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1 INTRODUCTION

Since 1989 the Washington State Department of Transportation (WSDOT) has used a
statistical acceptance specification to pay contractors for hot mix asphalt concrete _
(HMA). Statistical acceptance specifications provide a better method of specifying HMA
construction than previously used specifications often referred to as “method”
specifications. Where method specifications subjectively inspect the process that
produces HMA pavement, statistical acceptance specifications monitor the contractor’s
process and accept or reject the end product based on objective specified measurements
(Bowery and Hudson, 1976). This creates several key advantages of statistical
acceptance specifications over method specifications (Bowery and Hudson, 1976):

¢ Responsibility for material and construction quality resides with the party that can
best control these factors: the contractor.

e The contractor is allowed greater latitude in choice of materials, equipment, and
method, which allows more control over material and construction quality as well
as contract profitability.

e Acceptance / rejection decisions are objective, consistent and statistically
defensible.

e Quick inspection and pay calculations on a relatively small subsections of
material / construction give contractors the opportunity to take corrective action
before large quantities of out-of-specification material or construction are
produced.

In order to fully exploit these advantages while avoiding potential pitfalls, the statistical
acceptance specification in use needs to be well-understood by all parties involved. This
report clarifies the WSDOT HMA statistical acceptance specification’s statistical basis
and how its key components influence overall specification performance and contractual
pay. Specifically, this clarification of the WSDOT HMA statistical acceptance
specification will:

1. Provide a general background on statistical acceptance specifications. This will
define statistical acceptance specifications, their applications and their limitations.

2. Quantify the WSDOT statistical acceptance plan’s key components. This will
provide a common knowledge base as well as provide the background for
determining the implications of each component.

3. Evaluate the WSDOT statistical acceptance plan’s key components and compare
them to key components of the Federal Highway Administration (FHWA) and the
Federal Aviation Administration (FAA). This evaluation and comparison will
give a sense which WSDOT statistical acceptance specification components are
most critical and how they compare to national specifications of the same type.



2 BACKGROUND

This section provides a practical background for statistical acceptance specifications by
establishing what statistical acceptance specifications are, why they are used, and what
their applications and limitations are. A statistical acceptance specification is only one
way of accepting or rejecting work; other methods such as accepting with no inspection
and full inspection are also commonly used, however each method has its specific areas
of applicability. Regardless of the details of accept / reject methods, they are all only
designed to monitor or audit a process. They do not provide any means of process or
product improvement and should not be used to achieve such goals.

2.1 Acceptance Plan Basics

In general, a statistical acceptance specification is simply an acceptance procedure. An
acceptance procedure is a formal procedure used to decide whether work should be
accepted, rejected, or accepted at a reduced payment (Freeman and Grogan, 1998). This
makes acceptance procedures a form of quality assurance. Specifically, they are
monitoring methods used to determine whether or not a particular process is meeting
quality standards. Acceptance procedures are not, however, a form of quality control.
“Quality control” refers to a system employed to ensure the maintenance of proper
quality standards within a project. Acceptance procedures simply accept or reject lots
based on their quality; they do not ensure proper quality standards. Acceptance
procedures should never be used as a method to control or improve quality; process

* controls are used to control and systematically improve quality (Montgomery, 1997).

Acceptance procedures can take one of the following three broad forms: (Montgomery,
1997):

1. Accept with no inspection is generally used when there is no economic
justification to look for defective units or material.

2. 100 percent inspection is generally used where components or material are
extremely critical and passing any defective components or material would result
in an unacceptably high failure cost.

3. Acceptance sampling is generally used when there is some economic justification
to look for defective material and either (1) some small finite percentage of
defective material is acceptable or (2) it is not economical or practical to use 100
percent inspection. Acceptance sampling uses statistics to estimate information
about an entire lot from a small random sample.

Of these three approaches, HMA construction typically uses acceptance sampling
because excessive out-of-specification (defective) material will substantially affect long-
term pavement performance but it is neither practical nor economical to inspect
everything. Basically, acceptance sampling uses random sampling to make quality and
material property estimates about a large amount of material. This highlights two key
concepts involved in the effective use of acceptance sampling: (1) acceptance sampling
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only estimates material properties, and (2) acceptance sampling depends on random
sampling.

Acceptance sampling uses a small number of random samples to draw conclusions about
a large amount of material (called a “lot”). Since the entire lot is not inspected, these
conclusions are only estimates of actual lot properties and will therefore involve some
amount of uncertainty as to their accuracy. The only way to determine lot properties with
certainty is to test the entire lot (100 percent inspection).

Acceptance samples must be random. If samples are not random then the statistical basis
for evaluating them and drawing conclusions about an entire lot is invalid. Thus, any
exercise in judgment as to whether or not a sample will produce a good, failing, or
average test result nullifies the random sampling assumption and therefore the
assumptions on which a statistically oriented specification is based (Bowery and Hudson,
1976).

HMA construction acceptance sampling uses a modified version of random sampling that
satisfies the random sampling assumption. In true random sampling any location or item
within a lot must have an equal probability of being sampled. In rare instances, this
results in all samples being clustered together through random chance (Freeman and
Grogan, 1998). Although this sample clustering is statistically valid, HMA specifications
usually strive to ensure samples are spread more evenly throughout the lot. Therefore,
stratified random sampling, which involves dividing lots into several equal-sized sublots,
is generally used (Weed, 1982 as cited in Freeman and Grogan, 1998). Each individual
sublot is still randomly sampled, but stratification ensures that samples are more evenly
spread throughout the lot. Stratified random sampling conforms to the requirements of
random sampling as long as three rules are obeyed (Weed, 1982 as cited in Freeman and
Grogan, 1998):

1. The same number of samples are taken from each sublot.
2. Sublots are of equal size.
3. Samples are selected randomly from within sublots.

For example, WSDOT divides its in-place density lots into five equal-sized sublots and
takes one random sample from each sublot (WSDOT, 2000b).

In summary, acceptance sampling is only one of several acceptance procedure options.
As such, it does not provide any direct form of quality control; it simply accepts or rejects
lots. Acceptance sampling only makes estimates of actual lot properties and is dependant
on random sampling to make these estimates. In order to ensure a uniform distribution of
samples, the HMA construction industry (both in Washington and nationwide) uses
stratified random sampling.

2.2 Acceptance Plan Components

Acceptance sampling has been in general use for well over 60 years (Montgomery,
1997). Therefore, the theoretical underpinnings behind acceptance sampling are well



proven. The key is then to appropriately apply acceptance sampling and its associated
statistics to the HMA construction industry to create a viable overall plan. Correct
application involves proper implementation of the following acceptance sampling
components: (1) acceptance sampling type, (2) quality characteristics, (3) specification
limits, (4) statistical model, (5) quality level goals, (6) risk and (7) pay factors. Decisions
regarding these components will significantly impact final acceptance plan performance.

