent samples is also available although analogous tests are possible for paired 

samples (25). The Mann-Whitney procedure assumes independent random samples from 

two populations and that the populations have the same shapes and spreads. In other words, 

the frequency curves for the two populations are ñshiftedò versions of each other. The 

frequency curves are not required to be symmetric. The Mann-Whitney procedure provides 

a CI and tests the difference between the two population medians. If the populations are 

symmetric, then the method applies to the difference in population means. 
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Permutation tests are also available for comparison purposes. They may also be 

called a randomization test, re-randomization test, or an exact test. A permutation test is a 

type of statistical significance test in which the distribution of the test statistic under Ho is 

obtained by calculating all possible values of the test statistic under rearrangements of the 

orders on the observed data points (26, 27). In other words, the method by which treatments 

are allocated to data points in an experiment design is mirrored in the analysis of that 

design. If the orders are interchangeable under Ho, 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 1930s (56, 57). The basic 

premise for the permutation test is to use only the assumption that it is possible that all of 

the data sets are equivalent, and that every data point is the same before sampling began 

(i.e., the position in the data set to which they belong is not differentiable from other 

positions before the positions are filled).  

An alternative to the permutation test methods is the use of a bootstrap-based test. 

Permutation tests examine hypotheses concerning distributions, while bootstrap tests 

examine hypotheses concerning parameters. As a result, bootstrap tests entail less stringent 

assumptions (28). The idea behind the bootstrap test is to use the data of a sample study at 

hand as a ñsurrogate population,ò for the purpose of approximating the sampling 

distribution of a statistic. In other words, re-sample (with replacement) from the sample 

data at hand and create a large number of ñphantom samplesò known as bootstrap samples 

(29). The sample summary is then computed on each of the bootstrap samples, usually a 

few thousand samples. Advantages of a bootstrap-based test include 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 of Contractor test data reported by some SHA personnel in the 

literature due to fear of bias ultimately related to payment (11 - 14). The role of Contractor 

test results in the QA process has been the focus of previous NCHRP research. In 2003, 

NCHRP initiated Project 10-58(02), ñUsing Contractor-Performed Tests in Quality 

Assurance.ò It was motivated by a confluence of factors, including the 1995 issuance of 

regulation 23 CFR 637B, which allows use of Contractor test results in the acceptance 

decision under certain conditions, publication of AASHTOôs Implementation Manual for 

Quality Assurance in 1996, and FHWAôs Optimal Procedures for Quality Assurance 

Specifications in 2003 (3, 4, 12). These and other documents, along with a trend of 

reduction in SHA staff during this period, led to increased use of Contractor test results for 

acceptance. The NCHRP 10-58(A) Request for Proposal (RFP) noted ñthe use of 

Contractor-provided data shifts certain responsibilities from state DOTs to highway 

Contractors. Within state DOTs, there are concerns about this shift and its associated 

risks.ò A critical examination of the differences between Contractor and SHA test results 

became a key thrust of the study. 

As part of NCHRP Project 10-58(02) specifications of 37 SHAs and the Western 

Federal Lands Highway Division (WFLHD) of FHWA were reviewed to document the 
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extent of Contractor test results in acceptance procedures. Questionnaires were then sent 

to 26 of these SHAs for which Contractor test results may have played a role in the 

acceptance decision. Based on these responses and on discussions with SHA personnel 

regarding data availability, Hot 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 WFLHD-FHWA. 

Key characteristics of the acceptance processes for HMA included verification through 

various combinations of 1-to-1 comparisons and F- and t-tests. Pay adjustment factors were 

applied in all six states. Contractor and SHA test results were compared using F- and t-

tests with a Ho that Contractor tests provide effectively the same results as SHA tests, at Ŭ 

of 0.01 (12). 

For each material property tested, the differences in proximity, defined as deviation 

from target values (such as percent asphalt binder content (AC) specified in a mix design, 

or excess beyond minimum percentage of mat density), and the variance among the 

differences between Contractor and SHA test results formed the basis for 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 

Contractor test results generally yielded smaller variances than SHA test results, and in 

many cases, the differences were statistically significant. Regarding mean deviations from 

target values, SHA test results yielded larger values (difference from target values) more 

frequently than Contractor test results, but not to the 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 considered controversial within the industry, as some 

interpreted the results suggested integrity issues with Contractor test results. The concerns 

were not unreasonable based on U.S. DOJ investigations, which have found Contractor 

misconduct and fraud to achieve acceptance and/or improve payment (14). The U.S. DOJ 

website states, ñThe Office of the Inspector General (OIG) in the U.S. Department 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 investigates alleged violations of 

criminal and civil laws by DOJ employees and also audits and inspects DOJ programs.ò 

Over the years the OIG has investigated multiple construction projects with findings of 

fraud and/or misconduct associated with Contractor test data that were used as a basis for 

acceptance and payment. Summary reports of OIG investigation findings can be found on 

the OIG website (14). 

3.4. Nonparametric tests 

Ludbrook and Dudley compared F- and t-tests to nonparametric rank-order tests in 

biomedical experiments (26). The authors recommended employing nonparametric rank-

order tests when there are some reasonable doubts in fulfilling the F- and t-tests 

assumptions. Eudey et al. indicated the need to use nonparametric tests for data sets that 

are too small to adequately test the assumptions of the F- and t-tests. A good example 

would be data sets not meeting the normality assumption of the F- and t-tests (27). 

Derryberry et al. and Callaert stressed the point of using nonparametric tests such as the 
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Wilcoxon test and Wilcoxon-Mann-Whitney (WMW) test (30, 31). O'Gorman compared 

several statistical tests to the F-test, including Friedman's test. Then he proposed a new 

aligned rank F-test that maintains its Ŭ and has relatively high power, especially when the 

number of observations is high compared to Friedmanôs test (32). Fay and Proschan 

conducted a similar effort comparing the t-test and WMW test (33). 

3.5. Potential Risks associated with F- and t-tests 

The F- and t-tests are considered powerful methods to identify the difference in variances 

and means, and they achieve the intended purpose as long as the fundamental assumptions 

of the tests are not violated. Concerns have been identified in state-of-the-practice with 

respect to violating some of F- and t-tests assumptions. For example, Kahler indicated 

some of these violations and gave examples of several misleading results (34). Several 

other studies identified situations where the F-test fails to perform its intended function of 

alerting that a two-sample t-test may be inappropriate (35 - 38). When the data do not 

follow a normal distribution the F-test is not helpful due to its sensitivity to the normality 

assumption.  

A type I error is defined as the incorrect rejection of a true Ho. An example would 

be comparing two means, and concluding the means were different when in reality they 

were not different. The probability of the statistical test leading to a type I error is denoted 

by Ŭ. A type II error is defined as the failure to reject a false Ho. For instance, comparing 

two means, and concluding that the means were not different when in reality they are 

different. The probability of the statistical test leading to a type II error is denoted by ɓ (39 

- 41). 
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Typically, for unequal sample sizes, a preliminary F-test is applied prior to the t-

test. However, Markowski indicated that even when sampling from a normal distribution, 

the F-test is unlikely to detect many situations where the equal variance t-test should be 

avoided. Zimmerman and Zumbo indicated that other preliminary tests of equality of 

variances, such as the Levene test or the OôBrien test, are also ineffective. ñThat is true 

because, no matter what preliminary test is chosen, it inevitably produces some Type II 

errors. On those occasions, therefore, a pooled- variances test is performed when a 

separate-variances test is needed, modifying the significance level to some degree. On the 

other hand, a Type I error, resulting in using a separate variances test when variances are 

actually homogeneous, is of no consequence.ò Hence, it is recommended that an unequal 

variance t-test be used, without a prior variance test (36 - 38). 

3.6. State of the Practice  

FHWA conducts QA review activities that are relevant to this research. They are Quality 

Assurance Stewardship Reviews and a survey of SHA practices conducted every two years. 

The primary objectives of the stewardship reviews are to review selected SHA QA Program 

practices and procedures and to ascertain the status of the selected SHA implementation of 

23 CFR 637B (3, 4, 7, 8, 42). It is common that up to four SHA reviews be conducted 

annually. The stewardship reviews have included: 

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

and FHWA Division personnel. 
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¶ Review of SHA implementation strategies which includes policy and procedure 

documentation and office records where applicable.  

¶ Construction project visits to assess field practices as appropriate. 

¶ Identification of best practices. 

Opening and closing meetings are associated 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 project is the generation of a Quality Assurance 

Assessment Report. First produced in 2008 and based on a survey of SHAs, it is updated 

every two years. The survey includes questions specific to 18 QA best practices. The most 

recent report dated December 2015 states ñThe genesis for the Quality Assurance (QA) 

assessment includes HIFôs continuing Quality Assurance (QA) stewardship reviews; the 

[The U.S. Government Accountability Office]  GAO report on ñIncreased Reliance on 

Contractors can pose Oversight Challenges for Federal and State Officials,ò dated 

January 2008; and the FHWA national review, ñQuality Assurance in Materials and 

Constructionò by Kevin McLaury, dated June 2007é The QA assessment is an evaluation 

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 abuse.ò (7) 

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

Assessment Report and associated PowerPoint presentation. Figure 3 illustrates that, at the 
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time of the survey, 31 SHAs were using Contractor test results in the acceptance decision 

process (7, 8). 

Materials identified by the SHAs were PCC pavement, HMA pavement, and PCC 

bridge decking. At the time of the report, the most commonly used acceptance criteria for 

PCC pavement were strength and smoothness. For HMA pavement, in-place density and 

smoothness were the most commonly used acceptance criteria. For PCC bridge deck 

acceptance, concrete strength and permeability were the most common acceptance criteria.  

 

Figure 3. Map of the States Using Contractor Test Results in Acceptance Decisions (7).  

The SHA responses to the survey questions 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 score. The best 

practices with larger numbers indicate the areas with the largest risk for the SHA. Figure 4 

shows the number of SHAs meeting high risk QA best practices at the time of the survey.  
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Figure 4. The number of SHAs Meeting High Risk QA Best Practices (7). 

Note that only 3 of 12 (25 percent) SHAs using F- and t-tests for validation of 

Contractor PCC test results were meeting this high-risk best practice. Similarly, only 9 of 

30 (30 percent) SHAs using F- and t-tests for validation of Contractor HMA test results 

were meeting this best practice. Figure 5 illustrates the risk related to the survey questions 

based on the number of SHAs requiring improvement in each best practice area multiplied 

times a weighting factor assigned to the best practice. Best practices with larger numbers 

designate areas with the largest SHA risk (7). 
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Figure 5. Weighted Risk Associated with Best Practices (7). 

Based on Figure 4 and Figure 5, the report states, ñé statistical validation of 

Contractor test results and improving the Independent Assurance approach are the two 

best practices with the greatest opportunity for the SHA to further reduce overall program 

risk.ò 

A new AASHTO performance-based PCC mix design procedure with 

recommended acceptance criteria is now a provisional standard, the AASHTO Provisional 

Practice PP-84 (43) includes two new test methods, Super Air Meter (SAM) and electrical 

resistivity (ER) (44). Through a pooled-fund study TPF-5(297) ñImproving Specifications 

to Resist Frost Damage in Modern Concrete Mixturesò, development of a recommended 

practice for testing using SAM and ER for PCC mixtures is underway (58). 
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3.7. Policy, Standards, and Guidelines 

In 2003, Optimal Procedures for Quality Assurance Specifications, a comprehensive guide 

that an SHA could use when developing new or modifying existing acceptance plans and 

QA specifications was published (45). It supported 23 CFR 637B requirements (4). It was 

also consistent with FHWA Technical Advisory T6120.3 on Use of Contractor Test Results 

in the Acceptance Decision, Recommended Quality Measures, and the Identification of 

Contractor/Department Risks created to provide additional clarification of the 

requirements included in 23 CFR 637B and provide recommended guidance to field 

personnel (46). Collectively, these documents supported and provided needed clarity on 

the importance of independent sampling and validation of Contractor test results using F- 

and t-tests as outlined in multiple AASHTO documents including the AASHTO 

Implementation Manual for Quality Assurance and Quality Assurance Guide Specification 

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

A web-based survey was conducted to obtain SHA input for this project. The intent of the 

survey was to obtain additional information to what was obtained in the review of literature, 

SHA standard specifications, ongoing research projects, and current practices that would 

be used to fulfill the project objectives. The survey contained multiple questions regarding 

the use of Contractor test results as part of the acceptance 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 web-based survey questions and logic are presented in Appendix A. 

 The first question in the survey was ñPlease indicate which of the following 

statements best describes your current practice (Select one).ò In summary, 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 process. The responses are presented in the 

map shown in Figure 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 SHAs [Utah (UT), 

Montana (MT) and Vermont (VT)] responded they have future plans to consider using 

Contractor results. The 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 percent of the SHAs responded to the survey, the conclusions derived 

from the survey may not be representative of the entire country.  
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Figure 6. Map of SHA Responses to Use of Contractor Test Results ï November 2017. 

The results are summarized in Table 1 for the pool of SHAs that responded to the 

survey and indicated using Contractor test results as part of the acceptance process. Figure 

7 shows a breakdown of the SHA responses based on material type. In the following 

sections, a detailed discussion of these responses is also presented.  

Ninety-five percent specified 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 part of the acceptance process for unbound material. SHA survey response 

details follow. 
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Table 1. Survey of State Highway Agencies ï response to the use of Contractor test 

results 

Material Type Use Contractor Test Results No. of SHA 

Overall Response Yes 22 out of 28 

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 

 

 

Figure 7. SHA Survey Responses to Use of Contractor Test Results ï November 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 acceptance of asphalt 

concrete mixture and provided further details about their processes. 

The first question under the asphalt concrete mixture was ñWhat method does your 

SHA use to validate the Contractorôs Asphalt Concrete Mixture test data? (select best 
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option).ò Table 2 and Figure 8 summarize the methods used in validating Contractorôs 

asphalt concrete test results reported by SHAs. 

Table 2. SHA Survey response to methods used to validate the Contractor test results for 

Asphalt Concrete Mixture 

 What method does your SHA use to validate the Contractorôs Asphalt 

Concrete Mixture test data? 

No. of 

Responses 
 % 

1 F- and t-tests, independent samples 3 17.6 

2 F- and t-tests, split samples 1 5.9 

3 Paired t-test, split samples 0 0.0 

4 
t-test, independent samples (analysis assumes similar variance in data 

sets) 
0 0.0 

5 average deviation (AD) or average absolute deviation (AAD) 3 17.6 

6 
Multi -laboratory precision value (acceptable deviation between test 

values) 
3 17.6 

7 Other 7 41.2 

 

 

Figure 8. SHA Responses on Acceptance Process for Asphalt Concrete Mixture ï 

November 2017. 

The results show that F- and t-tests accounted for less than 24 percent of the 

methods used by SHAs. This can be compared to 30 percent reported in the 2015 Quality 

Assurance Assessment Report (7, 8). Less fundamental methods (average deviation and 
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multi-laboratory precision) were reported for 35 percent of the respondents. Some SHAs 

responding indicated other processes 41 percent of the time. The list of other processes, 

reported exactly as the question response, were: 

¶ Moving average with Department verification tests and split sample comparison 

tests. 

¶ Independent Assurance Parameters on split samples. 

¶ Independent samples for Contractor and SHA. 

¶ Direct test to test comparison within specified comparison limits. 

¶ Design-Build projects use F- and t-tests with independent samples. Design-Bid-

Build projects use operational tolerances. 

¶ Multi -laboratory precision value and F- and t-tests for both independent and split 

samples. 

¶ Starting on F- and t-tests on independent samples. Most of the rest are accepted 

on a 4-pt running average of results, and disputes determined by multi-laboratory 

precision. 

The second question under the asphalt concrete mixture was ñWhat documents 

prescribe your SHAôs current validation procedure for Asphalt Concrete Mixture? (select 

all that apply).ò 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 the asphalt concrete mixture was ñDoes your SHA have 

any concerns with using AASHTO R 9: Acceptance Sampling Plans for Highway 

Construction and FHWAôs 23 CFR 637B guidelines for validating Contractorôs Asphalt 

Concrete Mixture test data in the acceptance decision?ò Fourteen SHAs (48 percent) 

responded they had no concerns with their processes and three SHAs (10 percent) 

responded they 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: 

¶ Unresolved out of tolerance issues, 

¶ When discrepancies in test data between QC and Verification come up, there can 

be issues about how much of the material has failed verification, 

¶ Laboratory alignment (assumed to indicate differences in test results between 

laboratories), and 

¶ May need stronger verification and resolution systems. 

The survey asked if the construction process was changed when using Contractor 

test results. Twenty-four (83 percent) SHAs responded. The SHA responses are 

summarized in Table 3. 
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Table 3. SHA Survey response to methods used to validate the Contractor test results for 

Asphalt Concrete Mixture 

ï 

When your SHA began to use or significantly changed how it uses 

Contractorôs Asphalt Concrete Mixture test data in the acceptance 

decision did it cause higher frequency of the following non-compliance 

actions? 

No. of 

Responses 
 % 

1 No change in frequency for non-compliance actions 8 33.3 

2 
Higher frequency of efforts to resolve test result differences between 

laboratories without dispute 
4 16.7 

3 Higher frequency of dispute 5 20.8 

4 Higher frequency of work stoppages 2 8.3 

5 Higher frequency of in-place material removal and replacement 2 8.3 

6 Other 3 12.5 

ïNo data 

One third of the SHAs responded that the decision to use Contractor test data did 

not change the frequency for non-compliance actions, while 21 percent of the SHAs 

reported a higher frequency of dispute. Twelve and one-half percent of the SHAs 

responded with other issues. The list of other issues reported was: 

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

first due to changing the process and staffing levels. This has been a continuous 

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

above. 

¶ 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 implement F- and t-tests evaluation as part of Acceptance.  

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

of gradation. 

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

¶ We utilize Contractor results very seldom. 
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When asked ñDoes your SHA anticipate changes in the use of Contractorôs Asphalt 

Concrete Mixture test data in the acceptance decision?ò Ten SHAs (34 percent) responded 

they have no planned changes to their processes and five SHAs (17 percent) do plan 

changes as listed below: 

¶ 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 implement F- and t-tests evaluation as part of Acceptance 

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

of gradation. 

¶ May need stronger verification system. 

¶ 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 complete shift away from 

Contractor acceptance testing, our staffing levels would not support this. 

¶ Yes, we are moving to and F- and t-tests system, with more frequent department 

testing. This has led to more consistent production, better quality. We have 

recently 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 question of ñWhat method does your SHA use to validate the Contractorôs Portland 

Cement Concrete Mixture test data?ò 11 of the 14 SHAs that responded indicated using 

Contractor test results for acceptance of PCC mixture. Table 4 and Figure 9 present the 

methods reported by SHAs for validating Contractorôs PCC data. 
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Table 4. SHA Survey response to methods used to validate Contractor test results for 

PCC Mixture 

ï 
What method does your SHA use to validate the Contractorôs Portland 

Cement Concrete Mixture test data? 

No. of 

Responses 
% 

1 F- and t-tests, independent samples 3 27.3 

2 F- and t-tests, split samples ï ï 

3 Paired t-test, split samples ï ï 

4 
t-test, independent samples (analysis assumes similar variance in data 

sets) 

ï ï 

5 average deviation (AD) or average absolute deviation (AAD) 2 18.2 

6 
Multi -laboratory precision value (acceptable deviation between test 

values) 

3 27.3 

7 Other 3 27.3 

ïNo data 

 

Figure 9. SHA Responses on Acceptance Process for PCC Mixture ï November 2017. 

Some of the SHAs responding they use other processes included variations on the 

processes listed above. The list of other processes was: 

¶ Independent Assurance Parameters to Verify split samples. 

F- & t- test 

(independent)

28%

average deviation 

(AD) 18%Multi -lab 

precision value

27%

Other27%
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¶ F- and t-tests independent samples for Design-Build projects. Operational 

tolerances on Design-Bid-Build projects. 

¶ A tiered system based on statistical analysis of strength tests. Moving average 

with Department verification tests and split sample comparison tests. 

For the question of ñWhat documents prescribe your SHAôs current validation 

procedure for Portland Cement Concrete Mixture?ò A majority of the SHAs responded 

the process is described in multiple documents. 

Ten SHAs responded they had no concerns with their process and 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 expresses a problem with 

ñLaboratory alignment.ò 

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

test results. The SHA responses were: 

¶ 6 ï no change. 

¶ 4 ï more time to resolve test differences. 

¶ 1 ï more disputes. 

¶ 1 ï more work stoppages. 

When asked ñDoes your SHA anticipate changes in the use of Contractorôs 

Portland Cement Concrete Mixture test data in the acceptance decision?ò Six SHAs 
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responded they have no planned changes to their process and two SHAs do plan changes 

as listed below: 

¶ We currently use compressive strength and thickness for pay factors. This will be 

expanded to included permeability, SAM number, and air content. 

¶ Looking at different testing. May move to a performance related spec that 

includes pay factors. The SHA needs to move 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 process. Table 5 and Figure 

10 present the methods used in validating Contractorôs base and drainage aggregate test 

results reported by SHAs. 

Table 5. SHA Survey response to methods used to validate the Contractor test results for 

Base and Drainage Aggregate 

ï 
What method does your SHA use to validate the Contractorôs Base and 

Drainage Aggregate test data? 

No. of 

Responses 
% 

1 F- and t-tests, independent samples 1 14.3 

2 F- and t-test, split samples ï ï 

3 Paired t-test, split samples ï ï 

4 
t-test, independent samples (analysis assumes similar variance in data 

sets) 

ï ï 

5 average deviation (AD) or average absolute deviation (AAD) 1 14.3 

6 
Multi -laboratory precision value (acceptable deviation between test 

values) 

2 28.6 

7 Other 3 42.9 

ïNo data 
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Figure 10. SHA Responses on Acceptance Process for Base and Drainage Aggregate ï 

November 2017. 

Some of the SHAs responding they use other processes included variations on the 

processes listed above. The list of other processes was: 

¶ Independent Assurance Parameters between QC and Verification split samples. 

¶ F- and t-tests for both independent and split samples. 

¶ Direct comparison of the QC and Verification 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; one SHA indicated having 

a problem with adequate staffing. Two SHAs had a problem with time to complete the 

F- & t- test 

(independent)

14%

average deviation 

(AD) 14%

Multi -lab 

precision value

29%

Other43%
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testing; two SHAs had problems with retesting; one SHA had problems with not getting 

test results, and one SHA express a problem with ñTesting of material in stockpiles may 

not be representative of material that is place on project.ò 

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

test results. The SHA responses are: 

¶ 3 ï no change. 

¶ 1 ï more time to resolve test differences. 

¶ 1 ï more disputes. 

¶ 1 ï more remove and replace. 

¶ 2 ï other. 

Two SHAs responded with other issues as listed below: 

¶ Difficult to track. Non-compliance 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 SHAs that responded they use Contractor test results for acceptance 

of subgrade and embankment provided further detail about their process.  
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Table 9 and Figure 11 present the methods used in validating Contractorôs asphalt 

concrete test results reported by SHAs. 

Some of the SHAs responding they use another process include variations on the 

process listed above. The list of other processes is: 

¶ Independent Assurance Parameters on QC and Verification split samples. 

¶ No testing of subgrades. 

¶ Direct Comparison of QC and Verification data. 

Table 6. SHA Survey response to methods used to validate the Contractor test results for 

Subgrade and Embankment 

ï 
What method does your SHA use to validate the Contractorôs Subgrade 

and Embankment test data? 

No. of 

Responses 
% 

1 F- and t-tests, independent samples 1 16.7 

2 F- and t-tests, split samples ï ï 

3 Paired t-test, split samples ï ï 

4 
t-test, independent samples (analysis assumes similar variance in data 

sets) 

ï ï 

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

6 
Multi -laboratory precision value (acceptable deviation between test 

values) 

1 16.7 

7 Other 3 50.0 

ïNo data 
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Figure 11. SHA Responses on Acceptance Process for Subgrade and Embankment ï 

November 2017. 

The provisions for using 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 concerns with their 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 getting the test performed, and one SHA express 

other problems. The other issue was ñTest results from one location may not be 

representative of all of the material placed.ò 

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

test results. The SHA responses are: 

F- & t- test 
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average deviation 
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¶ 5 ï no change 

¶ 1 ï other 

One SHA responded with other issues as listed below: 

¶ Difficult to track. Non-compliance issues handled on job. Issues not tracked. 

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

does plan changes as listed below: 

¶ 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 detail about their process indicating other 

processes. The SHA responding that they use another process is ñVerification of testing by 

witnessing and small sample tests.ò 

The provisions for using Contractor test results were not given. The SHA responded 

they had no 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 responses were: 

¶ 1 ï more time to resolve test differences. 

¶ 1 ï more disputes. 
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¶ 1 ï 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 following materials or construction items: 

¶ Pavement smoothness. 

¶ Asphalt compaction. 

¶ Cement treated base. 

¶ Design-Build projects will allow Contractor based acceptance on all materials. 

No critical material categories appeared from this list. No details for each item were 

given. 

4.7. Survey Summary and Observations 

Twenty-eight SHAs completed the survey with 79 percent (22 of the 28 SHAs) responding 

that they do use Contractor test results as part of the acceptance procedure. Table 1 and 

Figure 7 show a breakdown of the SHA responses based on material type. Ninety-five 

percent of the SHAs that responded to the survey indicated using Contractor test results in 

the acceptance process for asphalt concrete mixtures. While 64 percent and 41 percent of 

SHAs indicated the use of Contractor test results in the acceptance process for PCC 

mixtures and unbound material, respectively. Figure 12 is a summary of the SHA responses 

for methods used to validate Contractor test results for various materials. The overall 
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results show that F- and t-tests are used far less by SHAs than other less fundamental or 

higher risk methods. These results demonstrate the need for improved procedures and 

guidelines for validating Contractor test data for construction materials. 

The survey also provided important information on how SHA validation of 

Contractor test results has impacted non-compliance actions. About half of the survey 

respondents indicated there was some 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 examples to illustrate the use of procedures for different 

scenarios and development of guidelines for applying recommended procedures, which are 

discussed in CHAPTER 7. 

 

Figure 12. SHA Responses on Acceptance Process for All Materials ï November 2017. 
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The responses to this survey led to the following observations: 

¶ Asphalt concrete mixture is the most common highway construction material that 

the SHAs use Contractor test results as part of the acceptance process. 

¶ Portland cement concrete, base aggregate, and subgrade are the next most 

common materials that use Contractor test results. 

¶ There is no dominant method used to validate the Contractor test results. F- and t-

tests, average deviation, and multiple laboratory difference (or a variation on 

these methods) were all commonly used. 

¶ A majority of SHAs have no concerns about their validation 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 of Contractor test results as part of their acceptance program. 
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CHAPTER 5. NUMERICAL ANALYSIS  

The procedures identified in the ñGathering Informationò stage of the project were 

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 in CHAPTER 2 and illustrated in Figure 1 (CHAPTER 2) was the basis 

of evaluation. 

5.1. Methodology 

Procedures recommended for evaluation based on the literature review, the survey of SHAs 

practices, and other experiences of the research team were brought forward for evaluation 

for possible consideration as recommended procedures. The list of the procedures (or tests) 

identified is presented in Table 7. Some tests that have been shown to be inappropriately 

used (D2S) or ineffective due to low power (ὢ ± CR) were included because the SHA 

survey indicates a number of SHAs are currently using them. 

Upon consultation with the UNR Statistics Department on fundamentals relative to 

the specific application of the identified tests for validating Contractor test data, a shortlist 

of tests was identified for further analysis based on application (e.g., Analysis of variance 

or ANOVA, checking the normality assumption), robustness of the test, and reported 

successful application in the literature. The tests recommended for further evaluation were 

categorized based on function. Table 8 summarizes the shortlisted hypothesis tests, Table 

9 the shortlisted analysis of variance tests, and Table 10 the shortlisted normality tests. 
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Table 7. Tests Identified during the literature review and survey of SHAs  

Test Also Known As Comments 

D2S limits ï 
1 on 1 comparison 

(tests method variability only) 

ὢ ± CR ï Low power range test 

equal variance t-test Student's t-test mean comparison 

unequal variance t-test Welch's, Satterthwaite's mean comparison 

paired t-test ï mean comparison 

Ansari-Bradley test ï non-parametric 

Mann-Whitney 
Wilcoxon test, MannïWhitney U, 

MannïWhitneyïWilcoxon (MWW) 
non-parametric 

Fligner-Killeen test ï non-parametric 

F-test ï variance comparison 

Leveneôs test ï variance comparison 

Bartlett's test ï variance comparison 

Friedman's test ï variance comparison 

Kruskal-Wallis test ï variance comparison 

Kolmogorov-Smirnov test ï mean comparison 

Anderson-Darling test ï Normality 

Shapiro-Wilk test ï Normality 

Permutation test ï randomization 

bootstrap-based test ï randomization 

ïNo data 

Table 8. Tests recommended for further evaluation ï Hypothesis Testing 

Test Compares Abbreviation 

equal variance t-test ñStudent t-testò mean t-test 

unequal variance t-test ñWelch's t-testò mean UV-t-test 

paired t-test mean p-t-test 

Mann-Whitney median U-test 

Kolmogorov-Smirnov two sample test distribution ks-test 

 

Table 9. Tests recommended for further evaluation ïVariance tests 

Test Compares Abbreviation 

F-test variance f-test 

Ansari-Bradley test variance Ansari-Bradley 

Leveneôs test variance Levene 

Modified Leveneôs test variance Modified Levene 

Bartlett's test variance Bartlett 
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Table 10. Tests recommended for further evaluation ï Normality tests 

Test Type 

Anderson-Darling test Normality 

Shapiro-Wilk test Normality 

Lilliefors test ñKolmogorov-Smirnov normality testò Normality 

 

5.1.1. Normal Distribution data sets 

The tests identified in the first step of the literature review and survey of SHAs were 

evaluated using numerical simulations to quantify risks and qualify acceptable tests. 

Multiple distribution types and construction material AQCs were considered. The process 

used in evaluating the tests is illustrated in Figure 13.  

  

Figure 13. Numerical Simulations Flow Chart, Normal Distribution. 

The first step in the process was generating a random sample from a distribution 

with a known mean, µ1, and a known standard deviation, ů1, illustrated by the blue normal 

distribution curve to the right half of Figure 13, which represents the SHA sample (or 

sample 1). The mean, ὼӶ, and the standard deviation, s1, of sample 1 were then calculated. 

The next step was generating another random sample from a second distribution with a 
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known mean, µ2, and a known standard deviation, ů2, illustrated by the red normal 

distribution curve to the left half of Figure 13, representing the Contractor sample (or 

sample 2). The mean, ὼӶ, and the standard deviation, s2, of sample 2 were then calculated. 

With the sample statistics available, the tests recommended for further evaluation 

were applied to the two samples (sample 1 and sample 2) and the results were recorded. 

These three steps completed one iteration of evaluating the t-test, in this example. Then the 

process was iterated several times to account for the variability coming from the random 

number generation. 

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

iterative process. Figure 14 shows an illustration of the four scenarios considered for in-

place density when µ1 was 94.0 percent and ů1 was 1.0 percent, as an example. 

In the first scenario, the mean of the SHA distribution, µ1, and standard deviation, 

ů1, were equal to the mean of the Contractor distribution, µ2, and standard deviation, ů2 

(‘  ‘ and „ = „). The two distributions appear on top of each other in Figure 14. In 

this case, the t-test hypothesis test result is expected to be zero since the means of the two 

samples were equal (ὢ1 = ὢ2 and S1 = S2).  

The other three scenarios considered are also illustrated in Figure 14. In the second 

scenario, the mean of the SHA distribution, µ1, was equal to the mean of the Contractor 

distribution, µ2, but the standard deviations were not equal (‘  ‘ and „ Í „).   
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Figure 14. Illustrative Example of the Four Scenarios Used in the Numerical Simulations, 

using HMA In-Place Density. 
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In the third scenario, the mean of the SHA distribution, µ1, was not equal to the 

mean of the Contractor distribution, µ2, but the standard deviations were equal (‘  ‘ 

and „ = „). In the fourth scenario, the mean of the SHA distribution, µ1, and standard 

deviation, ů1, were not equal to the mean of the Contractor distribution, µ2, and standard 

deviation, ů2 (‘  ‘ and „  „). 

MATLAB codes were developed to run the iterative process and the output data 

was exported in MS Excel spreadsheets for further analysis. The advantage of using 

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

library with detailed documentation on function application (47). Following are some 

examples of the ready to use MATLAB functions: 

¶ The MATLAB function normrnd  generates random numbers following a normal 

distribution, with a known mean, a known standard deviation, and a known number 

of samples.  

¶ The MATLAB ttest2  function was used to perform the equal variance two-sample 

t-test. The function compares SHA (sample 1) and Contractor (sample 2) data 

returning a test decision for Ho that the SHA (sample 1) and Contractor (sample 2) 

data come from independent random samples from normal distributions with equal 

means and equal but unknown variances, using the two-sample t-test. Ha is that the 

SHA (sample 1) and Contractor (sample 2) data come from populations with 

unequal means. The hypothesis result is 1 if the test rejects Ho at the selected Ŭ, and 

0 otherwise.  
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¶ The two-sample Kolmogorov-Smirnov test was performed using the MATLAB 

kstest2  function. The function compares SHA (sample 1) and Contractor (sample 

2) data and returns a test decision for Ho that the data in SHA (sample 1) and 

Contractor (sample 2) come from the same continuous distribution, using the two-

sample Kolmogorov-Smirnov test. Ha is that the SHA (sample 1) and Contractor 

(sample 2) data come from different continuous distributions. The hypothesis result 

is 1 if the test rejects Ho at the selected Ŭ, and 0 otherwise. 

To rank the tests performance a test success rate was calculated. For instance, when 

the t-test is applied, Ho was that the data in sample 1 and sample 2 come from independent 

random samples from normal distributions with equal means. Ha was the two means are 

not equal. The t-test hypothesis was coded a value of 0 if the test did not reject Ho (equal 

means) and a value of 1 if the test did reject Ho (unequal means). The ñsuccess rateò of 

each test was then evaluated by calculating the ratio of the number of hypothesis test results 

with a value of 0 ñPassò to the total number of iterations: 

Success Rate Ϸ =
ὔ

NT
 Ĭ100 

Where ὔ  is the number of hypothesis test results with a value of 0 and NT is the 

total number of iterations. 

Six different AQCs were investigated in the numerical simulations. In-place 

density, asphalt Binder content (AC), and air voids (AV) were used for HMA. Compressive 

strength, flexural strength, and thickness were used for PCC. Table 11 summarizes the 
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AQCs considered and the representative values used in the numerical simulations. Since 

the representative values of AQCs selected had a wide range of target means and standard 

deviations the coefficient of variation (CV), the ratio of the standard deviation to the mean, 

was the most suitable parameter to compare the test results. 

Table 11. Numerical simulations, representative values of AQCs 

Pavement 

Type 
AQC Units 

Representative Values 

Mean 

(µ) 

Standard Deviation 

(ů) 

Coefficient of Variation 

(CV) 

HMA 

Asphalt Binder content % 5.5 ± 0.50 9.1 % 

In-place density % 94 ± 1.0 1.1 % 

Air Voids % 7 ± 0.5 7.1 % 

PCC 

Flexural Strength psi 550 ± 100.0 18.2 % 

Compressive Strength psi 6,000 ± 1000.0 16.7 % 

Thickness inch 10 ± 0.25 2.5 % 

 

5.1.2. Non-Parametric, Skewed distributions 

For the skewed datasets, a similar process to the one explained in Section 5.1.1 ñNormal 

Distribution data setsò was used. However, the first challenge was generating a realistic 

skewed distribution for construction materials AQCs. When typical skewed distribution 

types were used, such as Gamma and Beta distributions, unrealistic ranges were observed 

for typical construction materials AQCs. Using in-place density as an example with a mean 

of 94.0 percent, a Gamma distribution results in a range of values from 40 to 160 as 

illustrated in Figure 15. Therefore, a different technique was used to develop more realistic 

skewed distributions for construction materials AQCs. 
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Figure 15. Generating Skewed Distribution Using a Gamma Function. 

To generate a skewed distribution with a controlled mean and a reasonable range 

two normal distributions were combined to form a skewed distribution. Figure 16 illustrates 

the process used in generating skewed distributions. The first step in the process was 

generating a normal distribution with a known mean, µ1, and a known standard deviation, 

ů1, illustrated by the gray dotted line in Figure 16 (normal distribution 1). The next step 

was generating a second normal distribution with a known mean, µ2, and a known standard 

deviation, ů2, where 

‘  ‘  „   ὥὲὨ   „  
„

ς
 

The second normal distribution is illustrated by a gray dashed line in Figure 16. 

The combined distributions result in a right skewed distribution illustrated by a solid red 

line in Figure 16. In this example, µ1 = 94.0 and ů1 = 1.0, hence µ2 = 93.0 and ů2 = 0.5. 

This skewed distribution represents the SHA sample (sample 1). 
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Figure 16. Generating Skewed Distribution. 

The same steps were followed to generate a second skewed distribution 

representing the Contractor sample (sample 2). The distribution is illustrated by the red 

skewed distribution to the left half of Figure 17, while the SHA sample (sample 1) is 

illustrated by a blue skewed distribution to the right half of Figure 17. The same iterative 

process explained in Section 5.1.1 titled ñNormal Distribution data setsò was used to 

evaluate the success rate of the tests listed in Table 8 through Table 10. 

 

Figure 17. Numerical Simulations Flow Chart, Skewed Distribution. 
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5.1.3. Non-Parametric, Bimodal distributions 

For the bimodal datasets, a similar evaluation process to the one explained under Section 

5.1.1 ñNormal Distribution data setsò was used. No readily available function for a bimodal 

distribution was found to generate distributions with realistic ranges observed for typical 

construction materials AQCs. To generate bimodal distributions with ranges representative 

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

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

to form a bimodal distribution. Figure 18 illustrates the process of generating a bimodal 

distribution. The first step in the process was generating a normal distribution with a known 

mean, µ1, and a known standard deviation, ů1, illustrated by the gray dotted line in Figure 

18. The next step was generating a second normal distribution with a known mean, µ2, and 

a known standard deviation, ů2, where  

‘  ‘  σ „   ὥὲὨ   „  πȢψ „ 

The second normal distribution is illustrated by a gray dashed line in Figure 18. 

The combined distributions result in a right skewed distribution illustrated by a blue line 

in Figure 18. In this example µ1 = 94.0 and ů1 = 0.5, hence µ2 = 92.5 and ů2 = 0.4. This 

bimodal distribution represents the SHA sample (sample 1).  
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Figure 18. Generating Bimodal Distribution. 