2.2.1 Types of Acceptance Sampling

There are two basic types of acceptance sampling: (1) attribute sampling, and (2) variable
sampling. Both attribute and variable sampling are used in HMA construction; however
variable sampling is more prevalent (Bowery and Hudson, 1976; Schmitt, et al., 1998).

In attribute sampling, each sample is inspected for the presence or absence of one or
several attributes (often called quality characteristics). Measurements used to detect
these quality characteristics are not retained. Rather, they are compared to a standard
then recorded as either passing or failing. WSDOT’s asphalt concrete aggregate fracture
test is an example of attribute sampling. Aggregate is accepted or rejected based on a
minimum quality characteristic of one fractured face on a specified percentage of the
material. The actual percentage of fractured face is not recorded; instead, a simple pass-
fail record is used.

In variable sampling, measured quality characteristics are used as continuous variables,
which means that, unlike attribute sampling, measurement values are retained. Because
these values are retained rather than converted into a discrete pass-fail criterion, variable
sampling plans retain more information per sample than do attribute sampling plans
(Freeman and Grogan, 1998). This means that compared to attribute sampling, it takes
fewer variable samples to get the same information. Because of this, most HMA
statistical acceptance plans use variable sampling.

However, variable sampling does have disadvantages. Foremost, variable sampling plans
are predicated on a known distribution of the measured property. Therefore, most
variable sample plans assume a normal distribution of the measured property. For
instance, WSDOT acceptance testing for asphalt concrete compaction assumes that in-
place asphalt concrete densities (the measured property) are normally distributed. If this
normal distribution assumption is not true then the resulting estimates of lot quality will
be wrong. Fortunately, construction-related lot characteristics are usually normally
distributed (Markey, Mahoney, and Gietz, 1994; Aurilio and Raymond, 1995; Cadicamo,
1999).

Therefore, although both attribute and variable sampling are used in HMA construction,
variable sampling is more prevalent because it provides more information per sample and
its necessary assumption of a normal distribution of the quality characteristic is usually
satisfied.

3
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2.2.2 Quality Characteristic Selection

Quality characteristics are those material characteristics or properties that a particular
acceptance plan measures to determine quality. Quality characteristics can be any
measurable material or construction property but they must be carefully selected for two
reasons: (1) their quality should accurately reflect overall project quality and (2) they
should be relatively independent of one another.

Construction contracts, including HMA contracts, generally require full payment at
substantial completion. However, since the constructed HMA pavement performs for
many years after construction, contracting agencies usually use some predictive method
to relate construction quality to long-term pavement performance. Statistical acceptance
plans typically accomplish this by choosing construction quality characteristics that are
most predictive of pavement performance. These quality characteristics typically include
mix properties (such as aggregate gradation, asphalt content, and mix volumetrics), in-
place density, and pavement smoothness (Schmitt, et al., 1998).

Quality characteristics must also be chosen to avoid correlation with one another. If not
carefully selected, a change in one quality characteristic (such as aggregate gradation)
could result in a change in another quality characteristic (such as voids in the mineral
aggregate - VMA). Lin, Solaimanian, and Kennedy (2001) point out that this correlation
will always cause biases in pay factor determination. In the gradation-VMA instance
mentioned previously, the bias occurs because a poorly graded aggregate would be
penalized not only by lower pay for poor gradation but also by lower pay for the
correlated poor VMA. Bias in the opposite direction (higher pay for well-graded
aggregate) is equally likely. Therefore, biased pay factors will unfairly penalize either
WSDOT or the contractor.

Acceptance sampling determines overall construction quality by measuring quality
characteristics. Proper selection of these characteristics ensures that (1) their quality
accurately reflects construction quality, which should in turn reflect long-term pavement
performance and (2) they are relatively independent of one another so that final pay is not
biased in either direction.

2.2.3 Specification Limits

Specification limits establish limits for quality characteristic measurements to
differentiate between adequate material, and inadequate or defective material. For
instance, the WSDOT lower specification limit for in-place asphalt concrete pavement
density is typically 91.0 percent of the reference theoretical maximum density (TMD)
(WSDOT, 2000b). Therefore, a measurement of 91.0 percent of TMD or higher
represents adequate density while a measurement below 91.0 percent of TMD represents
inadequate density.

Specification limits must be based on sound engineering judgment and sound statistical
analysis. Specifically, engineering judgment is used to establish a target value for each
quality characteristic and statistical analysis is used to establish an acceptable range
around the target value. This range is used to account for the various sources of



variability inherent in producing and testing HMA. Specifically, there are four types of
variability to consider: (Hughes, 1996):

1. The material’s inherent variability is the true random variation of the material and
is a function of material characteristics alone. A contractor’s manufacturing and
construction process cannot control this variability.

2. Sampling variability is the variation in sample characteristics from sample-to-
sample that is attributable to variations in sampling technique. A contractor’s
manufacturing and construction process cannot control this variability.

3. Testing variability is the lack of repeatability of test results. Operators, equipment
condition, calibration, and test procedure all contribute to testing variability. A
contractor’s manufacturing and construction process cannot control this
variability.

4. Manufacturing and construction variability is the variation in material caused by
the manufacturing and construction process. These variations can be extremely
localized within a lot and therefore difficult to detect by random sampling (like
density differentials and pavement thickness variations) or they can be more
global (e.g. between lots or days) and therefore more easily detected by random
sampling (like changes in asphalt content or aggregate gradation between lots).
Contractor quality control can minimize these types of variability.

Since contractors can only control manufacturing and construction variability, if the sum
of inherent material, sampling and testing variability is greater than the allowable
specification band, a potentially large amount of material will be judged out-of-
specification for no contractor-correctible reason. For instance, an asphalt content
specification of the JMF + 0.1 percent does not make statistical sense because the
combination of inherent asphalt content variability, sampling variability, and testing
variability will typically cause test results to vary by more than +0.1 percent on either
side of the JMF (Hughes, 1996). A more practical approach (such as WSDOT’s), which
adequately accounts for material, sampling, and testing variability might specify the JMF
asphalt content £0.5 percent. In sum, specification limits should be tight enough to
detect manufacturing and construction variability, but loose enough to allow a reasonable
amount of testing, sampling, and inherent material variability.

2.2.4 Statistical Model

The statistical model used by an acceptance plan determines how the plan relates actual
random sample test results to the distribution of the quality characteristic within the lot.
This distribution is then used to determine lot quality.

Statistical models all rely on random samples, which provide two pieces of data: (1) the
average of the sample measurements and (2) the variation in sample measurements. Both
pieces of data are needed to estimate the distribution of the measured quality
characteristic within a lot (see Figure 1).
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Note: This distribution represents hypothetical quality characteristic measurement results if
an entire lot were broken down into infinitesimally small sections and the quality
characteristic associated with each section was measured. As stated earlier, this distribution
can never be known for certain unless a 100 percent inspection method is used.

Figure 1: A Generic Example of a Quality Characteristic Distribution

There are typically three different ways of using sample data:

L.

Use the average of sample measurements only. This method calculates the
sample average and uses this to estimate lot average. It does not calculate sample
variation, thus it is unable to estimate the overall distribution of the quahty

 characteristic within the lot.

Use the average of sample measurements and assume typical lot variation. This
method estimates lot average as the calculated sample average and assumes a
typical lot variation based on historical data of the measured quality characteristic.
By assuming a typical lot variation, this method can use the standard normal
distribution (a relatively well-understood distribution) to estimate the overall
distribution of the quality characteristic within the lot. This estimate is only
accurate if the actual variation of the quality characteristic within the lot is close
to the assumed variation (Freeman and Grogan, 1998).

Use the average of sample measurements and variation in sample measurements.
This method estimates lot average as the calculated sample average and estimates
lot variation as the calculated sample variation. It estimates the overall



distribution of the quality characteristic within the lot by applying the non-central
t distribution (Johnson and Welch, 1940).

Methods like #3 are typically preferable because they fully describe the distribution of
the quality characteristic within a lot and make the fewest assumptions. However,
methods such as #1 and #2 are still often used.

“Quality” is then defined as the fraction of the overall quality characteristic distribution
that falls within specification limits. It is usually expressed as either (TRB, 1999):

e Percent defective (PD) — also called percent nonconforming. The percentage of
the lot falling outside specification limits.

e Percent within limits (PWL)—also called percent conforming. The percentage of
the lot falling above a lower specification limit, below an upper specification
limit, or between upper and lower specification limits. PWL is related to PD by
the following: PWL = 100% - PD.

To summarize, the statistical model determines how and to what extent the overall quality
characteristic distribution is estimated. Some models are quite simple and only estimate
an average quality characteristic value while other models are more complete and
estimate both average and variation, which then provides the ability to estimate lot
quality. Lot quality, expressed as PD or PWL, is simply the fraction of the lot that falls
within specifications.

2.2.5 Quality Level Goals

Quality level goals consist of an acceptable quality limit (AQL) and a rejectable quality
limit (RQL). AQL is the minimum level of actual quality at which the material or
construction can be considered fully acceptable (TRB, 1999). RQL is the maximum
level of actual quality at which a material or construction can be considered unacceptable
and thus, rejectable (TRB, 1999).

The appropriate levels of AQL and RQL are matters of judgment. It would be nice but
unrealistic to expect all material within a lot to meet specifications (PWL = 100).
However, some small fraction of defective material must be permitted due to the
unavoidable variability that accompanies any material or production process (Comisky,
1974 as cited in Freeman and Grogan, 1998). To account for this, AQL should be some
value less than 100 PWL. Additionally, AQL should also be set at a value equal to the
maximum amount of defective material present within the pavement that will not
substantially degrade overall road quality (Freeman and Grogan, 1998). These
considerations result in typical AQL values of 90 or 95 PWL.

RQL is generally set much lower than AQL because it should represent a PWL below
which the HMA pavement is essentially worthless to the contracting agency. Typical
values of RQL range from 60 PWL down to 30 PWL and often depend upon sample
size. If the actual material quality level is between AQL and RQL then it is often

3
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accepted at reduced pay because although defects in the material will degrade overall
road performance they will not degrade it to a point that makes the pavement worthless.

AQL and RQL are difficult to accurately set. Typically there is not enough data to
accurately relate material quality to final pavement worth. Although current research is
addressing this issue (Weed, 1998; Deacon et al, 2001), most AQL and RQL values
seem to be set using a combination of historical data, experience, and statistical tradition.

2.2.6 Risk

Using samples to make estimates about the quality of a large amount of construction
material involves risk; there is some probability that a random sample will not be
representative of the material as a whole, and will thus be an incorrect estimate of
material quality. Therefore, risk is an inherent part of statistical acceptance plans. An
incorrect estimate, or error, and its associated risk can be either of two types:

o Type I error (arisk). Acceptable construction quality will be rejected as
unsatisfactory. This is the contractor’s (seller’s) risk and can result in unnecessary
removal and reconstruction of large pavement sections. There are two types:

o Primary type I error (primary arisk). The contractor’s risk that material
produced at AQL will be either rejected or subject to reduced pay.

o Secondary type I error (secondary arisk). The contractor’s risk that material
produced at AQL will be rejected.

e Type Il error (Prisk). Unacceptable construction quality will be accepted as
satisfactory. This is the contracting agency’s (buyer’s) risk and can result in
additional maintenance costs, and premature pavement failure. There are two types:

o Primary type 1l error (primary Brisk). The contracting agency’s risk that
material produced at RQL will be accepted at bonus pay.

o Secondary type Il error (secondary Prisk). The contracting agency’s risk that
material produced at RQL will be accepted.

These risks can be calculated (see Appendix B) and must be balanced. For a given
sample size, reducing the likelihood of accepting poor material usually means increasing
the likelihood of rejecting good material and vice versa (Freeman and Grogan, 1998). To
simultaneously reduce both of these risks, the sample plan must make more accurate
estimates. This usually means increasing the sample size, which means higher inspection
and testing costs to the contracting agency. Therefore, the contracting agency will try
and achieve an acceptable balance between sample size (accuracy) and inspection and
testing costs.

Selecting the appropriate contractor risk and contracting agency risk is a matter of
judgment. However, these risks should be related to the criticality of the quality
characteristic as well as economic considerations (Freeman and Grogan, 1998). If the
failure of a certain material characteristic will render an entire project useless, then it is a
critical material characteristic. Therefore, the probability of accepting poor material (§
risk) should be set quite small. Conversely, if a material characteristic is not critical, then



the probability of accepting poor material (B risk) can be set higher (Freeman and
Grogan, 1998). For road construction, the primary a risk is often set near 5 percent and
the primary f risk is often set near 10 percent (Cominsky, 1974 as cited in Freeman and
Grogan, 1998). As long as these risks are quantified and known in advance, both parties
can account for them in their respective budgets and bids.