The SHA sample (sample 1) is also illustrated by a blue bimodal distribution to the 

right half of Figure 19. Similar steps were followed to generate a second bimodal 

distribution representing the Contractor sample (sample 2). This distribution is illustrated 

by the red bimodal distribution to the left half of Figure 19. The same iterative process 

explained in Section 5.1.1 titled ñNormal Distribution data setsò was used to evaluate the 

success rate of the tests listed in Table 8 through Table 10. 

 

Figure 19. Numerical Simulations Flow Chart, Bimodal Distribution. 
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In total, over 1.2 million numerical simulations were completed for normally 

distributed data sets. Table 12 summarizes the number of simulations conducted for each 

AQC considered, distribution scenarios, number of SHA samples (sample 1), number of 

Contractor samples (sample 2), and number of iterations for the normally distributed data 

sets. A similar set of analyses was also conducted for the two non-parametric data sets, 

using skewed and bimodal distributions. The total number of simulations completed was 

over 3.7 million. The results of the numerical simulations are presented in the following 

section. 

Table 12. Numerical simulations summary 

AQC 
No. of 

Scenarios 

Sample 1 

Sizes 

Sample 2 

Sizes 

No. of 

Iterations 

No. of 

Simulations 

HMA - In-place density 4 5 10 1,000 200,000 

HMA ï Asphalt Binder Content 4 5 10 1,000 200,000 

HMA - Laboratory Air 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 - Asphalt Binder Content 4 5 10 20 4,000 

HMA - Laboratory Air 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 - Asphalt Binder Content 4 5 10 10 2,000 

HMA - Laboratory Air 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 - Asphalt Binder Content 4 5 10 5 1,000 

HMA - Laboratory Air 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 (1,242,000 × 3) 3,726,000 
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5.2. Results of the Numerical Analysis 

The statistical tests were evaluated using numerical simulations to quantify risks and 

qualify acceptable tests. Multiple distribution types and construction material AQCs were 

considered, as summarized in Table 11 and Table 12. The results of the numerical 

simulations for normal, skewed, and bimodal distribution data sets follow. 

5.2.1. Normal Distribution results 

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

process. Figure 14 shows an illustration of the four scenarios considered: 

¶ Scenario 1, SHA distribution mean, µ1, and standard deviation, ů1, equal Contractor 

distribution mean, µ2, and standard deviation, ů2 (‘  ‘ and „ = „).  

¶ Scenario 2, SHA distribution mean, µ1, equal Contractor distribution mean, µ2, but 

the standard deviations were not equal (‘  ‘ and „ Í „).  

¶ Scenario 3, SHA distribution mean, µ1, was not equal to Contractor distribution 

mean, µ2, but the standard deviations were equal (‘  ‘ and „ = „). 

¶ Scenario 4, SHA distribution mean, µ1, and standard deviation, ů1, were not equal 

to Contractor distribution mean, µ2, and standard deviation, ů2 (‘  ‘ and „ 

 „).  
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5.2.1.1. Hypothesis Tests 

Figure 20 shows the numerical simulation results for a set of hypothesis tests under 

scenario 1. The success rate of the different tests is shown on the y-axis as a function of 

SHA sample CV (CV1). Since the representative values of AQCs selected had a wide range 

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

compare the test results.  

  

Figure 20. Numerical Simulations Results (Normal) for Hypothesis Tests ï Scenario 1: 

Equal Means and Equal Standard Deviations. 

Table 11 shows the AQCs selected and the corresponding CV values. Under 

scenario 1, the tests are expected to perform at a success rate of 95 percent or above, which 

is represented by the horizontal dotted line in Figure 20. The values presented in Figure 20 

are for the SHA sample size of 7, while the Contractor sample size varied from a sample 

size of 7 (equal sample size) up to a sample size of 70 (SHA sample size × 10). The 

Contractor sample sizes considered were 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70. All t he 
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hypothesis tests, in this case, were performed at the expected threshold of 95 percent. 

Figure 21 shows similar results for scenario 2 where the sample means were equal while 

the standard deviations were unequal (ɛ1 = ɛ2 and ů1 Í ů2), most of the hypothesis tests in 

this case performed at the expected threshold of 95 percent. 

 

Figure 21. Numerical Simulations Results (Normal) for Hypothesis Tests ï Scenario 2: 

Equal Means and Unequal Standard Deviations. 

Figure 22 shows results for hypothesis tests under scenario 3 where the sample 

means were unequal while the standard deviations were equal (ɛ1 Í ɛ2 and ů1 = ů2). Under 

scenario 3, the tests are expected to perform at a success rate of 5 percent or below, which 

is represented by the horizontal dotted line in Figures 22 and 23. The hypothesis tests, in 

this case, did not perform at the expected threshold of 5 percent, however, the hypothesis 

tests performed better as the CV1 value got smaller. By comparison the t-test performed 

best, followed by Welchôs t-test (unequal variance t-test) and Mann-Whitney test. Figure 

23 shows similar results for scenario 4 where the sample means and the standard deviations 

were unequal (ɛ1 Í ɛ2 and ů1 Í ů2). 
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Figure 22. Numerical Simulations Results (Normal) for Hypothesis Tests ï Scenario 3: 

Unequal Means and Equal Standard Deviations. 

 

Figure 23. Numerical Simulations Results (Normal) for Hypothesis Tests ï Scenario 4: 

Unequal Means and Unequal Standard Deviations. 

5.2.1.2. Variance Tests 

Figure 24 shows the numerical simulation results for a set of variance tests under scenario 
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0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0% 5% 10% 15% 20% 25%

S
u

cc
e
ss

 R
a

te
 (

%
)

SHA sample CV
Sample 1 size = 7

t_test

UV_t_test

p_t_test

ks_test

U_test

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0% 5% 10% 15% 20% 25%

S
u

cc
e
ss

 R
a

te
 (

%
)

SHA sample CV
Sample 1 size = 7

t_test

UV_t_test

p_t_test

ks_test

U_test



63 

 

 

Figure 24. Numerical Simulations Results (Normal) for Variance Tests ï Scenario 1: 

Equal Means and Equal Standard Deviations. 

The success rate of the tests is shown on the y-axis as a function of SHA sample 

CV (CV1). Under scenario 1, the tests are expected to perform at a success rate of 95 

percent or above, which is represented by the horizontal dotted line in Figure 24. The values 

presented in Figure 24 are for the SHA sample size of 7, while the Contractor sample size 

varied from 7 (equal sample size) up to a sample size of 70 (SHA sample size × 10). The 

variance tests in this case performed at the expected threshold of 95 percent. Figure 25 

shows similar results for scenario 3 where the sample means were unequal while the 

standard deviations were equal (ɛ1 Í ɛ2 and ů1 = ů2), except for the Ansari-Bradley test 

since it requires that the samples have equal medians.  
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Figure 25. Numerical Simulations Results (Normal) for Variance Tests ï Scenario 3: 

Unequal Means and Equal Standard Deviations. 

Figure 26 shows a similar set of results for variance tests under scenario 2 where 

the sample means were equal while the standard deviations were unequal (ɛ1 = ɛ2 and ů1 Í 

ů2). Under scenario 2, the tests are expected to perform at a success rate of five percent or 

below, which is represented by the horizontal dotted line in Figures 26 and 27. All  of the 

variance tests, in this case, did not perform at the expected threshold of five percent. 

However, by comparison the F-test had the best performance followed by the Ansari-

Bradley test, Leveneôs test, and Bartlettôs test. Figure 27 shows similar results for scenario 

4 where the sample means and the standard deviations were unequal (ɛ1 Í ɛ2 and ů1 Í ů2). 

The Ansari-Bradley test performance was inconsistent in scenario 4 since it requires that 

the samples have equal medians. 
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Figure 26. Numerical Simulations Results (Normal) for Variance Tests ï Scenario 2: 

Equal Means and Unequal Standard Deviations.  

 

Figure 27. Numerical Simulations Results (Normal) for Variance Tests ï Scenario 4: 

Unequal Means and Unequal Standard Deviations. 

5.2.2. Skewed Distr ibution Results 
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5.2.2.1. Hypothesis Tests 

Figure 28 shows the numerical simulation results for a set of hypothesis tests under 

scenario 1 where the sample means and standard deviations were equal (ɛ1 = ɛ2 and ů1 = 

ů2).  

 

Figure 28. Numerical Simulations Results (Skewed) for Hypothesis Tests ï Equal Means 

and Equal Standard Deviations.  

The success rate of the tests is shown on the y-axis as a function of SHA sample 

CV1. Under scenario 1, the tests are expected to perform at a success rate of 95 percent or 

above, which is represented by the horizontal dotted line in Figure 28. The values presented 

in Figure 28 are for the SHA sample size of 7, while the Contractor sample sizes varied 

from 7 (equal sample size) to 70 samples (SHA sample size × 10). The Contractor sample 

sizes considered were 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70. The hypothesis tests in this 

case performed at the expected threshold of 95 percent, except for the paired t-test. Figure 

29 shows the results for scenario 2 where the sample means were equal while the standard 
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deviations were unequal (ɛ1 = ɛ2 and ů1 Í ů2), and a similar trend is observed for all of 

the tests except for the Kolmogorov-Smirnov two sample test, where the performance of 

the test slightly deteriorated. 

 

Figure 29. Numerical Simulations Results (Skewed) for Hypothesis Tests ï Equal Means 

and Unequal Standard Deviations. 

Figure 30 shows a similar set of results for hypothesis tests under scenario 3 where 

the sample means were unequal while the standard deviations were equal (ɛ1 Í ɛ2 and ů1 = 

ů2). Under scenario 3, the tests are expected to perform at a success rate of five percent or 

below, which is represented by the horizontal dotted line in Figure 30 and Figure 31. The 

hypothesis tests, in this case, did not perform at the expected threshold of five percent. 

However, the hypothesis tests performed better as the CV1 value got smaller. By 

comparison the t-test had the best performance followed by the Mann-Whitney test. Figure 

31 shows results for scenario 4 where the sample means and the standard deviations were 

unequal (ɛ1 Í ɛ2 and ů1 Í ů2). By comparison, the Kolmogorov-Smirnov two sample test 

had the best performance followed by the unequal variance t-test. 
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Figure 30. Numerical Simulations Results (Skewed) for Hypothesis Tests ï Unequal 

Means and Equal Standard Deviations. 

 

Figure 31. Numerical Simulations Results (Skewed) for Hypothesis Tests ï Unequal 

Means and Unequal Standard Deviations. 

5.2.2.2. Variance Tests 

Figure 32 shows the numerical simulation results for a set of variance tests under scenario 

1 where the sample means and standard deviations were equal (ɛ1 = ɛ2 and ů1 = ů2). The 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0% 5% 10% 15% 20% 25%

S
u

cc
e
ss

 R
a

te
 (

%
)

SHA sample CV
Sample 1 size = 7

t_test

UV_t_test

p_t_test

ks_test

U_test

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0% 5% 10% 15% 20% 25%

S
u

cc
e
ss

 R
a

te
 (

%
)

SHA sample CV
Sample 1 size = 7

t_test

UV_t_test

p_t_test

ks_test

U_test



69 

 

success rate of the tests is shown on the y-axis as a function of SHA sample CV1. Under 

scenario 1, the tests are expected to perform at a success rate of 95 percent or above, which 

is represented by the horizontal dotted line in Figure 32. The values presented in Figure 32 

are for the SHA sample size of 7 samples, while the Contractor sample size varied from 7 

samples (equal sample size) up to 70 samples (SHA sample size × 10). The variance tests 

in this case performed at the expected threshold of 95 percent. Figure 33 shows similar 

results for scenario 3 where the sample means were unequal while the standard deviations 

were equal (ɛ1 Í ɛ2 and ů1 = ů2), except for the Ansari-Bradley test since it requires that the 

samples have equal medians. 

 

Figure 32. Numerical Simulations Results (Skewed) for Variance Tests ï Equal Means 

and Equal Standard Deviations.  
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Figure 33. Numerical Simulations Results (Skewed) for Variance Tests ï Unequal Means 

and Equal Standard Deviations.  

Figure 34 shows a similar set of results for variance tests under scenario 2 where 

the sample means were equal while the standard deviations were unequal (ɛ1 = ɛ2 and ů1 Í 

ů2). Under scenario 2, the tests are expected to perform at a success rate of five percent or 

below, which is represented by the horizontal dotted line in Figure 34 and Figure 35. The 

variance tests, in this case, did not perform at the expected threshold of five percent. By 

comparison, the F-test performed the best followed by the Ansari-Bradley test, Leveneôs 

test, and Bartlettôs test. Figure 35 shows similar results for scenario 4 where the sample 

means and the standard deviations were unequal (ɛ1 Í ɛ2 and ů1 Í ů2). 
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Figure 34. Numerical Simulations Results (Skewed) for Variance Tests ï Equal Means 

and Unequal Standard Deviations.  

 

Figure 35. Numerical Simulations Results (Skewed) for Variance Tests ï Unequal Means 

and Unequal Standard Deviations.  
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5.2.3.1. Hypothesis Tests 

Figure 36 shows the numerical simulation results for a set of hypothesis tests under 

scenario 1 where the sample means and standard deviations were equal (ɛ1 = ɛ2 and ů1 = 

ů2). The success rate of the tests is shown on the y-axis as a function of SHA sample CV1. 

Under scenario 1, the tests are expected to perform at a success rate of 95 percent or above, 

which is represented by the horizontal dotted line in Figure 36. The values presented in 

Figure 36 are for the SHA sample size of 7, while the Contractor sample sizes varied from 

7 (equal sample size) to 70 samples (SHA sample size × 10). The Contractor sample sizes 

considered were 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70. The hypothesis tests in this case 

performed at the expected threshold of 95 percent except for the paired t-test. Figure 37 

shows the results for scenario 2 where the sample means were equal while the standard 

deviations were unequal (ɛ1 = ɛ2 and ů1 Í ů2), the tests performed similar to scenario 1. 

 

Figure 36. Numerical Simulations Results (Bimodal) for Hypothesis Tests ï Equal Means 

and Equal Standard Deviations. 
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Figure 37. Numerical Simulations Results (Bimodal) for Hypothesis Tests ï Equal Means 

and Unequal Standard Deviations. 

Figure 38 shows a similar set of results for hypothesis tests under scenario 3 where 

the sample means were unequal while the standard deviations were equal (ɛ1 Í ɛ2 and ů1 = 

ů2). Under scenario 3, the tests are expected to perform at a success rate of five percent or 

below, which is represented by the horizontal dotted line in Figure 38 and Figure 39. The 

hypothesis tests, in this case, did not perform at the expected threshold of five percent. 

However, the hypothesis tests performed better as the CV1 value got smaller. By 

comparison, the t-test had the best performance followed by the Mann-Whitney test. Figure 

39 shows results for scenario 4 where the sample means and the standard deviations were 

unequal (ɛ1 Í ɛ2 and ů1 Í ů2). The unequal variance t-test had the best performance followed 

by the Kolmogorov-Smirnov sample test. 
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Figure 38. Numerical Simulations Results (Bimodal) for Hypothesis Tests ï Unequal 

Means and Equal Standard Deviations. 

 

 

Figure 39. Numerical Simulations Results (Bimodal) for Hypothesis Tests ï Unequal 

Means and Unequal Standard Deviations. 
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success rate of the tests is shown on the y-axis as a function of SHA sample CV1. Under 

scenario 1, the tests are expected to perform at a success rate of 95 percent or above, which 

is represented by the horizontal dotted line in Figure 40. The values presented in Figure 40 

are for the SHA sample size of 7, while the Contractor sample sizes varied from 7 (equal 

sample size) to 70 samples (SHA sample size × 10). The variance tests in this case 

performed at the expected threshold of 95 percent. Figure 41 shows similar results for 

scenario 3 where the sample means were unequal while the standard deviations were equal 

(ɛ1 Í ɛ2 and ů1 = ů2), except for the Ansari-Bradley test since it requires that the samples 

have equal medians. 

 

Figure 40. Numerical Simulations Results (Bimodal) for Variance Tests ï Equal Means 

and Equal Standard Deviations. 
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Figure 41. Numerical Simulations Results (Bimodal) for Variance Tests ï Unequal 

Means and Equal Standard Deviations. 

Figure 42 shows a similar set of results for variance tests under scenario 2 where 

the sample means were equal while the standard deviations were unequal (ɛ1 = ɛ2 and ů1 Í 

ů2). Under scenario 2, the tests are expected to perform at a success rate of five percent or 

below, which is represented by the horizontal dotted line in Figure 42 and Figure 43. The 

variance tests, in this case, did not perform at the expected threshold of five percent. By 

comparison, Leveneôs test had the best performance followed by the Ansari-Bradley test. 

Figure 43 shows similar results for scenario 4 where the sample means and the standard 

deviations were unequal (ɛ1 Í ɛ2 and ů1 Í ů2). The Ansari-Bradley test performance was 

inconsistent in scenario 4 since it requires that the samples have equal medians. 
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Figure 42. Numerical Simulations Results (Bimodal) for Variance Tests ï Equal Means 

and Unequal Standard Deviations. 

 

Figure 43. Numerical Simulations Results (Bimodal) for Variance Tests ï Unequal 

Means and Unequal Standard Deviations. 
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Summary of Numerical Analysis Findings 

The numerical analysis provided the information needed to recommend validation tests on 

a statistical basis. The following observations were made based on the numerical 

simulations concluded for the normally distributed and non-parametric data sets: 

¶ The t-test and the Welchôs t-test (unequal variance t-test) showed consistent 

satisfactory results in the simulations at the selected significance level regardless 

of distribution type. 

¶ The Welchôs t-test showed more consistency in detecting the difference in means 

than the t-test and other hypothesis tests regardless of distribution type.  

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

¶ The alternative tests (Mann-Whitney and Kolmogorov-Smirnov two sample test) 

showed similar results to the t-tests in most of the cases. 

¶ The F-test showed consistent satisfactory results in the simulations at the selected 

significance level. 

¶ The alternative variance tests (Leveneôs test and Bartlettôs test) showed similar 

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

¶ The Ansari- Bradley test showed satisfactory results when the samples had equal 

medians. 
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The numerical analysis provided the information needed to recommend validation 

tests on a statistical basis. The observations were then validated using actual SHA project 

data. The t-test and the Welchôs t-test showed consistent satisfactory results in the 

simulations at the selected significance levels regardless of distribution type. However, 

Welchôs t-test showed more consistency in detecting the difference in means than the t-test 

and other hypothesis tests regardless of distribution type. The effectiveness of the 

hypothesis tests decreased when the CV increased. The F-test showed consistent 

satisfactory results in the simulations at the selected significance level. These results; i.e., 

the consistent results provided using the F- and t-tests, support the 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 to test the effectiveness of the validation 

procedures. Data from actual highway projects were obtained from six states, representing 

a wide regional distribution across the U.S. They represent the East, Southeast, Midwest, 

Southwest, Rocky Mountain and West regions. The data received included HMA, PCC, 

and Aggregate Base test results. 

6.1. Data Processing 

The SHA data were received in two formats, Portable Document Format (PDF) files and 

Excel Binary File Format (XLS) spreadsheets. The PDF files were scanned test reports 

from multiple projects within an SHA. These reports contained SHA test results and the 

corresponding Contractor results. The PDF files included some duplicate reports. All 

reports were cross checked, and only one copy of the duplicate reports was used, and the 

other copy(s) was discarded. The PDF files were converted into XLS spreadsheets, so the 

data could be analyzed using Microsoft Excel. As a data quality check all 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 to XLS format. Any 

discrepancies identified were corrected to match the original PDF scanned reports. The 

XLS spreadsheets were essentially ready to use only requiring minimal pre-processing. 

The XLS spreadsheets typically listed project numbers, lot and sub lot numbers, 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 processed using MATLAB, and Table 13 summarizes the SHA data 

received and processed for further analysis. HMA AQCs included in-place density, AV, 

AC, and Voids in Mineral Aggregates (VMA). 

Processing of SHAs data revealed the following observations: 

¶ Most of the SHA data received were obtained using independent sampling 

techniques; however, some SHAs obtained data using split samples with 

Contractors. Using split rather than independent samples can put SHAs at 

significant risk of making wrong acceptance and payment decisions. While 

independent samples contain up to four sources of variability: material, process, 

sampling, and test method; split samples contain only test method variability. 

Sampling methods are discussed with an example in Section 7.2. 

¶ SHA definitions of lots, sampling and testing frequencies are variable, resulting in 

numerous scenarios for the number of SHA and Contractor samples. In general, the 

different sample sizes can be put in three categories based on the number of SHA 

samples per lot: 1) a single SHA test result per lot, 2) three to twenty SHA test 

results per lot, and 3) more than twenty SHA test results per lot. The three SHA 

sample size categories are discussed with an example in Section 7.2. 

Sample raw SHA data sets are presented in Appendix B. ñSHA Data.ò The data 

contains recent SHA and Contractor results of percent AV and percent AC. 
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Table 13. SHA data received and processed for further analysis 

SHA ID Material Type AQC 
No. of 

Projects 

Average 

Lots per 

Project 

Total Samples 

(Lots) 

SHA 1 

HMA 
Density 259 15 3,804 

AV 302 7 2,050 

PCC 
Strength 16 22 354 

Thickness 16 22 354 

SHA 2 PCC Strength 18 1 25 

SHA 3 HMA 

Density 690 7 5,084 

AV 708 8 5,620 

AC 720 9 6,488 

No. 8 Sieve 720 9 6,487 

No. 200 Sieve 720 9 6,490 

SHA 4 Aggregates Base 

2 inch Sieve 3 41 123 

1 inch Sieve 3 41 123 

3/8 inch Sieve 3 41 123 

No. 10 Sieve 3 41 123 

No. 40 Sieve 3 41 123 

No. 200 Sieve 3 41 123 

Liquid Limit 

(LL)  
3 41 123 

Plasticity 

Index (PI) 
3 41 123 

Moisture 

Content (MC) 
3 41 123 

SHA 5 HMA 

AV 289 6 1,734 

 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 that some SHA sampling 

and testing plans that use Contractor data in acceptance decisions do not meet the 

requirements of 23 CFR 637B, due to lack of independent sampling. Some of the sampling 

and testing plans use a single SHA sample per lot. Based on these observations the research 

team developed two plans for sampling and testing the SHA data, and for Contractor data 

validation. These plans are presented in more detail in Appendix D Proposed Practice for 

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

This plan requires a minimum of six sublots per lot, where a minimum of three SHA results 

and six Contractor results are utilized for sampling and validation using F- and t-tests. 

Three results from each entity are considered the minimum for the statistical comparisons, 

however, a disadvantage of using just three results is the statistical power of the F- and t-

tests diminishes substantially, and the risks associated with Type I and Type II errors 

increase. To reduce both SHA and Contractor risk, larger sample sizes are encouraged.  

It is recommended that SHAs assess the anticipated risk when establishing 

minimum sample sizes for both the SHA and Contractor. Several publications provide 

guidelines for SHAs for selection of optimum number of samples for validating Contractor 

test data as a function of SHA buyerôs risk (ɓ) and Contractor sellerôs risk (Ŭ), and sample 

size (n). Guidance to determine the risks to SHAs when using F- and t-tests for comparing 

SHA and Contractor data sets and integrating OC curves are also discussed (45, 49).  

The flow chart presented in Figure 44 illustrates the sampling, testing, and 

validation process for plan 1. The flowchart consists of three stages: sampling, primary 

validation, and secondary validation.   
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Figure 44. Flow Chart for Sampling and Validation Process ï Plan 1. 

The top box of Figure 44 illustrates the sampling for each lot that consists of six 

split samples (or more). Each sample was split into two equal portions and labeled 1-A, 1-

C, 2-A, 2-C and so on. The number is the sample number, A is the Agency (SHA) portion 
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of the split, and C is the Contractor portion of the split. Three sublots were randomly 

selected to represent the SHA portions for validation. The results of the Contractor tests on 

sublots corresponding to the SHA samples were excluded from the F- and t-tests statistical 

comparisons in the primary validation stage. As illustrated in Figure 44, the SHA randomly 

selected sample for validation was 1-A, 3-A, and 6-A, then the Contractorôs results used in 

the primary validation testing excluded results from samples 1-C, 3-C, and 6-C. Therefore, 

the Contractorôs results used in the primary validation were results from samples 2-C, 4-C, 

and 5-C. Note that since the Contractor and SHA results from the same sublots were not 

used in the primary validation (F- and t-tests), this satisfies the 23 CFR 637B requirement 

that verification testing be conducted on independent samples. 

Outlier detection, the initial step in the acceptance procedure, was used to test the 

SHA and Contractor data sets for outlying observations. The ASTM E178 procedure was 

applied to both SHA and Contractor samples prior to conducting hypothesis testing (48), 

as illustrated in the middlebox of Figure 44. If an outlier was detected in either set, then 

the outlying observation was discarded. It is recommended as part of the plan to detect 

outliers to determine the probable cause(s) of the outlying data before discarding a test 

result. The use of outlier detection is discussed with an example in Section 7.3. 

For primary validation, the independent Contractor data set is validated against the 

SHA data set using the F-test and Welchôs t-test (unequal variance t-test) at a significant 

level, Ŭ, of 0.05. The F-statistic is calculated as the ratio of the variances from the 

Contractor results and SHA results from the lot: 
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Where ί is the larger variance from either the Contractor results or the SHA 

results, and ί is the smaller variance of the two. 

The F-critical value was obtained from an F table (Appendix C Proposed Practice 

For Validating Contractor Test Data, Annex C Statistical Tables, Table C.2 through C.5), 

or using MS Excel (F.INV) function, at a level of Ŭ/2 and a degree of freedom, ὨὪ, of 

sample sizes minus one;  

ὨὪ ὲ ρ  and  ὨὪ  ὲ ρ 

Where ὲ is the number of samples corresponding to the larger variance, and ὲis 

the number of samples corresponding to the smaller variance.  

When the F-statistic is less than F-critical, then the hypothesis is not rejected, and 

it is concluded that the variabilities of the two data sets are not statistically different. 

Otherwise, it is concluded that the variabilities of the two data sets are statistically different. 

When the variabilities are found to be statistically different, the stakeholders should 

investigate why one of the sets of data has 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 otherôs methods. Since the primary validation tests are based on 

independent samples, there are more opportunities for differences in sampling, testing, and 

materials variability. As an example, material segregation, whether it occurs in haul 

vehicles, placement, or sample handling, is a common source of variability. 
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The Welchôs t-test (also known as the unequal variance t-test) is recommended for 

comparing the means of the data sets. Welchôs t-statistic is calculated as follows: 

ὸ  
ὼӶ ὼӶ

ί
ὲ  

ί
ὲ

 

The critical t-value from the t-table (Appendix C Proposed Practice For Validating 

Contractor Test Data, Annex C Statistical Tables, Table C1), or using MS Excel 

(T.INV.2T) function, at a level of Ŭ/2 and an estimated degree of freedom, ὨὪᴂ, 

approximated as: 

ὨὪᴂ  
  

  

If a t-table is used, the estimated degrees of freedom should be rounded down to 

the nearest integer since the degrees of freedom in t-tables are integers. When the absolute 

value of the t-statistic is less than t-critical, then the hypothesis is not rejected, and it is 

concluded that the means of the SHAôs results and the Contractorôs results are not 

statistically different. Otherwise, it is concluded that the means of the SHAôs results and 

the Contractorôs results from independent samples are statistically different. 

If both the F-test and Welchôs t-test indicate that the SHA results and the Contractor 

results are not statistically different (i.e., the data sets are from the same population), the 

Contractorôs data are considered validated. If either the F-test or Welchôs t-test indicates 
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that the Contractor results and the SHA results are statistically different, then the 

Contractorôs data are not validated, as illustrated in the bottom portion of Figure 44. 

Secondary validation is proposed when the Contractorôs data are not validated in 

the primary validation stage. The secondary validation is performed by comparing the SHA 

results and the Contractor results from the same sublots (i.e., split portions) using the paired 

t-test. As illustrated in Figure 44, the secondary validation compares all the results available 

(1-A to 1-C, 2-A to 2-C, 3-A to 3-C, 4-A to 4-C, 5-A to 5-C, and 6-A to 6-C). The paired 

t-test determines if  the average difference between the pairs of results is statistically 

different from zero. The t-statistic for the paired t-test is calculated as follows: 

ὸ  
ȿὼӶȿ
ί

Ѝὲ

 

Where ὼӶ is the average of the differences between the split sample test results, ί 

is the standard deviation of the differences between the split sample test results, and ὲ is 

the number of split samples. 

The critical t-value is obtained from the t-table (Appendix C Proposed Practice For 

Validating Contractor Test Data, Annex C Statistical Tables, Table C.1), or using MS Excel 

(T.INV.2T) function, at a level of Ŭ/2 and (ὲ ρ) degrees of freedom. When the paired t-

statistic is less than t-critical, it is concluded that pairwise difference between SHA results 

and Contractor results is not statistically different than zero and the Contractorôs results are 

validated by secondary validation. Otherwise, the Contractorôs data are not validated. The 
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power of the paired t-test increases with the increase in sample size. Hence, it is 

recommended to use all available split sample results in this plan. 

Plan 2: Cumulative Validation Lots. 

This plan enables the use of lots with a single SHA result, compared to a Contractor sample 

size of three or more observations per lot. In this situation, an F-test cannot be performed 

which puts the SHA at significant risk of making wrong acceptance and payment decisions. 

A cumulative sampling technique is proposed to overcome this challenge. The cumulative 

sampling technique utilizes a concept similar to a moving average, where a fixed number 

of lots (e.g., three) are accumulated to form a single Cumulative Validation Lot (CVL). 

The technique is illustrated in Figure 45. Lots 1, 2, and 3 form CVL 1, then lot 1 in the set 

is dropped and a new lot is added (lot 4) to form CVL 2. A window of three lots (or more) 

will continue until a non-conforming lot is encountered; then the process restarts, and a 

new CVL is formed. 

The process used in plan 2 is similar to the process used in plan 1, however, in the sampling 

stage validation results from three consecutive lots are combined form a CVL. CVL 1 

includes results from lots 1, 2, and 3. The second CVL drops the results from lot 1 and 

combines the results from lots 2, 3, and 4. This moving CVL process continues as long as 

the validation process confirms the Contractorôs data. To illustrate the cumulative sampling 

technique when performing data validation, an example is presented in Section 7.2. This 

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

APPENDIX A ñProposed Practice For Validating Contractor Test Data.ò The results of 
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applying the preliminary testing and validation plan on SHA data are presented in the 

following section.  

 

Figure 45. Cumulative Sampling Technique to Overcome Single SHA Sample Size ï 

Plan 2. 

6.3. Results of the SHA Data Analysis 

The statistical tests recommended from the numerical simulations, i.e., F-test and Welchôs 

t-test (unequal variance t-test), were used on SHA data according to the preliminary testing 

and validation plan presented in the previous section. The results of applying the plan on 

SHA data are presented in the following sections. Recall that data were obtained from six 

SHAs representing a good regional distribution across the U.S. The data received included 

HMA, PCC, and Aggregate Base test results (see Table 13). 
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Plan 1 SHA results 

HMA data from SHA 5 were selected for the analysis using plan 1. The data received from 

several SHAs had a number of limitations, in terms of consistency, sample size, and 

fulfilling the independent sampling requirement, hence, SHA 5 data were qualified based 

on these three criteria.  

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 HMA. Some of the raw data sets are presented in APPENDIX B 

ñSHA Raw Data.ò A 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 proposed sampling, testing, and validation plan is six sublots 

per lot. 

During the sampling stage, three sublots were randomly selected to represent the 

SHA test results for validation. The results of the Contractor tests on the sublots 

corresponding to the SHA test results were excluded from the Contractor test results for 

the primary validation stage. So, the Contractor test results for primary validation consisted 

of the total number of sublots minus the three SHA sublots. Note that the SHA test results 

are now independent of the Contractor test results (not from the same sublot). In the 

primary validation stage, the initial step was testing the SHA and Contractor data sets for 

outlying observations. The ASTM E178 procedure was applied to both SHA and 

Contractor test results prior to conducting hypothesis testing (48). The independent data 

set of the Contractor was validated against the SHA data set using the F-test and Welchôs 
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t-test at a significance level, Ŭ, of 0.05. In cases where the Contractor test results were not 

validated in the primary validation, a secondary validation was conducted comparing the 

SHA results to the Contractor results from the same sublots using the paired t-test. 

Air Voids 

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

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

Table 14. Note that there are 88 data points for the paired t-test compared to 86 data points 

for the F-test because a couple of lots had a variance value close to zero, which disqualified 

them for the F-test and Primary validation. However, those lots qualified for the paired t-

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

given to the ñPassò results and a value of 0 was given to the ñFailò results. As shown in 

Table 14, 8.1 percent (7 of 86) of the data sets failed the F-test and 3.5 percent (3 of 86) 

failed the Welchôs t-test. In total, 11.6 percent (10 of 86) of the data sets failed the primary 

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

the secondary validation. 

Table 14. Plan 1 SHA 5 results of percent AV of HMA 

 
Independent Samples 

Primary 

Validation 

Split Samples 
Secondary 

Validation F-test 
Welchôs 

t-test 

Paired 

t-test 
D2S 

Pass or Validated 79 83 76 67 84 8 

Fail or Non-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% 
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The results of the Welchôs t-test on all 86 data sets are presented in Figure 46; the 

means ratio is shown on the x-axis, i.e., the ratio of SHA sample mean (µ1) to the Contractor 

sample mean (µ2), and the p-values on the y-axis. However, since the p-values were very 

small the values presented on the y-axis are the negative value of the logarithm to base 10 

of the p-values [ï log10 (p-value)]. As seen in Figure 46, the p-values 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 level (Ŭ = 0.05). Since [ï log10 (0.05) = 1.3], all values 

below the horizontal dotted line represent ñFailò results. Figure 47 shows similar Welchôs 

t-test results as a function of the standard deviations ratio, ratio of SHA sample standard 

deviation (ů1) to the Contractor sample standard deviation (ů2). 

 

Figure 46. Plan 1, Welchôs t-test Results as a Function of Means Ratio (µ1 / µ2) for 

percent AV of HMA. 
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Figure 47. Plan 1, Welchôs t-test Results as a Function of Standard Deviations Ratio  

(ů1 / ů2) for percent AV of HMA. 

The results of the F-test on all 86 data sets are presented in Figure 48; the standard 

deviations ratio is shown on the x-axis, i.e., the ratio of SHA sample standard deviation 

(ů1) to the Contractor sample standard deviation (ů2), and the p-values [ï log10 (p-value)] 

on the y-axis. The F-test results (Figure 48) showed a similar trend to what was observed 

in the Welchôs t-test results (Figure 46); the p-values 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 level (Ŭ = 0.05). Since [ï log10 (0.05) = 1.3], all values 

below the horizontal dotted line represent ñFailò results. Figure 49 shows similar F-test 

results as a function of the means ratio, ratio of SHA sample mean (µ1) to the Contractor 

sample mean (µ2). 

0.0

0.5

1.0

1.5

2.0

2.5

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

W
e

lc
h

's
 t-

te
st

  ς
L

o
g 1

0(
p
-v

a
lu

e
)

Ű1 / Ű2



95 

 

 

Figure 48. Plan 1, F-test Results as a Function of Standard Deviations Ratio (ů1 / ů2) for 

percent AV of HMA. 

 

Figure 49. Plan 1, F-test Results as a Function of Means Ratio (µ1 / µ2) for percent AV of 

HMA. 
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are presented in Figure 50. The means ratio is shown on the x-axis and the p-values on the 

y-axis [ï log10 (p-value)]. The p-values take a less pronounced symmetrical shape around 

a means ratio of one and appear to be almost random. The horizontal dotted line in the 

figure is the threshold value for a 95 percent confidence level (Ŭ = 0.05). Since [ï log10 

(0.05) = 1.3], all values below the horizontal dotted line represent ñFailò results; 23.9 of 

the data sets failed the paired t-test. Figure 51 shows similar paired t-test results as a 

function of the standard deviations ratio, ratio of SHA sample standard deviation (ů1) to 

the Contractor sample standard deviation (ů2). 

 

Figure 50. Plan 1, Paired t-test Results as a Function of Means Ratio (µ1 / µ2) for percent 

AV of HMA. 
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Figure 51. Plan 1, Paired t-test Results as a Function of Standard Deviations Ratio  

(ů1 / ů2) for percent AV of HMA. 
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mentioned, these low power tests put 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 in Table 14 are presented in Table 15 

through Table 17. The original SHA and Contractor samples are presented to the left side 

of the tables under the original region. During the sampling stage three sublots were 

randomly selected to represent the SHA sample for validation. The results of the Contractor 

tests on the sublots corresponding to the SHA samples were excluded from the Contractor 

sample for the primary validation stage. So, the Contractor sample for primary validation 

consisted of the total number of sublots minus the three SHA sublots. Note that the SHA 

test results are now independent of the Contractor test results (not from the same sublot). 

This stage is presented in Table 15 through Table 17 under independent samples region. 

The independent data set of the Contractor was validated against the SHA data set using 

the F-test and Welchôs t-test at a significance level, Ŭ, of 0.05, and the results are presented 

under independent samples region.  

In cases where the Contractor test results were not validated in the primary 

validation, a secondary validation was conducted comparing the SHA results to the 

Contractor results from the same sublots (split samples) using the paired t-test. This stage 

is presented in Table 15 through Table 17 under portions of the table titled Split Samples. 