The risks involved in a particular acceptance plan are often expressed using an operating
characteristic (OC) curve. An OC curve describes the relationship between a lot’s quality
and its probability of acceptance for a given sample size. Each sample size has a
different OC curve. Figure 2 shows a WSDOT OC curve for a sample size of five (n =
5). The better the sampling plan is at estimating actual lot quality, the steeper the OC
Curve. Figure 3 shows a much steeper OC curve for a sample size of 50. OCPLOT
(FHWA, 1994; Weed, 1995) is a readily available software product that can produce
these OC curves specifically for HMA pavement acceptance plans.
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Figure 2: WSDOT Operating Characteristic (OC) Curve for a Sample Size of 5
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Figure 3: WSDOT Operating Characteristic (OC) Curve for a Sample Size of 50

2.2.7 Pay Factors

Pay factors relate quality to actual pay. In broad terms, a pay factor (PF) is a multiple
applied to the contract price of a particular item. Most acceptance plans apply a pay
factor to the contract price based on the calculated quality (expressed as PD or PWL) of a
particular quality characteristic. Pay factors usually range from a high between 1.00 and
1.12 down to a low between 0.50 and 0.75 (Mahoney and Backus, 2000). Ideally,
material produced at AQL receives a pay factor of 1.00, material produced at RQL is
rejected, material produced between AQL and RQL receives a pay factor less than 1.00
depending on quality and material produced in excess of AQL receives a pay factor
greater than 1.00. Pay factors are not, however, as simple as they seem for two reasons:
)] expected pay is different than contractual pay and (2) material produced at AQL may
not receive a 1.00 pay factor.

First, the pay a contractor can expect for consistently producing material at a particular
quality level is not necessarily the same as the pay factor shown in the specification for
that quality level (referred to as the contractual pay factor). For instance, the WSDOT
Standard Specifications (2000a) show that for five samples (n = 5), material estimated at
AQL (95 PWL) shall receive a 1.04 pay factor. However, a contractor consistently
producing AQL material should expect to receive, over time, an average pay factor near
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1.03'. Figure 4 shows this difference between the specified, or contractual, pay factor
and the expected pay factor for the WSDOT specification.

1.10

1.05
%‘ Pay Factor = 1.00
1.00

v 095 Pay Factor from WSDOT
g ' Standard Spedifications , Table 2
s
7
Q. 0.90

085 Contractor's Expected Pay Factor

(assumes work receiving a pay factor <
0.75 is rejected without pay)
0.80
0.75 - -
100% 90% 80% 0% 60% 50% 40% 30%

Percent Within Limits (PWL)

Figure 4: Expected vs. Contractual Pay Factor for WSDOT (n = 5)

This difference occurs because sampling only estimates actual material quality.
Therefore, material produced at AQL may be estimated by sampling to be either above or
below AQL. Over time, sample estimates of quality will be normally distributed about a
mean equal to the actual material quality. Figure 5 shows how this looks for material
produced at AQL under WSDOT’s acceptance plan using an ideal normal distribution of
samples (the large number of lots with estimated quality at 100 PWL occur because 100
PWL is the maximum achievable quality, therefore the entire portion of the normal
distribution that falls above 100 PWL is represented by the 100 PWL value). Since each
lot receives a contractual pay factor, Figure 6 shows the resulting pay factors associated
with Figure 5. Figure 6 shows that material consistently produced at AQL (95 PWL) will
not receive the contractual pay factor (1.04) associated with AQL but rather a lesser pay
factor (1.0349 in this example). Simulations run by the FAA (FAA, 1999b) and Weed
(1995, 1998) have also shown this type of behavior, which is a characteristic of almost all
statistical acceptance plans that use pay factors.

! For this report expected pay wis calculated assuming a normal distribution of quality (as measured by
PWL) about the quality level in question with a standard deviation of about 19 percent PWL. Results using
this model compare almost identically with results from the OCPLOT simulation software contained in the
FHWA'’s demonstration Project 89, Quality Assurance Software for the Personal Computer (1996b).
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Figure 6: Typical Pay Factor Distribution for Material Produced at AQL for a
Hypothetical Project Consisting of 100 Lots.

Second, material produced at AQL does not always receive a 1.00 pay factor. In the
example shown in Figures 2 and 3, AQL material produced a 1.0349 pay factor.
Therefore, material produced at the contractually specified quality is paid at a higher rate
than the contractually specified price. Conversely, in acceptance plans that do not
include pay factors above 1.00 AQL material could receive a pay factor significantly less
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than 1.00. In these cases, material produced at the contractually specified quality is paid
at a lower rate than the contractually specified price.

Pay factors relate material quality to actual pay. An ideal pay factor system typically
allows bonus pay for material produced in excess of AQL, pays the contractual price for
AQL material, applies a deduction for material produced between AQL and RQL and
rejects material produced at or below RQL. Meeting all four of these goals is quite
difficult because expected pay is often different than contractual pay and providing bonus
pay for material produced in excess of AQL may lead to expected pay above the
contractual price for AQL material.

2.3 Acceptance Plan Categories

Statistical acceptance plans can be categorized according to their specification limits and
decision criteria structure. Depending upon the category, different components of the
plan will carry different levels of importance. These categories are (Freeman and
Grogan, 1998):

1. Single specification limit, single decision criterion. Single specification limits are
used when a material must be controlled above a minimum or below a maximum.
An AQL is set and material is either accepted or rejected based on it. There is no
pay factor provision.

2. Single specification limit, dual decision criteria. An AQL and RQL are set.
Material at or above AQL is accepted at full or bonus pay while material below
RQL is rejected. Material with an estimated quality level between AQL and RQL
is usually accepted at reduced pay according to a pay scale. WSDOT’s asphalt
concrete compaction specification uses a single specification limit, dual decision
criteria acceptance plan.

3. Dual specification limits, single decision criterion. Dual specification limits are
used when a material must be controlled within a range of values. The percent of
material between these values is calculated as the PWL and compared to the
AQL. Material is then either accepted or rejected. There is no pay factor
provision.

4. Dual specification limits, dual decision criteria. An AQL and RQL are set.
Material at or above AQL is accepted at full or bonus pay while material below
RQL is rejected. Material with an estimated quality level between AQL and RQL
is usually accepted at reduced pay according to a pay scale. WSDOT’s asphalt
content and aggregate gradation specifications use dual specification limit, dual
decision criteria acceptance plans.

2.4 Summary

HMA statistical acceptance specifications use acceptance sampling to audit construction
quality. Acceptance sampling is a powerful audit tool because it allows reasonably
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accurate estimates of lot quality to be made based on test results from a relatively small
number of random samples within the lot.

In general, there are seven components of a statistical acceptance specification that define
its performance: (1) the sampling type, (2) the quality characteristics, (3) the specification
limits, (4) the statistical model, (5) the quality level goals, (6) the risk inherent in the
plan, and (7) the pay factor. All of these components interact with one another to
determine how the specification pays for HMA construction.
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3 QUANTIFICATION AND EVALUATION OF THE WSDOT STATISTICAL
ACCEPTANCE SPECIFICATION

WSDOT’s statistical acceptance specification has been in use since 1989 and is almost
identical to the Federal Highway Administration’s (FHWA) 1985 Standard
Specifications for Construction of Roads and Bridges on Federal Highway Projects (FP-
85). Although the FHWA has since revised their specification, WSDOT has not. This
section discusses and evaluates the seven basic components of WSDOT’s statistical
acceptance specification: (1) sampling type, (2) quality characteristics, (3) specification
limits, (4) statistical model, (5) quality level goals, (6) risk and (7) pay factors. It also
makes comparisons to the current FHWA and FAA statistical acceptance plans where
applicable because they are similar plans with national application. Table 1 provides a
basic summary of the WSDOT statistical acceptance plan and Table 2 summarizes the
comparisons and also includes the 1996 AASHTO Guide Specification values. For a
comparison of State DOT practices, see Mahoney and Backus (2000) and Schmitt, et al.
(1998). All references to the FHWA and FAA in this section are from their respective
current specifications (FHWA, 1996a; FAA, 1991, 1999a) unless otherwise stated.

A Note on Comparisons
Comparisons between different statistical acceptance specifications should be made with

caution. Specifically, there are two distinct components to each specification: the
statistical plan, and the application of this plan to the material in question. Statistical
plans can be compared directly to one another. Risk, quality limits, and pay factor
comparisons can be made between plans without regard to the specific quality
characteristic being measured or how often it is measured. For instance, assessing o and
B risks at a specific sample size across several different plans is completely valid.

However, comparing the application of these statistical plans to specific material may not
always be valid. Sampling frequency can vary widely between plans. This has a
profound effect on the resulting estimate of actual quality level. For instance, WSDOT .
typically takes five in-place density samples for each 400-ton lot, but the FHWA only
takes one in-place density sample every 500 tons. Therefore, on a hypothetical 10,000-
ton job, WSDOT will typically use 125 samples while the FHWA will typically use only
20 samples. Depending upon how these samples are divided up into lots and sublots, this
may result in higher or lower pay, depending upon actual material quality. Therefore, the
sampling frequency must be carefully considered when comparing statistical acceptance
specifications.
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Table 1: WSDOT Statistical Acceptance Plan Summary'

Sample Size®
= = = - - - - n= n= n= n= = n= n= n=s
n=3 | n=4 | n=5|n=6|n=7|n=8|n=9 ;4.4 | 1244 | 1518 | 19-25 | 26-37 | 38-69 | 70-200 | 201+
Z’;:‘:g 207 | 226 | 255 | 246 | 212 | 195 | 191 | 199 | 175 | 144 | 119 | 165 | 126 | 055 0.83
Secondary | 5, | o 0 0 0 0 0 0 0 0 0 0 0 0 0
a Risk
';’ ;’I‘:g 580 | 289 | 127 | 075 | 048 | 025 | 0.17 | 0.08 | 0.02 0 0 0 0 0 0
Secondary 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50
B Risk
AQL” (inPWL?) | 95 95 95 95 95 95 95 95 95 95 95 95 95 95 95
¢ 68 74 78 80 81 82 83 84 85 86 87 89 90 91 03
RAL" (inPWLY | 33 38 41 44 46 47 49 50 51 53 55 57 59 62 65
Notes:

1. Values shown as zero (0) are not truly zero but rather some small fraction, which can be effectively rounded to zero. See Appendix B

for Calculation Formulas.

All table values calculated for sample size ranges (e.g. n = 15 — 18) are calculated for a sample size corresponding to the smallest

sample size within the range (e.g. 15 for the n = 15 — 18 range).

Primary o Risk = The contractor's risk that material produced at AQL will be either rejected or subject to reduced pay.

Secondary a risk = The contractor's risk that material produced at AQL will be rejected.

Primary B risk = WSDOT's risk that material produced at RQL will be accepted at bonus pay.

Secondary B risk = WSDOT's risk that material produced at RQL will be accepted.

AQL (Acceptable Quality Limit) = The minimum level of actual quality at which the material or construction can be considered fully

acceptable. ;

PWL (Percent Within Limits) = The percentage of the lot falling above a lower specification limit, beneath an upper specification limit,

or between upper and lower specification limits

¢ = The PWL that receives a PF = 1.00.

0. RQL (Rejectable Quality Limit) = The maximum level of actual quality at which a material or construction can be considered
unacceptable and thus, rejectable.

N

NoOO kW

S &
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Table 2: Comparison of WSDOT, FHWA, FAA, and AASHTO Guide Statistical Acceptance Plans

A
Sample . . . Expected | Expected . .
Agoncy | “Saa. | Tical | Tysegloublot | Tyl Lot | AL | QU | fofRuck | oy Facr | Primey | Primary
Range Size at AQL® at RQL
80 tons 400 tons
(compaction) (compaction)
WSDOT 3- 5 95 41° 1.033 0.406° 255 % 127 %
< 800 tons 1 lot per JMF
{AC, gradation) | (AC, gradation)
FHWA 5-w 5 500 tons > 2500 tons 95 41° 1.007 0.437° 255 % 127 %

FAA' 3-8 4 < 500 tons < 2000 tons 90 55 0.998 0.679° 37.30%" | 1.04 %"

AASHTO . . . . . . :
Guide 3-50 i i i 90 i 0.992 i i i
Notes:

a) Based on a model that assumes an ideal normal distribution of the quality characteristic.

b) Primary a risk corresponds to AQL and the typical sample size in column 3.

c) Primary B risk corresponds to AQL and the typical sample size in column 3.

d) RQL varies with sample size. This RQL corresponds to the typical sample size in column 3.

e) Assumes below RQL work as indicated by sampling is rejected at no pay.

f) The FAA uses a typical sample size of 4; therefore it is not directly comparable to WSDOT and FHWA numbers.

g) Assumes below RQL work is accepted at 50 percent pay.

h) From FAA, 1999b, Table 3.1, p. 15 (see References Section).

1) AASHTO leaves this value to the discretion of the individual agency.
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3.1 Sampling Type

Although WSDOT uses both attribute and variable sampling in its specification, those
quality characteristics subject to statistical acceptance (in-place density, asphalt content
and aggregate gradation) use variable sampling. Attribute sampling is used in simple
pass-fail test such as aggregate fractured-face percentage.

3.2 Quality Characteristics

WSDOT uses three main quality characteristics: (1) asphalt content, (2) aggregate
gradation, and (3) in-place density. This combination of characteristics has both
advantages and disadvantages.

First, these characteristics are few in number and relatively simple to measure. This
makes them easy to comprehend and relatively inexpensive to measure. Certainly there
is considerable debate over which quality characteristics ought to be measured and when
(Chamberlain, 1995; Lin, Solaimanian and Kennedy, 2001), however, this debate
concerns engineering judgment and economics rather than statistical acceptance plans,
therefore this paper will not address it.