The paired t-test performed on the split samples was compared to D2S limits performed on 

the same split samples as shown under the tableôs split samples region. 
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Table 15. SHA Plan 1 results of percent AV of HMA ï part 1 of 3 

 
 

#
Project-

Lot ID

Agency 

Sample 

Size

Contracto

r Sample 

Size

Agency 

1 

Sample 

Size

Agency 

1 

Sample 

mean

Agency 

1 

Sample 

sd

Contrac

tor 2 

Sample 

Size

Contrac

tor 2 

Sample 

mean

Contrac

tor 2 

Sample 

sd

F-test
UV

t- test

Agency 

1 

Sample 

Size

Agency 

1 

Sample 

mean

Agency 

1 

Sample 

sd

Contrac

tor 1 

Sample 

Size

Contrac

tor 1 

Sample 

mean

Contrac

tor 1 

Sample 

sd

Paired

t- test
D2S

1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 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

4 2-2 6 6 3 3.8 1.83 3 5.2 1.55 Pass Pass Valid 6 4.2 1.60 6 4.1 1.68 Pass Fail

5 5-4 6 6 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

6 16-1 11 11 3 4.1 0.51 8 4.2 0.24 Pass Pass Valid 11 4.0 0.41 11 4.2 0.31 Fail Pass

7 16-2 6 6 3 3.8 0.31 3 4.0 0.35 Pass Pass Valid 6 3.6 0.29 6 4.1 0.35 Fail Pass

8 28-1 12 12 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

9 30-1 8 8 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

10 35-1 6 6 3 5.4 1.10 3 4.5 1.66 Pass Pass Valid 6 5.0 1.22 6 4.6 1.31 Fail Pass

11 40-1 6 6 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

12 41-1 6 6 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

13 48-1 7 7 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

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 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

17 66-1 6 6 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

18 66-2 6 6 3 4.0 0.57 3 4.4 0.91 Pass Pass Valid 6 4.4 0.70 6 4.1 0.78 Fail Pass

19 66-3 6 6 3 2.6 0.35 3 3.8 0.32 Pass Fail N.V. 6 3.3 0.84 6 3.3 0.76 Pass Pass Valid

20 66-4 6 6 3 3.8 0.58 3 4.0 0.76 Pass Pass Valid 6 3.7 0.46 6 3.9 0.65 Pass Pass

21 67-1 6 6 3 3.4 1.08 3 3.3 0.06 Fail Pass N.V. 6 3.4 0.72 6 3.3 0.62 Pass Pass Valid

22 74-1 11 11 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

23 80-1 8 8 3 3.8 0.36 4 3.8 0.00 8 3.9 0.32 8 3.7 0.26 Fail Pass

24 83-1 9 9 3 3.8 0.12 6 3.9 0.29 Pass Pass Valid 9 3.7 0.24 9 3.9 0.23 Fail Pass

25 86-1 11 11 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

26 86-2 7 7 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

27 93-1 8 8 3 3.9 0.00 5 3.8 0.69 8 3.8 0.43 6 3.8 0.16 Pass Pass

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 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

31 98-1 6 6 3 3.1 0.15 3 3.7 0.45 Pass Pass Valid 6 3.1 0.36 6 3.6 0.33 Fail Pass

32 98-2 6 6 3 3.4 0.06 3 3.9 0.20 Pass Fail N.V. 6 3.7 0.31 6 3.9 0.26 Pass Pass Valid

33 98-3 6 6 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

34 103-1 6 6 3 5.0 1.27 3 4.6 0.44 Pass Pass Valid 6 4.7 0.93 6 5.0 0.85 Fail Pass

35 104-1 6 6 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

36 104-2 6 6 3 3.1 0.55 3 3.4 0.87 Pass Pass Valid 6 3.1 0.60 6 3.4 0.60 Fail Pass

37 110-1 11 11 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

38 112-1 7 7 3 4.5 1.15 4 4.4 0.70 Pass Pass Valid 7 4.1 0.92 7 4.7 0.85 Fail Pass

39 114-1 7 7 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

40 115-1 6 6 3 4.0 0.87 3 4.7 0.25 Pass Pass Valid 6 4.0 0.61 6 4.7 0.54 Fail Pass

41 122-1 0 0 Pass Pass

42 127-1 21 21 3 4.4 0.06 18 4.2 0.79 Fail Pass N.V. 20 4.0 0.48 21 4.2 0.75 Pass Pass Valid

43 127-2 15 15 3 3.9 0.12 12 4.0 1.12 Fail Pass N.V. 15 3.9 0.92 15 4.0 1.01 Pass Pass Valid

44 127-3 14 14 3 4.6 0.58 11 3.8 0.75 Pass Pass Valid 14 4.1 0.68 14 4.1 0.91 Pass Fail

45 134-1 8 8 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

46 136-1 9 9 3 3.9 0.80 6 4.0 0.50 Pass Pass Valid 9 4.2 0.56 9 3.9 0.63 Fail Pass

47 138-1 6 6 3 5.0 0.15 3 4.5 1.08 Fail Pass N.V. 6 4.8 0.68 3 4.8 0.00 N.V.

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 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

51 145-1 10 10 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

52 148-1 9 9 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

53 149-1 7 7 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

54 150-1 6 6 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

55 151-1 15 15 3 3.5 0.52 12 4.1 0.48 Pass Pass Valid 15 3.6 0.36 15 4.1 0.45 Fail Pass

56 151-2 10 10 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

57 152-1 28 28 3 4.2 0.06 25 4.0 0.53 Fail Pass N.V. 28 4.2 0.52 28 4.0 0.51 Fail Pass N.V.

58 159-1 6 6 3 3.3 0.49 3 3.8 0.53 Pass Pass Valid 6 3.4 0.38 6 3.8 0.64 Fail Pass

59 160-1 28 28 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

60 169-1 6 6 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

61 169-2 6 6 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

62 170-1 9 9 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

63 171-1 17 17 3 5.1 0.90 14 4.5 1.02 Pass Pass Valid 17 4.5 1.06 17 4.7 1.08 Pass Fail

64 174-1 6 6 3 3.6 1.31 3 3.8 0.83 Pass Pass Valid 6 3.5 1.03 6 4.0 0.94 Fail Pass

65 174-2 6 6 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

66 174-3 6 6 3 4.3 0.64 3 4.9 0.70 Pass Pass Valid 6 4.2 0.63 6 4.7 0.60 Fail Pass

67 182-1 6 6 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

68 182-2 6 6 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

69 182-3 6 6 3 4.5 0.56 3 3.0 1.03 Pass Pass Valid 6 3.8 1.03 6 3.7 1.07 Fail Pass

70 186-1 6 6 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

71 187-1 6 6 3 4.4 0.25 3 4.1 0.30 Pass Pass Valid 6 4.5 0.29 6 4.1 0.21 Fail Pass

72 187-2 6 6 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

73 190-1 8 8 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

74 193-1 6 6 3 4.0 0.06 3 4.5 0.40 Fail Pass N.V. 6 4.2 0.31 6 4.4 0.43 Pass Pass Valid

75 194-1 7 7 3 4.1 0.72 3 4.6 0.12 Fail Pass N.V. 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

77 205-1 14 14 3 4.2 0.74 11 4.2 0.37 Pass Pass Valid 14 4.1 0.46 14 4.3 0.34 Fail 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 Fail 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 3.5 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

79 83 76 67 84 8

7 3 10 21 4 2

86 86 86 88 88 10

91.9% 96.5% 88.4% 76.1% 95.5% 80.0%

8.1% 3.5% 11.6% 23.9% 4.5% 20.0%

Pass or Valid

Fail or N.V.

Total

Pass or Valid

Fail or N.V.

Secondary 

Validation

Original Independent Samples Split Samples

Primary 

Validation
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Table 17. SHA Plan 1 results of percent AV of HMA ï part 3 of 3 

#
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tor 1 
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D2S

1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 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

4 2-2 6 6 3 3.8 1.83 3 5.2 1.55 Pass Pass Valid 6 4.2 1.60 6 4.1 1.68 Pass Fail

5 5-4 6 6 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

6 16-1 11 11 3 4.1 0.51 8 4.2 0.24 Pass Pass Valid 11 4.0 0.41 11 4.2 0.31 Fail Pass

7 16-2 6 6 3 3.8 0.31 3 4.0 0.35 Pass Pass Valid 6 3.6 0.29 6 4.1 0.35 Fail Pass

8 28-1 12 12 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

9 30-1 8 8 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

10 35-1 6 6 3 5.4 1.10 3 4.5 1.66 Pass Pass Valid 6 5.0 1.22 6 4.6 1.31 Fail Pass

11 40-1 6 6 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

12 41-1 6 6 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

13 48-1 7 7 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

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 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

17 66-1 6 6 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

18 66-2 6 6 3 4.0 0.57 3 4.4 0.91 Pass Pass Valid 6 4.4 0.70 6 4.1 0.78 Fail Pass

19 66-3 6 6 3 2.6 0.35 3 3.8 0.32 Pass Fail N.V. 6 3.3 0.84 6 3.3 0.76 Pass Pass Valid

20 66-4 6 6 3 3.8 0.58 3 4.0 0.76 Pass Pass Valid 6 3.7 0.46 6 3.9 0.65 Pass Pass

21 67-1 6 6 3 3.4 1.08 3 3.3 0.06 Fail Pass N.V. 6 3.4 0.72 6 3.3 0.62 Pass Pass Valid

22 74-1 11 11 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

23 80-1 8 8 3 3.8 0.36 4 3.8 0.00 8 3.9 0.32 8 3.7 0.26 Fail Pass

24 83-1 9 9 3 3.8 0.12 6 3.9 0.29 Pass Pass Valid 9 3.7 0.24 9 3.9 0.23 Fail Pass

25 86-1 11 11 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

26 86-2 7 7 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

27 93-1 8 8 3 3.9 0.00 5 3.8 0.69 8 3.8 0.43 6 3.8 0.16 Pass Pass

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 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

31 98-1 6 6 3 3.1 0.15 3 3.7 0.45 Pass Pass Valid 6 3.1 0.36 6 3.6 0.33 Fail Pass

32 98-2 6 6 3 3.4 0.06 3 3.9 0.20 Pass Fail N.V. 6 3.7 0.31 6 3.9 0.26 Pass Pass Valid

33 98-3 6 6 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

34 103-1 6 6 3 5.0 1.27 3 4.6 0.44 Pass Pass Valid 6 4.7 0.93 6 5.0 0.85 Fail Pass

35 104-1 6 6 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

36 104-2 6 6 3 3.1 0.55 3 3.4 0.87 Pass Pass Valid 6 3.1 0.60 6 3.4 0.60 Fail Pass

37 110-1 11 11 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

38 112-1 7 7 3 4.5 1.15 4 4.4 0.70 Pass Pass Valid 7 4.1 0.92 7 4.7 0.85 Fail Pass

39 114-1 7 7 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

40 115-1 6 6 3 4.0 0.87 3 4.7 0.25 Pass Pass Valid 6 4.0 0.61 6 4.7 0.54 Fail Pass

41 122-1 0 0 Pass Pass

42 127-1 21 21 3 4.4 0.06 18 4.2 0.79 Fail Pass N.V. 20 4.0 0.48 21 4.2 0.75 Pass Pass Valid

43 127-2 15 15 3 3.9 0.12 12 4.0 1.12 Fail Pass N.V. 15 3.9 0.92 15 4.0 1.01 Pass Pass Valid

44 127-3 14 14 3 4.6 0.58 11 3.8 0.75 Pass Pass Valid 14 4.1 0.68 14 4.1 0.91 Pass Fail

45 134-1 8 8 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

46 136-1 9 9 3 3.9 0.80 6 4.0 0.50 Pass Pass Valid 9 4.2 0.56 9 3.9 0.63 Fail Pass

47 138-1 6 6 3 5.0 0.15 3 4.5 1.08 Fail Pass N.V. 6 4.8 0.68 3 4.8 0.00 N.V.

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 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

51 145-1 10 10 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

52 148-1 9 9 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

53 149-1 7 7 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

54 150-1 6 6 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

55 151-1 15 15 3 3.5 0.52 12 4.1 0.48 Pass Pass Valid 15 3.6 0.36 15 4.1 0.45 Fail Pass

56 151-2 10 10 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

57 152-1 28 28 3 4.2 0.06 25 4.0 0.53 Fail Pass N.V. 28 4.2 0.52 28 4.0 0.51 Fail Pass N.V.

58 159-1 6 6 3 3.3 0.49 3 3.8 0.53 Pass Pass Valid 6 3.4 0.38 6 3.8 0.64 Fail Pass

59 160-1 28 28 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

60 169-1 6 6 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

61 169-2 6 6 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

62 170-1 9 9 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

63 171-1 17 17 3 5.1 0.90 14 4.5 1.02 Pass Pass Valid 17 4.5 1.06 17 4.7 1.08 Pass Fail

64 174-1 6 6 3 3.6 1.31 3 3.8 0.83 Pass Pass Valid 6 3.5 1.03 6 4.0 0.94 Fail Pass

65 174-2 6 6 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

66 174-3 6 6 3 4.3 0.64 3 4.9 0.70 Pass Pass Valid 6 4.2 0.63 6 4.7 0.60 Fail Pass

67 182-1 6 6 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

68 182-2 6 6 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

69 182-3 6 6 3 4.5 0.56 3 3.0 1.03 Pass Pass Valid 6 3.8 1.03 6 3.7 1.07 Fail Pass

70 186-1 6 6 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

71 187-1 6 6 3 4.4 0.25 3 4.1 0.30 Pass Pass Valid 6 4.5 0.29 6 4.1 0.21 Fail Pass

72 187-2 6 6 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

73 190-1 8 8 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

74 193-1 6 6 3 4.0 0.06 3 4.5 0.40 Fail Pass N.V. 6 4.2 0.31 6 4.4 0.43 Pass Pass Valid

75 194-1 7 7 3 4.1 0.72 3 4.6 0.12 Fail Pass N.V. 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

77 205-1 14 14 3 4.2 0.74 11 4.2 0.37 Pass Pass Valid 14 4.1 0.46 14 4.3 0.34 Fail 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 Fail 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 3.5 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

79 83 76 67 84 8

7 3 10 21 4 2

86 86 86 88 88 10

91.9% 96.5% 88.4% 76.1% 95.5% 80.0%

8.1% 3.5% 11.6% 23.9% 4.5% 20.0%

Pass or Valid

Fail or N.V.

Total

Pass or Valid

Fail or N.V.

Secondary 

Validation

Original Independent Samples Split Samples

Primary 

Validation
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1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 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

4 2-2 6 6 3 3.8 1.83 3 5.2 1.55 Pass Pass Valid 6 4.2 1.60 6 4.1 1.68 Pass Fail

5 5-4 6 6 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

6 16-1 11 11 3 4.1 0.51 8 4.2 0.24 Pass Pass Valid 11 4.0 0.41 11 4.2 0.31 Fail Pass

7 16-2 6 6 3 3.8 0.31 3 4.0 0.35 Pass Pass Valid 6 3.6 0.29 6 4.1 0.35 Fail Pass

8 28-1 12 12 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

9 30-1 8 8 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

10 35-1 6 6 3 5.4 1.10 3 4.5 1.66 Pass Pass Valid 6 5.0 1.22 6 4.6 1.31 Fail Pass

11 40-1 6 6 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

12 41-1 6 6 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

13 48-1 7 7 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

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 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

17 66-1 6 6 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

18 66-2 6 6 3 4.0 0.57 3 4.4 0.91 Pass Pass Valid 6 4.4 0.70 6 4.1 0.78 Fail Pass

19 66-3 6 6 3 2.6 0.35 3 3.8 0.32 Pass Fail N.V. 6 3.3 0.84 6 3.3 0.76 Pass Pass Valid

20 66-4 6 6 3 3.8 0.58 3 4.0 0.76 Pass Pass Valid 6 3.7 0.46 6 3.9 0.65 Pass Pass

21 67-1 6 6 3 3.4 1.08 3 3.3 0.06 Fail Pass N.V. 6 3.4 0.72 6 3.3 0.62 Pass Pass Valid

22 74-1 11 11 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

23 80-1 8 8 3 3.8 0.36 4 3.8 0.00 8 3.9 0.32 8 3.7 0.26 Fail Pass

24 83-1 9 9 3 3.8 0.12 6 3.9 0.29 Pass Pass Valid 9 3.7 0.24 9 3.9 0.23 Fail Pass

25 86-1 11 11 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

26 86-2 7 7 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

27 93-1 8 8 3 3.9 0.00 5 3.8 0.69 8 3.8 0.43 6 3.8 0.16 Pass Pass

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 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

31 98-1 6 6 3 3.1 0.15 3 3.7 0.45 Pass Pass Valid 6 3.1 0.36 6 3.6 0.33 Fail Pass

32 98-2 6 6 3 3.4 0.06 3 3.9 0.20 Pass Fail N.V. 6 3.7 0.31 6 3.9 0.26 Pass Pass Valid

33 98-3 6 6 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

34 103-1 6 6 3 5.0 1.27 3 4.6 0.44 Pass Pass Valid 6 4.7 0.93 6 5.0 0.85 Fail Pass

35 104-1 6 6 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

36 104-2 6 6 3 3.1 0.55 3 3.4 0.87 Pass Pass Valid 6 3.1 0.60 6 3.4 0.60 Fail Pass

37 110-1 11 11 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

38 112-1 7 7 3 4.5 1.15 4 4.4 0.70 Pass Pass Valid 7 4.1 0.92 7 4.7 0.85 Fail Pass

39 114-1 7 7 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

40 115-1 6 6 3 4.0 0.87 3 4.7 0.25 Pass Pass Valid 6 4.0 0.61 6 4.7 0.54 Fail Pass

41 122-1 0 0 Pass Pass

42 127-1 21 21 3 4.4 0.06 18 4.2 0.79 Fail Pass N.V. 20 4.0 0.48 21 4.2 0.75 Pass Pass Valid

43 127-2 15 15 3 3.9 0.12 12 4.0 1.12 Fail Pass N.V. 15 3.9 0.92 15 4.0 1.01 Pass Pass Valid

44 127-3 14 14 3 4.6 0.58 11 3.8 0.75 Pass Pass Valid 14 4.1 0.68 14 4.1 0.91 Pass Fail

45 134-1 8 8 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

46 136-1 9 9 3 3.9 0.80 6 4.0 0.50 Pass Pass Valid 9 4.2 0.56 9 3.9 0.63 Fail Pass

47 138-1 6 6 3 5.0 0.15 3 4.5 1.08 Fail Pass N.V. 6 4.8 0.68 3 4.8 0.00 N.V.

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 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

51 145-1 10 10 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

52 148-1 9 9 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

53 149-1 7 7 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

54 150-1 6 6 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

55 151-1 15 15 3 3.5 0.52 12 4.1 0.48 Pass Pass Valid 15 3.6 0.36 15 4.1 0.45 Fail Pass

56 151-2 10 10 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

57 152-1 28 28 3 4.2 0.06 25 4.0 0.53 Fail Pass N.V. 28 4.2 0.52 28 4.0 0.51 Fail Pass N.V.

58 159-1 6 6 3 3.3 0.49 3 3.8 0.53 Pass Pass Valid 6 3.4 0.38 6 3.8 0.64 Fail Pass

59 160-1 28 28 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

60 169-1 6 6 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

61 169-2 6 6 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

62 170-1 9 9 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

63 171-1 17 17 3 5.1 0.90 14 4.5 1.02 Pass Pass Valid 17 4.5 1.06 17 4.7 1.08 Pass Fail

64 174-1 6 6 3 3.6 1.31 3 3.8 0.83 Pass Pass Valid 6 3.5 1.03 6 4.0 0.94 Fail Pass

65 174-2 6 6 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

66 174-3 6 6 3 4.3 0.64 3 4.9 0.70 Pass Pass Valid 6 4.2 0.63 6 4.7 0.60 Fail Pass

67 182-1 6 6 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

68 182-2 6 6 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

69 182-3 6 6 3 4.5 0.56 3 3.0 1.03 Pass Pass Valid 6 3.8 1.03 6 3.7 1.07 Fail Pass

70 186-1 6 6 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

71 187-1 6 6 3 4.4 0.25 3 4.1 0.30 Pass Pass Valid 6 4.5 0.29 6 4.1 0.21 Fail Pass

72 187-2 6 6 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

73 190-1 8 8 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

74 193-1 6 6 3 4.0 0.06 3 4.5 0.40 Fail Pass N.V. 6 4.2 0.31 6 4.4 0.43 Pass Pass Valid

75 194-1 7 7 3 4.1 0.72 3 4.6 0.12 Fail Pass N.V. 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

77 205-1 14 14 3 4.2 0.74 11 4.2 0.37 Pass Pass Valid 14 4.1 0.46 14 4.3 0.34 Fail 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 Fail 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 3.5 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

79 83 76 67 84 8

7 3 10 21 4 2

86 86 86 88 88 10

91.9% 96.5% 88.4% 76.1% 95.5% 80.0%

8.1% 3.5% 11.6% 23.9% 4.5% 20.0%

Pass or Valid

Fail or N.V.

Total

Pass or Valid

Fail or N.V.
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1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 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

4 2-2 6 6 3 3.8 1.83 3 5.2 1.55 Pass Pass Valid 6 4.2 1.60 6 4.1 1.68 Pass Fail

5 5-4 6 6 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

6 16-1 11 11 3 4.1 0.51 8 4.2 0.24 Pass Pass Valid 11 4.0 0.41 11 4.2 0.31 Fail Pass

7 16-2 6 6 3 3.8 0.31 3 4.0 0.35 Pass Pass Valid 6 3.6 0.29 6 4.1 0.35 Fail Pass

8 28-1 12 12 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

9 30-1 8 8 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

10 35-1 6 6 3 5.4 1.10 3 4.5 1.66 Pass Pass Valid 6 5.0 1.22 6 4.6 1.31 Fail Pass

11 40-1 6 6 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

12 41-1 6 6 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

13 48-1 7 7 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

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 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

17 66-1 6 6 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

18 66-2 6 6 3 4.0 0.57 3 4.4 0.91 Pass Pass Valid 6 4.4 0.70 6 4.1 0.78 Fail Pass

19 66-3 6 6 3 2.6 0.35 3 3.8 0.32 Pass Fail N.V. 6 3.3 0.84 6 3.3 0.76 Pass Pass Valid

20 66-4 6 6 3 3.8 0.58 3 4.0 0.76 Pass Pass Valid 6 3.7 0.46 6 3.9 0.65 Pass Pass

21 67-1 6 6 3 3.4 1.08 3 3.3 0.06 Fail Pass N.V. 6 3.4 0.72 6 3.3 0.62 Pass Pass Valid

22 74-1 11 11 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

23 80-1 8 8 3 3.8 0.36 4 3.8 0.00 8 3.9 0.32 8 3.7 0.26 Fail Pass

24 83-1 9 9 3 3.8 0.12 6 3.9 0.29 Pass Pass Valid 9 3.7 0.24 9 3.9 0.23 Fail Pass

25 86-1 11 11 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

26 86-2 7 7 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

27 93-1 8 8 3 3.9 0.00 5 3.8 0.69 8 3.8 0.43 6 3.8 0.16 Pass Pass

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 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

31 98-1 6 6 3 3.1 0.15 3 3.7 0.45 Pass Pass Valid 6 3.1 0.36 6 3.6 0.33 Fail Pass

32 98-2 6 6 3 3.4 0.06 3 3.9 0.20 Pass Fail N.V. 6 3.7 0.31 6 3.9 0.26 Pass Pass Valid

33 98-3 6 6 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

34 103-1 6 6 3 5.0 1.27 3 4.6 0.44 Pass Pass Valid 6 4.7 0.93 6 5.0 0.85 Fail Pass

35 104-1 6 6 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

36 104-2 6 6 3 3.1 0.55 3 3.4 0.87 Pass Pass Valid 6 3.1 0.60 6 3.4 0.60 Fail Pass

37 110-1 11 11 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

38 112-1 7 7 3 4.5 1.15 4 4.4 0.70 Pass Pass Valid 7 4.1 0.92 7 4.7 0.85 Fail Pass

39 114-1 7 7 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

40 115-1 6 6 3 4.0 0.87 3 4.7 0.25 Pass Pass Valid 6 4.0 0.61 6 4.7 0.54 Fail Pass

41 122-1 0 0 Pass Pass

42 127-1 21 21 3 4.4 0.06 18 4.2 0.79 Fail Pass N.V. 20 4.0 0.48 21 4.2 0.75 Pass Pass Valid

43 127-2 15 15 3 3.9 0.12 12 4.0 1.12 Fail Pass N.V. 15 3.9 0.92 15 4.0 1.01 Pass Pass Valid

44 127-3 14 14 3 4.6 0.58 11 3.8 0.75 Pass Pass Valid 14 4.1 0.68 14 4.1 0.91 Pass Fail

45 134-1 8 8 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

46 136-1 9 9 3 3.9 0.80 6 4.0 0.50 Pass Pass Valid 9 4.2 0.56 9 3.9 0.63 Fail Pass

47 138-1 6 6 3 5.0 0.15 3 4.5 1.08 Fail Pass N.V. 6 4.8 0.68 3 4.8 0.00 N.V.

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 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

51 145-1 10 10 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

52 148-1 9 9 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

53 149-1 7 7 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

54 150-1 6 6 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

55 151-1 15 15 3 3.5 0.52 12 4.1 0.48 Pass Pass Valid 15 3.6 0.36 15 4.1 0.45 Fail Pass

56 151-2 10 10 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

57 152-1 28 28 3 4.2 0.06 25 4.0 0.53 Fail Pass N.V. 28 4.2 0.52 28 4.0 0.51 Fail Pass N.V.

58 159-1 6 6 3 3.3 0.49 3 3.8 0.53 Pass Pass Valid 6 3.4 0.38 6 3.8 0.64 Fail Pass

59 160-1 28 28 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

60 169-1 6 6 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

61 169-2 6 6 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

62 170-1 9 9 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

63 171-1 17 17 3 5.1 0.90 14 4.5 1.02 Pass Pass Valid 17 4.5 1.06 17 4.7 1.08 Pass Fail

64 174-1 6 6 3 3.6 1.31 3 3.8 0.83 Pass Pass Valid 6 3.5 1.03 6 4.0 0.94 Fail Pass

65 174-2 6 6 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

66 174-3 6 6 3 4.3 0.64 3 4.9 0.70 Pass Pass Valid 6 4.2 0.63 6 4.7 0.60 Fail Pass

67 182-1 6 6 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

68 182-2 6 6 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

69 182-3 6 6 3 4.5 0.56 3 3.0 1.03 Pass Pass Valid 6 3.8 1.03 6 3.7 1.07 Fail Pass

70 186-1 6 6 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

71 187-1 6 6 3 4.4 0.25 3 4.1 0.30 Pass Pass Valid 6 4.5 0.29 6 4.1 0.21 Fail Pass

72 187-2 6 6 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

73 190-1 8 8 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

74 193-1 6 6 3 4.0 0.06 3 4.5 0.40 Fail Pass N.V. 6 4.2 0.31 6 4.4 0.43 Pass Pass Valid

75 194-1 7 7 3 4.1 0.72 3 4.6 0.12 Fail Pass N.V. 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

77 205-1 14 14 3 4.2 0.74 11 4.2 0.37 Pass Pass Valid 14 4.1 0.46 14 4.3 0.34 Fail 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 Fail 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 3.5 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

79 83 76 67 84 8

7 3 10 21 4 2

86 86 86 88 88 10

91.9% 96.5% 88.4% 76.1% 95.5% 80.0%

8.1% 3.5% 11.6% 23.9% 4.5% 20.0%

Pass or Valid

Fail or N.V.
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1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 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

4 2-2 6 6 3 3.8 1.83 3 5.2 1.55 Pass Pass Valid 6 4.2 1.60 6 4.1 1.68 Pass Fail

5 5-4 6 6 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

6 16-1 11 11 3 4.1 0.51 8 4.2 0.24 Pass Pass Valid 11 4.0 0.41 11 4.2 0.31 Fail Pass

7 16-2 6 6 3 3.8 0.31 3 4.0 0.35 Pass Pass Valid 6 3.6 0.29 6 4.1 0.35 Fail Pass

8 28-1 12 12 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

9 30-1 8 8 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

10 35-1 6 6 3 5.4 1.10 3 4.5 1.66 Pass Pass Valid 6 5.0 1.22 6 4.6 1.31 Fail Pass

11 40-1 6 6 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

12 41-1 6 6 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

13 48-1 7 7 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

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 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

17 66-1 6 6 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

18 66-2 6 6 3 4.0 0.57 3 4.4 0.91 Pass Pass Valid 6 4.4 0.70 6 4.1 0.78 Fail Pass

19 66-3 6 6 3 2.6 0.35 3 3.8 0.32 Pass Fail N.V. 6 3.3 0.84 6 3.3 0.76 Pass Pass Valid

20 66-4 6 6 3 3.8 0.58 3 4.0 0.76 Pass Pass Valid 6 3.7 0.46 6 3.9 0.65 Pass Pass

21 67-1 6 6 3 3.4 1.08 3 3.3 0.06 Fail Pass N.V. 6 3.4 0.72 6 3.3 0.62 Pass Pass Valid

22 74-1 11 11 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

23 80-1 8 8 3 3.8 0.36 4 3.8 0.00 8 3.9 0.32 8 3.7 0.26 Fail Pass

24 83-1 9 9 3 3.8 0.12 6 3.9 0.29 Pass Pass Valid 9 3.7 0.24 9 3.9 0.23 Fail Pass

25 86-1 11 11 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

26 86-2 7 7 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

27 93-1 8 8 3 3.9 0.00 5 3.8 0.69 8 3.8 0.43 6 3.8 0.16 Pass Pass

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 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

31 98-1 6 6 3 3.1 0.15 3 3.7 0.45 Pass Pass Valid 6 3.1 0.36 6 3.6 0.33 Fail Pass

32 98-2 6 6 3 3.4 0.06 3 3.9 0.20 Pass Fail N.V. 6 3.7 0.31 6 3.9 0.26 Pass Pass Valid

33 98-3 6 6 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

34 103-1 6 6 3 5.0 1.27 3 4.6 0.44 Pass Pass Valid 6 4.7 0.93 6 5.0 0.85 Fail Pass

35 104-1 6 6 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

36 104-2 6 6 3 3.1 0.55 3 3.4 0.87 Pass Pass Valid 6 3.1 0.60 6 3.4 0.60 Fail Pass

37 110-1 11 11 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

38 112-1 7 7 3 4.5 1.15 4 4.4 0.70 Pass Pass Valid 7 4.1 0.92 7 4.7 0.85 Fail Pass

39 114-1 7 7 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

40 115-1 6 6 3 4.0 0.87 3 4.7 0.25 Pass Pass Valid 6 4.0 0.61 6 4.7 0.54 Fail Pass

41 122-1 0 0 Pass Pass

42 127-1 21 21 3 4.4 0.06 18 4.2 0.79 Fail Pass N.V. 20 4.0 0.48 21 4.2 0.75 Pass Pass Valid

43 127-2 15 15 3 3.9 0.12 12 4.0 1.12 Fail Pass N.V. 15 3.9 0.92 15 4.0 1.01 Pass Pass Valid

44 127-3 14 14 3 4.6 0.58 11 3.8 0.75 Pass Pass Valid 14 4.1 0.68 14 4.1 0.91 Pass Fail

45 134-1 8 8 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

46 136-1 9 9 3 3.9 0.80 6 4.0 0.50 Pass Pass Valid 9 4.2 0.56 9 3.9 0.63 Fail Pass

47 138-1 6 6 3 5.0 0.15 3 4.5 1.08 Fail Pass N.V. 6 4.8 0.68 3 4.8 0.00 N.V.

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 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

51 145-1 10 10 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

52 148-1 9 9 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

53 149-1 7 7 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

54 150-1 6 6 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

55 151-1 15 15 3 3.5 0.52 12 4.1 0.48 Pass Pass Valid 15 3.6 0.36 15 4.1 0.45 Fail Pass

56 151-2 10 10 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

57 152-1 28 28 3 4.2 0.06 25 4.0 0.53 Fail Pass N.V. 28 4.2 0.52 28 4.0 0.51 Fail Pass N.V.

58 159-1 6 6 3 3.3 0.49 3 3.8 0.53 Pass Pass Valid 6 3.4 0.38 6 3.8 0.64 Fail Pass

59 160-1 28 28 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

60 169-1 6 6 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

61 169-2 6 6 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

62 170-1 9 9 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

63 171-1 17 17 3 5.1 0.90 14 4.5 1.02 Pass Pass Valid 17 4.5 1.06 17 4.7 1.08 Pass Fail

64 174-1 6 6 3 3.6 1.31 3 3.8 0.83 Pass Pass Valid 6 3.5 1.03 6 4.0 0.94 Fail Pass

65 174-2 6 6 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

66 174-3 6 6 3 4.3 0.64 3 4.9 0.70 Pass Pass Valid 6 4.2 0.63 6 4.7 0.60 Fail Pass

67 182-1 6 6 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

68 182-2 6 6 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

69 182-3 6 6 3 4.5 0.56 3 3.0 1.03 Pass Pass Valid 6 3.8 1.03 6 3.7 1.07 Fail Pass

70 186-1 6 6 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

71 187-1 6 6 3 4.4 0.25 3 4.1 0.30 Pass Pass Valid 6 4.5 0.29 6 4.1 0.21 Fail Pass

72 187-2 6 6 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

73 190-1 8 8 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

74 193-1 6 6 3 4.0 0.06 3 4.5 0.40 Fail Pass N.V. 6 4.2 0.31 6 4.4 0.43 Pass Pass Valid

75 194-1 7 7 3 4.1 0.72 3 4.6 0.12 Fail Pass N.V. 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

77 205-1 14 14 3 4.2 0.74 11 4.2 0.37 Pass Pass Valid 14 4.1 0.46 14 4.3 0.34 Fail 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 Fail 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 3.5 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

79 83 76 67 84 8

7 3 10 21 4 2

86 86 86 88 88 10

91.9% 96.5% 88.4% 76.1% 95.5% 80.0%

8.1% 3.5% 11.6% 23.9% 4.5% 20.0%

Pass or Valid

Fail or N.V.

Total

Pass or Valid

Fail or N.V.

Secondary 

Validation

Original Independent Samples Split Samples

Primary 

Validation
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Asphalt Binder Content (AC) 

Ninety-nine samples qualified from the percent AC data using the six sublots per lot 

criteria. The results of the analysis carried on the 99 samples are presented in Table 18, the 

table presents the tally of the hypothesis test results, where the value of 1 was given to the 

ñPassò results and a value of 0 was given to the ñFailò results. As shown in the table, only 

1.0 percent (1 of 99) of the samples failed the F-test and 10.1 percent (10 of 99) failed 

Welchôs t-test. In 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 are only 98 samples for the paired t-test. The paired t-test 

requires an equal sample size for both samples, and in case(s) where the sample sizes were 

not equal, the paired t-test results were excluded. 

Table 18. Plan 1 SHA 5 results of percent AC of HMA 

ï 

Independent Samples 
Primary 

Validation 

Split Samples 
Secondary 

Validation F-test 
Welchôs 

t-test 

Paired 

t-test 
D2S 

Pass or Validated 98 89 88 90 80 10 

Fail or Non-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% 

ïNo data 

The results of the Welchôs t-test on all 99 samples are presented in Figure 52. The 

means ratio is shown on the x-axis, i.e., the ratio of SHA sample mean (µ1) to the Contractor 

sample mean (µ2), and the p-values on the y-axis. However, since the p-values were very 

small, the values presented on the y-axis are the negative value of the logarithm to base 10 

of the p-values [ï log10 (p-value)]. As seen in Figure 52, the p-values take a symmetrical 

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 level (Ŭ = 0.05). Since [ï log10 (0.05) = 1.3]; all values 

below the horizontal dotted line represent ñFailò results. Figure 53 shows similar Welchôs 

t-test results as a function of the standard deviations ratio, ratio of SHA sample standard 

deviation (ů1) to the Contractor sample standard deviation (ů2). 

 

Figure 52. Plan 1, Welchôs t-test Results as a Function of Means Ratio (µ1 / µ2) for 

percent AC of HMA. 

 

Figure 53. Plan 1, Welchôs t-test Results as a Function of Standard Deviations Ratio (ů1 / 

ů2) for percent AC of HMA. 
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The results of the F-test on all 99 samples are presented in Figure 54. The standard 

deviations ratio is shown on the x-axis, i.e., the ratio of SHA sample standard deviation 

(ů1) to the Contractor sample standard deviation (ů2), and the p-values [ï log10 (p-value)] 

on the y-axis. The F-test results (Figure 54) showed a similar trend to what was observed 

in the Welchôs t-test results (Figure 52); the p-values 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 level (Ŭ = 0.05). Since [ï log10 (0.05) = 1.3], all values 

below the horizontal dotted line represent ñFailò results. Figure 55 shows similar F-test 

results as a function of the means ratio, ratio of SHA sample mean (µ1) to the Contractor 

sample mean (µ2). 

 

Figure 54. Plan 1, F-test Results as a Function of Standard Deviations Ratio (ů1 / ů2) for 

percent AC of HMA. 
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Figure 55. Plan 1, F-test Results as a Function of Means Ratio (µ1 / µ2) for percent AC 

of HMA. 

Only 11 samples went through to the secondary validation.  The paired t-test was 

performed on all available samples. However, the sample size was limited this time to three 

to investigate the influence of a small sample size. The results of the paired t-test on all 

samples are presented in Figure 56. The means ratio is shown on the x-axis and the p-values 

on the y-axis [ï log10 (p-value)]. As seen in Figure 56, the p-values take a less pronounced 

symmetrical shape around a means ratio of one and seem almost random. The horizontal 

dotted line in the figure is the threshold value for a 95 percent confidence level (Ŭ = 0.05). 

Since [ï log10 (0.05) = 1.3], all values below the horizontal dotted line represent ñFailò 

results, 8.2 percent of the samples failed the paired t-test. Figure 57 shows similar paired 

t-test results as a function of the standard deviations ratio, ratio of SHA sample standard 

deviation (ů1) to the Contractor sample standard deviation (ů2). 
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Figure 56. Plan 1, Paired t-test Results as a Function of Means Ratio (µ1 / µ2) for percent 

AC of HMA. 

 

Figure 57. Plan 1, Paired t-test Results as a Function of Standard Deviations Ratio (ů1 / 

ů2) for percent AC of HMA. 
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D2S limits 

The results of the SHA data analysis presented in Table 18 include the results of applying 

D2S limits on split samples. The paired t-test performed on 3 vs 3 split samples indicated 

that 8.2% of the samples failed the paired t-test. However, using the D2S limits on the same 

split samples 18.4% failed the D2S limits. In this case, the D2S value coded was too small 

for the data used. In this analysis, the acceptable range of multi-laboratory precision, D2S 

limits, of the AASHTO T308 D2S was 0.330 percent. 

Details of the summary results presented in Table 18 are presented in Table 19 

through Table 21. The original SHA and Contractor samples are presented to the left side 

of the tables under the original region. During the sampling stage three sublots were 

randomly selected to represent the SHA sample for validation. The results of the Contractor 

tests on the sublots corresponding to the SHA samples were excluded from the Contractor 

sample for the primary validation stage. So, the Contractor sample for primary validation 

consisted of the total number of sublots minus the three SHA sublots. Note that the SHA 

test results are now independent of the Contractor test results (not from the same sublot). 

This stage is presented in Table 19 through Table 21 under independent samples region. 

The independent data set of the Contractor was validated against the SHA data set using 

the F-test and Welchôs t-test at a significance level, Ŭ, of 0.05, and the results are presented 

under independent samples region.  

In cases where the Contractor test results were not validated in the primary 

validation, a secondary validation was conducted comparing the SHA results to the 

Contractor results from the same sublots (split samples) using the paired t-test. This stage 
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is presented in Table 19 through Table 21 under split samples region. The paired t-test 

performed on the split samples was compared to D2S limits performed on the same split 

samples as shown under the tableôs split samples region. 
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Table 19. SHA Plan 1 results of percent AC of HMA ï part 1 of 3 

 

#
Project-

Lot ID

Agency 

Sample 

Size

Contracto

r Sample 

Size

Agency 

1 

Sample 

Size

Agency 

1 

Sample 

mean

Agency 

1 

Sample 

sd

Contrac

tor 2 

Sample 

Size

Contrac

tor 2 

Sample 

mean

Contrac

tor 2 

Sample 

sd

F-test
UV

t- test

Agency 

1 

Sample 

Size

Agency 

1 

Sample 

mean

Agency 

1 

Sample 

sd

Contrac

tor 1 

Sample 

Size

Contrac

tor 1 

Sample 

mean

Contrac

tor 1 

Sample 

sd

Paired

t- test
D2S

1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 3 6.2 0.12 3 6.2 0.00 3 6.2 0.12 3 6.2 0.21 Pass Pass

4 2-2 6 6 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

5 5-4 6 6 3 6.1 0.12 3 6.0 0.06 Pass Pass Valid 3 6.1 0.12 3 6.0 0.15 Pass Pass

6 16-1 11 11 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

7 16-2 6 6 3 6.2 0.06 3 6.0 0.06 Pass Fail N.V. 3 6.2 0.06 3 6.1 0.15 Pass Pass Valid

8 28-1 12 12 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

9 30-1 8 8 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

10 35-2 6 6 3 5.9 0.12 3 6.0 0.12 Pass Pass Valid 3 5.9 0.12 3 5.8 0.21 Pass Pass

11 40-2 6 6 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

12 41-2 6 6 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

13 48-1 7 7 3 5.5 0.10 4 5.7 0.17 Pass Pass Valid 3 5.5 0.10 3 5.5 0.10 Pass Pass

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 3 5.5 0.45 4 5.7 0.06 Fail Pass N.V. 3 5.5 0.45 3 5.8 0.21 Pass Fail Valid

17 66-2 6 6 3 5.8 0.06 3 5.8 0.15 Pass Pass Valid 3 5.8 0.06 3 5.9 0.26 Pass Fail

18 66-3 6 6 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

19 66-4 6 6 3 6.0 0.00 3 5.8 0.10 3 6.0 0.00 3 6.0 0.15

20 66-5 6 6 3 5.9 0.06 3 5.7 0.12 Pass Pass Valid 3 5.9 0.06 3 5.9 0.32 Pass Fail

21 67-1 6 6 3 5.8 0.21 3 6.0 0.10 Pass Pass Valid 3 5.8 0.21 3 5.8 0.06 Pass Pass

22 74-1 11 11 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

23 80-1 8 8 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

24 83-1 9 9 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

25 86-1 11 11 3 5.7 0.10 8 5.4 0.13 Pass Fail N.V. 3 5.7 0.10 3 5.5 0.15 Pass Pass Valid

26 86-3 7 7 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

27 93-1 8 8 3 6.3 0.06 5 6.4 0.05 Pass Fail N.V. 3 6.3 0.06 3 6.4 0.06 Fail Pass N.V.

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 3 6.8 0.25 4 6.6 0.10 Pass Pass Valid 3 6.8 0.25 3 6.7 0.12 Pass Pass

31 98-1 6 6 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

32 98-2 6 6 3 6.2 0.15 3 6.1 0.06 Pass Pass Valid 3 6.2 0.15 3 6.2 0.21 Pass Pass

33 98-3 6 6 3 6.1 0.12 3 5.9 0.10 Pass Pass Valid 3 6.1 0.12 3 5.9 0.17 Fail Pass

34 103-1 6 6 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

35 104-1 6 6 3 6.6 0.06 3 6.5 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.5 0.10 Pass Pass Valid

36 104-2 6 6 3 6.6 0.06 3 6.6 0.20 Pass Pass Valid 3 6.6 0.06 3 6.7 0.44 Pass Fail

37 110-1 11 11 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

38 112-1 7 7 3 6.5 0.20 4 6.2 0.14 Pass Pass Valid 3 6.5 0.20 3 6.3 0.17 Fail Pass

39 114-2 7 7 3 6.3 0.15 4 6.3 0.14 Pass Pass Valid 3 6.3 0.15 3 6.2 0.06 Pass Pass

40 115-3 6 6 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

41 122-1 6 6 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

42 127-1 21 21 3 6.5 0.10 18 6.6 0.23 Pass Pass Valid 3 6.5 0.10 3 6.6 0.20 Pass Pass

43 127-2 15 15 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

44 127-3 14 14 3 6.5 0.06 11 6.5 0.20 Pass Pass Valid 3 6.5 0.06 3 6.7 0.30 Pass Fail

45 134-1 8 8 3 5.9 0.31 5 6.0 0.15 Pass Pass Valid 3 5.9 0.31 3 5.9 0.10 Pass Pass

46 136-1 9 9 3 6.3 0.21 6 6.5 0.14 Pass Pass Valid 3 6.3 0.21 3 6.6 0.20 Fail Pass

47 138-1 6 6 3 6.8 0.25 3 7.0 0.15 Pass Pass Valid 3 6.8 0.25 3 7.1 0.12 Pass Fail

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 3 6.8 0.10 3 6.7 0.17 Pass Pass Valid 3 6.8 0.10 3 6.7 0.15 Pass Pass

51 145-1 10 10 3 6.2 0.06 7 6.3 0.19 Pass Pass Valid 3 6.2 0.06 3 6.3 0.00

52 148-1 9 9 3 6.7 0.17 6 6.7 0.16 Pass Pass Valid 3 6.7 0.17 3 6.7 0.00

53 149-1 7 7 3 6.5 0.12 4 6.2 0.13 Pass Fail N.V. 3 6.5 0.12 3 6.4 0.23 Pass Pass Valid

54 150-3 6 6 3 6.2 0.12 3 6.2 0.20 Pass Pass Valid 3 6.2 0.12 3 6.2 0.00

55 151-1 15 15 3 6.4 0.10 12 6.2 0.23 Pass Pass Valid 3 6.4 0.10 3 6.2 0.15 Fail Pass

56 151-2 10 10 3 6.2 0.06 6 6.3 0.05 Pass Pass Valid 3 6.2 0.06 3 6.2 0.06 Pass Pass

57 152-1 28 28 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

58 159-1 6 6 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

59 160-1 28 28 3 6.4 0.06 25 6.3 0.17 Pass Fail N.V. 3 6.4 0.06 3 6.2 0.15 Pass Pass Valid

60 169-3 6 6 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

61 169-4 6 6 3 5.8 0.35 3 5.9 0.52 Pass Pass Valid 3 5.8 0.35 3 5.3 1.16 Pass Fail

62 170-2 9 9 3 6.0 0.15 6 5.9 0.34 Pass Pass Valid 3 6.0 0.15 3 5.8 0.10 Pass Pass

63 171-1 17 17 3 5.6 0.06 14 5.6 0.12 Pass Pass Valid 3 5.6 0.06 3 5.4 0.21 Pass Fail

64 174-4 6 6 3 5.8 0.21 3 5.7 0.44 Pass Pass Valid 3 5.8 0.21 3 5.4 0.12 Fail Fail

65 174-5 6 6 3 5.5 0.15 3 5.7 0.10 Pass Pass Valid 3 5.5 0.15 3 5.5 0.26 Pass Pass

66 174-6 6 6 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

67 182-1 6 6 3 5.9 0.23 3 5.9 0.15 Pass Pass Valid 3 5.9 0.23 3 5.4 0.25 Pass Fail

68 182-3 6 6 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

69 182-5 6 6 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

70 186-1 6 6 3 5.9 0.12 3 5.6 0.12 Pass Pass Valid 3 5.9 0.12 3 5.6 0.06 Pass Fail

71 187-2 6 6 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

72 187-3 6 6 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

73 190-1 8 8 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

74 193-2 6 6 3 5.6 0.10 3 5.9 0.06 Pass Fail N.V. 3 5.6 0.10 3 5.8 0.10 Pass Pass Valid

75 194-1 7 7 3 5.9 0.12 4 5.8 0.15 Pass Pass Valid 3 5.9 0.12 3 5.9 0.10 Pass Pass

76 197-1 6 6 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

77 205-1 14 14 3 5.9 0.15 11 5.7 0.10 Pass Pass Valid 3 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 3 5.8 0.12 Pass Pass

80 218-3 6 6 3 5.9 0.10 3 5.7 0.10 Pass Pass Valid 3 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 Pass Pass

82 230-1 6 6 3 5.8 0.12 3 5.5 0.10 Pass Fail N.V. 3 5.8 0.12 3 5.5 0.15 Pass Fail Valid

83 235-1 7 7 3 6.6 0.21 4 6.7 0.13 Pass Pass Valid 3 6.6 0.21 3 6.6 0.10 Pass Pass

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 Pass Fail

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 Pass Pass

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 Pass Pass

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 Pass Pass

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 Fail Pass

89 252-2 6 6 3 5.1 0.15 3 4.8 0.06 Pass Pass Valid 3 5.1 0.15 3 5.0 0.15 Pass Pass

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 Pass Fail

91 257-1 6 6 3 5.0 0.30 3 4.9 0.15 Pass Pass Valid 3 5.0 0.30 3 5.0 0.21 Pass Pass

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 Pass Fail

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 5.1 0.10 3 5.0 0.22 Pass Pass Valid 3 5.1 0.10 3 5.5 0.79 Pass Fail

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

98 264-1 6 6 3 5.1 0.20 3 5.0 0.00 3 5.1 0.20 3 5.2 0.17 Pass Pass

99 264-2 6 6 3 5.2 0.06 3 5.0 0.06 Pass Fail N.V. 3 5.2 0.06 3 5.1 0.15 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

101 265-2 6 6 3 4.9 0.00 3 5.0 0.17 3 4.9 0.00 3 5.1 0.23

102 268-1 11 11 3 4.8 0.10 8 4.8 0.12 Pass Pass Valid 3 4.8 0.10 3 4.7 0.17 Pass Pass

103 316-1 6 6 3 6.6 0.06 3 6.3 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.4 0.35 Pass Fail Valid

98 89 88 90 80 10

1 10 11 8 18 1

99 99 99 98 98 11

99.0% 89.9% 88.9% 91.8% 81.6% 90.9%

1.0% 10.1% 11.1% 8.2% 18.4% 9.1%

Pass or Valid

Fail or N.V.
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Table 20. SHA Plan 1 results of percent AC of HMA ï part 2 of 3 
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1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 3 6.2 0.12 3 6.2 0.00 3 6.2 0.12 3 6.2 0.21 Pass Pass

4 2-2 6 6 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

5 5-4 6 6 3 6.1 0.12 3 6.0 0.06 Pass Pass Valid 3 6.1 0.12 3 6.0 0.15 Pass Pass

6 16-1 11 11 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

7 16-2 6 6 3 6.2 0.06 3 6.0 0.06 Pass Fail N.V. 3 6.2 0.06 3 6.1 0.15 Pass Pass Valid

8 28-1 12 12 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

9 30-1 8 8 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

10 35-2 6 6 3 5.9 0.12 3 6.0 0.12 Pass Pass Valid 3 5.9 0.12 3 5.8 0.21 Pass Pass

11 40-2 6 6 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

12 41-2 6 6 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

13 48-1 7 7 3 5.5 0.10 4 5.7 0.17 Pass Pass Valid 3 5.5 0.10 3 5.5 0.10 Pass Pass

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 3 5.5 0.45 4 5.7 0.06 Fail Pass N.V. 3 5.5 0.45 3 5.8 0.21 Pass Fail Valid

17 66-2 6 6 3 5.8 0.06 3 5.8 0.15 Pass Pass Valid 3 5.8 0.06 3 5.9 0.26 Pass Fail

18 66-3 6 6 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

19 66-4 6 6 3 6.0 0.00 3 5.8 0.10 3 6.0 0.00 3 6.0 0.15

20 66-5 6 6 3 5.9 0.06 3 5.7 0.12 Pass Pass Valid 3 5.9 0.06 3 5.9 0.32 Pass Fail

21 67-1 6 6 3 5.8 0.21 3 6.0 0.10 Pass Pass Valid 3 5.8 0.21 3 5.8 0.06 Pass Pass

22 74-1 11 11 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

23 80-1 8 8 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

24 83-1 9 9 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

25 86-1 11 11 3 5.7 0.10 8 5.4 0.13 Pass Fail N.V. 3 5.7 0.10 3 5.5 0.15 Pass Pass Valid

26 86-3 7 7 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

27 93-1 8 8 3 6.3 0.06 5 6.4 0.05 Pass Fail N.V. 3 6.3 0.06 3 6.4 0.06 Fail Pass N.V.

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 3 6.8 0.25 4 6.6 0.10 Pass Pass Valid 3 6.8 0.25 3 6.7 0.12 Pass Pass

31 98-1 6 6 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

32 98-2 6 6 3 6.2 0.15 3 6.1 0.06 Pass Pass Valid 3 6.2 0.15 3 6.2 0.21 Pass Pass

33 98-3 6 6 3 6.1 0.12 3 5.9 0.10 Pass Pass Valid 3 6.1 0.12 3 5.9 0.17 Fail Pass

34 103-1 6 6 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

35 104-1 6 6 3 6.6 0.06 3 6.5 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.5 0.10 Pass Pass Valid

36 104-2 6 6 3 6.6 0.06 3 6.6 0.20 Pass Pass Valid 3 6.6 0.06 3 6.7 0.44 Pass Fail

37 110-1 11 11 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

38 112-1 7 7 3 6.5 0.20 4 6.2 0.14 Pass Pass Valid 3 6.5 0.20 3 6.3 0.17 Fail Pass

39 114-2 7 7 3 6.3 0.15 4 6.3 0.14 Pass Pass Valid 3 6.3 0.15 3 6.2 0.06 Pass Pass

40 115-3 6 6 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

41 122-1 6 6 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

42 127-1 21 21 3 6.5 0.10 18 6.6 0.23 Pass Pass Valid 3 6.5 0.10 3 6.6 0.20 Pass Pass

43 127-2 15 15 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

44 127-3 14 14 3 6.5 0.06 11 6.5 0.20 Pass Pass Valid 3 6.5 0.06 3 6.7 0.30 Pass Fail

45 134-1 8 8 3 5.9 0.31 5 6.0 0.15 Pass Pass Valid 3 5.9 0.31 3 5.9 0.10 Pass Pass

46 136-1 9 9 3 6.3 0.21 6 6.5 0.14 Pass Pass Valid 3 6.3 0.21 3 6.6 0.20 Fail Pass

47 138-1 6 6 3 6.8 0.25 3 7.0 0.15 Pass Pass Valid 3 6.8 0.25 3 7.1 0.12 Pass Fail

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 3 6.8 0.10 3 6.7 0.17 Pass Pass Valid 3 6.8 0.10 3 6.7 0.15 Pass Pass

51 145-1 10 10 3 6.2 0.06 7 6.3 0.19 Pass Pass Valid 3 6.2 0.06 3 6.3 0.00

52 148-1 9 9 3 6.7 0.17 6 6.7 0.16 Pass Pass Valid 3 6.7 0.17 3 6.7 0.00

53 149-1 7 7 3 6.5 0.12 4 6.2 0.13 Pass Fail N.V. 3 6.5 0.12 3 6.4 0.23 Pass Pass Valid

54 150-3 6 6 3 6.2 0.12 3 6.2 0.20 Pass Pass Valid 3 6.2 0.12 3 6.2 0.00

55 151-1 15 15 3 6.4 0.10 12 6.2 0.23 Pass Pass Valid 3 6.4 0.10 3 6.2 0.15 Fail Pass

56 151-2 10 10 3 6.2 0.06 6 6.3 0.05 Pass Pass Valid 3 6.2 0.06 3 6.2 0.06 Pass Pass

57 152-1 28 28 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

58 159-1 6 6 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

59 160-1 28 28 3 6.4 0.06 25 6.3 0.17 Pass Fail N.V. 3 6.4 0.06 3 6.2 0.15 Pass Pass Valid

60 169-3 6 6 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

61 169-4 6 6 3 5.8 0.35 3 5.9 0.52 Pass Pass Valid 3 5.8 0.35 3 5.3 1.16 Pass Fail

62 170-2 9 9 3 6.0 0.15 6 5.9 0.34 Pass Pass Valid 3 6.0 0.15 3 5.8 0.10 Pass Pass

63 171-1 17 17 3 5.6 0.06 14 5.6 0.12 Pass Pass Valid 3 5.6 0.06 3 5.4 0.21 Pass Fail

64 174-4 6 6 3 5.8 0.21 3 5.7 0.44 Pass Pass Valid 3 5.8 0.21 3 5.4 0.12 Fail Fail

65 174-5 6 6 3 5.5 0.15 3 5.7 0.10 Pass Pass Valid 3 5.5 0.15 3 5.5 0.26 Pass Pass

66 174-6 6 6 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

67 182-1 6 6 3 5.9 0.23 3 5.9 0.15 Pass Pass Valid 3 5.9 0.23 3 5.4 0.25 Pass Fail

68 182-3 6 6 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

69 182-5 6 6 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

70 186-1 6 6 3 5.9 0.12 3 5.6 0.12 Pass Pass Valid 3 5.9 0.12 3 5.6 0.06 Pass Fail

71 187-2 6 6 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

72 187-3 6 6 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

73 190-1 8 8 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

74 193-2 6 6 3 5.6 0.10 3 5.9 0.06 Pass Fail N.V. 3 5.6 0.10 3 5.8 0.10 Pass Pass Valid

75 194-1 7 7 3 5.9 0.12 4 5.8 0.15 Pass Pass Valid 3 5.9 0.12 3 5.9 0.10 Pass Pass

76 197-1 6 6 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

77 205-1 14 14 3 5.9 0.15 11 5.7 0.10 Pass Pass Valid 3 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 3 5.8 0.12 Pass Pass

80 218-3 6 6 3 5.9 0.10 3 5.7 0.10 Pass Pass Valid 3 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 Pass Pass

82 230-1 6 6 3 5.8 0.12 3 5.5 0.10 Pass Fail N.V. 3 5.8 0.12 3 5.5 0.15 Pass Fail Valid

83 235-1 7 7 3 6.6 0.21 4 6.7 0.13 Pass Pass Valid 3 6.6 0.21 3 6.6 0.10 Pass Pass

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 Pass Fail

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 Pass Pass

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 Pass Pass

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 Pass Pass

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 Fail Pass

89 252-2 6 6 3 5.1 0.15 3 4.8 0.06 Pass Pass Valid 3 5.1 0.15 3 5.0 0.15 Pass Pass

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 Pass Fail

91 257-1 6 6 3 5.0 0.30 3 4.9 0.15 Pass Pass Valid 3 5.0 0.30 3 5.0 0.21 Pass Pass

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 Pass Fail

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 5.1 0.10 3 5.0 0.22 Pass Pass Valid 3 5.1 0.10 3 5.5 0.79 Pass Fail

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

98 264-1 6 6 3 5.1 0.20 3 5.0 0.00 3 5.1 0.20 3 5.2 0.17 Pass Pass

99 264-2 6 6 3 5.2 0.06 3 5.0 0.06 Pass Fail N.V. 3 5.2 0.06 3 5.1 0.15 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

101 265-2 6 6 3 4.9 0.00 3 5.0 0.17 3 4.9 0.00 3 5.1 0.23

102 268-1 11 11 3 4.8 0.10 8 4.8 0.12 Pass Pass Valid 3 4.8 0.10 3 4.7 0.17 Pass Pass

103 316-1 6 6 3 6.6 0.06 3 6.3 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.4 0.35 Pass Fail Valid

98 89 88 90 80 10

1 10 11 8 18 1

99 99 99 98 98 11

99.0% 89.9% 88.9% 91.8% 81.6% 90.9%

1.0% 10.1% 11.1% 8.2% 18.4% 9.1%
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1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 3 6.2 0.12 3 6.2 0.00 3 6.2 0.12 3 6.2 0.21 Pass Pass

4 2-2 6 6 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

5 5-4 6 6 3 6.1 0.12 3 6.0 0.06 Pass Pass Valid 3 6.1 0.12 3 6.0 0.15 Pass Pass

6 16-1 11 11 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

7 16-2 6 6 3 6.2 0.06 3 6.0 0.06 Pass Fail N.V. 3 6.2 0.06 3 6.1 0.15 Pass Pass Valid

8 28-1 12 12 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

9 30-1 8 8 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

10 35-2 6 6 3 5.9 0.12 3 6.0 0.12 Pass Pass Valid 3 5.9 0.12 3 5.8 0.21 Pass Pass

11 40-2 6 6 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

12 41-2 6 6 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

13 48-1 7 7 3 5.5 0.10 4 5.7 0.17 Pass Pass Valid 3 5.5 0.10 3 5.5 0.10 Pass Pass

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 3 5.5 0.45 4 5.7 0.06 Fail Pass N.V. 3 5.5 0.45 3 5.8 0.21 Pass Fail Valid

17 66-2 6 6 3 5.8 0.06 3 5.8 0.15 Pass Pass Valid 3 5.8 0.06 3 5.9 0.26 Pass Fail

18 66-3 6 6 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

19 66-4 6 6 3 6.0 0.00 3 5.8 0.10 3 6.0 0.00 3 6.0 0.15

20 66-5 6 6 3 5.9 0.06 3 5.7 0.12 Pass Pass Valid 3 5.9 0.06 3 5.9 0.32 Pass Fail

21 67-1 6 6 3 5.8 0.21 3 6.0 0.10 Pass Pass Valid 3 5.8 0.21 3 5.8 0.06 Pass Pass

22 74-1 11 11 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

23 80-1 8 8 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

24 83-1 9 9 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

25 86-1 11 11 3 5.7 0.10 8 5.4 0.13 Pass Fail N.V. 3 5.7 0.10 3 5.5 0.15 Pass Pass Valid

26 86-3 7 7 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

27 93-1 8 8 3 6.3 0.06 5 6.4 0.05 Pass Fail N.V. 3 6.3 0.06 3 6.4 0.06 Fail Pass N.V.

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 3 6.8 0.25 4 6.6 0.10 Pass Pass Valid 3 6.8 0.25 3 6.7 0.12 Pass Pass

31 98-1 6 6 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

32 98-2 6 6 3 6.2 0.15 3 6.1 0.06 Pass Pass Valid 3 6.2 0.15 3 6.2 0.21 Pass Pass

33 98-3 6 6 3 6.1 0.12 3 5.9 0.10 Pass Pass Valid 3 6.1 0.12 3 5.9 0.17 Fail Pass

34 103-1 6 6 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

35 104-1 6 6 3 6.6 0.06 3 6.5 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.5 0.10 Pass Pass Valid

36 104-2 6 6 3 6.6 0.06 3 6.6 0.20 Pass Pass Valid 3 6.6 0.06 3 6.7 0.44 Pass Fail

37 110-1 11 11 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

38 112-1 7 7 3 6.5 0.20 4 6.2 0.14 Pass Pass Valid 3 6.5 0.20 3 6.3 0.17 Fail Pass

39 114-2 7 7 3 6.3 0.15 4 6.3 0.14 Pass Pass Valid 3 6.3 0.15 3 6.2 0.06 Pass Pass

40 115-3 6 6 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

41 122-1 6 6 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

42 127-1 21 21 3 6.5 0.10 18 6.6 0.23 Pass Pass Valid 3 6.5 0.10 3 6.6 0.20 Pass Pass

43 127-2 15 15 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

44 127-3 14 14 3 6.5 0.06 11 6.5 0.20 Pass Pass Valid 3 6.5 0.06 3 6.7 0.30 Pass Fail

45 134-1 8 8 3 5.9 0.31 5 6.0 0.15 Pass Pass Valid 3 5.9 0.31 3 5.9 0.10 Pass Pass

46 136-1 9 9 3 6.3 0.21 6 6.5 0.14 Pass Pass Valid 3 6.3 0.21 3 6.6 0.20 Fail Pass

47 138-1 6 6 3 6.8 0.25 3 7.0 0.15 Pass Pass Valid 3 6.8 0.25 3 7.1 0.12 Pass Fail

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 3 6.8 0.10 3 6.7 0.17 Pass Pass Valid 3 6.8 0.10 3 6.7 0.15 Pass Pass

51 145-1 10 10 3 6.2 0.06 7 6.3 0.19 Pass Pass Valid 3 6.2 0.06 3 6.3 0.00

52 148-1 9 9 3 6.7 0.17 6 6.7 0.16 Pass Pass Valid 3 6.7 0.17 3 6.7 0.00

53 149-1 7 7 3 6.5 0.12 4 6.2 0.13 Pass Fail N.V. 3 6.5 0.12 3 6.4 0.23 Pass Pass Valid

54 150-3 6 6 3 6.2 0.12 3 6.2 0.20 Pass Pass Valid 3 6.2 0.12 3 6.2 0.00

55 151-1 15 15 3 6.4 0.10 12 6.2 0.23 Pass Pass Valid 3 6.4 0.10 3 6.2 0.15 Fail Pass

56 151-2 10 10 3 6.2 0.06 6 6.3 0.05 Pass Pass Valid 3 6.2 0.06 3 6.2 0.06 Pass Pass

57 152-1 28 28 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

58 159-1 6 6 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

59 160-1 28 28 3 6.4 0.06 25 6.3 0.17 Pass Fail N.V. 3 6.4 0.06 3 6.2 0.15 Pass Pass Valid

60 169-3 6 6 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

61 169-4 6 6 3 5.8 0.35 3 5.9 0.52 Pass Pass Valid 3 5.8 0.35 3 5.3 1.16 Pass Fail

62 170-2 9 9 3 6.0 0.15 6 5.9 0.34 Pass Pass Valid 3 6.0 0.15 3 5.8 0.10 Pass Pass

63 171-1 17 17 3 5.6 0.06 14 5.6 0.12 Pass Pass Valid 3 5.6 0.06 3 5.4 0.21 Pass Fail

64 174-4 6 6 3 5.8 0.21 3 5.7 0.44 Pass Pass Valid 3 5.8 0.21 3 5.4 0.12 Fail Fail

65 174-5 6 6 3 5.5 0.15 3 5.7 0.10 Pass Pass Valid 3 5.5 0.15 3 5.5 0.26 Pass Pass

66 174-6 6 6 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

67 182-1 6 6 3 5.9 0.23 3 5.9 0.15 Pass Pass Valid 3 5.9 0.23 3 5.4 0.25 Pass Fail

68 182-3 6 6 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

69 182-5 6 6 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

70 186-1 6 6 3 5.9 0.12 3 5.6 0.12 Pass Pass Valid 3 5.9 0.12 3 5.6 0.06 Pass Fail

71 187-2 6 6 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

72 187-3 6 6 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

73 190-1 8 8 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

74 193-2 6 6 3 5.6 0.10 3 5.9 0.06 Pass Fail N.V. 3 5.6 0.10 3 5.8 0.10 Pass Pass Valid

75 194-1 7 7 3 5.9 0.12 4 5.8 0.15 Pass Pass Valid 3 5.9 0.12 3 5.9 0.10 Pass Pass

76 197-1 6 6 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

77 205-1 14 14 3 5.9 0.15 11 5.7 0.10 Pass Pass Valid 3 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 3 5.8 0.12 Pass Pass

80 218-3 6 6 3 5.9 0.10 3 5.7 0.10 Pass Pass Valid 3 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 Pass Pass

82 230-1 6 6 3 5.8 0.12 3 5.5 0.10 Pass Fail N.V. 3 5.8 0.12 3 5.5 0.15 Pass Fail Valid

83 235-1 7 7 3 6.6 0.21 4 6.7 0.13 Pass Pass Valid 3 6.6 0.21 3 6.6 0.10 Pass Pass

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 Pass Fail

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 Pass Pass

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 Pass Pass

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 Pass Pass

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 Fail Pass

89 252-2 6 6 3 5.1 0.15 3 4.8 0.06 Pass Pass Valid 3 5.1 0.15 3 5.0 0.15 Pass Pass

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 Pass Fail

91 257-1 6 6 3 5.0 0.30 3 4.9 0.15 Pass Pass Valid 3 5.0 0.30 3 5.0 0.21 Pass Pass

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 Pass Fail

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 5.1 0.10 3 5.0 0.22 Pass Pass Valid 3 5.1 0.10 3 5.5 0.79 Pass Fail

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

98 264-1 6 6 3 5.1 0.20 3 5.0 0.00 3 5.1 0.20 3 5.2 0.17 Pass Pass

99 264-2 6 6 3 5.2 0.06 3 5.0 0.06 Pass Fail N.V. 3 5.2 0.06 3 5.1 0.15 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

101 265-2 6 6 3 4.9 0.00 3 5.0 0.17 3 4.9 0.00 3 5.1 0.23

102 268-1 11 11 3 4.8 0.10 8 4.8 0.12 Pass Pass Valid 3 4.8 0.10 3 4.7 0.17 Pass Pass

103 316-1 6 6 3 6.6 0.06 3 6.3 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.4 0.35 Pass Fail Valid

98 89 88 90 80 10

1 10 11 8 18 1

99 99 99 98 98 11

99.0% 89.9% 88.9% 91.8% 81.6% 90.9%

1.0% 10.1% 11.1% 8.2% 18.4% 9.1%

Pass or Valid

Fail or N.V.

Total

Pass or Valid

Fail or N.V.

Secondary 

Validation

Original Independent Samples Split Samples

Primary 

Validation
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Table 21. SHA Plan 1 results of percent AC of HMA ï part 3 of 3 

 

 

#
Project-

Lot ID

Agency 

Sample 

Size

Contracto

r Sample 

Size

Agency 

1 

Sample 

Size

Agency 

1 

Sample 

mean

Agency 

1 

Sample 

sd

Contrac

tor 2 

Sample 

Size

Contrac

tor 2 

Sample 

mean

Contrac

tor 2 

Sample 

sd

F-test
UV

t- test

Agency 

1 

Sample 

Size

Agency 

1 

Sample 

mean

Agency 

1 

Sample 

sd

Contrac

tor 1 

Sample 

Size

Contrac

tor 1 

Sample 

mean

Contrac

tor 1 

Sample 

sd

Paired

t- test
D2S

1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 3 6.2 0.12 3 6.2 0.00 3 6.2 0.12 3 6.2 0.21 Pass Pass

4 2-2 6 6 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

5 5-4 6 6 3 6.1 0.12 3 6.0 0.06 Pass Pass Valid 3 6.1 0.12 3 6.0 0.15 Pass Pass

6 16-1 11 11 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

7 16-2 6 6 3 6.2 0.06 3 6.0 0.06 Pass Fail N.V. 3 6.2 0.06 3 6.1 0.15 Pass Pass Valid

8 28-1 12 12 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

9 30-1 8 8 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

10 35-2 6 6 3 5.9 0.12 3 6.0 0.12 Pass Pass Valid 3 5.9 0.12 3 5.8 0.21 Pass Pass

11 40-2 6 6 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

12 41-2 6 6 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

13 48-1 7 7 3 5.5 0.10 4 5.7 0.17 Pass Pass Valid 3 5.5 0.10 3 5.5 0.10 Pass Pass

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 3 5.5 0.45 4 5.7 0.06 Fail Pass N.V. 3 5.5 0.45 3 5.8 0.21 Pass Fail Valid

17 66-2 6 6 3 5.8 0.06 3 5.8 0.15 Pass Pass Valid 3 5.8 0.06 3 5.9 0.26 Pass Fail

18 66-3 6 6 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

19 66-4 6 6 3 6.0 0.00 3 5.8 0.10 3 6.0 0.00 3 6.0 0.15

20 66-5 6 6 3 5.9 0.06 3 5.7 0.12 Pass Pass Valid 3 5.9 0.06 3 5.9 0.32 Pass Fail

21 67-1 6 6 3 5.8 0.21 3 6.0 0.10 Pass Pass Valid 3 5.8 0.21 3 5.8 0.06 Pass Pass

22 74-1 11 11 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

23 80-1 8 8 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

24 83-1 9 9 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

25 86-1 11 11 3 5.7 0.10 8 5.4 0.13 Pass Fail N.V. 3 5.7 0.10 3 5.5 0.15 Pass Pass Valid

26 86-3 7 7 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

27 93-1 8 8 3 6.3 0.06 5 6.4 0.05 Pass Fail N.V. 3 6.3 0.06 3 6.4 0.06 Fail Pass N.V.

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 3 6.8 0.25 4 6.6 0.10 Pass Pass Valid 3 6.8 0.25 3 6.7 0.12 Pass Pass

31 98-1 6 6 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

32 98-2 6 6 3 6.2 0.15 3 6.1 0.06 Pass Pass Valid 3 6.2 0.15 3 6.2 0.21 Pass Pass

33 98-3 6 6 3 6.1 0.12 3 5.9 0.10 Pass Pass Valid 3 6.1 0.12 3 5.9 0.17 Fail Pass

34 103-1 6 6 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

35 104-1 6 6 3 6.6 0.06 3 6.5 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.5 0.10 Pass Pass Valid

36 104-2 6 6 3 6.6 0.06 3 6.6 0.20 Pass Pass Valid 3 6.6 0.06 3 6.7 0.44 Pass Fail

37 110-1 11 11 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

38 112-1 7 7 3 6.5 0.20 4 6.2 0.14 Pass Pass Valid 3 6.5 0.20 3 6.3 0.17 Fail Pass

39 114-2 7 7 3 6.3 0.15 4 6.3 0.14 Pass Pass Valid 3 6.3 0.15 3 6.2 0.06 Pass Pass

40 115-3 6 6 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

41 122-1 6 6 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

42 127-1 21 21 3 6.5 0.10 18 6.6 0.23 Pass Pass Valid 3 6.5 0.10 3 6.6 0.20 Pass Pass

43 127-2 15 15 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

44 127-3 14 14 3 6.5 0.06 11 6.5 0.20 Pass Pass Valid 3 6.5 0.06 3 6.7 0.30 Pass Fail

45 134-1 8 8 3 5.9 0.31 5 6.0 0.15 Pass Pass Valid 3 5.9 0.31 3 5.9 0.10 Pass Pass

46 136-1 9 9 3 6.3 0.21 6 6.5 0.14 Pass Pass Valid 3 6.3 0.21 3 6.6 0.20 Fail Pass

47 138-1 6 6 3 6.8 0.25 3 7.0 0.15 Pass Pass Valid 3 6.8 0.25 3 7.1 0.12 Pass Fail

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 3 6.8 0.10 3 6.7 0.17 Pass Pass Valid 3 6.8 0.10 3 6.7 0.15 Pass Pass

51 145-1 10 10 3 6.2 0.06 7 6.3 0.19 Pass Pass Valid 3 6.2 0.06 3 6.3 0.00

52 148-1 9 9 3 6.7 0.17 6 6.7 0.16 Pass Pass Valid 3 6.7 0.17 3 6.7 0.00

53 149-1 7 7 3 6.5 0.12 4 6.2 0.13 Pass Fail N.V. 3 6.5 0.12 3 6.4 0.23 Pass Pass Valid

54 150-3 6 6 3 6.2 0.12 3 6.2 0.20 Pass Pass Valid 3 6.2 0.12 3 6.2 0.00

55 151-1 15 15 3 6.4 0.10 12 6.2 0.23 Pass Pass Valid 3 6.4 0.10 3 6.2 0.15 Fail Pass

56 151-2 10 10 3 6.2 0.06 6 6.3 0.05 Pass Pass Valid 3 6.2 0.06 3 6.2 0.06 Pass Pass

57 152-1 28 28 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

58 159-1 6 6 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

59 160-1 28 28 3 6.4 0.06 25 6.3 0.17 Pass Fail N.V. 3 6.4 0.06 3 6.2 0.15 Pass Pass Valid

60 169-3 6 6 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

61 169-4 6 6 3 5.8 0.35 3 5.9 0.52 Pass Pass Valid 3 5.8 0.35 3 5.3 1.16 Pass Fail

62 170-2 9 9 3 6.0 0.15 6 5.9 0.34 Pass Pass Valid 3 6.0 0.15 3 5.8 0.10 Pass Pass

63 171-1 17 17 3 5.6 0.06 14 5.6 0.12 Pass Pass Valid 3 5.6 0.06 3 5.4 0.21 Pass Fail

64 174-4 6 6 3 5.8 0.21 3 5.7 0.44 Pass Pass Valid 3 5.8 0.21 3 5.4 0.12 Fail Fail

65 174-5 6 6 3 5.5 0.15 3 5.7 0.10 Pass Pass Valid 3 5.5 0.15 3 5.5 0.26 Pass Pass

66 174-6 6 6 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

67 182-1 6 6 3 5.9 0.23 3 5.9 0.15 Pass Pass Valid 3 5.9 0.23 3 5.4 0.25 Pass Fail

68 182-3 6 6 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

69 182-5 6 6 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

70 186-1 6 6 3 5.9 0.12 3 5.6 0.12 Pass Pass Valid 3 5.9 0.12 3 5.6 0.06 Pass Fail

71 187-2 6 6 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

72 187-3 6 6 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

73 190-1 8 8 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

74 193-2 6 6 3 5.6 0.10 3 5.9 0.06 Pass Fail N.V. 3 5.6 0.10 3 5.8 0.10 Pass Pass Valid

75 194-1 7 7 3 5.9 0.12 4 5.8 0.15 Pass Pass Valid 3 5.9 0.12 3 5.9 0.10 Pass Pass

76 197-1 6 6 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

77 205-1 14 14 3 5.9 0.15 11 5.7 0.10 Pass Pass Valid 3 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 3 5.8 0.12 Pass Pass

80 218-3 6 6 3 5.9 0.10 3 5.7 0.10 Pass Pass Valid 3 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 Pass Pass

82 230-1 6 6 3 5.8 0.12 3 5.5 0.10 Pass Fail N.V. 3 5.8 0.12 3 5.5 0.15 Pass Fail Valid

83 235-1 7 7 3 6.6 0.21 4 6.7 0.13 Pass Pass Valid 3 6.6 0.21 3 6.6 0.10 Pass Pass

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 Pass Fail

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 Pass Pass

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 Pass Pass

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 Pass Pass

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 Fail Pass

89 252-2 6 6 3 5.1 0.15 3 4.8 0.06 Pass Pass Valid 3 5.1 0.15 3 5.0 0.15 Pass Pass

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 Pass Fail

91 257-1 6 6 3 5.0 0.30 3 4.9 0.15 Pass Pass Valid 3 5.0 0.30 3 5.0 0.21 Pass Pass

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 Pass Fail

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 5.1 0.10 3 5.0 0.22 Pass Pass Valid 3 5.1 0.10 3 5.5 0.79 Pass Fail

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

98 264-1 6 6 3 5.1 0.20 3 5.0 0.00 3 5.1 0.20 3 5.2 0.17 Pass Pass

99 264-2 6 6 3 5.2 0.06 3 5.0 0.06 Pass Fail N.V. 3 5.2 0.06 3 5.1 0.15 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

101 265-2 6 6 3 4.9 0.00 3 5.0 0.17 3 4.9 0.00 3 5.1 0.23

102 268-1 11 11 3 4.8 0.10 8 4.8 0.12 Pass Pass Valid 3 4.8 0.10 3 4.7 0.17 Pass Pass

103 316-1 6 6 3 6.6 0.06 3 6.3 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.4 0.35 Pass Fail Valid

98 89 88 90 80 10

1 10 11 8 18 1

99 99 99 98 98 11

99.0% 89.9% 88.9% 91.8% 81.6% 90.9%

1.0% 10.1% 11.1% 8.2% 18.4% 9.1%

Pass or Valid

Fail or N.V.
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D2S

1 1-1 6 6 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

2 1-2 6 6 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 2-1 6 6 3 6.2 0.12 3 6.2 0.00 3 6.2 0.12 3 6.2 0.21 Pass Pass

4 2-2 6 6 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

5 5-4 6 6 3 6.1 0.12 3 6.0 0.06 Pass Pass Valid 3 6.1 0.12 3 6.0 0.15 Pass Pass

6 16-1 11 11 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

7 16-2 6 6 3 6.2 0.06 3 6.0 0.06 Pass Fail N.V. 3 6.2 0.06 3 6.1 0.15 Pass Pass Valid

8 28-1 12 12 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

9 30-1 8 8 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

10 35-2 6 6 3 5.9 0.12 3 6.0 0.12 Pass Pass Valid 3 5.9 0.12 3 5.8 0.21 Pass Pass

11 40-2 6 6 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

12 41-2 6 6 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

13 48-1 7 7 3 5.5 0.10 4 5.7 0.17 Pass Pass Valid 3 5.5 0.10 3 5.5 0.10 Pass Pass

14 48-2 6 6 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

15 54-1 6 6 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

16 61-1 7 7 3 5.5 0.45 4 5.7 0.06 Fail Pass N.V. 3 5.5 0.45 3 5.8 0.21 Pass Fail Valid

17 66-2 6 6 3 5.8 0.06 3 5.8 0.15 Pass Pass Valid 3 5.8 0.06 3 5.9 0.26 Pass Fail

18 66-3 6 6 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

19 66-4 6 6 3 6.0 0.00 3 5.8 0.10 3 6.0 0.00 3 6.0 0.15

20 66-5 6 6 3 5.9 0.06 3 5.7 0.12 Pass Pass Valid 3 5.9 0.06 3 5.9 0.32 Pass Fail

21 67-1 6 6 3 5.8 0.21 3 6.0 0.10 Pass Pass Valid 3 5.8 0.21 3 5.8 0.06 Pass Pass

22 74-1 11 11 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

23 80-1 8 8 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

24 83-1 9 9 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

25 86-1 11 11 3 5.7 0.10 8 5.4 0.13 Pass Fail N.V. 3 5.7 0.10 3 5.5 0.15 Pass Pass Valid

26 86-3 7 7 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

27 93-1 8 8 3 6.3 0.06 5 6.4 0.05 Pass Fail N.V. 3 6.3 0.06 3 6.4 0.06 Fail Pass N.V.