Second, these characteristics are not entirely independent of one another. Specifically,
in-place density will change based on a change in asphalt content or gradation. However,
these changes are related in such a way that as pay for one quality characteristic goes up,
pay for the correlated quality characteristic goes down. For example, excess asphalt
content will reduce air voids and increase in-place density, which will cause asphalt
content quality (and thus pay factors) to decrease and in-place density quality (and thus
pay factors) to increase.

Finally, these correlations are small in magnitude and subordinate to other construction
parameters that typically have a much greater effect on in-place density such as
compactive effort, and mat temperature during compaction. Therefore, although there is
some bias built into WSDOT’s specification based on the choice of quality
characteristics, this bias is generally small in magnitude, tolerable and represents a good
compromise between simplicity and correlation.

3.3 Specification Limits

WSDOT specification limits and bands vary depending upon the class of HMA used.
Typical Class A or Class B dense-graded HMA specification limits are (WSDOT,
2000a):

o In-place density > 91.0 percent TMD
e Asphalt content = JMF + 0.5 percent (< 20 percent recycled asphalt pavement)
o Gradation: Passing the “4-inch sieve = + 6 percent

Passing the No. 10 sieve = + 5 percent

Passing the No. 40 sieve = + 4 percent

Passing the No. 200 sieve = + 2.0 percent
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This paper does not evaluate the engineering judgment and historical data used to
develop these specific specification limits, however (1) they are fairly close to FHWA
and FAA specifications and (2) comparing the specification bands to data compiled by
Hughes (1996) shows that they are loose enough to account for material, sampling, and
testing variation but still tight enough to identify manufacturing and construction
variability. Although WSDOT measures other construction characteristics they are not
evaluated using statistical acceptance.

3.4 Statistical Model

The WSDOT acceptance specification uses sample measurement average and standard
deviation (a measure of variation) to estimate overall lot quality. The FHWA and FAA
also use this method. Basically, sample measurement average and standard deviation are
used to compute a quality index (Q). This quality index is then compared with a
statistical probability distribution used for estimating percent defective called the non-
central t distribution (Johnson and Welch, 1940) to obtain a quality level (expressed as
PWL).

This method of calculating the PWL is the most descriptive of several common practices
because by using the non-central t distribution it (1) calculates a sample standard
deviation and (2) based on the sample standard deviation it actually estimates (rather than
assumes) a lot variation. Other less descriptive plans, such as those used by Puerto Rico,
Wisconsin, Georgia, and Ohio use sample average only. By not computing sample
variation, these plans do not estimate overall lot variation and therefore cannot estimate a
PWL. Therefore, they simply pay based on sample average, which does not fully
describe the lot.

3.5 Quality Level Goals

As discussed previously, quality level goals consist of an AQL and a RQL. WSDOT
uses a set AQL of 95 PWL regardless of sample size while it varies RQL depending on
sample size.

By setting AQL at 95 PWL, WSDOT implies that it believes five percent defective
material is the maximum amount of defective material that will not substantially degrade
overall road quality. However, although an AQL of 95 PWL is fairly typical throughout
the industry (most are set at either 90 or 95 PWL), this belief is not based on any
documented engineering evidence. Most likely, WSDOT’s selection of 95 PWL is based
on the typical 95 percent confidence level that statistical disciplines conventionally
accept as adequate certainty.

Additionally, there is substantial evidence that, on the average, Washington State
contractors are producing material below the established AQL. Table 3, based on values
obtained from the WSDOT Materials Laboratory, shows pay factors and their back-
calculated theoretical PWL. Based on Table 3, contractors are producing 90 PWL
material on average. This implies that, on average, contractors are producing material
that does not meet WSDOT specifications for quality. Actual material contains about
twice as much (10 percent vice five percent) defective material as WSDOT is willing to
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accept. However, if WSDOT is generally satisfied with current HMA construction
quality (at the 90 PWL level) then the current AQL is too high. If this is the case, then
AQL should be set at 90 PWL. For comparison, the FHWA uses an AQL of 95 PWL
while the FAA uses 90 PWL. Although the FAA’s AQL is more lenient than either
WSDOT or the FHWA, their stricter pay factors compensate for this to produce
comparable expected pay.

Table 3: WSDOT Pay Factors and Corresponding Theoretical PWL™

Gradation .
Year 0;2?" Overacll Compaction Compacction and Asphalt Gra::gz:l:nd
Factor PWL Pay Factor PWL Content Pay Content PWL®
Factor
2000 1.0235 90 1.0235 90 1.0235 90
1994 - 2000 1.0231 90 1.0208 89 1.0246 91

Notes:

a) This table excludes all contracts receiving pay factors less than 0.7500. This amounts to
an exclusion of 3.2 % of the contracts for 2000 and 4.1 % of the contracts from 1994-
2000.

b) Data provided by WSDOT Materials Laboratory and Kim Willoughby

¢) The corresponding PWL is the nearest whole number PWL corresponding to an overall
pay factor based on an ideal expected pay factor model. True PWL values may be
slightly different.

Unlike AQL, WSDOT’s RQL changes with sample size. It can vary from 33 PWL for
small samples (n = 3) to 65 PWL for large samples (n > 201). In general, the larger the
sample size, the more accurate its estimate of actual quality, and therefore the higher
RQL can be without rejecting adequate lots that are merely sampled inaccurately. For a
given sample size, WSDOT RQL is the same as that used by the FHWA but substantially
lower than that used by the FAA (see Table 2). For small sample sizes it is also
substantially lower than 60 PWL — the level at which the AASHTO Quality Assurance
Guide Specification (1996) recommends that “the Agency...make a special evaluation of
the material and determine the appropriate action”. However, WSDOT augments its
RQL by requiring the contractor to “...shut down operations and...not resume asphalt
concrete placement until such time as the engineer is satisfied that specification material
can be produced whenever the Composite Pay Factor (CPF) for a lot in progress...drops
below 1.00 and the Contractor is taking no corrective action, or...is less than 0.75.”
Based on this clause and FHWA RQL values, WSDOT’s RQL values are reasonable.

3.6 Risk

Risk is inherent in all statistical acceptance plans and interacts with AQL and RQL. Risk
interacts with AQL through an acceptance value (c), which is the lot quality associated
with a 1.00 pay factor (Appendix C illustrates how an acceptance value is calculated).
Most statistical acceptance plans choose to either establish constant risks and vary
acceptance values and RQL with sample size, or establish constant acceptance values and
RQL and vary the risks with sample size. Since the WSDOT plan is designed to maintain

21




a relatively constant primary « risk, its acceptance values and RQL vary with sample
size.