28 93-2 9 9 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

29 95-1 15 15 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

30 95-2 7 7 3 6.8 0.25 4 6.6 0.10 Pass Pass Valid 3 6.8 0.25 3 6.7 0.12 Pass Pass

31 98-1 6 6 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

32 98-2 6 6 3 6.2 0.15 3 6.1 0.06 Pass Pass Valid 3 6.2 0.15 3 6.2 0.21 Pass Pass

33 98-3 6 6 3 6.1 0.12 3 5.9 0.10 Pass Pass Valid 3 6.1 0.12 3 5.9 0.17 Fail Pass

34 103-1 6 6 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

35 104-1 6 6 3 6.6 0.06 3 6.5 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.5 0.10 Pass Pass Valid

36 104-2 6 6 3 6.6 0.06 3 6.6 0.20 Pass Pass Valid 3 6.6 0.06 3 6.7 0.44 Pass Fail

37 110-1 11 11 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

38 112-1 7 7 3 6.5 0.20 4 6.2 0.14 Pass Pass Valid 3 6.5 0.20 3 6.3 0.17 Fail Pass

39 114-2 7 7 3 6.3 0.15 4 6.3 0.14 Pass Pass Valid 3 6.3 0.15 3 6.2 0.06 Pass Pass

40 115-3 6 6 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

41 122-1 6 6 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

42 127-1 21 21 3 6.5 0.10 18 6.6 0.23 Pass Pass Valid 3 6.5 0.10 3 6.6 0.20 Pass Pass

43 127-2 15 15 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

44 127-3 14 14 3 6.5 0.06 11 6.5 0.20 Pass Pass Valid 3 6.5 0.06 3 6.7 0.30 Pass Fail

45 134-1 8 8 3 5.9 0.31 5 6.0 0.15 Pass Pass Valid 3 5.9 0.31 3 5.9 0.10 Pass Pass

46 136-1 9 9 3 6.3 0.21 6 6.5 0.14 Pass Pass Valid 3 6.3 0.21 3 6.6 0.20 Fail Pass

47 138-1 6 6 3 6.8 0.25 3 7.0 0.15 Pass Pass Valid 3 6.8 0.25 3 7.1 0.12 Pass Fail

48 140-1 6 6 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

49 140-2 6 6 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

50 141-1 6 6 3 6.8 0.10 3 6.7 0.17 Pass Pass Valid 3 6.8 0.10 3 6.7 0.15 Pass Pass

51 145-1 10 10 3 6.2 0.06 7 6.3 0.19 Pass Pass Valid 3 6.2 0.06 3 6.3 0.00

52 148-1 9 9 3 6.7 0.17 6 6.7 0.16 Pass Pass Valid 3 6.7 0.17 3 6.7 0.00

53 149-1 7 7 3 6.5 0.12 4 6.2 0.13 Pass Fail N.V. 3 6.5 0.12 3 6.4 0.23 Pass Pass Valid

54 150-3 6 6 3 6.2 0.12 3 6.2 0.20 Pass Pass Valid 3 6.2 0.12 3 6.2 0.00

55 151-1 15 15 3 6.4 0.10 12 6.2 0.23 Pass Pass Valid 3 6.4 0.10 3 6.2 0.15 Fail Pass

56 151-2 10 10 3 6.2 0.06 6 6.3 0.05 Pass Pass Valid 3 6.2 0.06 3 6.2 0.06 Pass Pass

57 152-1 28 28 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

58 159-1 6 6 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

59 160-1 28 28 3 6.4 0.06 25 6.3 0.17 Pass Fail N.V. 3 6.4 0.06 3 6.2 0.15 Pass Pass Valid

60 169-3 6 6 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

61 169-4 6 6 3 5.8 0.35 3 5.9 0.52 Pass Pass Valid 3 5.8 0.35 3 5.3 1.16 Pass Fail

62 170-2 9 9 3 6.0 0.15 6 5.9 0.34 Pass Pass Valid 3 6.0 0.15 3 5.8 0.10 Pass Pass

63 171-1 17 17 3 5.6 0.06 14 5.6 0.12 Pass Pass Valid 3 5.6 0.06 3 5.4 0.21 Pass Fail

64 174-4 6 6 3 5.8 0.21 3 5.7 0.44 Pass Pass Valid 3 5.8 0.21 3 5.4 0.12 Fail Fail

65 174-5 6 6 3 5.5 0.15 3 5.7 0.10 Pass Pass Valid 3 5.5 0.15 3 5.5 0.26 Pass Pass

66 174-6 6 6 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

67 182-1 6 6 3 5.9 0.23 3 5.9 0.15 Pass Pass Valid 3 5.9 0.23 3 5.4 0.25 Pass Fail

68 182-3 6 6 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

69 182-5 6 6 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

70 186-1 6 6 3 5.9 0.12 3 5.6 0.12 Pass Pass Valid 3 5.9 0.12 3 5.6 0.06 Pass Fail

71 187-2 6 6 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

72 187-3 6 6 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

73 190-1 8 8 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

74 193-2 6 6 3 5.6 0.10 3 5.9 0.06 Pass Fail N.V. 3 5.6 0.10 3 5.8 0.10 Pass Pass Valid

75 194-1 7 7 3 5.9 0.12 4 5.8 0.15 Pass Pass Valid 3 5.9 0.12 3 5.9 0.10 Pass Pass

76 197-1 6 6 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

77 205-1 14 14 3 5.9 0.15 11 5.7 0.10 Pass Pass Valid 3 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 3 5.8 0.12 Pass Pass

80 218-3 6 6 3 5.9 0.10 3 5.7 0.10 Pass Pass Valid 3 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 Pass Pass

82 230-1 6 6 3 5.8 0.12 3 5.5 0.10 Pass Fail N.V. 3 5.8 0.12 3 5.5 0.15 Pass Fail Valid

83 235-1 7 7 3 6.6 0.21 4 6.7 0.13 Pass Pass Valid 3 6.6 0.21 3 6.6 0.10 Pass Pass

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 Pass Fail

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 Pass Pass

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 Pass Pass

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 Pass Pass

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 Fail Pass

89 252-2 6 6 3 5.1 0.15 3 4.8 0.06 Pass Pass Valid 3 5.1 0.15 3 5.0 0.15 Pass Pass

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 Pass Fail

91 257-1 6 6 3 5.0 0.30 3 4.9 0.15 Pass Pass Valid 3 5.0 0.30 3 5.0 0.21 Pass Pass

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 Pass Fail

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 5.1 0.10 3 5.0 0.22 Pass Pass Valid 3 5.1 0.10 3 5.5 0.79 Pass Fail

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

98 264-1 6 6 3 5.1 0.20 3 5.0 0.00 3 5.1 0.20 3 5.2 0.17 Pass Pass

99 264-2 6 6 3 5.2 0.06 3 5.0 0.06 Pass Fail N.V. 3 5.2 0.06 3 5.1 0.15 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

101 265-2 6 6 3 4.9 0.00 3 5.0 0.17 3 4.9 0.00 3 5.1 0.23

102 268-1 11 11 3 4.8 0.10 8 4.8 0.12 Pass Pass Valid 3 4.8 0.10 3 4.7 0.17 Pass Pass

103 316-1 6 6 3 6.6 0.06 3 6.3 0.06 Pass Fail N.V. 3 6.6 0.06 3 6.4 0.35 Pass Fail Valid

98 89 88 90 80 10

1 10 11 8 18 1

99 99 99 98 98 11

99.0% 89.9% 88.9% 91.8% 81.6% 90.9%

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

The observations of both numerical and SHA data analyses support the use of F-test and t-

tests. The t-test and Welchôs t-test showed consistent satisfactory results. However, 

Welchôs t-test showed more consistency in detecting the difference in means than the t-test 

and other hypothesis tests, regardless of whether the variances were equal or not. The 

Welchôs t-test is an adaptation of Student's t-test and is more reliable when the two samples 

have unequal variances and unequal sample sizes. That is one reason the Welchôs t-test is 

the default hypothesis test in most statistical software, e.g., R (The R Project for Statistical 

Computing). More SHA results are presented in CHAPTER 7 ñExamples to Illustrate Use 

of Recommended Procedures.ò 
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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 illustrate the use of the recommended procedures for 

different scenarios were identified. The five examples developed are presented in the 

following sections. The data used for the examples were all from actual project data 

obtained from SHAs. The examples are:  

¶ Sampling method - split vs. independent. 

¶ Sample Size. 

¶ Outlier Detection. 

¶ Retesting or Resampling and Retesting. 

¶ Validation versus Non-Validation of Contractor Test Results. 

7.1. Sampling method - split vs. independent 

In the survey of SHAs, some indicated using independent sampling methods, while a few 

indicated using split sampling methods in collecting SHA and Contractor test results for 

validation purposes. Using split rather than independent samples can put an SHA at 

significant risk of making wrong acceptance and payment decisions. The Transportation 

Research Circular E-C235 ñGlossary of Transportation Construction Quality Assurance 

Termsò defines split sample as ña type of replicate sample that has been divided into two 
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or more portions representing the same material,ò and the independent sample as ña 

sample taken without regard to any other sample that may also have been taken to 

represent the material in question.ò While independent samples contain up to four sources 

of variability: material, process, sampling, and test method; split samples contain only test 

method variability (2). Therefore, as illustrated in Figure 58, independent samples are 

suitable for validating all sources of variability, whereas split samples are only suitable for 

validating test results. 

           

                 a. Independent Samples;    b. Split Samples 

Figure 58. Components of Variance for Independent versus Split Samples, After Burati et 

al (45). 

To illustrate the impact of using split versus independent samples when performing 

data validation, a data set was obtained from an SHA which only uses SHA data for 

acceptance. However, the SHA requires Contactors to perform QC tests on samples split 

from the same bulk samples the SHA uses for each lot. A unique data set comprised of 

SHA and Contractor data from multiple projects made it possible to compare, and thus 

illustrate the impact of using split versus independent samples. Figure 59 and Figure 60 

show an example data set of random SHA and Contractor results for AC obtained from the 

compiled SHA and Contractor data.  
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Figure 59. Scatter Plot of SHA vs Contractor Data to Illustrate Sampling Methods. 

 

Figure 60. Box Plot of SHA vs Contractor Data to Illustrate Sampling Methods. 

The scatter plot (Figure 59) illustrates 28 samples split two ways between the SHA 

and Contractor. The same data are also presented using boxplots in Figure 60. A boxplot 

is a standardized way of displaying the distribution of data based on 1) the minimum, 2) 
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the first quartile (Q1), 3) the median, 4) the third quartile (Q3), and 5) the maximum, as 

shown in Figure 60. The ASTM E178 procedure for the detection of outlying results was 

applied to the data sets prior to conducting hypothesis testing and no outlying observations 

were detected in either data set (48). 

Step 1, Independent Samples - The independent samples were obtained 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 

samples were excluded, so the Contractorôs results used in the independent sample 

validation testing were results from the remaining 14 samples. Note that this makes the 

SHA tests and the Contractor tests independent (not from the same ñsamplesò). Figure 61 

shows a boxplot (Figure 61 a) and a scatter plot (Figure 61 b) of the 14 independent SHA 

samples and the 14 independent Contractor samples. 

 

      (a) Box Plot     (b) Scatter Plot 

Figure 61. 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 corresponding to the SHA samples were selected for split samples, i.e., the split 

portions of the 14 samples selected for the SHA. Figure 62 shows a boxplot (Figure 62 a) 

and a scatter plot (Figure 62 b) of the 14 split SHA samples results and the 14 split 

Contractor sample results. 

  

      (a) Box Plot     (b) Scatter Plot 

Figure 62. SHA vs Contractor Split Samples. 

Step 3, Statistical Tests - Validation of the Contractor test results was performed 

for both the independent sample sets and split sample sets using the F-test and Welchôs t-

test at a significance level, Ŭ, of 0.05. The results of the statistical tests are presented in 

Table 22 with summary statistics. 
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Table 22. SHA vs Contractor data to illustrate sampling method 

 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 

Ŭ 0.050 

F-test 
hypothesis Pass Pass 

p-value 0.645 0.769 

UV t-test 
hypothesis Fail Pass 

p-value 0.003 0.250 

 

The Welchôs t-test indicated that for the independent sample sets the SHA results 

and the corresponding Contractor results are statistically different at a significance level, 

Ŭ, of 0.05, thus the ñFailò in Table 22. While for the split sample sets the Welchôs t-test 

indicated that the SHA results and the corresponding Contractor results are not statistically 

different, thus the ñPassò shown in Table 22. The results can also be clearly inferred from 

Figure 60 and Figure 61 where the variability of the independent samples (Figure 60) is 

much larger than that of the split samples (Figure 61) and is much more representative of 

the original data (Figure 59 and Figure 60). This example illustrates the importance of 

using independent samples when applying F- and 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: 

¶ Category 1: Single SHA Sample per lot - SHA sample size is one per lot. 
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¶ Category 2: Good SHA Sample per lot - SHA sample size is greater than two and 

less than twenty per lot. 

¶ Category 3: Large SHA Sample lot - SHA sample size is greater than twenty per 

lot. 

Category 1, Single SHA Sample per lot - A considerable amount of the SHA data 

contained a single SHA result per lot, compared to a Contractor sample size of three or 

more observations per lot. In this situation, an F-test cannot be performed, which puts the 

SHA at significant risk of making wrong acceptance and payment decisions. Cumulative 

sampling techniques are proposed to overcome this challenge. Using the cumulative 

sampling technique these data sets convert from Category 1 to a more desirable situation, 

Category 2. The cumulative sampling technique utilizes a concept similar to a moving 

average, where a fixed number of lots (e.g., three) are accumulated to form a single CVL. 

Lots 1, 2, and 3 form CVL 1, then lot 1 in the set is dropped and a new lot is added (lot 4) 

to form CVL 2. The technique is illustrated in Figure 63. Note that the SHA samples are 

the single tri-color samples in each lot, while the other four samples per lot represent the 

Contractor samples. A window of three lots (or more) will continue until a non-confirming 

lot is encountered, where the process restarts, and a new CVL is formed. To illustrate the 

cumulative sampling technique when performing data validation, an SHA data set was 

used. Table 23 summarizes PCC strength (psi) test results of four consecutive lots; each lot 

contained a single SHA result and four to five Contractor results. This technique is part of 

a comprehensive validation plan described in detail in APPENDIX C ñProposed Practice 

for Validating Contractor Test Data.ò 
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Figure 63. Cumulative Sampling Technique to Overcome Single SHA Sample Size. 

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

Cumulative Lot Lot Sublot SHA Contractor F-test UV t-test 

 Lot 1 

Sublot 1 ï 5990.3 

  

Sublot 2 ï 6221.4 

Sublot 3 ï 5900.9 

Sublot 4 ï 7006.6 

Sublot 5 6806.2 ï 

 Lot 2 

Sublot 1 ï 7671.9 

  

Sublot 2 ï 6324.6 

Sublot 3 ï 5748.3 

Sublot 4 ï 6020.6 

Sublot 5 6913.8 5061.9 

Cumulative 

Validation Lot 1 Lot 3 

Sublot 1 ï 6204.7 

Pass Fail 

Sublot 2 ï 6098.6 

Sublot 3 ï 4349.5 

Sublot 4 ï 3845.8 

Sublot 5 6252.8 ï 

Cumulative 

Validation Lot 2 Lot 4 

Sublot 1 ï 5646.9 

Pass Fail 

Sublot 2 ï 4700.6 

Sublot 3 ï 5018.0 

Sublot 4 ï 5996.6 

Sublot 5 6334.6 ï 

ïNo data 
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Category 2, Good SHA Sample per lot - A reasonable amount of the SHA data 

contained SHA sample sizes of three or more observations per lot, compared to a 

Contractor sample size of six or more observations per lot. Note that three SHA samples 

versus six Contractor samples is the minimum number of samples required to perform the 

statistical tests (F- and t-tests), and it is recommended that SHAs always assess risk when 

establishing minimum sample sizes for both the SHA and Contractor. In this case, the SHA 

sample size is reasonable and the application of statistical tests is possible, though a larger 

sample size reduces risk for both the SHA and Contractor. 

Category 3, Large SHA Sample - One of the SHAs that provided data considers the 

entire project as a single lot. The validation 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 size. It also leaves the Contractor at risk of failing validation 

for the duration 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 

tests can lose relevance. Use of the entire project as a single lot is not recommended unless 

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

Examples of SHAs currently using cumulative sampling  

The concept of the CVL is already implemented by some SHAs. The specifications of two 

SHAs currently using CVL in Contractor data validation were reviewed and summarized 

in this section. The states reviewed are WisDOT and KDOT. They both use a form of CVLs 

to validate Contractor test results using F- and t-tests. 



122 

 

Wisconsin Department of Transportation (WisDOT) 

WisDOT presented a paper titled ñState DOT Implementation of Statistical Analysis and 

Percent within Limits (PWL),ò at the 2019 Transportation Research Board Annual Meeting. 

The paper highlighting the use of cumulative sampling techniques as a means to overcome 

the small SHA sample size problem (50-53). The highlights of the paper include: 

¶ Each lot maintains a constant 5:1 ratio (Contractor:SHA ratio) of sublots per lot 

results in mixture testing lot size of 3750 tons. 

¶ WisDOT uses 5 lots to form its cumulative lots, they call that 5-lot window a 

ñrolling window.ò  

¶ 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. 

¶ As soon as lots are validated the pay adjustment is determined on a lot-basis. 

¶ In the case of non-validation, the D2S limits are checked. 

o If within D2S limits, the Contractor results are accepted. 

o If not, the Contractor could invoke referee testing. 

¶ Referee testing is performed by the Central Office Laboratory. 

Kansas Department of Transportation (KDOT) 

The Kansas Department of Transportation (KDOT) routinely compares the variances and 

the means of the verification test results with the QC test results using F-test and t-test, 

respectively. KDOT provides a series of spreadsheets used to compare the Contractorôs QC 

results and KDOTôs verification (QA) results, as described in Section 5.2.6 ñComparison 
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of Quality Control and Verification Tests,ò Part V. The description of the asphalt paving 

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

indicates that ñstarting with lot 3, the 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 and 5. Starting with lot 6, all of the QC results and verification 

results for the last five lots are used in the comparison.ò In other words, five lots are 

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

7.3. Outlier Detection 

One of the initial steps proposed in the acceptance procedure is to test the SHA and 

Contractor data sets for outlying observations. The outlier detection was added that early 

in the process to maintain a high level of quality in the analyzed data. The Transportation 

Research Circular E-C235 ñGlossary of Transportation Construction Quality Assurance 

Termsò defines an outlier as ñan observation that appears to deviate markedly in value 

from other members of the sample in which it appears.ò A similar definition is also found 

under ñoutlying observationò in ASTM E178 titled, ñStandard Practice for Dealing with 

Outlying Observations.ò  

The standard suggests applying the procedure on data sets prior to conducting 

hypothesis testing as the inclusion of significant outliers in data can lead to erroneous 

decisions. Outlying observations come from different sources; such as nonconformity with 

SHA procedures, errors in recording test values, poor sample integrity, errors associated 

with calculating results of test values, and could also represent a valid test result of an 

extreme value. Observations 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 observations. Eventually, this can lead to correctly discarding invalid 

observations. The process is not applicable to small sample sizes (less than three). Almost 

all outlier detection criteria assume normally distributed data (48). 

Section 7 ñRecommended Criteria for Single Samplesò of the ASTM E178 

procedure was applied to an SHA data set that contained SHA and Contractor results prior 

to conducting hypothesis testing. A comparison was made to assess the impact of using 

and not using the outlier detection procedure on validating Contractor test data. The 

example SHA data for in-place density are illustrated with a boxplot in Figure 64. The data 

are also summarized in Table 24 with summary statistics and statistical test results (48). 

 

 (a)      (b) 

Figure 64. SHA Data, Box Plot of HMA In-Place Density Example; (a) Raw Data; (b) 

Data After Outlier Detection and Exclusion. 
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Table 24. SHA data, HMA percent in-place density example with statistical test results 

 

HMA - In-place density 

Contractor  SHA Contractor  
SHA  

(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 ï 

90.8  ï 90.8 ï 

92.3  ï 92.3 ï 

91.3  ï 91.3 ï 

92.5  ï 92.5 ï 

92.3  ï 92.34  ï 

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 p-value 0.406 0.128 

F-test hypothesis Fail Pass 

F-test p-value 9.8E-07 0.023 

ïNo data 

In this example, the ASTM E178 procedure was applied to the data set. Results 

indicated that the SHA data contained a potential outlier (marked by bold and underlined 

text in Table 24). This is visible comparing the raw data boxplot presented in Figure 64 (a) 

versus the data after excluding the outlier observation presented in Figure 64 (b). A 

comparison is also made in Table 24 between the summary statistics and applying the F- 

and t-tests on the data sets with and without the outlying observation. While the t-test 

hypothesis result did not change in this case (equal sample means), the F-test hypothesis 

result changed from Fail indicating unequal variance to Pass indicating equal variances, at 

a significance level of 0.01 (Ŭ = 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 power of the statistical tests 
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goes down. This may lead to retesting or resampling and testing depending on adequate 

sample size (48).  

7.4. Retesting or 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 detected and 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 decision. It is 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 need for 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 

(e.g., wrong loading rate). 

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

the following: 

¶ The definition of retesting, when it applies, how the results will be used, the process 

of notification, obtaining samples, security, and traceability. 

¶ Labeling and identification of retest results in reporting. 
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If a single sample is split into multiple portions with some 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 

lb sample of HMA is split into 25 lb for testing multiple AQCs (e.g., AC, theoretical 

maximum specific gravity, and compacted mix bulk specific gravity samples), and 

25 lb of the sample remains. If abnormal conditions were identified in the 

theoretical maximum specific gravity (e.g., due to poor vacuum pump 

performance) 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 could vary significantly from cylinders cast during 

construction and cured in a controlled manner for 7 or 28 days to cores taken from 

the pavement that was cured under field conditions and for a period longer than the 

cast cylinders. This example is true for any 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 

calculations. 
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7.5. Validation versus Non-Validation of Contractor Test Results 

This example illustrates the application of the recommended procedures for cases when 

Contractor test results are validated. It also clarifies situations when the Contractor test 

results are not validated and how that can be handled in a specification. Two data sets were 

obtained from an SHA for percent AV of HMA. Figure 65 shows the first data set (Sample 

1) of SHA and Contractor results.  

  

     (a) Box Plot     (b) Scatter Plot 

Figure 65. SHA vs Contractor Original Sample 1. 

The scatter plot (Figure 65 b) illustrates fifteen (15) samples split two ways between 

the SHA and Contractor. The same data are also presented using boxplots as shown in 

Figure 65 a. The recommended validation process used in these examples is illustrated in 

Figure 66, including sampling, primary validation, and secondary validation steps as shown 

by the dotted lines in the figure.  
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Figure 66. Sampling, Testing and Validation Process. 
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This process is an application of the comprehensive validation plan described in 

detail in the complementary guideline document (Part II Proposed Practice for Validating 

Contractor Test Data). 

Step 1, Sampling - The lot included 15 sublots and each sublot sample 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 portions for validation. These three 

test results represent the SHA sample and are samples number 3, 9, and 13 (highlighted 

and bolded in the original sample column of Table 25). 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 shown in the sampling box of Figure 66. 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 and bolded in the ñOriginal Sampleò column of Table 25). 

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 independent samples. 

Step 2, Primary Validation - As explained under the Outlier Detection example, the 

initial step proposed in the acceptance procedure is to test the SHA and Contractor data 

sets for outlying observations. The ASTM E178 procedure was applied to both SHA and 

Contractor samples prior to conducting hypothesis testing, and no outlying observations 

were detected in either data set (48). The independent data set of the Contractor was 
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validated against the SHA data set using the F-test and Welchôs t-test at a significance 

level, Ŭ, (0.05). The original SHA and Contractor data, randomly selected independent data 

sets, the results of the statistical tests, and summary statistics are presented in Table 25. 

Table 25. SHA vs Contractor sample 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 ï 4.2 
 5 4.3 4.2 ï 5.8 
 6 5.0 5.8 ï 3.6 
 7 4.0 3.6 ï 3.8 
 8 3.8 3.8 ï 4.8 
 9 3.5 3.9 ï 3.2 
 10 5.2 4.8 ï 2.8 
 11 3.2 3.2 ï 6.3 
 12 2.5 2.8 ï 3.0 
 13 3.1 3.4 ï ï 
 14 5.8 6.3 ï ï 
 15 3.4 3.0 ï ï 
 Count 15 15 3 12 
 mean 3.93 3.97 3.53 4.04 
 ů 0.922 1.009 0.451 1.120 

Primary Validation 

F-test 
hypothesis Pass 

p-value 0.29547 

UV t-test 
hypothesis Pass 

p-value 0.25166 

ïNo data 

Both the F-test and the Welchôs t-test indicated that the independent data set of the 

SHA and the corresponding Contractor data set are not statistically different at a 

significance level, Ŭ, of 0.05;  ñPassò is shown in the primary validation field of Table 25. 

Note that in sample 1, the variability of both SHA and Contractor data sets appear to be 

high, as seen in Figure 65. However, since both data sets had similarly high variability, the 

statistical tests indicated that the two data sets are not significantly different. In all cases, 

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 presented in Figure 65 with 

dashed and dotted lines. An example involving PWL and pay adjustment factor 

calculations will be presented in CHAPTER 8 ñCase Studyò. 

A second data set (Sample 2) is shown in Figure 67 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 the primary validation, and the third step of Figure 

66 ñsecondary validationò is required. 

  

     (a) Box Plot     (b) Scatter Plot 

Figure 67. SHA vs Contractor Original Sample 2. 

Step 3, Secondary Validation - The independent data set of the Contractor was 

again validated against the SHA data set using the F-test and Welchôs t-test at a significance 

level, Ŭ, of 0.05, following step 2 ñPrimary Validation.ò The original SHA and Contractor 

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

1 3 5 7 9 11 13 15

A
ir
 V

o
id

s 
(%

)

Sample number

SHA Contractor LSL USL Target



133 

 

data for Sample 2 shown in Figure 67 are presented in Table 26, together with the randomly 

selected independent data sets, and the results of the statistical tests. 

Table 26. SHA vs Contractor sample 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  ï 4.4 3.6 4.7 
 5 4.0 4.4  ï 4.4 4.0 4.4 
 6 3.9 4.4  ï 3.7 3.9 4.4 
 7 3.2 3.7  ï 3.8 3.2 3.7 
 8 3.5 3.8  ï 3.7 3.5 3.8 
 9 3.5 3.7  ï 4.6 3.5 3.7 
 10 3.3 3.4  ï 4.7 3.3 3.4 
 11 3.2 3.7  ï 3.3 3.2 3.7 
 12 4.0 4.6  ï 4.0 4.0 4.6 
 13 4.2 4.7  ï  ï 4.2 4.7 
 14 3.1 3.3  ï ï  3.1 3.3 
 15 3.6 4.0  ï ï  3.6 4.0 
 Count 15 15 3 12 15 15 
 mean 3.63 4.05 3.30 4.13 3.63 4.05 
 ů 0.360 0.450 0.100 0.448 0.360 0.450 

Primary 

Validation 

F-test 
hypothesis Pass 

ï  
p-value 0.09683 

UV t-test 
hypothesis Fail 

p-value 0.00005 

Secondary 

Validation 

paired 

t-test 

hypothesis  ï Fail 

p-value  0.00002 

ïNo data 

The F-test indicated that the independent data set of the SHA and the corresponding 

Contractor data set are not statistically different at a significance level, Ŭ, (0.05), thus the 

ñPass,ò while Welchôs t-test indicated that the two data sets are statistically different, thus 

the ñFail,ò shown in the primary validation field of Table 26. In this case, the Contractor 

test results are not validated in the ñPrimary Validation.ò The next step is secondary 

validation, i.e., comparing the SHA results to the Contractor results from the same samples, 

these are the split portions of the three portions (or more) that the SHA tested, using the 
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paired t-test. The paired t-test uses the difference between pairs of tests and determines 

whether the average difference is statistically different from zero. It is recommended to use 

as many portions as possible (the SHA needs to test their portions). In the example 

presented here, all fifteen portions were used in the paired t-test. As shown in the 

ñSecondary Validationò portion of Table 26, the paired t-test indicated that the SHA data 

set and the Contractor data set are statistically different at a significance level, Ŭ, (0.05), 

thus the ñFailò in the table. In this case, the Contractor test results are not validated, and 

the SHA test results are used for pay factor calculations. The comprehensive validation 

plan described in detail in the complementary Proposed Practice for Validating Contractor 

Test Data (APPENDIX C) contains a discussion of dispute resolution. 
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CHAPTER 8. CASE STUDY  

In this case study, the data obtained from an SHA for the thickness and the compressive 

strength of PCC Pavements were used for Contractor QC data validation. For the 

determination of PWL values and Pay Adjustments, the SHA specifications and the 

associated Quality Manual were used. The existing validation procedure in the selected 

SHA specifications was applied to sampled Contractor and SHA data, followed by 

applying the recommended procedures in the validation plan described in the 

complementary proposed practice document (Part II). Table 27 summarizes SHA and 

Contractor test results of three consecutive lots. 

PCC Thickness Test Results 

The first step in the acceptance procedure is to test the SHA and Contractor data sets for 

outlying observations. The ASTM E178 procedure was applied on both SHA and 

Contractor PCC thickness test results prior to conducting hypothesis testing and no 

outlying observations were detected in either data set (48). The PCC thickness test results 

of the Contractor were validated against the SHA test results using the F-test and Welchôs 

t-test at a significance level, Ŭ, (0.05). Both the F-test and the Welchôs t-test indicated that 

the PCC thickness test results of the SHA and the corresponding Contractor test results are 

not statistically different at a significance level, Ŭ, (0.05), thus the ñPassò shown in the 

ñValidationò field of Table 27. The PCC thickness had a single-limit specification with a 

target value of 6.0 inch and LSL of 5.75 inch (6 inch minus 0.25 inch). 
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Table 27. SHA and Contractor PCC Pavement test results 

 Lot Sublot 
Thickness (inch) Compressive Strength (psi) 

SHA Contractor SHA Contractor 

Cumulative 

Validation Lot 

CVL 1 

Lot 1 Sublot 1 ï 6.80 ï 5137.1 

Lot 1 Sublot 2 ï 5.31 ï 6101.1 

Lot 1 Sublot 3 ï 6.94 ï 5628.5 

Lot 1 Sublot 4 ï 6.73 ï 6102.7 

Lot 1 Sublot 5 6.46 5.88 6064.0 6069.2 

Lot 2 Sublot 1 ï 6.43 ï 6135.6 

Lot 2 Sublot 2 ï 6.26 ï 5118.7 

Lot 2 Sublot 3 ï 6.14 ï 5119.1 

Lot 2 Sublot 4 ï 7.00 ï 4479.4 

Lot 2 Sublot 5 7.58 6.94 5395.1 5670.5 

Lot 3 Sublot 1 ï 6.00 ï 5870.1 

Lot 3 Sublot 2 ï 6.60 ï 5010.9 

Lot 3 Sublot 3 ï 6.42 ï 5765.0 

Lot 3 Sublot 4 ï 6.18 ï 5967.5 

Lot 3 Sublot 5 6.65 6.91 6623.6 5958.5 

 Mean (ὼӶ) 6.90 6.44 6027.6 5608.9 

 Standard Deviation (s) 0.599 0.482 615.05 511.23 

Validation 

F-test 
hypothesis Pass Pass 

p-value 0.4904 0.5366 

UV t-test 
hypothesis Pass Pass 

p-value 0.2952 0.3613 

ïNo data 

PCC Compressive Strength Test Results 

The ASTM E178 procedure was applied to both SHA and Contractor PCC compressive 

strength test results prior to conducting hypothesis testing, and no outlying observations 

were detected in either data set (48). The PCC compressive strength test results of the 

Contractor were validated against the SHA test results using the F-test and Welchôs t-test 

at the same significance level. Both the F-test and the Welchôs t-test indicated that the PCC 

compressive strength test results of the SHA and the corresponding Contractor test results 
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are not statistically different at a significance level, Ŭ, of 0.05, thus the ñPassò shown in the 

ñValidationò field of Table 27. The PCC Compressive Strength also had a single-limit 

specification with a target value of 4,200 psi and an LSL of 3,900 psi (4,200 psi minus 300 

psi). 

PWL Calculations 

The Quality Index, Q, for PCC thickness and compressive strength was calculated by 

subtracting the LSL from the mean, ὼӶ, and dividing the result by the Standard Deviation, 

s: 

Q = 
 x  -  LSL 

s
 

The PCC thickness, QT: 

Q
T
= 
6.44-6.25

0.482
=1.424 

The PCC compressive strength, QS: 

Q
S
= 
5608.9-3900.0

511.23
=3.343 

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 Tables) and the computed value of Q and the sample size, n. 
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From Table C.6 for a Quality Index of 1.42 and n of 15 the PCC thickness, PWLT, 

is 92.63. And for a Quality Index from Table C.7, QS of 3.34 and n of 15 the PCC 

compressive strength, PWLS, is 100. 

Thickness Pay Adjustment 

The PCC thickness Pay Factor, PT, for is calculated using the following equation and is 

equal to 0.01: 

ὖ  
ὖὡὒ πzȢσπ

ρππ
πȢςχ 

Combined Pay Adjustment 

The Combined Pay Factor, P, for thickness and compressive strength is calculated using 

the following equation is equal to 0.04: 

ὖ  
ὖὡὒ  ὖὡὒ πzȢφπ

ςππ
πȢυτ 

8.1. Data Manipulation Example 

The PCC thickness data presented in the previous case study was intentionally manipulated 

to examine the effect of data manipulation on PWL and pay adjustment factor calculations. 

In this example, the SHA test results remained the same while the Contractor test results 

were manipulated in two ways. The first manipulation was increasing the Contractor test 

results mean while maintaining the variability of the test results at the same level. In the 

second manipulation, the Contractor test results variability was reduced while maintaining 
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the mean value at the original level. The original SHA and Contractor test results are 

presented in Table 28 along with five rounds of Contractor results manipulation, increasing 

the Contractor test results mean 0.1 inch each round while maintaining the variability of 

the test results at the same level (± 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 approach, introduced by Wani and Gharaibeh (10), where they manipulated 

the AC of a Contractor sample of ten results validated against an SHA sample of five 

results. 

Table 28. SHA PCC Pavement thickness in inch vs original and manipulated Contractor 

results (increased mean) 

ï 
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 ï 6.73 6.17 6.10 6.70 7.10 6.35 

1-5 ï 5.88 6.19 5.43 6.55 7.18 6.91 

2-1 ï 6.43 6.21 7.30 6.95 6.97 7.74 

2-2 ï 6.26 6.74 6.79 6.56 6.99 7.01 

2-3 ï 6.14 6.40 7.06 7.67 6.65 7.02 

2-4 ï 7.00 6.37 6.53 6.58 6.57 6.55 

2-5 ï 6.94 7.25 6.72 5.52 6.47 6.83 

3-1 ï 6.00 6.53 6.67 6.69 6.90 6.97 

3-2 ï 6.60 7.29 6.16 6.74 5.76 6.89 

3-3 ï 6.42 6.70 6.94 7.22 7.20 6.69 

3-4 ï 6.18 6.49 6.86 7.16 7.30 7.27 

3-5 ï 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 

standard 

deviation 
0.599 0.482 0.487 0.480 0.490 0.476 0.484 

F-test 
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 

PT 0.02 0.02 0.03 0.03 0.03 0.02 
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ïNo data 

In these five rounds of Contractor results manipulation (increased mean), the 

Contractor test results passed the F- and t-tests. However, the PWLT went up from 97.86 

to a max of 99.97, and the pay factor increased from 0.02 to 0.03. Table 29 summarizes the 

original SHA and Contractor test results along with five rounds of Contractor results 

manipulation, reducing the Contractor test results variability (0.05 inch minus 0.1 inch) in 

each round while maintaining the test results mean at the same level (± 0.1 inch). 

Table 29. 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 ï 6.73 6.51 6.35 6.85 6.22 6.52 

1-5 ï 5.88 6.44 6.80 6.03 6.57 6.56 

2-1 ï 6.43 5.93 5.71 6.74 6.44 6.27 

2-2 ï 6.26 7.24 6.50 6.27 6.37 6.54 

2-3 ï 6.14 5.81 6.57 6.79 6.61 6.36 

2-4 ï 7.00 6.84 6.24 6.34 6.27 6.37 

2-5 ï 6.94 5.92 6.56 6.53 6.75 6.39 

3-1 ï 6.00 5.92 7.08 5.89 6.37 6.63 

3-2 ï 6.60 6.83 6.50 6.26 6.13 6.36 

3-3 ï 6.42 6.54 5.67 6.26 6.65 6.56 

3-4 ï 6.18 6.35 6.61 6.54 6.46 6.44 

3-5 ï 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 

standard 

deviation 
0.599 0.482 0.451 0.393 0.287 0.178 0.112 

F-test 
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 

QT 1.424 1.517 1.769 2.356 3.869 6.204 

PWLT 92.63 94.07 96.80 99.58 100.00 100.00 

PT 0.01 0.01 0.02 0.03 0.03 0.03 

ïNo data 
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In these rounds of Contractor results manipulation (reduced standard deviation), the 

Contractor test results passed the F- and t-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 PWLT increased from 92.63 to a max of 99.58, and the pay factor went 

up from 0.01 to 0.03. The example shows how Contractor data manipulation, especially 

reducing variability in this case, can lead to increased PWLs and pay adjustment factors 

while still passing the statistical tests. This is an indication of how sensitive PWL is to 

changes in estimated variability, especially when the sample size is small (the SHA sample 

size was three). Wani and Gharaibeh recommended a series of potential options for SHAs 

to reduce risks, such as requiring the Contractor quality management team to be separate 

from the project management team, and the use of larger lots to compare test results from 

Contractor and SHA (10). 
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CHAPTER 9. INFLUENCE OF SAMPLE SIZE  ON STATISTICAL TESTS POWER 

In the literature review, it was discussed that Schmidt et al. proposed a procedure for 

developing verification test tolerances for either independent assurance (IA) programs (15). 

The analysis presented confirmed the theory that the power of statistical tests increased as 

sample size increased, while all other variables were maintained constant. Wani et al. in 

their data manipulation research recommended the use of larger lots to compare test results 

from Contractor and SHA, which would result in a larger sample size (10, 17). To reduce 

both SHA and Contractor risk, larger sample sizes are encouraged.  

As part of the sampling, testing, and validation plan presented in this research 

effort, it is recommended that SHAs assess the risk when establishing minimum sample 

sizes for both the SHA and Contractor. Burati et al. provide guidelines for selection of 

optimum number of samples for validating Contractor test data as a function of SHA 

buyerôs risk (ɓ) and Contractor sellerôs risk (Ŭ), and sample size (n). The guidance includes 

determining the risks to SHAs when using F- and t-tests for comparing SHA and 

Contractor data sets (45, 49). These risks are affected by several factors, including SHA 

buyerôs risk (ɓ), Contractor sellerôs risk (Ŭ), lot definition, sublot definition, the Acceptance 

Quality Characteristic (AQC) considered, the statistical test considered, the SHA sample 

size, and the Contractor sample size. However, 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 t-tests. It should be noted that the 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 DTFH61-13-R-00037, ñDevelopment of Guidelines for Selecting 

Optimum Sample Size for Validation of Contractor Test Data with Improved Application 

of F- & t-Testing Verification,ò has recently resulted in the development of software to 

relate sample size to risk (59). The report of the FHWA Project DTFH61-13-R-00037 is 

not published yet, however, the research team requested permission from FHWA to 

reference the work and got approval from FHWA, and the following are key observations 

from the project (60). 

¶ The software developed in this project is intended to be a tool for SHAs and 

Contractors to use for selection of optimum number of samples for validating 

Contractor test data. The tool uses SHA and Contractor test summary statistics 

(variance and mean), SHA buyerôs risk (ɓ) and Contractor sellerôs risk (Ŭ), and 

sample size.  

¶ It can also be used to determine the risks to agencies when using F- & t-tests for 

comparing SHA and Contractor data sets. 

¶ The tool is reported to show that required sample sizes, particularly for the F-test, 

are often larger than the sizes that would be taken on normal size SHA projects 

depending on the SHA risk chosen. 

¶ This tool should be very helpful not only as an analysis tool but also as a ñteachingò 

tool that will provide enlightenment as to the need for an adequate sample size to 

make rational decisions concerning verification. 
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The web-based tool is available in the public domain (59) and was used in the 

analysis presented in this chapter. The data used in the analysis were obtained from an SHA 

that considers the entire project as a single lot. The SHA validation is performed at the end 

of the project, pooling all the testing performed during the project as one single lot. 

Summary statistics of the PCC Pavement flexural strength (psi) for 17 projects are 

presented in Table 30. 

Table 30. Summary statistics of SHA PCC Pavement flexural strength (psi) data for 

multiple projects 

Project S1 Size S2 Size S1 mean S2 mean 
S1 standard 

deviation (sd) 

S2 standard 

deviation (sd) 

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 47 247 735.4 733.7 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 methodology used relied on examining the change in the F- and t-tests power, 

defined as (1 - ɓ), to evaluate the effect of sample size on the validation process. Recall 
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that ɓ is the probability of the statistical test leading to a type II error. The dilemma of the 

SHA buyerôs risk (ɓ) and the Contractor sellerôs risk (Ŭ) for a given statistical test is 

illustrated in Figure 68 (61). ñWhile a low value of ɓ is desirable a well-written acceptance 

plan attempts to provide a balance between Ŭ and ɓ.ò (59, 60) 

 

Figure 68. Illustration of Type I and Type II errors in a typical statistical test (61). 

The F- and Welch t-tests were applied on the data from the 17 projects, in addition, 

the power of each test was evaluated using the web-based ñDetermination of Agency's Risk 

and Optimum Sample Sizeò tool (59). The results of the analysis are presented in Table 31. 

Project 4, presented in Table 30 and Table 31, had the largest sample sizes for both SHA 

(47 sublots per lot) and Contractor (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 conducted at a 

significance level of 0.05 (Ŭ = 0.05). 
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Table 31. SHA PCC Pavement flexural strength (psi) data for multiple projects and the 

statistical tests results 

Project 
S1 

Size 

S2 

Size 

S1 

mean 

S2 

mean 

S1 

sd 

S2 

sd 

UV  

t-test 

H 

UV  

t-test 

p-value 

t-test  

ɓ 

F-test 

H 

F-test 

p-value 

F-test 

ɓ 

1 18 68 802.5 800.1 35.49 54.03 0 0.826 0.9466 0 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 0 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 0 0.915 0.9491 

6 24 92 752.7 760.3 47.78 45.70 0 0.487 0.8898 0 0.737 0.9376 

7 11 42 758.6 753.5 29.42 41.94 0 0.641 0.9335 0 0.229 0.7834 

8 39 152 726.5 722.2 51.61 44.22 0 0.628 0.9171 0 0.198 0.7523 

9 25 86 613.2 645.2 34.43 31.80 1 0.000 0.0095 0 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 0 0.427 0.8813 

12 19 78 693.4 724.0 33.67 37.45 1 0.002 0.1044 0 0.630 0.9252 

13 14 44 656.8 672.0 41.77 32.08 0 0.226 0.7072 0 0.194 0.754 

14 8 27 667.5 714.8 33.91 49.41 1 0.007 0.3118 0 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 0 0.760 0.9399 

17 26 106 735.8 782.3 38.23 42.20 1 0.000 0.0009 0 0.584 0.9168 

 

Project 4 Results 

The Welchôs t-test hypothesis result of 0, shown in Table 31, indicated that the independent 

data set of the SHA and the corresponding Contractor data set are not statistically different 

at a significance level, Ŭ, of 0.05 (Pass). While the F-test hypothesis result of 1, shown in 

Table 31, indicated that the variances of the two data sets are statistically different at the 

significance level (Fail). The ɓ value of Welchôs t-test was 0.946, meaning that the risk of 

the SHA of not detecting a difference between the means of SHA and Contractor data ɓ is 

0.946. Thus, the power of the test (1 - ɓ) is 0.054, i.e. there is a 5.36 percent chance of 

detecting a difference in the SHA and Contractor means. And the ɓ value of the F-test was 
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0.135, meaning that the risk of the SHA of not detecting a difference between the variances 

of SHA and Contractor data ɓ is 0.135. Thus, the power of the test (1 - ɓ) is 0.865, i.e. there 

is an 86.5 percent chance of detecting a difference in the SHA 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 set were kept constant, i.e., SHA mean, 

variance, sample size, while only the Contractor data set sample size was changed. Now, 

in reality changing the Contractor sample size would be accompanied by a change in 

Contractor mean and variance, however, for the sake of this analysis the Contractor sample 

mean and variance were kept constant. In addition, the significance level was maintained 

constant at 0.05 (Ŭ = 0.05) throughout the analysis.  

Figure 69 shows the variation in the F-test power as a function of the Contractor 

sample size in project 4. The power of the F-test decreased as the Contractor sample size 

decreased, in line with the theory that the power of the statistical test increased as the 

sample size increased. Figure 70 shows the t-test power as a function of the Contractor 

sample size in project 4. The power of the t-test 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 mean (735.4 psi) and Contractor mean (733.7 psi) are very close. 

The effect of both the SHA sample size and the Contractor sample size on the power 

of the statistical tests was further investigated, by changing both the SHA and the 

Contractor data set sample sizes, while maintaining all the other variables constant. Again, 

this represents a hypothetical situation, since in reality changing the Contractor or the SHA 
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sample size would be accompanied by a change in means and variances. The significance 

level was also maintained constant at 0.05 (Ŭ = 0.05) throughout the analysis. 

 

Figure 69. F-test Power for Multiple Contractor Sample Sizes ï Project 4. 

 

Figure 70. t-test Power for Multiple Contractor Sample Sizes ï Project 4. 
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Figure 71 is a 3D surface plot that shows the variation in the F-test power as a 

function of both the SHA sample size and the Contractor sample size in project 4. While 

Figure 72 shows a 3D surface plot of the t-test power as a function of both the SHA sample 

size and the Contractor sample size. 

The power of the F-test kept the same trend as previously shown, where it decreased 

as the SHA or the Contractor sample sizes decreased. Likewise, the power of the t-test 

remained almost constant at around 5 percent regardless of the SHA or the Contractor 

sample sizes. 

 

Figure 71. 3D-Plot of F-test Power for Multiple SHA and Contractor Sample Sizes ï 

Project 4. 
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Figure 72. 3D-Plot of t-test Power for Multiple SHA and Contractor Sample Sizes ï 

Project 4. 

This example clearly shows the effect of the sample size on the power of the F-test. 

However, the power of the t-test remained almost constant throughout the analysis. For 

that reason, a second project data was analyzed, focusing this time on the power of the t-

test, as presented in the following section. 

Project 16 Results 

Project 16, presented in Table 30 and Table 31, had large sample sizes for both SHA (34 

sublots per lot) and Contractor (101 sublots per lot), in addition to, a low starting value of 
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different at a significance level, Ŭ, of 0.05 (Fail). While the F-test hypothesis result of 0, 

shown in Table 31, indicated that the variances of the two data sets are not statistically 

different at the significance level (Pass). The ɓ value of Welchôs t-test was 0.130, meaning 

that the risk of the SHA of not detecting a difference between the means of SHA and 

Contractor data ɓ is 0.130. Thus, the power of the test (1 - ɓ) is 0.870, i.e. there is an 87.0 

percent chance of detecting a difference in the SHA and Contractor means. The ɓ value of 

the F-test was 0.940, meaning that the risk of the SHA of not detecting a difference between 

the variances of SHA and Contractor data ɓ is 0.940. Thus, the power of the test (1 - ɓ) is 

0.060, i.e. there is a 6.0 percent chance of detecting a difference in the SHA and Contractor 

variances. 

Similar to the analysis performed on project 4 data, to isolate the effect of the 

Contractor sample size on the power of the statistical tests, all the parameters of the SHA 

project 16 data set were kept constant (SHA mean, variance, and sample size) while only 

the Contractor data set sample size was changed. The significance level was maintained 

constant at 0.05 (Ŭ = 0.05) throughout the analysis. Figure 73 shows the variation in the t-

test power as a function of the Contractor sample size in project 16. The power of the t-test 

decreased as the Contractor sample size decreased, in agreement with the theory that the 

power of the statistical test increased as the sample size increased. 
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Figure 73. t-test Power for Multiple Contractor Sample Sizes ï Project 16. 

Figure 74 shows the F-test power as a function of the Contractor sample size for 

project 16. The power of the F-test, in this case, remained almost constant at around 5 to 6 

percent regardless of the Contractor 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. 

 

Figure 74. F-test Power for Multiple Contractor Sample Sizes ï Project 16. 
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The effect of both the SHA sample size and the Contractor sample size on the power 

of the t-test was further investigated, by changing both the SHA and the Contractor data 

set sample sizes, while maintaining all the other variables constant. 

Figure 75 is a 3D surface plot that shows the variation in the t-test power as a 

function of both the SHA sample size and the Contractor sample size in project 16. While 

Figure 76 shows a 3D surface plot of the F-test power as a function of both the SHA sample 

size and the Contractor sample size.  

 

Figure 75. 3D-Plot of t-test Power for Multiple SHA and Contractor Sample Sizes ï 

Project 16. 

34 30 25 21 18 15 12 9 6 3

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1
0

2

9
0

8
0

7
0

6
0

5
0

4
0

3
4

3
0

2
5

2
1

1
8

1
5

1
2963

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
t-

te
st

 P
o

w
e
r



154 

 

 

Figure 76. 3D-Plot of F-test Power for Multiple SHA and Contractor Sample Sizes ï 

Project 16. 
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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 lot, 2) three to twenty SHA samples per 

lot, and 3) more than twenty SHA samples per lot. Category 3, where the SHA pools all 

the testing performed during the project as a single lot, represents a very interesting case 

study that can help to understand and analyze 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 analysis to m projects. One of the key elements to investigate 

is the lot and sublot definition. The same data utilized in the previous chapter will be used 

in this chapter. The SHA data and summary statistics of the PCC Pavement flexural 

strength (psi) for 17 projects were presented in Table 30. The F- and Welch t-tests were 

applied on the data from the 17 projects, in addition to, the statistical tests power evaluation 

using the web-based ñDetermination of Agency's Risk and Optimum Sample Sizeò tool 

(59), as presented in Table 31. 

Project 4 Results 

The data of project 4, presented in Table 30 and Table 31, had a single lot for the SHA with 

47 sublots per lot and a single lot for the Contractor with 247 sublots per lot. The ɓ value 

of the Welchôs t-test was 0.946 and the power of the test (1 - ɓ) was 0.054 (5.4 percent). 

The ɓ value of the F-test was 0.135 and the power of the test (1 - ɓ) was 0.865 (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 Contractorôs risk in this case, let us assume an HMA project was one-day paving is 

considered a sublot, let us assume the contractor produces 2500 tons of HMA a day and 

the price per ton is $80. That means each sublot of HMA worth at least $200,000. 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 of lots is increased for that project the 

amount at stake for the Contractor decreases. 

The 3D surface plot presented in Figure 71, that shows the variation in the F-test 

power as a function of both the SHA sample size and the Contractor sample size in project 

4, was represented in Figure 77. While the t-test power as a function of both the SHA 

sample size and the Contractor sample size is represented in Figure 78.  

 

Figure 77. F-test Power for Multiple SHA and Contractor Sample Sizes ï Project 4. 
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Figure 78. t-test Power for Multiple SHA and Contractor Sample Sizes ï Project 4. 
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to 16 lots for the project data, resulting in an SHA sample size ranging from 47 all the way 

down to 3. All the parameters of the SHA project 4 data set were kept constant, i.e., the 

SHA mean and variance, the Contractor mean and variance, and the significance level of 

0.05 (Ŭ = 0.05) throughout the analysis. Figure 79 shows the variation in the F-test power 

as a function of the Lot size in project 4. The power of the F-test decreased as the Lot 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 presented in Figure 79. The same analysis was then 

repeated for Contractor to SHA sample size ratios of 4 and 3, as shown in Figure 80.  

  

Figure 79. F-test Power for Increasing Number of Lots, SHA to Contractor Sample Size 

Ratio of 5 ï Project 4. 

  

Figure 80. F-test Power for Increasing Number of Lots and Multiple Contractor to SHA 

Sample Size Ratios ï Project 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 ranges of ɓ while keeping the sample sizes at 

reasonable ranges, in this case the SHA sample size is 15 (instead of 47) and the Contractor 

sample size is 45 (instead of 247). 

Figure 81 shows the t-test power as a function of the Lot size in project 4 for 

multiple Contractor to SHA sample size ratios. The power of the t-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 mean (735.4 psi) and Contractor mean (733.7 psi) are very 

close. 

  

Figure 81. t-test Power for Increasing Number of Lots and Multiple Contractor to SHA 

Sample Size Ratios ï Project 4. 
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desirable ɓ risk (59, 60). The suggested ɓ value translates to a power of 0.6 and 0.4 and are 

shown with horizontal dotted lines in Figure 77 and Figure 78. 

When selecting a desirable sample size for the SHA and the Contractor, the SHA 

shall establish acceptable ranges of ɓ to keep the SHA risks at a reasonable level, similar 

to the low ɓ risk and the high ɓ risk shown with horizontal dotted lines in Figure 77 and 

Figure 78. Within the band shown, multiple combinations of SHA and Contractor sample 

sizes qualify to maintain the SHA risks at a desirable level. Figure 82 is a zoomed-in 

version of Figure 77, zooming in the Contractor sample size range of 3 to 60.  

 

Figure 82. F-test Power for Multiple SHA and Contractor Sample Sizes ï Project 4. 

As can be seen in Figure 82, the following combination of sample sizes qualify to 
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¶ SHA sample size of 21 and Contractor sample size of 37; 

¶ 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 most cost-effective combination. Note that the SHA 

can set their own acceptable ranges of ɓ to keep the SHA risks at a desirable level. 

A similar analysis was conducted on project 16 data and is shown in Figure 83 

representing the variation in the t-test power as a function of both the SHA sample size and 

the Contractor sample size and Figure 84 depicting the F-test power as a function of both 

the SHA sample size and the Contractor sample size. The suggested power of 0.6 and 0.4 

are shown with horizontal dotted lines in Figure 83 and Figure 84. 

 

Figure 83. t-test Power for Multiple SHA and Contractor Sample Sizes ï Project 16. 
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Figure 84. F-test Power for Multiple SHA and Contractor Sample Sizes ï Project 16. 

As seen in Figure 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 the t-test power is observed as the Contractor sample size increases. For 

example, in the case of SHA sample size of 6, the t-test power increased as the Contractor 

sample size increased up to a Contractor sample size of 30, then the t-test power is almost 

a flat line for all the Contractor sample sizes between 30 and 102. 
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CHAPTER 11. CONCLUSIONS AND RECOMMENDATIONS  

11.1. Summary 

Many SHAs use Contractor test results in acceptance and payment decisions. One of the 

key decisions in the process is whether the SHA will conduct the acceptance sampling and 

testing or utilize Contractor data for acceptance sampling and testing. The 23 CFR 637B 

permits the use of Contractor test data for construction materials acceptance, as long as the 

SHAs validate the Contractor data with independent test results. Thus, there was a need to 

identify procedures currently available for validating Contractor test data for construction 

materials and to develop statistically sound and practical procedures for validating 

Contractor construction materials test data. These procedures need to address different 

applications (materials and procurement types) and related issues, like sample size, minor 

deviations, associated risks, and practical constraints that have led SHAs to deviate from 

the AASHTO implementation guide specification. Thus, the objectives of this research 

were to recommend procedures for validating Contractor test data for construction 

materials and to prepare guidelines for their application in the form of a proposed 

AASHTO practice. 

The literature, prior and ongoing research findings, review of SHA standard 

specifications, ongoing research projects, and current practices relevant to procedures for 

validating Contractor test data were presented in CHAPTER 3. A web-based survey to 

obtain information from SHAs was conducted as input for this project. The intent of the 

survey was to obtain information in addition to that obtained from the search and review 

of the literature. The survey is presented in CHAPTER 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 indicated that 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 developing recommendations and conclusions. The SHA survey results 

showed that use of F- and t-tests account for a much smaller proportion of all methods used 

by SHAs for validating Contractor test results than what was anticipated. Instead, less 

fundamental, higher risk methods were reported by many SHAs. These results 

demonstrated the need for improved procedures and guidelines for validating Contractor 

test data for construction materials. Using the appropriate validation technique(s) is 

extremely important for SHAs to ensure conformance with the SHA standards and to 

manage associated risks. 

The research approach used to evaluate identified procedures was built upon the 

findings from the literature review, assessment of the state of current practice as identified 

through the survey of SHAs, review of selected SHAs practices, and review of the 

fundamental statistics associated with procedures currently in use. The research approach 

included three major stages: gathering information, numerical analysis, and SHA data 

analysis (illustrated in Figure 1). The research steps included evaluation of identified 

candidate validation procedures, selection of a set of procedures to bring forward 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 practice for SHAs 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 identified were bias, use of non-

statistical or statistically weak methods, data manipulation, sample size, and risks 

associated with violating the F- and t-tests assumptions. 

The observations made during the SHA data processing revealed that some SHA 

sampling and testing plans that use Contactor data in acceptance decisions do not appear 

to meet the requirements of 23 CFR 637B, because independent samples are not used. 

Other SHA sampling and testing plans used a single SHA sample per lot. Based on these 

observations, the research team developed two plans for sampling and testing of the SHA 

data, and for Contractor data validation. These plans were presented in CHAPTER 6 and 

became an integral part of the accompanying Guidelines (APPENDIX A: Proposed 

Practice for Validating Contractor Test Data). To address the SHA single sample per lot 

issue, a cumulative sampling lot technique was introduced and illustrated.  

The numerical analysis provided the information needed to recommend validation 

tests on a statistical basis. The observations were then validated using actual SHA project 

data. The t-test and the Welchôs t-test showed consistent satisfactory results in the 

simulations at the selected significance levels regardless of distribution type. The F-test 

showed consistent satisfactory results in the simulations at the selected significance level. 

The observations of both numerical and SHA data analyses support using F-test and t-test. 

The t-test and the Welchôs t-test showed consistently satisfactory results; however, the 

Welchôs t-test showed more consistency in detecting the difference in means than the t-test 
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and other hypothesis tests regardless of whether the variances were equal or not. The 

Welchôs t-test is an adaptation of Student's t-test and is more reliable when the two samples 

have unequal variances and unequal sample sizes.  

During the numerical simulations and evaluation of actual SHA data, examples to 

illustrate the use of the recommended procedures for different scenarios were identified. 

The five examples developed were presented in CHAPTER 7. The data used for the 

examples were all actual project data obtained from SHAs. The examples included 

Sampling method - split vs. independent, Sample Size, Outlier Detection, Retesting or 

Resampling and Retesting, and Validation versus Non-Validation of Contractor Test 

Results. 

11.2. Conclusions 

Based on the literature review, the survey of SHAs, review of current SHA standard 

specifications and practices, the research plan, the findings and applications of the 

numerical simulations, the application of SHA data, and the examples and case study the 

following conclusions were made: 

¶ 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 Contractor data 

for acceptance sampling and testing. 

¶ For conformance with 23 CFR637B SHA QA programs need to meet certain 

minimum requirements, including validating Contractor data with independent test 

results. 
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¶ Though many fundamentally sound statistical tests were evaluated for validating 

Contractor test results, the observations of both numerical and SHA data analyses 

support using F-test and t-tests. 

¶ The t-test and the Welchôs t-test showed consistently satisfactory results; however, 

the Welchôs t-test, also known as the unequal variance t-test, showed more 

consistency in detecting the difference in means than the t-test and other hypothesis 

tests regardless of whether the variances were equal or not. 

To help construction and materials engineers effectively use Contractor test results 

and to reduce the risk of incorrect acceptance decisions and pay adjustments, a proposed 

practice was prepared to describe appropriate processes for validating Contractor results 

and recommend subsequent actions when the results are validated or not validated. The 

proposed practice is recommended for SHAs of all kinds (local, regional, or otherwise), 

even when an SHA conducts all sampling and testing used in acceptance decisions and 

validation testing is not required, those SHAs may still find value in several of the 

recommendations provided in this proposed practice for identifying outlier data and referee 

testing. 

The presentation material was prepared in PowerPoint format based on collective 

observations and efforts in the project. The presentation material was prepared to facilitate 

the implementation and use of recommended procedures and the accompanying, Proposed 

Practice for Validating Contractor Test Data. The material was developed such that subsets 

of it can be used for delivery to different audiences such as senior management, engineers, 
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and practitioners. The presentation material is summarized in APPENDIX D and included 

in Microsoft PowerPoint format as an addendum to this research effort. Each subset 

presentation includes the same topics, but the level of detail included for specific topics 

and the expected durations are different based on the audience. For example, the 

presentations include a background section outlining the recommended procedures for 

validating Contractor data, examples illustrating the application of the procedures, risks of 

not using the recommended validation procedures, and implementation resources required. 

11.3. Recommendations 

In summary, the key recommendations of this project for SHAs include using: 

¶ F-test and unequal variance t-tests for primary validation of Contractor data. 

¶ Independent SHA and Contractor samples. 

¶ Adequate sample sizes to manage SHA and Contractor risk. 

¶ A cumulative sampling technique to address low SHA sampling rates. 

¶ Outlier detection prior to conducting F-tests and unequal variance t-tests. 

¶ Explicitly defining resampling and retesting provisions in specifications. 

¶ Paired t-test for secondary validation when primary validation fails. 

¶ Not using high risk single test comparison methods for validating Contractor test 

results such as D2S and ὢ ± CR. 
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¶ Guidelines presented in AASHTO standard format for guidance on the application 

of these recommendations. 

¶ The examples and presentation materials developed to illustrate and communicate 

the importance of using the above listed recommendations. 

 

Recommendations for Future Research 

The research recommended procedures for validating Contractor test data for construction 

materials and prepared a proposed AASHTO practice for their application. Further research 

needed to address several aspects of QA programs including the following: 

¶ The sample size of the data sets and the associated risks to both parties for multiple 

AQCs. 

¶ Implementation tools (software) that may be used in QA programs to improve 

validation procedures. 

¶ Procedures for validating Contractor test data for alternative delivery projects. 

Support for implementation of the findings and proposed practice would accelerate 

knowledge transfer and could help lead to the 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 NCHRP Project 10-100 Procedures and Guidelines for Validating 

Contractor Test Data survey. 

If you have questions about the survey, please contact Adam Hand at (xxx) xxx-xxxx or 

by email at (xxxxxxxx@unr.edu).  

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 Back and 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. Please 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. 

The SHA does not use Contractor test results as part of the acceptance 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 one)." #2 is one of the 

following answers ("The SHA does not use Contractor test results as part of the 

acceptance decision for any material.") THEN: Show the following two questions and 

Jump to page 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 acceptance decision (Select all that apply). 

The SHA has never used Contractor test results as part of the acceptance decision for 

any material. 

The SHA used Contractor test results as part of the acceptance decision for some 

materials in the past, but later dropped the program. 

The SHA has no plans in the future to use Contractor test results as part of the 

acceptance decision for any material. 

The SHA 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 your SHA for clarification or more information 

regarding the use of Contractorôs test data in the acceptance decision? 
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Name:  

Title:  

Telephone: 

 

Email:  

Construction Material Tests 

1. Please indicate which of the following materials your SHA uses 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 text box below: 
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IF: Question "  1. Please indicate which of the following construction materials your 

SHA uses Contractor test data in the acceptance process..." Is one of the following 

answers ("Asphalt Concrete Mixture") THEN:  Show the following questions. 

Asphalt Concrete Mixture 

1. What method does your SHA use to validate the Contractorôs Asphalt Concrete Mixture 

test data? (select best option) * 

1. F and t test, independent samples 

2. F and t test, split samples 

3. Paired t-test, 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 specify "Other" in the text box below: 

 

2. What documents prescribe your SHAôs current validation procedure for Asphalt 

Concrete Mixture? (select all that apply) * 

1. Standard Specification 

2. Material/Construction Manual 

3. Supplemental Specification or Special Provision 

 

 

3. Please place a reference link(s) to the selected documents in the following text box. 
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4. Is your SHA willing to provide project level data (Contractor and SHA) used to validate 

Contractor test results for Asphalt Concrete Mixture (Select one). * 

Yes 

No 

 

5. Does your SHA have any concerns with using AASHTO R 9: Acceptance Sampling Plans 

for Highway Construction and FHWAôs 23 CFR 637B guidelines for validating 

Contractorôs Asphalt Concrete Mixture test data in the acceptance decision? (Select one)* 

Yes 

No 
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6. Does your SHA procedures for using Contractorôs Asphalt Concrete Mixture test data 

in the acceptance decision lead to project-level problems? (Select all that apply) * 

1. No problems 

2. Inadequate SHA staffing 

3. Long test turn-around 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 your SHA began to use or significantly changed how it uses Contractorôs Asphalt 

Concrete Mixture test data in the acceptance decision did it cause higher frequency of the 

following non-compliance actions? (Select all that apply) * 

1. No change in frequency for non-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 in-place material removal and replacement 

6. Other 

Please specify "Other" in the text box below: 
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8. Does your SHA anticipate changes in the use of Contractorôs Asphalt Concrete Mixture 

test data in the acceptance decision? (Give a brief description, the research team may 

contact you for more details). 

 

 

9. Who can the Research Team contact in your SHA for clarification or more information 

regarding the use of Contractorôs Asphalt Concrete Mixture test data in 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 process..." Is one of the following 

answers ("Portland Cement Concrete Mixture") THEN:  Show the following questions. 

Portland Cement Concrete Mixture 

1. What method does your SHA use to validate the Contractorôs Portland Cement Concrete 

Mixture test data? (select best option) * 

1. F and t test, independent samples 

2. F and t test, split samples 

3. Paired t-test, 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 specify "Other" in the text box below: 

 

2. What documents prescribe your SHAôs current validation procedure for Portland 

Cement Concrete Mixture? (select all that apply) * 

1. Standard Specification 

2. Material/Construction Manual 

3. Supplemental Specification or Special Provision 

  



183 

 

3. Please place a reference link(s) to the selected documents in the following text box. 

 

 

4. Is your SHA willing to provide project level data (Contractor and SHA) used to validate 

Contractor test results for Portland Cement Concrete Mixture (Select one). * 

Yes 

No 

 

5. Does your SHA have any concerns with using AASHTO R 9: Acceptance Sampling Plans 

for Highway Construction and FHWAôs 23 CFR 637B guidelines for validating 

Contractorôs Portland Cement Concrete Mixture test data in the acceptance decision? 

(Select one) * 

Yes 

No 
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6. Does your SHA procedures for using Contractorôs Portland Cement Concrete Mixture 

test data in the acceptance decision lead to project-level problems? (Select all that apply)* 

1. No problems 

2. Inadequate SHA staffing 

3. Long test turn-around 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 your SHA began to use or significantly changed how it uses Contractorôs Portland 

Cement Concrete Mixture test data in the acceptance decision did it cause higher 

frequency of the following non-compliance actions? (Select all that apply) * 

1. No change in frequency for non-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 in-place material removal and replacement 

6. Other 

Please specify "Other" in the text box below: 
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8. Does your SHA anticipate changes in the use of Contractorôs Portland cement concrete 

mixture test data in the acceptance decision? (Give a brief description, the research team 

may contact you for more details). 

 

 

9. Who can the Research Team contact in your SHA for clarification or more information 

regarding the use of Contractorôs Portland Cement Concrete Mixture test data in 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 process..." Is one of the following 

answers ("Base or drainage aggregate ") THEN:  Show the following questions. 

Base or drainage aggregate 

1. What method does your SHA use to validate the Contractorôs Base or drainage 

aggregate test data? (select best option) * 

1. F and t test, independent samples 

2. F and t test, split samples 

3. Paired t-test, 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 specify "Other" in the text box below: 

 

2. What documents prescribe your SHAôs current validation procedure for Base or 

drainage aggregate? (select all that apply) * 

1. Standard Specification 

2. Material/Construction Manual 

3. Supplemental Specification or Special Provision 
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3. Please place a reference link(s) to the selected documents in the following text box. 

 

 

4. Is your SHA willing to provide project level data (Contractor and SHA) used to validate 

Contractor test results for Base or drainage aggregate (Select one). * 

Yes 

No 

 

5. Does your SHA have any concerns with using AASHTO R 9: Acceptance Sampling Plans 

for Highway Construction and FHWAôs 23 CFR 637B guidelines for validating 

Contractorôs Base or drainage aggregate test data in the acceptance decision? (Select 

one) * 

Yes 

No 

  



188 

 

6. Does your SHA procedures for using Contractorôs Base or drainage aggregate test data 

in the acceptance decision lead to project-level problems? (Select all that apply) * 

1. No problems 

2. Inadequate SHA staffing 

3. Long test turn-around 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 your SHA began to use or significantly changed how it uses Contractorôs Base or 

drainage aggregate test data in the acceptance decision did it cause higher frequency of 

the following non-compliance actions? (Select all that apply) * 

1. No change in frequency for non-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 in-place material removal and replacement 

6. Other 

Please specify "Other" in the text box below: 
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8. Does your SHA anticipate changes in the use of Contractorôs Base or drainage 

aggregate test data in the acceptance decision? (Give a brief description, the research 

team may contact you for more details). 

 

 

9. Who can the Research Team contact in your SHA for clarification or more information 

regarding the use of Contractorôs Base or drainage aggregate test data in 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 process..." Is one of the following 

answers ("Subgrade or embankment soil ") THEN:  Show the following questions. 

Subgrade or embankment soil 

1. What method does your SHA use to validate the Contractorôs Subgrade or embankment 

soil test data? (select best option) * 

1. F and t test, independent samples 

2. F and t test, split samples 

3. Paired t-test, 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 specify "Other" in the text box below: 

 

2. What documents prescribe your SHAôs current validation procedure for Subgrade or 

embankment soil? (select all that apply) * 

1. Standard Specification 

2. Material/Construction Manual 

3. Supplemental Specification or Special Provision 
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3. Please place a reference link(s) to the selected documents in the following text box. 

 

 

4. Is your SHA willing to provide project level data (Contractor and SHA) used to validate 

Contractor test results for Subgrade or embankment soil (Select one). * 

Yes 

No 

 

5. Does your SHA have any concerns with using AASHTO R 9: Acceptance Sampling Plans 

for Highway Construction and FHWAôs 23 CFR 637B guidelines for validating 

Contractorôs Subgrade or embankment soil test data in the acceptance decision? (Select 

one) * 

Yes 

No 
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6. Does your SHA procedures for using Contractorôs Subgrade or embankment soil test 

data in the acceptance decision lead to project-level problems? (Select all that apply) * 

1. No problems 

2. Inadequate SHA staffing 

3. Long test turn-around 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 your SHA began to use or significantly changed how it uses Contractorôs 

Subgrade or embankment soil test data in the acceptance decision did it cause higher 

frequency of the following non-compliance actions? (Select all that apply) * 

1. No change in frequency for non-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 in-place material removal and replacement 

6. Other 

Please specify "Other" in the text box below: 
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8. Does your SHA anticipate changes in the use of Contractorôs Subgrade or 

embankment soil test data in the acceptance decision? (Give a brief description, the 

research team may contact you for more details). 

 

 

9. Who can the Research Team contact in your SHA for clarification or more information 

regarding the use of Contractorôs Subgrade or embankment soil test data in 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 process..." Is one of the following 

answers ("Reinforcing or structural steel ") THEN:  Show the following questions. 

Reinforcing or structura l steel 

1. What method does your SHA use to validate the Contractorôs Reinforcing or structural 

steel test data? (select best option) * 

1. F and t test, independent samples 

2. F and t test, split samples 

3. Paired t-test, 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 specify "Other" in the text box below: 

 

2. What documents prescribe your SHAôs current validation procedure for Reinforcing or 

structural steel? (select all that apply) * 

1. Standard Specification 

2. Material/Construction Manual 

3. Supplemental Specification or Special Provision 
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3. Please place a reference link(s) to the selected documents in the following text box. 

 

 

4. Is your SHA willing to provide project level data (Contractor and SHA) used to validate 

Contractor test results for Reinforcing or structural steel (Select one). * 

Yes 

No 

 

5. Does your SHA have any concerns with using AASHTO R 9: Acceptance Sampling Plans 

for Highway Construction and FHWAôs 23 CFR 637B guidelines for validating 

Contractorôs Reinforcing or structural steel test data in the acceptance decision? (Select 

one) * 

Yes 

No 
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6. Does your SHA procedures for using Contractorôs Reinforcing or structural steel test 

data in the acceptance decision lead to project-level problems? (Select all that apply) * 

1. No problems 

2. Inadequate SHA staffing 

3. Long test turn-around 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 your SHA began to use or significantly changed how it uses Contractorôs 

Reinforcing or structural steel test data in the acceptance decision did it cause higher 

frequency of the following non-compliance actions? (Select all that apply) * 

1. No change in frequency for non-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 in-place material removal and replacement 

6. Other 

Please specify "Other" in the text box below: 
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8. Does your SHA anticipate changes in the use of Contractorôs Reinforcing or structural 

steel test data in the acceptance decision? (Give a brief description, the research team may 

contact you for more details). 

 

 

9. Who can the Research Team contact in your SHA for clarification or more information 

regarding the use of Contractorôs Reinforcing or structural steel test data in 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 process..." Is one of the following 

answers ("Other Material(s): [other material name]") THEN:  Show the following 

questions. 

Other Material(s): [other material name] 

1. What method does your SHA use to validate the Contractorôs [other material name] test 

data? (select best option) * 

1. F and t test, independent samples 

2. F and t test, split samples 

3. Paired t-test, 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 specify "Other" in the text box below: 

 

2. What documents prescribe your SHAôs current validation procedure for [other material 

name]? (select all that apply) * 

1. Standard Specification 

2. Material/Construction Manual 

3. Supplemental Specification or Special Provision 
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3. Please place a reference link(s) to the selected documents in the following text box. 