Risk associated with WSDOT’s statistical acceptance specification is summarized in
Table 1, however these risks represent the statistical risks associated with WSDOT’s
Standard Specifications (2000a) Table 2. They are not necessarily the true risks involved
with pavement construction. As with most specifications, WSDOT’s Standard
Specifications (2000a) contain several contractual clauses that can make the actual risk
different from the statistically calculated risk. These clauses, found in Section 5-04.3(8),
are:

1. “The Engineer may, without sampling, reject any batch, load, or section of
roadway that appears defective in gradation or asphalt cement content.”

2. “...the Engineer may also isolate from a normal sublot any material that is
suspected of being defective in gradation or asphalt cement content.”

3. “If an entire sublot is rejected in accordance with Section 1-06.2, four additional
random samples from this sublot will be obtained and the sublot evaluated as an
independent lot with the original test result included as a fifth test with the new
independent lot instead of with the original lot.”

4. “The Contractor shall shut down operations and shall not resume asphalt concrete
placement until such time as the engineer is satisfied that specification material
can be produced whenever the Composite Pay Factor (CPF) for a lot in progress:

a. Drops below 1.00 and the Contractor is taking no corrective action, or
b. Is less than 0.75.”

There is no way of statistically quantifying these clauses; therefore they are not
accounted for in this risk quantification and analysis. The following two subsections
discuss risk as related to (1) the contractor and (2) WSDOT.

3.6.1 Contractor Risk

The WSDOT acceptance plan is designed to maintain a relatively constant primary o risk
between 0.55 and 2.55 percent depending on sample size. To create this low primary o
risk, the acceptance value is set to a value lower than AQL. For instance, at a sample size
of five (n = 5), AQL is 95 PWL (as it always is in the WSDOT plan) while the
acceptance value is 78 PWL. This means that for a sample size of five (n = 5), any lot
estimated at 78 PWL or better receives at least a 1.00 pay factor. Figure 7 shows the
relation between AQL, acceptance value and primary a risk. ~ Figure 8 shows a similar
plot for material produced at RQL.
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Much has been written on the importance of the primary a risk in acceptance plans.
However, this literature is usually in reference to single decision criterion acceptance
plans, which do not use pay factors. In a dual decision criteria acceptance plan like
WSDOT’s (one that uses AQL, RQL, and pay factors), the expected pay as well as the
primary a risk should be considered. Single decision criterion acceptance plans are
designed to reject an entire lot without pay if samples estimate lot quality to be below a
certain minimum. These plans use a risk as the primary method of quantifying how
often a contractor will receive zero pay instead of full pay for acceptable material.
Therefore, the a risk completely, although indirectly, describes how a single decision
criterion acceptance plan pays contractors.

However, in dual decision criteria acceptance plans (like the WSDOT, FHWA, or FAA
plans) the primary o risk does not fully describe how contractors are paid; it only
indicates the risk that pay will be below 100 percent for acceptable material. The pay
factor quantifies this pay reduction and therefore these two statistics, the primary a risk
and the pay factor, should be used to fully describe a dual decision criteria acceptance
plan.

For comparison, WSDOT’s primary a risk is almost identical to the FHWA’s but is
substantially lower than the FAA’s primary o risk of 37.30 percent (for n =4). Although
the difference between the WSDOT / FHWA primary o risk and the FAA primary a risk
is large, the difference in expected pay is much less due to pay factors (see Table 2).

The secondary o risk for WSDOT, the FHWA and the FAA is essentially zero no matter
the sample. This value should be extremely small since it represents the risk that a
contractor will receive zero pay for acceptable material. '

To summarize, the WSDOT statistical acceptance specification purposefully maintains a
small, relatively constant contractor risk, which is typical of dual decision criteria
acceptance plans (one that uses AQL, RQL, and pay factors). Although this risk is
considered quite important in single decision criterion acceptance plans, in dual decision
criteria acceptance plans like WSDOT’s expected pay, which directly addresses
compensation, is most important to the contractor.

3.6.2 WSDOT Risk

WSDOT’s primary B risk varies with sample size and is relatively small. Because of the
relatively constant primary a risk and the mathematical interaction between a and
risks, WSDOT assumes more risk with small sample sizes while the contractor risk
remains relatively constant (see Table 1). This is a common feature of constant primary
a risk plans like WSDOT’s. The FHWA, which maintains a relatively constant primary
o risk, limits its small sample primary B risk by not using sample sizes less than five.
This limits their maximum primary B risk to 1.27 percent. The FAA sets its primary B
risk at 1.04 percent for its most common sample size (n = 4), which is comparable to both
WSDOT and the FHWA.
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WSDOT’s secondary B risk is constant at 50 percent no matter the sample size. This is
consistent with the FHWA and FAA. A secondary B risk of 50 percent is acceptable in
dual decision criteria plans for two reasons:

1. The expected pay factor for RQL material is quite small (0.406 at n =5).
Therefore, even if RQL material is erroneously accepted, payment will be less
than half the contract price.

2. These plans make it difficult to continually produce RQL material. Specifically,
WSDOT (20002) requires the contractor to “...shut down operations and...not
resume asphalt concrete placement until such time as the engineer is satisfied that
specification material can be produced whenever the Composite Pay Factor (CPF)
for a lot in progress...drops below 1.00 and the Contractor is taking no corrective
action, or...is less than 0.75.”

To summarize, WSDOT’s B risks vary with sample size and are generally higher for
small sample sizes, which is consistent with the FHWA. The FAA, which uses a set
sample size of four (n = 4) also has comparable 3 risks. All three plans use a secondary B
risk of 50 percent, which may seem quite high but is acceptable because (1) expected pay
for RQL material is quite small and therefore even if RQL material is accepted it is
accepted at a greatly reduced price and (2) all three plans make it difficult to produce
RQL material without taking corrective action.

3.7 Pay Factors

WSDOT’s pay factors are based on a series of parabolic equations; one for each sample
size group (Phillips, 1995). There are two main issues with WSDOT pay factors: (1)
their basis is undocumented and (2) expected pay for AQL material is greater than 1.00.

First, although WSDOT worked to match its statistical acceptance specification with
historical data, the engineering basis, if any, was not documented. Other authors have
attempted to establish an engineering basis for pay factors by developing ways to relate
pay factors directly to materials, projected life, and projected rehabilitation costs (Weed,
1982; Aurilio and Raymond, 1995; Weed, 1998; Deacon, et al., 2001). However, these
methods are typically complex or involve many broad assumptions and therefore do not
necessarily offer substantial improvement.