 

 

4. Is your SHA willing to provide project level data (Contractor and SHA) used to validate 

Contractor test results for [other material name] (Select one). * 

Yes 

No 

 

5. Does your SHA have any concerns with using AASHTO R 9: Acceptance Sampling Plans 

for Highway Construction and FHWAôs 23 CFR 637B guidelines for validating 

Contractorôs [other material name] test data in the acceptance decision? (Select one) * 

Yes 

No 
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6. Does your SHA procedures for using Contractorôs [other material name] test data in 

the acceptance decision lead to project-level problems? (Select all that apply) * 

1. No problems 

2. Inadequate SHA staffing 

3. Long test turn-around 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 your SHA began to use or significantly changed how it uses Contractorôs [other 

material name] test data in the acceptance decision did it cause higher frequency of the 

following non-compliance actions? (Select all that apply) *  

1. No change in frequency for non-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 in-place material removal and replacement 

6. Other 

Please specify "Other" in the text box below: 
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8. Does your SHA anticipate changes in the use of Contractorôs [other material name] test 

data in the acceptance decision? (Give a brief description, the research team may contact 

you for more details). 

 

 

9. Who can the Research Team contact in your SHA for clarification or more information 

regarding the use of Contractorôs [other material name] test data in the acceptance 

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, from SHA 5 which requires Contactors to perform QC tests on samples 

split from the same bulk samples the SHA uses for each lot. The data contained recent SHA 

and Contractor results of percent AV of HMA. Sample raw data sets of percent AV and 

AC are presented in the following sections. A 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 as the minimum criteria for the proposed sampling, testing, and validation 

plan is six sublots per lot. 

Air Voids 

SHA and Contractor results of percent AV of HMA are presented in Figure D.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. 

 
Figure D.1. SHA Raw Data - Air Voids ï Sample 1-1. 
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Figure D.2. SHA Raw Data - Air Voids ï Sample 1-2. 

 
Figure D.3. SHA Raw Data - Air Voids ï Sample 2-1. 

 
Figure D.4. SHA Raw Data - Air Voids ï Sample 16-1. 
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Figure D.5. SHA Raw Data - Air Voids ï Sample 16-2. 

 
Figure D.6. SHA Raw Data - Air Voids ï Sample 28-1. 

 
Figure D.7. SHA Raw Data - Air Voids ï Sample 30-1. 

2.0

3.0

4.0

5.0

6.0

7.0

1 2 3 4 5 6

SHA Contractor LSL USL Target

2.0

3.0

4.0

5.0

6.0

7.0

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

SHA Contractor LSL USL Target

2.0

3.0

4.0

5.0

6.0

7.0

1 2 3 4 5 6 7 8

SHA Contractor LSL USL Target



206 

 

 
Figure D.8. SHA Raw Data - Air Voids ï Sample 145-1. 

 
Figure D.9. SHA Raw Data - Air Voids ï Sample 151-1. 

 
Figure D.10. SHA Raw Data - Air Voids ï Sample 152-1. 
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Asphalt Binder Content (AC) 

SHA and Contractor results of percent AC of HMA are presented in Figure D.11 through 

Figure D.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. 

 
Figure D.11. SHA Raw Data ï Asphalt Binder Content ï Sample 1-1. 

 
Figure D.12. SHA Raw Data ï Asphalt Binder Content ï Sample 1-2. 
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Figure D.13. SHA Raw Data ï Asphalt Binder Content ï Sample 2-1. 

 
Figure D.14. SHA Raw Data ï Asphalt Binder Content ï Sample 16-1. 

 
Figure D.15. SHA Raw Data ï Asphalt Binder Content ï Sample 16-2. 
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Figure D.16. SHA Raw Data ï Asphalt Binder Content ï Sample 28-1. 

 
Figure D.17. SHA Raw Data ï Asphalt Binder Content ï Sample 30-1. 

 
Figure D.18. SHA Raw Data ï Asphalt Binder Content ï Sample 145-1. 
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Figure D.19. SHA Raw Data ï Asphalt Binder Content ï Sample 151-1. 

 
Figure D.20. SHA Raw Data ï Asphalt Binder Content ï Sample 151-2. 
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APPENDIX C. PROPOSED PRACTICE FOR VALIDATING CONTRACTOR TEST 

DATA  

The guidelines for use of recommended procedures for validating Contractor test results 

prepared as a deliverable of NCHRP Project 10-100 are in the form of a Proposed Practice 

in AASHTO format. The content is recommended by NCHRP Project 10-100 staff at the 

University of Nevada Reno. It has not been approved by NCHRP or any AASHTO 

committee nor formally accepted for adoption by AASHTO. 

AASHTO Designation: R xxï 

 

1. SCOPE 

1.1 Purpose ï 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 ï Stakeholders who should apply this guidance 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 resources ï An important resource on the use of Contractor data in 

acceptance decisions is the Federal Highway Administrationôs (FHWAôs) 

Technical Advisory T 6120.3 Use of Contractor Test Results in the Acceptance 

Decision, Recommended Quality Measures, and the Identification of 

Contractor/Department Risks (August 2, 2004) which provides the legal 

interpretation of Title 23 Code of Federal Regulations Part 637 Subpart B (23 CFR 

637B). Optimal Procedures for Quality Assurance Specifications (Burati et al, 

2002) and Transportation Research Circular Number E-C037, Glossary of 

Highway Quality Assurance Terms (2002), are other essential resources. Other 

important references are listed in Section 2. 
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1.4 Application of recommended procedures ï This guide is applicable to highway 

construction materials (e.g., asphalt concrete, portland cement concrete pavement, 

aggregate base) which are evaluated for quality through characteristics 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 time which precludes the 

ability to resample the material or make comparisons of material properties 

measured at different times.  

1.5 This guide does not provide recommendations regarding the selection of Quality 

Characteristics for acceptance decisions. 

1.6 This guide does 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.  

1.7 This guide does not provide guidance on Independent Assurance (IA) plans.  

 

2. REFERENCED DOCUMENTS 

2.1  AASHTO Standards and Publications 

Á R 9 Standard Recommended Practice for Acceptance Sampling Plans for 

Highway Construction - Verification, Statistical Tests, Process Verification 

Practices, F- and t- tests, Dispute Resolution, Dealing with Outlier Observations, 

Resampling and Retesting. 

Á R 10 Standard Recommended Practice Definitions of Terms Related to Quality 

and Statistics as Used in Highway Construction - Multiple Related Definitions. 

Á R 18 Standard Recommended Practice for Establishing and Implementing a 

Quality Management System for Construction Material Testing Labs - Dispute 

Resolution, Appeals.  

Á R 42 Standard Recommended Practice for Development of a Quality Assurance 

Plan for Hot Mix Asphalt - Dispute Resolution. 

Á R 44 Standard Recommended Practice for Independent Assurance (IA) - 

Comparison of Test Results, Split Samples, Disadvantage of D2S, Use of Paired 

t-test. 

2.2  ASTM Standard. 
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Á E 178 Standard Practice for Dealing with Outlying Observations. 

2.3  Others. 

Á NCHRP Research Report XXX (Project 10-100). 

Á FHWA-RD-02-095 Optimal Procedures for Quality Assurance Specifications - 

Quality Assurance Specifications and Risk Assessment. 

Á FHWA-HRT-04-046 Evaluation Procedures for Quality Assurance 

Specifications - Quality Assurance Considerations. 

 

3. TERMINOLOGY  

3.1 acceptance planðalso called ñacceptance sampling planò or ñstatistical acceptance 

planò.  An agreed-upon process for evaluating the acceptability of a lot of material. 

It includes defining lot size, frequency of sampling and testing, sampling methods, 

quality measures, acceptance limit(s), validation procedures, and pay adjustment 

provisions. 

3.2 acceptance sampling and testingðsampling and testing performed to evaluate 

acceptability of the final product.  

3.3 acceptance quality characteristic (AQC)ða quality characteristic that is measured 

and used to determine acceptability of a material or a constructed pay item. 

3.4 accredited laboratoriesðlaboratories that are recognized by a formal accrediting 

body as meeting quality system requirements including demonstrated competence 

to perform standard test procedures. 

3.5 accuracyðthe 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 between the observed 

measurements and an accepted reference value may be used to quantify the 

accuracy of the measurements. 

3.6 averageða measure of central value that usually refers to the arithmetic mean (ὼӶ). 

The mean, median, and mode are equal for a normal distribution. As a distribution 

becomes more skewed, the mean, median, and mode will differ more and more. 

3.7 certified technicianða technician certified by some organization as being 

proficient in performing certain duties. A certified technician is considered to be 
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qualified. A qualified technician may or may not be certified. See qualified 

technician. 

3.8 characteristicða measurable property of a material, product, or item of 

construction. 

3.9 coefficient of variation (COV)ðthe ratio of the standard deviation to the mean 

expressed as a percentage. It provides a measure of dispersion or spread relative to 

the mean. 

3.10 composite pay factorðalso called ñcombined pay factor or overall pay factor.ò A 

multiplication factor, often expressed as a percentage, that considers two or more 

quality characteristics and is used to determine the Contractorôs final payment for 

a unit of work.  

3.11 confidence intervalðan estimate of an interval in which the estimated parameter 

will lie for a predetermined probability (called the ñconfidence levelò).  

3.12 confidence levelðif a large number of confidence intervals are constructed, the 

proportion of time that the estimated parameter will lie within the interval. A 

confidence level is usually expressed as a percentage, typically ranging from 90 to 

99 percent. Confidence level = 1 ī ɻ.  

3.13 confidence limitsðthe end points of a confidence interval.  

3.14 conflict resolutionðsee dispute resolution. 

3.15 degrees of freedomðthe number of independent observations in a data set minus 

the number of population parameters to be estimated from the data set. 

3.16 dispute resolutionðalso called ñconflict resolutionò and ñreferee testing.ò A 

procedure used to decide for one side or the other when discrepancies occur 

between an SHAôs results and Contractorôs results that are of sufficient magnitude 

to impact payment. The procedure may, as an initial step, include the testing of 

independent or split samples and, as a final step, third-party arbitration. 

3.17 F-test (F-statistic)ða 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. 

3.18 Independent Assurance (IA)ðactivities that provide an independent verification 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. 

3.19 independent sampleða sample 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 samples, unlike those from split samples, each contain 

independent information reflecting all sources of variability, i.e., sampling, testing, 

materials, and construction.  

3.20 independent t-testða 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. 

3.21 level of significance (ɻ)ðthe probability of rejecting the null hypothesis when it is 

true. The level of significance is also referred to as the probability of a Type I error. 

3.22 lotða specific quantity of material from a single source that is assumed to be 

produced or placed by the same controlled process. 

3.23 meanðthe arithmetic average. ñὼ ò denotes the arithmetic average of a sample. ñ‘ò 

denotes the arithmetic average of a population.  

3.24 medianðThe 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 as many values above 

the median as below it in the data array. 

3.25 Monte Carlo simulationða simulation technique (usually performed by a 

computer) that uses random numbers to sample from probability distributions to 

produce hundreds or thousands of scenarios (called ñiterations,ò ñtrials,ò or ñrunsò). 

A complete Monte Carlo simulation thus uses each result from each individual 

iteration. 

3.26 normalityðthe state of being normally distributed or having a normal distribution. 

3.27 paired t-testðalso called ñt-test for paired measurements (samples).ò A statistical 

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 from zero. 
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3.28 pay adjustmentðthe actual amount, either in dollars or in dollars per 

area/weight/volume, that is to be added or subtracted to the Contractorôs bid price 

or unit bid price.  

3.29 pay adjustment schedule (for quality)ðalso called ñprice adjustment scheduleò or 

ñadjusted pay schedule.ò A pre-established schedule, in either tabular or equation 

form, for assigning pay factors associated with estimated quality levels of a given 

characteristic. Pay factors are usually expressed as percentages of the Contractorôs 

bid price per unit of work but may also be given as direct dollar amounts.  

3.30 pay adjustment systemðalso called ñprice adjustment systemò or ñadjusted pay 

system.ò All pay adjustment schedules, equations, and/or algorithms used to 

determine the 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 high/low quality.  

3.31 pay factor (PF)ða factor based on a single AQC, often expressed as a percentage, 

that is multiplied by the Contractorôs bid price for an item to determine the payment 

for a unit of work. 

3.32 percent defective (PD)ðthe percentage of the lot falling outside specification 

limits. [PD may refer to either the population value or the sample estimate of the 

population value.] 

3.33 percent within limits (PWL)ðthe percentage of the lot falling above a lower 

specification limit, beneath an upper specification limit, or between upper and 

lower specification limits. PWL = 100 ī PD. PWL may refer to either the 

population value or the sample estimate of the population value. The term ñpercent 

conformingò should not be used as a synonym for PWL. 

3.34 qualified technicianða 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. 

3.35 quality characteristicða product 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 characteristics used in acceptance specifications are 

typically selected because they: (a) relate to initial and long-term performance; (b) 

are quantifiable or measurable; and (c) can be measured with good repeatability. 
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3.36 resamplingðthe process of obtaining a new sample, if warranted, to replace the 

original sample for an individual sublot. [See retesting.] 

3.37 retestingðthe process of performing another test to confirm the initial test. 

Retesting should be performed using a second test portion or a specimen prepared 

from the same original sample. [See resampling.] 

3.38 sampleðalso called materials sample when intended to mean: (1) a small physical 

quantity of material or a measurement obtained in some manner so that the portion 

is representative of the whole, or (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 quality of the entire lot, or (2) the integer number of 

random material samples obtained from a sublot or lot. The context in which the 

word ñsampleò is used determines its meaning. For example, ñobtain a sample hereò 

could mean either obtain a physical quantity of material at this location or take a 

test (obtain a measurement) at this location, while ñthe sample size equaled 9ò 

would mean that a total of 9 individual material samples were obtained in a random 

manner and thus comprised the statistical sample of size n = 9. 

3.39 sample size (n) (referring to a statistical sample)ðthe 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 size (n), the greater the degree of 

confidence in inferences made about the population. 

3.40 split sampleða sample that has been divided 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 solely of testing variability. 

3.41 standard deviation (s)ða 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 results and dividing by 

the number of observations minus one. 

3.42 standard normal distributionða mathematical construct of a continuous 

probability distribution having a symmetrical, asymptotic bell-shaped curve that is 

fully defined by ɛ and ů, where ɛ = 0 and ů = 1, and for which the mean, median, 
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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 the z-score transformation. 

3.43 statisticsða branch of mathematics that deals with the collection, analysis, 

interpretation, and presentation of masses of numerical data. Statistics use 

mathematical theories of probability to impose order and regularity on the analysis 

of data. 

3.44 Studentôs t distributionða family of continuous sampling distributions employed 

in small sampling theory where the standard deviation is unknown. 

3.45 validationðthe 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 from 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. 

3.46 variance (s2)ða 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 observations minus one. Variance is equal to the standard 

deviation squared. 

3.47 verificationðthe 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 an Independent Assurance (IA) program or part of an acceptance 

program.  

 

 

4. PROCEDURES AND GUIDELINES FOR VALIDATING CONTRACTOR 

TEST DATA 

4.1 This practice refers to validation as the documented process used by an SHA to 

assess the reliability of Contractor data used to determine how well a material or 

construction meets the SHAôs project specification for acceptance. Validation is a 

required part of an SHAôs QA program when results from Contractor testing are 

used in acceptance decisions.  
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4.1.1  Acceptance decisions for a material or construction must be evaluated on a lot by 

lot as defined in the SHAôs QA program. 

4.1.2 The acceptance quality characteristics (AQCs) that are used to determine 

acceptability (i.e., compliance with the specifications) must be relevant to 

performance, encourage quality, and if multiple AQCs are used, they must not be 

interdependent such that there is a strong chance of double-jeopardy, 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 inter-relationships among these properties which 

increases the probability of additive penalties. Criteria for acceptance (i.e., 

specification limits) must be based on achievable limits. Each AQC for the lot of 

material must be evaluated independently. For example, if the materialôs 

acceptance is determined based on a composite pay factor using four 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 establish procedures regarding the security of samples (i.e., chain 

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 

SHA and Contractor test results depends on the SHAôs selected level of 

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 identify statistically 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 1 illustrates how the validation process is a key step within an SHAôs 

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 includes comparisons 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 includes three sources of variation, namely materials 
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variability, sampling variability, and testing variability, it can be challenging to 

determine if results obtained by an SHA and a Contractor from the same lot are 

statistically different. Therefore, this guide recommends 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 both independent and split 

samples are provided in Annex A. 

 

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 F- and t-tests, (3) secondary validation with paired t-tests, and (4) 

dispute resolution. Each step has a specific statistical procedure. The first step is 

to identify 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 primary 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 the F-test. The second part of step 2 is used to determine if the two data 

sets have similar means. The procedure used for the second part is the t-test. If the 

F-test and the t-test validate the Contractorôs data, the Contractorôs data should be 
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used to calculate the pay factor for that AQC. Otherwise, the process moves to 

step 3, secondary validation. This step uses the paired t-test on multiple split 

samples. If the secondary validation shows that the difference in means of results 

from split samples is statistically different from zero, then the Contractorôs results 

are not validated and the fourth 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. 

4.3.3 Sampling and Testing ï 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 for such purposes must be obtained in a random manner 

and in accordance with the appropriate standards such as AASHTO R 60, R 90, T 

23, and T 168. In order to adequately represent the lot, multiple samples are 

needed to estimate the AQCôs central tendency (i.e., mean) and dispersion (i.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 better estimates 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 productôs quality. In general, the frequency of testing should be set 

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.      

4.4  Description of Validation Steps 

4.4.1 Testing of Replicates - As 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 comparing the replicate results to the single-

operator acceptable range, i.e., Difference Two-Sigma (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 and variations that 

may affect subsequent steps in the acceptance decision process.  

4.4.2 Dealing with Outliers - Contractor and SHA data sets should be evaluated for 

potential outlier observations using an established statistically-valid method such 

as ASTM E 178 Standard Practice for Dealing with Outlying Observations. This 

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 level of significance for determining critical values. A simpler 

version of this method appropriate for identifying outliers in small data sets of 

materials test results is provided in Annex B. Possible causes for erroneous results 

could include mishandling of the 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 do not persist.  

4.4.3 Primary Validation - The first part of primary validation is a test of the hypothesis 

that the variabilities of the Contractor results and the SHA results for the lot (or 

combined lots) are the same. This hypothesis is evaluated with the F-test. 

Underlying assumptions of the F-test are that the samples are independent and the 

population is approximately normally distributed. Inputs needed to conduct an F-

test are the variances, s 2, of the Contractor results and the SHA results, the 

number of results, n, used to calculate those variances, and the level of 

significance, ɻ. The recommended value for ɻ is 0.05, which means that there is 

only a five percent chance that the hypothesis will be incorrectly rejected. 

Note 1 ï Since the calculation of the F-statistic and determining the critical 

value from a statistical table are easily coded, programs or spreadsheets are 

commonly used to conduct the F-test. When the number of SHA results is 

small (usually much smaller than the number of Contractor results), the power 

of the F-test is weak and relatively large differences between SHA and 

Contractor variances may not be significant. This is why combining data from 

consecutive lots is preferred over testing data with small numbers of results. 

4.4.3.1 The F-statistic is calculated as the ratio of the variances from the Contractor 

results and SHA results from the lot, or combined lots. 

Ὂ ίὸὥὸὭίὸὭὧ 
ί
ί

 

Where ί is the larger variance from either the Contractor results or the SHA 

results, and ί is the smaller of variance of the two. 

4.4.3.2 Obtain the F-critical value from an F table (Annex C, Table C.2, C.3, or C.4) at a 

level of Ŭ/2 and the degrees of freedom.  The degrees of freedom, ὨὪ, are the 

sample sizes minus 1;  

ὨὪ ὲ ρ  and  ὨὪ  ὲ ρ 
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Where ὲ is the number of samples corresponding to the larger variance, and ὲis 

the number of samples corresponding to the smaller variance.  

4.4.3.3 When F-statistic < F-critical, then the hypothesis is not rejected and it is 

concluded that the variabilities of the two data sets are not different. Otherwise, it 

is concluded that the variabilities of the two data sets are different. 

Note 2 ï When the variabilities are found to be different, the stakeholders 

should investigate why one of the sets of data has a 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 otherôs methods. Since the 

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. 

4.4.3.3 The second part of primary validation is testing the hypothesis that the means of 

the Contractor results and the SHA results are equal. Welchôs t-test (also known 

as the ñunequal variance t- testò) is recommended for comparing the means of the 

data sets. Welchôs t-statistic is calculated as follows: 

ὸ  
ὼӶ ὼӶ

ί
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4.4.3.4 Obtain the critical t-value from the t-table (Annex C, Table C.1) at a level of Ŭ/2 

and the estimated degrees of freedom, ὨὪᴂ, which is approximated as: 

ὨὪᴂ  
  

  

Note 3 ï The estimated degrees of freedom should be rounded down to the 

nearest integer since the degrees of freedom in t-tables are integers. 

4.4.3.5 When the absolute value of the t-statistic < t-critical, then the hypothesis is not 

rejected and it is concluded that the means of the SHAs results and the 

Contractorôs results are not different. Otherwise, it is concluded that the means of 

the SHAôs results and the Contractorôs results from independent samples are 

different. 
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4.4.3.6 If the F-test and Welchôs t-test indicate that the SHA results and Contractorôs 

results are not statistically different, then the Contractorôs results for the lot are 

validated. In this case, the determination of the lotôs acceptance for this AQC may 

proceed using the Contractorôs results.  

If either the F-test or Welchôs t-test indicate that the SHA results and Contractorôs 

results are statistically different, then the Contractorôs data fail the primary 

validation and the comparison should proceed to the secondary validation. 

4.4.4 Secondary Validation ï This comparison of SHA and Contractor results utilizes 

multiple split samples that are evaluated with the paired t-test. The paired t-test 

determines whether the average difference between pairs of results is statistically 

different from zero.  

Note 4 ï The paired t-test on split samples will only detect differences caused 

by testing variabilities of SHA and Contractor results. Since the results used in 

the paired t-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 paired t-test results indicate the data are similar, but Welchôs t-

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. On the other hand, if the 

paired t-test and Welchôs t-test both indicate that 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. 

4.4.4.1 The t-statistic for the paired t-test is: 

ὸ  
ȿὼӶȿ
ί
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Where ὼӶ is the average of the differences between the split sample test results, 

ί is the standard deviation of the differences between the split sample test 

results, and ὲ is the number of split samples. 

4.4.4.2 Obtain the critical t-value from the t-table (Annex C, Table C.1) at a level of Ŭ/2 

and (ὲ ρ) degrees of freedom. 
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4.4.4.3 When the paired t-statistic < t-critical, it is concluded that the means of the SHA 

results and the Contractorôs results are not statistically different and the 

Contractorôs results are validated by secondary assessment. In this case, the 

determination of the lotôs acceptance for this AQC may proceed using the 

Contractorôs results. 

When the paired t-statistic Ó t-critical, it is concluded that the means of the SHA 

results and the Contractorôs results are statistically different and the Contractorôs 

results fail the primary and secondary validation and the comparison may proceed 

to Referee Testing, also known as Dispute Resolution and Conflict Resolution.   

Note 5 ï 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 Contractor, then the cost 

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 not invoke Referee Testing, then the SHAôs results are used to determine 

the pay factor of the AQC for the lot in question. 

4.4.5 Dispute Resolution ς Dispute Resolution is a defined process used when 

Contractor results are not validated and it is necessary to determine whether the 

Contractorôs data or the SHAôs verification data are correct. Dispute Resolution 

often consists of Referee testing conducted by an accredited laboratory that is 

different (independent) from the SHA laboratory that conducted the verification 

testing. Often, the SHAôs central laboratory conducts Referee testing, but it may 

be another SHA laboratory or an independent, consultant laboratory 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 powerful statistical 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 paired t-test for analysis of multiple split samples. The 

example sampling plans in Annex A provide additional illustrations of the 

recommended Dispute Resolution process. 

4.4.5.1 Results of the Referee testing are compared to both the SHA results and the 

Contractor results using the paired t-test steps described in 4.5.4.1 and 4.5.4.2.  
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4.4.5.2 There are three possible outcomes of the paired t-test comparisons using the 

results of the Referee tests: 

1. The Referee test results are not significantly different than the SHA 

results, but are significantly different than the Contractorôs results. In other 

words, the Referee results favor the SHAôs results. In this case, the SHAôs 

results for the lot, excluding outliers, would be used to determine the pay 

factor for the AQC. 

2. The Referee test results are not significantly different than the 

Contractorôs results, but are significantly different that the SHA results. In 

other words, the Referee test results favor the Contractorôs results. In this 

case, all of the Contractorôs data for the lot, excluding outliers, would be 

used to determine the pay factor for the AQC. 

3. The Referee results are not significantly different than the Contractorôs 

AND the SHA results, OR the Referee results are significantly different 

than the Contractors results AND the SHA results. In either of these cases, 

the party whose paired t-test result yields the lowest p-value is the party 

whose results are considered validated. A statistics program or the Data 

Analysis ToolPak in Excel can be used to determine the p-values of the 

paired t-tests. 

 

ANNEX A ï RECOMMENDED SAMPLING PLANS  

This annex includes two optional sampling plans that provide efficient validation 

processes consistent with the preceding recommendations. The first case utilizes a 

minimum of six Contractor results per lot for each 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 tests. It is important to note 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 minimum of six samples and split each of them 

into three equal portions. Label the samples 1-A, 1-C, 1-R, 2-A, 2-C, 2-R 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 Contractor portion of 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 A1 ï The SHA must establish a policy for the security of validation 

and Referee sample portions (i.e., a chain of custody policy). All samples 

must be clearly labeled, securely sealed, and stored to avoid any concerns 

about sample integrity.  

A.1.2 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. 

A.1.3 The SHA randomly selects and tests at least three portions for validation. Three 

verification results are considered the minimum number to produce statistically 

valid results for the F- and t-tests. The results of the Contractor tests on portions 

corresponding to the SHA samples must be excluded from the F- and t-test 

statistical comparisons in the primary validation. As illustrated in Figure A.1,  
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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 Conduct an assessment of outliers among the SHA results and the Contractor 

results. A simple outlier detection procedure is provided in Annex B.  

A.1.4.1 If an outlier is detected in either set, then an investigation must be conducted to 

determine the probable cause(s) of the outlying data. The cause(s) must be 

corrected for subsequent sampling and testing. 

Note A4 ï 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 its QA plan. A second option exists when more than six 

samples were obtained in the initial sampling of the lot as described in 

A.1.1. If the outlier result is from the Contractorôs data, and seven or more 

samples were taken in the original sampling plan for the lot, then the 

Contractor data set will still have at least three independent test results after 

excluding samples used for validation. If the outlier result is from the SHAôs 

data, then the SHA could elect to randomly select and test one of the other 

original sample potions and the Contractorôs result on the corresponding 

portion must be excluded from the primary validation analysis.   

A.1.4.2 If no outlier results are detected, then validation analysis of the Contractorôs 

data proceeds.  

A.1.5 Primary Validation - 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 with the F-test. Inputs 

required for the F-test are the variances, s 2, of the Contractor results and the 

SHA results, the number of results, n, used to calculate those variances, and the 

level of significance, ɻ. The recommended value for ɻ is 0.05. 

A.1.5.1  The F-statistic is calculated as the ratio of the variances from the Contractor 

results and SHA results from the lot. 

Ὂ ίὸὥὸὭίὸὭὧ 
ί
ί

 

Where ί is the larger variance from either the Contractor results or the SHA 

results, and ί is the smaller of variance of the two. 
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A.1.5.2 The F-critical value is obtained from an F table (Table C.2, C.3, or C.4 in 

Annex C) based on the degrees of freedom and the selected level of 

significance.  The degrees of freedom, ὨὪ, are the sample sizes minus 1: 

ὨὪ ὲ ρ  and  ὨὪ  ὲ ρ 

Where ὲ is the number of samples corresponding to the larger variance, and ὲ 

is the number of samples corresponding to the smaller variance.  

A.1.5.3 When F-statistic Ó F-critical, it is concluded 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. 

A.1.5.4 The second part of the primary validation is a statistical comparison of the 

means of the Contractor results and the SHA results. The statistical comparison 

of means is evaluated using Welchôs t-test. Inputs required for Welchôs t-test are 

the means, ὼӶ, of the Contractor results and the SHA results, the variances, si 2, 

of the Contractor results and the SHA results, the number of results for each set, 

ni, and the level of significance, ɻ. The recommended value for ɻ is 0.05. 

A.1.5.5 Welchôs t-statistic is calculated as follows:  

ὸ  
ὼӶ ὼӶ

ί
ὲ  

ί
ὲ

 

A.1.5.6 The t-critical value is obtained from Table C.1 in Annex C at a level of Ŭ/2 

based on the estimated degrees of freedom, ὨὪᴂ, which is approximated as 

follows: 

ὨὪᴂ  
  

  

Round down the estimated degrees of freedom to the nearest integer. 

A.1.5.7 When the absolute value of Welchôs |t-statistic| > t-critical, then the means of 

the SHA results and the Contractorôs results are statistically different. 
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A.1.5.8 If both the F-test and Welchôs t-test indicate that the SHA results and the 

Contractor results are not statistically different (i.e., the data sets are from the 

same population), the Contractorôs data are considered ñvalidated by primary 

assessmentò and all of the Contractorôs results (excluding outlier data) are used 

to determine the pay factor for this AQC.  

A.1.5.9 If either the F-test or Welchôs t-test indicates that the Contractor results and the 

SHA results are statistically different, then the Contractorôs data are not 

validated by the primary assessment and the process moves into Secondary 

Validation. 

A.1.6 Secondary Validation - When the Contractorôs data are not validated by the 

primary assessment, the next step is to compare SHA results and the Contractor 

results from the same samples (i.e., the split portions) using the paired t-test. As 

illustrated in Figure A.1, the secondary validation would compare the results of 

1-A to 1-C, 3-A to 3-C, and 6-A to 6-C. The paired t-test is used to determine if 

the average difference between these pairs of results is statistically different 

from zero. 

A.1.6.1 The t-statistic for the paired t-test is: 

ὸ  
ȿὼӶȿ
ί

Ѝὲ

 

Where ὼӶ is the average of the differences between the split sample test results, 

ί is the standard deviation of the differences between the split sample test 

results, and ὲ is the number of split samples. 

A.1.6.2  The critical t-value is obtained from Table C.1 in Annex C at a level of Ŭ/2 and 

(ὲ ρ) degrees of freedom. 

A.1.6.3 When the paired t-statistic > t-critical, the means of the SHA results and the 

Contractorôs results are statistically different and the process should proceed to 

Dispute Resolution. Otherwise, the Contractorôs data are considered ñvalidated 

by secondary assessmentò and all of the Contractorôs results (excluding outlier 

data) are used to calculate the pay factor for this AQC. 

A.1.7 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 validation and tested by the Contractor in Section 
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A.1.2. The results of the Referee tests are compared to the SHA validation 

results and the Contractorôs results on the splits from the same samples. Two 

paired t-tests are conducted. One of the paired t-tests is used 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 1-R and 1-A, between 3-R and 3-A, and between 6-R and 6-A. The 

second paired t-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 paired t-test would examine the differences between 

1-R and 1-C, between 3-R and 3-C, and between 6-R and 6-C. 

A.1.7.1 The paired t-test statistic and critical values for the Referee - SHA pairs and the 

Referee - Contractor pairs are determined following the same steps described in 

A.1.6.1 and A.1.6.2.  

A.1.7.2 The three possible outcomes of the Dispute Resolution paired t-tests 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 Contractor results are significantly different than zero. In 

other words, the Referee results agree the SHAôs results, but not the 

Contractor results. In this case, the SHAôs results would be used to 

determine the pay factor for the AQC. 

2. The difference between the Referee 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 

than zero. In other words, the Referee results agree the Contractorôs 

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 

Contractorôs or the SHAôs results, OR the Referee results agree with 

both the Contractorôs results AND the SHA results. In either of these 

cases, the party whose paired t-test result yields the lowest p-value is the 

party whose results are considered validated and that partyôs data are 

used to determine the pay factor for the AQC. 
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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 is insufficient for proper validation using F- and t-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) are combined to form a larger 

ñvalidationò lot that includes at least three validation results. CVL 1 includes 

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 CVL process 

continues as long as the validation process confirms the Contractorôs data. See 

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 samples 1-1-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 split, and 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 A5 ï The SHA must establish a policy for the security of validation 

and Referee sample portions (i.e., a 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. This will yield at 

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 randomly selects sample 1-1-A from lot 1, 

for validation, then the Contractorôs results used in the primary validation 

testing would exclude results from sample 1-1-C. Therefore, the Contractorôs 

results used in the primary validation would be results from 1-2-C, 1-3-C, and 

1-4-C. 
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Note A6 ï Since the Contractorôs and SHAôs results from the same split 

sample are not used in the primary validation (F- and t-tests), this satisfies 

the 23 CFR 637B requirement that verification testing be conducted on 

independent samples. To reduce risk on the initiation of a new CVL, the 

SHA may choose to select a total of three samples from the first two lots so 

that the first two lots can be validated, then use only one validation sample 

in lots 2 and 3 to form the first CVL. This will provide additional assurance 

that the material or construction meets the specification at the start of the 

work.  
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Figure A.2 Illustration of the Cumulative Validation Lot Approach 
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A.2.3 When the SHA has completed testing of three consecutive lots, an outlier 

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 cause(s) 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 sample portions and the Contractorôs 

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 the Contractorôs data set for the CVL contains at least eight 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 least 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 the SHA results for the lot are 

the same. This hypothesis is evaluated with the F-test. Inputs needed to conduct 

an F-test are the variances, s 2, of the Contractor results and the SHA results, the 

number of results, n, used to calculate those variances, and the level of 

significance, ɻ. The recommended value for Ŭ is 0.05, which means that there is 

only a five percent chance that the hypothesis will be incorrectly rejected. 

A.2.4.2 The F-statistic is calculated as the ratio of the variances from the Contractor 

results and SHA results from the lot, or combined lots. 

 Ὂ ίὸὥὸὭίὸὭὧ 
ί
ί

 

Where ί is the larger variance from either the Contractor results or the SHA 

results, and ί is the smaller of variance of the two. 

A.2.4.3 The F-critical value is obtained from the F- table in Annex C, based on the 

degrees of freedom and the selected level of significance. The degrees of 

freedom, ὨὪ, are the sample sizes minus 1; 

ὨὪ ὲ ρ  and  ὨὪ  ὲ ρ 



237 

 

Where ὲ is the number of samples corresponding to the larger variance, and ὲ 

is the number of samples corresponding to the smaller variance.  

A.2.4.4 When F-statistic Ó F-critical, it is concluded that the variabilities of the 

Contractor data and SHA data are different. The stakeholders 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 comparison 

of means is evaluated using Welchôs t-test. Inputs required for Welchôs t-test are 

the means, ὼӶ, of the Contractor results and the SHA results, the variances, si 2, 

of the Contractor results and the SHA results, the number of results for each set, 

ni, and the level of significance, ɻ. The recommended value for ɻ is 0.05. 

A.2.4.6 Welchôs t-statistic is calculated as follows:  

ὸ  
ὼӶ ὼӶ

ί
ὲ  

ί
ὲ

 

A.2.4.7 The t-critical value is obtained from the Table C.1 in Annex C at a level of Ŭ/2 

based on the estimated degrees of freedom, ὨὪᴂ, which is approximated as 

follows: 

ὨὪᴂ  
  

  

 Round down the estimated degrees of freedom to the nearest integer. 

A.2.4.8 When the absolute value of Welchôs t-statistic > t-critical, then the means of the 

SHA results and the Contractorôs results are statistically different. 

A.2.4.9 If both the F-test and Welchôs t-test indicate that the SHA results and the 

Contractor results are not statistically different (i.e., the data sets are from the 

same population), the Contractorôs data from the entire CVL are considered 

ñaccepted by Primary Validationò and the Contractorôs results (excluding outlier 

data) corresponding to each lot are used to calculate the pay factor for this AQC. 

For example, if CVL 1 is validated, then the Contractorôs results from lot 1 are 
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used to determine the pay factor for lot 1, the Contractorôs results from lot 2 are 

used to determine the pay factor for lot 2, and so on. 

A.2.4.10 If either the F-test or Welchôs t-test indicates that the Contractor results and the 

SHA results are statistically different, then the Contractorôs data are not 

accepted by Primary Validation and the process moves into Secondary 

Validation. 

A.2.5 Secondary Validation - When the Contractorôs data are not validated by the 

primary assessment, the next step is to compare SHA results and the Contractor 

results from the same samples (i.e., the split portions) using a paired t-test. 

A.2.5.1 The Contractor tests the split portions of the three SHA verification samples 

from the CVL (e.g., 1-1-C, 2-3-C, and 3-2-C, as illustrated in Figure A.2).  

A.2.5.2 The paired t-test is used to determine if the average difference between the pairs 

of results (e.g., 1-1-A  ╖  1-1-C) is statistically different from zero. The t-statistic 

for the paired t-test is: 

ὸ  
ȿὼӶȿ
ί

Ѝὲ

 

Where ὼӶ is the average of the differences between the split sample test results, 

ί is the standard deviation of the differences between the split sample test 

results, and n is the number of split samples. 

A.2.5.3  The critical t-value is obtained from Table C.1 in Annex C at a level of Ŭ/2 and 

(n-1) degrees of freedom. 

A.2.5.4 When the paired t-statistic > t-critical, the means of the SHA results and the 

Contractorôs results are statistically different and the process should proceed to 

Dispute Resolution. Otherwise, the Contractorôs data are considered ñvalidated 

by secondary assessmentò and all of the Contractorôs results (excluding outlier 

data) are used to calculate the pay factor for this AQC. 

A.2.6 Dispute Resolution - The recommended process for Dispute Resolution 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 A7 ï If a CVL is not validated through the entire validation process, 

then only the latest lot added to the CVL is considered not validated. For 

example, if the Contractorôs results of CVL 1, i.e., results from lot 1, lot 2, 

and lot 3, were validated, and the Contractorôs results of CVL 2, i.e., results 

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 

results from lot 2, lot 3, and lot 4. 

A.2.7 Restarting the CVL ï 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 would start with lot 

4 and include lots 5 and 6. 

 

ANNEX B ï PROCEDURE FOR DETERMINING STATISTICAL OUTLIERS  

This procedure was developed by the Maine Department of Transportation. It is adapted 

from ASTM E 178 Dealing with Outlying Observations. 

Scope: This procedure deals with identifying outlying observations in sets of at least 

three results. 

Definition: An outlying observation, or ñoutlier,ò is one that appears to deviate markedly 

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 variability 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 case 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 a 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 corrected value used as the test result. 



240 

 

Step 2. If no reason is found for the outlier, the following calculation procedure should be 

used. 

Calculation Procedure - This procedure is based on a ñtwo tail t-testò with level of 

significance (ɻ) of 5%.  The two-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 average (ὼ) and standard deviation (s) of the results in 

the sample set (e.g., lot). 

2. Find the critical t value ótcritô from Table B.1 using the total number of 

samples (n) in the sample set. 

3. Determine D, the total allowable deviation on either side of ὼ, by multiplying 

ótcritô by s. 

4. Establish values for MAX and MIN by adding and subtracting D to and from 

ὼ. 

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? 

Sample  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 = 8  

ὼ  = 92.9 

s = 1.49 

tcrit = 2.126 (from Table B.1) 

D = tcrit × s = 2.126 × 1.49 = 3.17  

MAX = ὼ  + D = 92.9 + 3.17 = 96.07% 

MIN =  ὼ ï D = 92.9 ï 3.17 = 89.73% 

Since Sample 1 is 89.5%, which 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 results were obtained.  Is one an outlier? 

Sample Air Voids, % 

1  5.2  

2  5.2  

3  6.6  

 

Calculations 

n = 3   

ὼ  = 5.7  

s = 0.81  

tcrit = 1.155 (from Table B.1) 

D = tcrit × s = 1.155 × 0.81 = 0.94  

MAX =   ὼ+ D = 5.7 + 0.94 = 6.64% 
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MIN =  ὼ - D = 5.7 ï 0.94 = 4.76% 

Since Sample 3 is 6.6%, which 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 tcrit 

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 2.412 

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 C ï STATISTICAL TABLES  

Table C.1. Critical Values, tcrit, for the t-test for multiple levels of significance (Two-Tail) * 
              Two tail h , 

deg. of freedom 
Ŭ = 0.01 Ŭ = 0.025 Ŭ = 0.05 Ŭ = 0.10 

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 Excel (T.INV.2T) function.  
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Table C.2. Critical Values, Fcrit, for the F-test for a level of significance, Ŭ = 0.01 (Two-Tail) *  
 Degrees of Freedom for numerator 

 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

D
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d
e
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1 16211 20000 21615 22500 23056 23437 23715 23925 24091 24224 24334 24426 24505 24572 24630 

2 198.5 199.0 199.2 199.2 199.3 199.3 199.4 199.4 199.4 199.4 199.4 199.4 199.4 199.4 199.4 

3 55.55 49.80 47.47 46.19 45.39 44.84 44.43 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 15.56 14.94 14.51 14.20 13.96 13.77 13.62 13.49 13.38 13.29 13.21 13.15 

6 18.63 14.54 12.92 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 14.69 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 7.34 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 8.51 7.23 6.52 6.07 5.76 5.52 5.35 5.20 5.09 4.99 4.91 4.84 4.77 4.72 

13 11.37 8.19 6.93 6.23 5.79 5.48 5.25 5.08 4.94 4.82 4.72 4.64 4.57 4.51 4.46 

14 11.06 7.92 6.68 6.00 5.56 5.26 5.03 4.86 4.72 4.60 4.51 4.43 4.36 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 10.58 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 

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 

18 10.22 7.21 6.03 5.37 4.96 4.66 4.44 4.28 4.14 4.03 3.94 3.86 3.79 3.73 3.68 

19 10.07 7.09 5.92 5.27 4.85 4.56 4.34 4.18 4.04 3.93 3.84 3.76 3.70 3.64 3.59 

20 9.94 6.99 5.82 5.17 4.76 4.47 4.26 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 4.68 4.39 4.18 4.01 3.88 3.77 3.68 3.60 3.54 3.48 3.43 

22 9.73 6.81 5.65 5.02 4.61 4.32 4.11 3.94 3.81 3.70 3.61 3.54 3.47 3.41 3.36 

23 9.63 6.73 5.58 4.95 4.54 4.26 4.05 3.88 3.75 3.64 3.55 3.47 3.41 3.35 3.30 

24 9.55 6.66 5.52 4.89 4.49 4.20 3.99 3.83 3.69 3.59 3.50 3.42 3.35 3.30 3.25 

25 9.48 6.60 5.46 4.84 4.43 4.15 3.94 3.78 3.64 3.54 3.45 3.37 3.30 3.25 3.20 

26 9.41 6.54 5.41 4.79 4.38 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 4.74 4.34 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 4.70 4.30 4.02 3.81 3.65 3.52 3.41 3.32 3.25 3.18 3.12 3.07 

29 9.23 6.40 5.28 4.66 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 5.24 4.62 4.23 3.95 3.74 3.58 3.45 3.34 3.25 3.18 3.11 3.06 3.01 

40 8.83 6.07 4.98 4.37 3.99 3.71 3.51 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 5.79 4.73 4.14 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 5.72 4.66 4.08 3.70 3.43 3.23 3.08 2.95 2.85 2.76 2.68 2.62 2.56 2.51 

80 8.33 5.67 4.61 4.03 3.65 3.39 3.19 3.03 2.91 2.80 2.72 2.64 2.58 2.52 2.47 

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 2.41 

110 8.21 5.56 4.52 3.94 3.57 3.30 3.11 2.95 2.83 2.72 2.64 2.56 2.50 2.44 2.39 

120 8.18 5.54 4.50 3.92 3.55 3.28 3.09 2.93 2.81 2.71 2.62 2.54 2.48 2.42 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 Excel (F.INV) function.  
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Table C.3. Critical Values, Fcrit, for the F-test for a level of significance, Ŭ = 0.025 (Two-Tail) *  
Degrees of Freedom for numerator 

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
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1 2593 3200 3458 3600 3689 3750 3794 3828 3854 3876 3893 3908 3920 3931 3941 

2 78.5 79.0 79.2 79.2 79.3 79.3 79.4 79.4 79.4 79.4 79.4 79.4 79.4 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 8.95 8.90 8.85 8.81 

6 12.40 9.93 8.91 8.35 8.00 7.75 7.56 7.42 7.31 7.22 7.14 7.08 7.02 6.98 6.94 

7 11.12 8.74 7.77 7.22 6.88 6.64 6.46 6.32 6.21 6.12 6.05 5.99 5.93 5.89 5.85 

8 10.28 7.96 7.02 6.49 6.15 5.92 5.74 5.61 5.50 5.41 5.34 5.28 5.23 5.18 5.14 

9 9.68 7.42 6.49 5.98 5.65 5.41 5.24 5.11 5.00 4.92 4.85 4.79 4.73 4.69 4.65 

10 9.23 7.01 6.10 5.60 5.27 5.04 4.88 4.74 4.64 4.56 4.48 4.42 4.37 4.33 4.29 

11 8.89 6.70 5.81 5.31 4.99 4.76 4.60 4.47 4.36 4.28 4.21 4.15 4.10 4.05 4.01 

12 8.61 6.45 5.57 5.08 4.76 4.54 4.37 4.25 4.14 4.06 3.99 3.93 3.88 3.83 3.80 

13 8.39 6.26 5.38 4.90 4.58 4.36 4.20 4.07 3.97 3.88 3.81 3.75 3.70 3.66 3.62 

14 8.20 6.09 5.23 4.74 4.43 4.21 4.05 3.92 3.82 3.74 3.67 3.61 3.56 3.51 3.48 

15 8.05 5.95 5.10 4.62 4.31 4.09 3.93 3.80 3.70 3.62 3.55 3.49 3.44 3.39 3.36 

16 7.91 5.83 4.98 4.51 4.20 3.98 3.82 3.70 3.60 3.51 3.44 3.39 3.33 3.29 3.25 

17 7.80 5.73 4.89 4.42 4.11 3.89 3.73 3.61 3.51 3.42 3.36 3.30 3.25 3.20 3.16 

18 7.70 5.65 4.80 4.33 4.03 3.82 3.65 3.53 3.43 3.35 3.28 3.22 3.17 3.13 3.09 

19 7.61 5.57 4.73 4.26 3.96 3.75 3.59 3.46 3.36 3.28 3.21 3.15 3.10 3.06 3.02 

20 7.53 5.50 4.67 4.20 3.90 3.69 3.53 3.40 3.30 3.22 3.15 3.09 3.04 3.00 2.96 

21 7.46 5.44 4.61 4.15 3.84 3.63 3.47 3.35 3.25 3.17 3.10 3.04 2.99 2.94 2.91 

22 7.40 5.38 4.56 4.10 3.79 3.58 3.42 3.30 3.20 3.12 3.05 2.99 2.94 2.90 2.86 

23 7.34 5.33 4.51 4.05 3.75 3.54 3.38 3.26 3.16 3.08 3.01 2.95 2.90 2.85 2.82 

24 7.29 5.29 4.47 4.01 3.71 3.50 3.34 3.22 3.12 3.04 2.97 2.91 2.86 2.82 2.78 

25 7.24 5.25 4.43 3.97 3.67 3.46 3.31 3.18 3.08 3.00 2.93 2.87 2.82 2.78 2.74 

26 7.20 5.21 4.40 3.94 3.64 3.43 3.27 3.15 3.05 2.97 2.90 2.84 2.79 2.75 2.71 

27 7.16 5.18 4.36 3.91 3.61 3.40 3.24 3.12 3.02 2.94 2.87 2.81 2.76 2.72 2.68 

28 7.13 5.15 4.33 3.88 3.58 3.37 3.22 3.09 2.99 2.91 2.84 2.79 2.74 2.69 2.65 

29 7.09 5.12 4.31 3.85 3.56 3.35 3.19 3.07 2.97 2.89 2.82 2.76 2.71 2.67 2.63 

30 7.06 5.09 4.28 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 4.90 4.10 3.66 3.36 3.16 3.00 2.88 2.78 2.70 2.63 2.57 2.52 2.48 2.44 

50 6.71 4.79 4.00 3.56 3.27 3.06 2.91 2.78 2.69 2.61 2.54 2.48 2.43 2.38 2.34 

60 6.63 4.72 3.93 3.49 3.20 3.00 2.84 2.72 2.63 2.54 2.48 2.42 2.37 2.32 2.28 

70 6.57 4.67 3.89 3.45 3.16 2.96 2.80 2.68 2.58 2.50 2.43 2.37 2.32 2.28 2.24 

80 6.53 4.63 3.85 3.41 3.13 2.92 2.77 2.65 2.55 2.47 2.40 2.34 2.29 2.25 2.21 

90 6.50 4.60 3.83 3.39 3.10 2.90 2.74 2.62 2.53 2.44 2.38 2.32 2.27 2.22 2.18 

100 6.47 4.58 3.80 3.37 3.08 2.88 2.72 2.60 2.51 2.43 2.36 2.30 2.25 2.20 2.16 

110 6.45 4.56 3.79 3.35 3.07 2.86 2.71 2.59 2.49 2.41 2.34 2.28 2.23 2.19 2.15 

120 6.43 4.55 3.77 3.34 3.05 2.85 2.70 2.58 2.48 2.40 2.33 2.27 2.22 2.17 2.13 

 6.24 4.38 3.62 3.19 2.91 2.71 2.56 2.44 2.34 2.26 2.19 2.13 2.08 2.03 1.99 

*Table generated using MS Excel (F.INV) function.  
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Table C.4. Critical Values, Fcrit, for the F-test for a level of significance, Ŭ = 0.05 (Two-Tail) *  
Degrees of Freedom for numerator 

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
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1 648 799 864 900 922 937 948 957 963 969 973 977 980 983 985 

2 38.5 39.0 39.2 39.2 39.3 39.3 39.4 39.4 39.4 39.4 39.4 39.4 39.4 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 10.01 8.43 7.76 7.39 7.15 6.98 6.85 6.76 6.68 6.62 6.57 6.52 6.49 6.46 6.43 

6 8.81 7.26 6.60 6.23 5.99 5.82 5.70 5.60 5.52 5.46 5.41 5.37 5.33 5.30 5.27 

7 8.07 6.54 5.89 5.52 5.29 5.12 4.99 4.90 4.82 4.76 4.71 4.67 4.63 4.60 4.57 

8 7.57 6.06 5.42 5.05 4.82 4.65 4.53 4.43 4.36 4.30 4.24 4.20 4.16 4.13 4.10 

9 7.21 5.71 5.08 4.72 4.48 4.32 4.20 4.10 4.03 3.96 3.91 3.87 3.83 3.80 3.77 

10 6.94 5.46 4.83 4.47 4.24 4.07 3.95 3.85 3.78 3.72 3.66 3.62 3.58 3.55 3.52 

11 6.72 5.26 4.63 4.28 4.04 3.88 3.76 3.66 3.59 3.53 3.47 3.43 3.39 3.36 3.33 

12 6.55 5.10 4.47 4.12 3.89 3.73 3.61 3.51 3.44 3.37 3.32 3.28 3.24 3.21 3.18 

13 6.41 4.97 4.35 4.00 3.77 3.60 3.48 3.39 3.31 3.25 3.20 3.15 3.12 3.08 3.05 

14 6.30 4.86 4.24 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 6.20 4.77 4.15 3.80 3.58 3.41 3.29 3.20 3.12 3.06 3.01 2.96 2.92 2.89 2.86 

16 6.12 4.69 4.08 3.73 3.50 3.34 3.22 3.12 3.05 2.99 2.93 2.89 2.85 2.82 2.79 

17 6.04 4.62 4.01 3.66 3.44 3.28 3.16 3.06 2.98 2.92 2.87 2.82 2.79 2.75 2.72 

18 5.98 4.56 3.95 3.61 3.38 3.22 3.10 3.01 2.93 2.87 2.81 2.77 2.73 2.70 2.67 

19 5.92 4.51 3.90 3.56 3.33 3.17 3.05 2.96 2.88 2.82 2.76 2.72 2.68 2.65 2.62 

20 5.87 4.46 3.86 3.51 3.29 3.13 3.01 2.91 2.84 2.77 2.72 2.68 2.64 2.60 2.57 

21 5.83 4.42 3.82 3.48 3.25 3.09 2.97 2.87 2.80 2.73 2.68 2.64 2.60 2.56 2.53 

22 5.79 4.38 3.78 3.44 3.22 3.05 2.93 2.84 2.76 2.70 2.65 2.60 2.56 2.53 2.50 

23 5.75 4.35 3.75 3.41 3.18 3.02 2.90 2.81 2.73 2.67 2.62 2.57 2.53 2.50 2.47 

24 5.72 4.32 3.72 3.38 3.15 2.99 2.87 2.78 2.70 2.64 2.59 2.54 2.50 2.47 2.44 

25 5.69 4.29 3.69 3.35 3.13 2.97 2.85 2.75 2.68 2.61 2.56 2.51 2.48 2.44 2.41 

26 5.66 4.27 3.67 3.33 3.10 2.94 2.82 2.73 2.65 2.59 2.54 2.49 2.45 2.42 2.39 

27 5.63 4.24 3.65 3.31 3.08 2.92 2.80 2.71 2.63 2.57 2.51 2.47 2.43 2.39 2.36 

28 5.61 4.22 3.63 3.29 3.06 2.90 2.78 2.69 2.61 2.55 2.49 2.45 2.41 2.37 2.34 

29 5.59 4.20 3.61 3.27 3.04 2.88 2.76 2.67 2.59 2.53 2.48 2.43 2.39 2.36 2.32 

30 5.57 4.18 3.59 3.25 3.03 2.87 2.75 2.65 2.57 2.51 2.46 2.41 2.37 2.34 2.31 

40 5.42 4.05 3.46 3.13 2.90 2.74 2.62 2.53 2.45 2.39 2.33 2.29 2.25 2.21 2.18 

50 5.34 3.97 3.39 3.05 2.83 2.67 2.55 2.46 2.38 2.32 2.26 2.22 2.18 2.14 2.11 

60 5.29 3.93 3.34 3.01 2.79 2.63 2.51 2.41 2.33 2.27 2.22 2.17 2.13 2.09 2.06 

70 5.25 3.89 3.31 2.97 2.75 2.59 2.47 2.38 2.30 2.24 2.18 2.14 2.10 2.06 2.03 

80 5.22 3.86 3.28 2.95 2.73 2.57 2.45 2.35 2.28 2.21 2.16 2.11 2.07 2.03 2.00 

90 5.20 3.84 3.26 2.93 2.71 2.55 2.43 2.34 2.26 2.19 2.14 2.09 2.05 2.02 1.98 

100 5.18 3.83 3.25 2.92 2.70 2.54 2.42 2.32 2.24 2.18 2.12 2.08 2.04 2.00 1.97 

110 5.16 3.82 3.24 2.90 2.68 2.53 2.40 2.31 2.23 2.17 2.11 2.07 2.02 1.99 1.96 

120 5.15 3.80 3.23 2.89 2.67 2.52 2.39 2.30 2.22 2.16 2.10 2.05 2.01 1.98 1.94 

 5.03 3.69 3.12 2.79 2.57 2.41 2.29 2.19 2.11 2.05 1.99 1.95 1.90 1.87 1.83 

*Table generated using MS Excel (F.INV) function. 
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Table C.5. Critical Values, Fcrit, for the F-test for a level of significance, Ŭ = 0.1 (Two-Tail) *  
Degrees of Freedom for numerator 
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1 161 200 216 225 230 234 237 239 241 242 243 244 245 245 246 

2 18.5 19.0 19.2 19.2 19.3 19.3 19.4 19.4 19.4 19.4 19.4 19.4 19.4 19.4 19.4 

3 10.13 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.81 8.79 8.76 8.74 8.73 8.71 8.70 

4 7.71 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00 5.96 5.94 5.91 5.89 5.87 5.86 

5 6.61 5.79 5.41 5.19 5.05 4.95 4.88 4.82 4.77 4.74 4.70 4.68 4.66 4.64 4.62 

6 5.99 5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.10 4.06 4.03 4.00 3.98 3.96 3.94 

7 5.59 4.74 4.35 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 5.32 4.46 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 5.12 4.26 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 4.96 4.10 3.71 3.48 3.33 3.22 3.14 3.07 3.02 2.98 2.94 2.91 2.89 2.86 2.85 

11 4.84 3.98 3.59 3.36 3.20 3.09 3.01 2.95 2.90 2.85 2.82 2.79 2.76 2.74 2.72 

12 4.75 3.89 3.49 3.26 3.11 3.00 2.91 2.85 2.80 2.75 2.72 2.69 2.66 2.64 2.62 

13 4.67 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 4.60 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 4.54 3.68 3.29 3.06 2.90 2.79 2.71 2.64 2.59 2.54 2.51 2.48 2.45 2.42 2.40 

16 4.49 3.63 3.24 3.01 2.85 2.74 2.66 2.59 2.54 2.49 2.46 2.42 2.40 2.37 2.35 

17 4.45 3.59 3.20 2.96 2.81 2.70 2.61 2.55 2.49 2.45 2.41 2.38 2.35 2.33 2.31 

18 4.41 3.55 3.16 2.93 2.77 2.66 2.58 2.51 2.46 2.41 2.37 2.34 2.31 2.29 2.27 

19 4.38 3.52 3.13 2.90 2.74 2.63 2.54 2.48 2.42 2.38 2.34 2.31 2.28 2.26 2.23 

20 4.35 3.49 3.10 2.87 2.71 2.60 2.51 2.45 2.39 2.35 2.31 2.28 2.25 2.22 2.20 

21 4.32 3.47 3.07 2.84 2.68 2.57 2.49 2.42 2.37 2.32 2.28 2.25 2.22 2.20 2.18 

22 4.30 3.44 3.05 2.82 2.66 2.55 2.46 2.40 2.34 2.30 2.26 2.23 2.20 2.17 2.15 

23 4.28 3.42 3.03 2.80 2.64 2.53 2.44 2.37 2.32 2.27 2.24 2.20 2.18 2.15 2.13 

24 4.26 3.40 3.01 2.78 2.62 2.51 2.42 2.36 2.30 2.25 2.22 2.18 2.15 2.13 2.11 

25 4.24 3.39 2.99 2.76 2.60 2.49 2.40 2.34 2.28 2.24 2.20 2.16 2.14 2.11 2.09 

26 4.23 3.37 2.98 2.74 2.59 2.47 2.39 2.32 2.27 2.22 2.18 2.15 2.12 2.09 2.07 

27 4.21 3.35 2.96 2.73 2.57 2.46 2.37 2.31 2.25 2.20 2.17 2.13 2.10 2.08 2.06 

28 4.20 3.34 2.95 2.71 2.56 2.45 2.36 2.29 2.24 2.19 2.15 2.12 2.09 2.06 2.04 

29 4.18 3.33 2.93 2.70 2.55 2.43 2.35 2.28 2.22 2.18 2.14 2.10 2.08 2.05 2.03 

30 4.17 3.32 2.92 2.69 2.53 2.42 2.33 2.27 2.21 2.16 2.13 2.09 2.06 2.04 2.01 

40 4.08 3.23 2.84 2.61 2.45 2.34 2.25 2.18 2.12 2.08 2.04 2.00 1.97 1.95 1.92 

50 4.03 3.18 2.79 2.56 2.40 2.29 2.20 2.13 2.07 2.03 1.99 1.95 1.92 1.89 1.87 

60 4.00 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 3.98 3.13 2.74 2.50 2.35 2.23 2.14 2.07 2.02 1.97 1.93 1.89 1.86 1.84 1.81 

80 3.96 3.11 2.72 2.49 2.33 2.21 2.13 2.06 2.00 1.95 1.91 1.88 1.84 1.82 1.79 

90 3.95 3.10 2.71 2.47 2.32 2.20 2.11 2.04 1.99 1.94 1.90 1.86 1.83 1.80 1.78 

100 3.94 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 3.93 3.08 2.69 2.45 2.30 2.18 2.09 2.02 1.97 1.92 1.88 1.84 1.81 1.78 1.76 

120 3.92 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 

 3.84 3.00 2.61 2.37 2.21 2.10 2.01 1.94 1.88 1.83 1.79 1.75 1.72 1.69 1.67 

*Table generated using MS Excel (F.INV) function. 
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Table C.6. Estimation of Lot PWL - standard deviation method 
Q N=3 N=4 N=5 N=6 N=7 N=8 N=9 N=10 N=15 N=20 N=30 N=50 N=100 

0.91 78.89 80.33 80.93 81.22 81.39 81.49 81.56 81.61 81.73 81.77 81.81 81.83 81.85 

0.92 79.34 80.67 81.23 81.51 81.67 81.77 81.84 81.89 82.00 82.04 82.08 82.10 82.11 

0.93 79.81 81.00 81.54 81.81 81.96 82.05 82.12 82.16 82.27 82.31 82.34 82.36 82.37 

0.94 80.27 81.33 81.84 82.10 82.24 82.33 82.39 82.44 82.54 82.57 82.60 82.62 82.63 

0.95 80.75 81.67 82.14 82.39 82.52 82.61 82.67 82.71 82.80 82.84 82.86 82.88 82.89 

0.96 81.25 82.00 82.45 82.67 82.80 82.88 82.94 82.97 83.06 83.10 83.12 83.13 83.14 

0.97 81.75 82.33 82.75 82.96 83.08 83.15 83.21 83.24 83.32 83.35 83.37 83.39 83.39 

0.98 82.26 82.67 83.04 83.24 83.35 83.43 83.47 83.51 83.58 83.61 83.63 83.64 83.64 

0.99 82.79 83.00 83.34 83.52 83.63 83.69 83.74 83.77 83.84 83.86 83.88 83.88 83.89 

1.00 83.33 83.33 83.64 83.80 83.90 83.96 84.00 84.03 84.09 84.11 84.12 84.13 84.13 

1.01 83.89 83.67 83.93 84.08 84.17 84.22 84.26 84.28 84.34 84.36 84.37 84.37 84.38 

1.02 84.47 84.00 84.22 84.36 84.44 84.49 84.52 84.54 84.59 84.60 84.61 84.62 84.62 

1.03 85.07 84.33 84.52 84.63 84.70 84.75 84.77 84.79 84.83 84.85 84.85 84.85 84.85 

1.04 85.69 84.67 84.81 84.91 84.97 85.00 85.03 85.04 85.08 85.09 85.09 85.09 85.09 

1.05 86.34 85.00 85.09 85.18 85.23 85.26 85.28 85.29 85.32 85.33 85.33 85.32 85.32 

1.06 87.02 85.33 85.38 85.45 85.49 85.51 85.53 85.54 85.56 85.56 85.56 85.55 85.55 

1.07 87.73 85.67 85.67 85.71 85.74 85.76 85.78 85.78 85.80 85.80 85.79 85.78 85.78 

1.08 88.49 86.00 85.95 85.98 86.00 86.01 86.02 86.03 86.03 86.03 86.02 86.01 86.00 

1.09 89.29 86.33 86.24 86.24 86.25 86.26 86.27 86.27 86.26 86.26 86.25 86.23 86.23 

1.10 90.16 86.67 86.52 86.50 86.51 86.51 86.51 86.50 86.49 86.48 86.47 86.46 86.45 

1.11 91.11 87.00 86.80 86.76 86.75 86.75 86.74 86.74 86.72 86.71 86.69 86.68 86.66 

1.12 92.18 87.33 87.07 87.02 87.00 86.99 86.98 86.97 86.95 86.93 86.91 86.89 86.88 

1.13 93.40 87.67 87.35 87.28 87.25 87.23 87.21 87.20 87.17 87.15 87.13 87.11 87.09 

1.14 94.92 88.00 87.63 87.53 87.49 87.46 87.45 87.43 87.39 87.37 87.34 87.32 87.30 

1.15 97.13 88.33 87.90 87.78 87.73 87.70 87.68 87.66 87.61 87.58 87.55 87.53 87.51 

1.16 100.00 88.67 88.17 88.03 87.97 87.93 87.90 87.88 87.82 87.79 87.76 87.74 87.72 

1.17 100.00 89.00 88.44 88.28 88.21 88.16 88.13 88.10 88.04 88.00 87.97 87.94 87.92 

1.18 100.00 89.33 88.71 88.53 88.44 88.39 88.35 88.32 88.25 88.21 88.18 88.15 88.12 

1.19 100.00 89.67 88.98 88.77 88.67 88.61 88.57 88.54 88.46 88.42 88.38 88.35 88.32 

1.20 100.00 90.00 89.24 89.01 88.90 88.83 88.79 88.76 88.66 88.62 88.58 88.54 88.52 

1.21 100.00 90.33 89.50 89.25 89.13 89.06 89.00 88.97 88.87 88.82 88.78 88.74 88.71 

1.22 100.00 90.67 89.77 89.49 89.35 89.27 89.22 89.18 89.07 89.02 88.97 88.93 88.91 

1.23 100.00 91.00 90.03 89.72 89.58 89.49 89.43 89.39 89.27 89.22 89.16 89.12 89.09 

1.24 100.00 91.33 90.28 89.96 89.80 89.70 89.64 89.59 89.47 89.41 89.36 89.31 89.28 

1.25 100.00 91.67 90.54 90.19 90.02 89.91 89.85 89.79 89.66 89.60 89.54 89.50 89.47 

1.26 100.00 92.00 90.79 90.42 90.23 90.12 90.05 90.00 89.85 89.79 89.73 89.68 89.65 

1.27 100.00 92.33 91.04 90.64 90.45 90.33 90.25 90.19 90.04 89.98 89.91 89.87 89.83 

1.28 100.00 92.67 91.29 90.87 90.66 90.53 90.45 90.39 90.23 90.16 90.10 90.05 90.01 

1.29 100.00 93.00 91.54 91.09 90.87 90.74 90.65 90.58 90.42 90.34 90.28 90.22 90.18 

1.30 100.00 93.33 91.79 91.31 91.07 90.94 90.84 90.78 90.60 90.52 90.45 90.40 90.36 

1.31 100.00 93.67 92.03 91.52 91.28 91.13 91.04 90.97 90.78 90.70 90.63 90.57 90.53 

1.32 100.00 94.00 92.27 91.74 91.48 91.33 91.23 91.15 90.96 90.88 90.80 90.74 90.70 

1.33 100.00 94.33 92.51 91.95 91.68 91.52 91.41 91.34 91.14 91.05 90.97 90.91 90.87 

1.34 100.00 94.67 92.75 92.16 91.88 91.71 91.60 91.52 91.31 91.22 91.14 91.08 91.03 

1.35 100.00 95.00 92.98 92.37 92.08 91.90 91.78 91.70 91.48 91.39 91.31 91.24 91.19 

1.36 100.00 95.33 93.21 92.58 92.27 92.09 91.96 91.88 91.65 91.56 91.47 91.40 91.35 

1.37 100.00 95.67 93.44 92.78 92.46 92.27 92.14 92.05 91.82 91.72 91.63 91.56 91.51 

1.38 100.00 96.00 93.67 92.98 92.65 92.45 92.32 92.23 91.99 91.88 91.79 91.72 91.67 

1.39 100.00 96.33 93.90 93.18 92.83 92.63 92.49 92.40 92.15 92.04 91.95 91.88 91.82 

1.40 100.00 96.67 94.12 93.37 93.02 92.81 92.67 92.56 92.31 92.20 92.10 92.03 91.98 

1.41 100.00 97.00 94.34 93.57 93.20 92.98 92.83 92.73 92.47 92.36 92.26 92.18 92.13 

1.42 100.00 97.33 94.56 93.76 93.38 93.15 93.00 92.90 92.63 92.51 92.41 92.33 92.27 

1.43 100.00 97.67 94.77 93.95 93.55 93.32 93.17 93.06 92.78 92.66 92.56 92.48 92.42 

1.44 100.00 98.00 94.98 94.13 93.73 93.49 93.33 93.22 92.93 92.81 92.70 92.62 92.56 

1.45 100.00 98.33 95.19 94.32 93.90 93.65 93.49 93.37 93.08 92.96 92.85 92.76 92.70 

1.46 100.00 98.67 95.40 94.50 94.07 93.81 93.65 93.53 93.23 93.10 92.99 92.90 92.84 
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Table C.7. Estimation of Lot PWL - standard deviation method 
Q N=3 N=4 N=5 N=6 N=7 N=8 N=9 N=10 N=15 N=20 N=30 N=50 N=100 

3.15 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.97 99.95 99.94 

3.16 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.96 99.94 

3.17 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.96 99.94 

3.18 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.96 99.94 

3.19 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.96 99.95 

3.20 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.96 99.95 

3.21 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.96 99.95 

3.22 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 99.95 

3.23 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 99.95 

3.24 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.98 99.97 99.96 

3.25 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.98 99.97 99.96 

3.26 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.97 99.96 

3.27 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.97 99.96 

3.28 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.97 99.96 

3.29 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.96 

3.30 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.96 

3.31 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 

3.32 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 

3.33 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 

3.34 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 

3.35 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 

3.36 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 

3.37 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 

3.38 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.97 

3.39 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 99.98 

3.40 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 99.98 

3.41 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 99.98 

3.42 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 99.98 

3.43 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 99.98 

3.44 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 99.98 

3.45 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 

3.46 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 

3.47 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 

3.48 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 

3.49 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 

3.50 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.98 

3.51 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.52 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.53 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.54 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.55 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.56 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.57 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.58 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.59 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.60 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.61 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 99.99 

3.62 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 

3.63 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 

3.64 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 

3.65 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 

3.66 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 

3.67 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 

3.68 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 

3.69 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 

3.70 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 
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APPENDIX D. IMPLEMENTATION PRESENTATION MATERIAL  

To facilitate implementation and use of the recommended procedures documented in this 

document and accompanying Proposed Practice for Validating Contractor Test Data, 

presentation material was prepared in Microsoft PowerPoint format. The presentation 

material is summarized here and included in Microsoft PowerPoint format as an addendum 

to this research effort. The presentation material includes background, state of the practice, 

highlights of the literature review, fundamentals of statistical procedures, recommended 

procedures for validating Contractor data, risks associated with the validation procedure, 

and examples to illustrate key concepts. The presentation material was developed in a way 

that subsets of it could be used for delivery of training courses to different 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 are presented. 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. Implementation 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 for Validating Contractor Test Data (A) 

Course Duration 

8 hours (1 day). 

Course Description 

There is a need for transportation construction and materials personnel to increase their 

knowledge of the fundamentals of validating Contractor test data. This course was 

developed to provide training for SHA personnel responsible for validating Contractor test 

data utilized in the acceptance process for construction materials. The course will utilize 

the proposed AASHTO practice developed as part of the Procedures and Guidelines for 

Validating Contractor Test Data. 

Course Outcomes 

Upon completion of the course, participants will be able to: 

¶ Understand the risk associated with using inappropriate validation procedures like 

D2S limits. 

¶ Understand the risk associated with using outlying observations. 
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¶ Understand the importance of using the right sampling method (split vs. 

independent samples). 

¶ Recognize the tools available to apply F- and t-tests on two sets of data sets. 

¶ Understand the recommended validation procedure. 

¶ Recognize situations when the Contractor test results are not validated and how that 

can be handled in a specification. 

Target Audience 

This is a course for personnel who are managing state highway agencies (SHAs) that use 

Contractor test results in one or more of their acceptance decision processes. 

Course Activities 

Class Activity 1 ï Reflection on State of the Practice 

Class Activity 2 ï Think-Pair-Share 

Class Activity 3 ï Pair and Compare 

Class Activity 4 ï Quiz 

Course Outline 

¶ Front Matter  

o Introductions. 



254 

 

o Safety Instruction. 

¶ Learning Objectives 

¶ Background 

o Problem Statement. 

o Research Objectives. 

o Research Deliverables. 

o Research Plan. 

¶ State of the Practice 

o FHWA Quality Assurance Assessment Report. 

o Survey of SHAs. 

¶ Class Activity 1  ï Reflection on State of the Practice 

¶ Literature Review 

¶ Risks 

o Independent vs. Split Samples. 

o D2S Limits. 

o Sample Size. 
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o Outlying Observations. 

¶ Class Activity 2 ï Think -Pair-Share  

¶ Statistical Procedures 

o Available Tools. 

¶ Class Activity 3 ïPair and Compare 

¶ Break! 

¶ Validation Procedure 

o Sampling. 

o Primary Validation. 

o Outlier Detection. 

o Secondary Validation. 

o Dispute Resolution. 

¶ Examples to Illustrate Use of the Recommended Procedure 

o Sampling Method (Split vs Independent). 

o Sample Size. 

o Cumulative Sampling. 
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o Outlier Detection. 

o Retesting. 

o Validation vs. Non-Validation of Contractor results. 

¶ Class Activity 4 ï Quiz 

¶ Summary 
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B. Engineers Implementation Course 

Course Name 

Procedures and Guidelines for Validating Contractor Test Data (B) 

Course Duration 

4 hours (0.5 day). 

Course Description 

There is a need for transportation construction and materials personnel to increase their 

knowledge of the fundamentals of validating Contractor test data. This course was 

developed to provide training for SHA personnel responsible for validating Contractor test 

data utilized in the acceptance process for construction materials. The course will utilize 

the proposed AASHTO practice developed as part of the Procedures and Guidelines for 

Validating Contractor Test Data. 

Course Outcomes 

Upon completion of the course, participants will be able to: 

¶ Understand the importance of using the right sampling method (split vs. 

independent samples). 

¶ Apply F- and t-tests on two sets of data sets, both manually and using Microsoft 

Excel Analysis ToolPak. 
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¶ Implement the recommended validation procedure. 

¶ Evaluate and deal with outlying observations. 

¶ Clarify situations when the Contractor test results are not validated and how that 

can be handled in a specification. 

Target Audience 

This is a course for the Engineers and Supervisors of the SHA Quality Assurance (QA) 

team that use Contractor test results in one or more of their acceptance decision processes. 

Course Activities 

Class Activity 1 ï Example Problem 1 

Class Activity 2 ï Example Problem 2 

Class Activity 3 ï Pair and Compare 

Class Activity 4 ï Quiz 

Course Outline 

¶ Front Matter  

¶ Learning Objectives 

¶ State of the Practice 

¶ Risks 
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¶ Statistical Procedures 

o Hypothesis Testing. 

o Studentôs t-test. 

o Welchôs t-test. 

¶ Class Activity 1 ï Example Problem 1 

¶ Statistical Procedures 

o Paired t-test. 

o F-test. 

¶ Class Activity 2 ï Example Problem 2 

¶ Statistical Procedures 

o Available Tools. 

¶ Class Activity 3 ïPair and Compare 

¶ Validation Procedure 

o Sampling. 

o Primary Validation. 

o Outlier Detection. 
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o Secondary Validation. 

o Dispute Resolution. 

¶ Examples to Illustrate Use of the Recommended Procedure 

o Sampling Method (Split vs Independent). 

o Sample Size. 

o Outlier Detection. 

¶ Class Activity 4 ï Quiz 

¶ Summary 

C. Practitioners Implementation Course 

Course Name 

Procedures and Guidelines for Validating Contractor Test Data (C) 

Course Duration 

1 day. 

Course Description 

There is a need for transportation construction and materials personnel to increase their 

knowledge of the fundamentals of validating Contractor test data. This course was 

developed to provide training for SHA personnel responsible for validating Contractor test 
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data utilized in the acceptance process for construction materials. The course will utilize 

the proposed AASHTO practice developed as part of the Procedures and Guidelines for 

Validating Contractor Test Data. 

Course Outcomes 

Upon completion of the course, participants will be able to: 

¶ Understand the importance of using the right sampling method (split vs. 

independent samples). 

¶ Apply F- and t-tests on two sets of data sets, both manually and using Microsoft 

Excel Analysis ToolPak. 

¶ Understand the recommended validation procedure. 

¶ Evaluate and deal with outlying observations. 

¶ Recognize situations when the Contractor test results are not validated. 

Target Audience 

This is a course for the SHA practitioners who are implementing the QA plan for the use 

of Contractor test results in acceptance decisions. 

Course Activities 

Class Activity 1 ï Example Problem 1 
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Class Activity 2 ï Example Problem 2 

Class Activity 3 ï Quiz 

Course Outline 

¶ Front Matter  

¶ Learning Objectives 

¶ Background 

¶ Risks 

¶ Statistical Procedures 

o Welchôs t-test. 

¶ Class Activity 1 ï Example Problem 1 

¶ Statistical Procedures 

o F-test. 

¶ Class Activity 2 ï Example Problem 2 

¶ Validation Procedure 

o Sampling. 

o Primary Validation. 
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o Outlier Detection. 

¶ Examples to Illustrate Use of the Recommended Procedure 

o Sampling Method (Split vs Independent). 

o Sample Size. 

o Outlier Detection. 

¶ Class Activity 3 ï Quiz 

¶ Summary 

 