Second, the WSDOT pay factor system will produce expected pay factors greater than
1.00 for AQL material. This is because WSDOT’s pay factors are most likely based on a
pay factor table contained in the original 1985 FHWA Standard Specifications, which
when followed resulted in pay factors greater than 1.00 for AQL material. This is
especially pronounced for small samples sizes (say, n < 10) because for small sample
sizes the acceptance value is significantly lower than AQL (forn =5, AQL =95 PWL
while ¢ =78 PWL). As previously discussed, the acceptance value is that PWL that
receives a pay factor of 1.00. Therefore, material produced at AQL (which is
substantially above the acceptance value for small sample sizes) receives pay factors that
are also substantially above 1.00. The FHWA believes this leads to “a significant
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overpayment of money to the contractor” and has since corrected for it by limiting the
maximum allowed pay factor for small sample sizes (Wasill, 2001). The FAA achieves
an expected pay factor of near 1.00 for AQL material through an alternative method by
using a relatively high primary a risk of 37.30 percent.

Market forces in Washington State may have already provided a solution to pay in excess
of 1.00 for AQL material. Although contractors receive bonus pay (on average) for hot
mix work (Table 3 shows the average pay factor to be near 1.02), anecdotal evidence
suggests that contractors who know this may frequently bid slightly lower on hot mix
Jjobs with the assumption that they will receive bonus pay. This method of competitive
bidding has tended to eliminate a substantial portion of the overpayment by WSDOT for
AQL material.

Figure 9 compares FHWA, FAA, and WSDOT expected pay factors. The FHWA and
WSDOT curves are for a sample size of five (n = 5) while the FAA curve is for a sample
size of four (n = 4) and is presented for comparison (Figure 9 assumes that work
receiving a pay factor less than 0.75 under the WSDOT and FHWA plans will be rejected
without pay). Even though all three acceptance plans are shown on the same graph,
comparisons can be difficult because of differing lot and sublot sizes (see Table 3).
Appendix A applies all three acceptance plans to the same actual WSDOT data to make a
case-specific example comparison.

1.10

WSDOT
n=5
AQL = 95%

1.05 {

1.00 Pay Factor = 1.00

§ 0.95 1
o
Y L FHWA
‘; n=5 /_ WSDOT Contractual Pay Factors
T ] resented for comparison
a 0801 AqlL = 95% ® parioon)

0.85 -

EAA
0.80 1 n=4
AQL =90%
0.75

100% 90% 80% 70% 60% 50% 40% 30%
: Percent Within Limits (PWL)

Figure 9: Expected Pay Factors for WSDOT, FHWA, and FAA

Expected pay factors provide the most direct and accurate way of describing how
WSDOT’s specification pays for HMA construction. Furthermore, contractors can use
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expected pay along with their own internal quality control data to accomplish any of the
following three items:

1. Calculate their expected pay for HMA construction and confidently incorporate
this value into their contract bid.

2. Accurately set production goals to achieve a specific pay factor.

3. Determine whether a specific pay factor is realistically achievable given their
current production capabilities.

Cumulatively, these items can eliminate a majority of the guesswork involved in HMA
construction bidding.

In summary, the two issues with WSDOT pay factors are not as critical as they may
seem. First, although the basis for WSDOT pay factors is undocumented and it is
therefore difficult to determine why they were chosen, there is currently no consensus
best practice for establishing pay factors. Second, although expected pay for AQL is
greater than 100 percent, market forces appear to correct for this. Finally, expected pay,
which can be calculated from pay factors, is the most direct and accurate way of
describing how WSDOT’s specification pays for HMA construction.
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4 CONCLUSIONS

This report has set out to provide: (1) an increased knowledge of its statistical basis and
what this basis implies about its capabilities, (2) a detailed quantification of the
specification’s components and their implications and (3) an evaluation of the
appropriateness and basis for these components. These items are needed to properly use
the WSDOT HMA statistical acceptance specification and take advantage of the many
improvements it offers over traditional method specifications. Table 4 summarizes the
basic conclusions of this report.

The issues raised in the current specification’s evaluation are not critical and therefore the
specification should not be changed. Since its implementation 12 years ago, WSDOT’s
statistical acceptance specification seems to have attained an acceptable equilibrium; both
WSDOT and contractors seem reasonably content with it. This contentment as well as
the familiarity associated with an established specification is a valuable asset that should
not be disrupted for non-critical changes. However, if the third and final report in this
series, which studies quality characteristics to be measured for Superpave design mixes,
results in major recommended changes, then we recommend considering the following:

1. Establish a new AQL. Develop a sound engineering basis for AQL. Based on the
2000 average pay factor, contractors are, on the average, not producing what
WSDOT has defined as AQL material. If WSDOT believes current average
contractor output is acceptable, then the current AQL is set too high. Based on
Table 3, a more appropriate value may be near 90 PWL. Further research based
on engineering principles and long-term pavement performance could determine
the most appropriate AQL. Regardless of its value, any adjustment to AQL will
require new pay factor tables in order to maintain current o and P risks.

2. Examine more appropriate pay factors. Other researchers are investigating more
appropriate pay factors (Deacon, et al., 2001). Although their methods are often
complex and involve broad assumptions of the most critical variables they may
prove useful. Soundly reasoned, empirically-based pay factors should result in an
expected pay factor near 1.00 for AQL work and pay adjustments based on actual
increased costs incurred by WSDOT for work accepted at reduced quality levels.
Presently, pay factors are not definitively linked to future agency costs.

Finally, an improved understanding of WSDOT’s HMA statistical acceptance
specification is desirable for everyone involved. Therefore, continued examination,
education and discussion regarding the specification are in the best interest of all parties
involved.
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Table 4: Report Summary
Component General Background WSDOT Statistical Acceptance Plan Evaluation and Comparison
. e - Uses variable sampling for those quality Typical of almost all acceptance plans
Sampling Type | Two types: attribute and variable characteristics evaluated by statistical acceptance. and consistent with FHWA and FAA.
Should be selected such that: Relatively independent and similar to
Quality 1. Their quality accurately reflects overali Uses in-place density, asphalt content and aggregate | the FHWA. FAA uses more quality
Characteristics project quality. gradation. characteristics, some of which are
2. They are independent of one another. highly correlated.
Typical Class A/B specifications are:
. * In-place density > 91.0 percent TMD WSDOT specification bands are be tight
Should be tight enough to detect ¢ Asphalt content = JMF + 0.5 % enough to detect manufacturing and
. . manufacturing and construction variability, Lo : L
Specification e Gradation: construction variability, but loose
L but loose enough to aliow a reasonable . o L ag
Limits . ’ . Passing the Y-inch sieve =16 % enough to allow a reasonable amount of
amount of testing, sampling, and inherent . . N - - . :
material variability Passing the No. 10 sieve =+ 5 % tes@mg..' sampling, and inherent material
Passing the No. 40 sieve =14 % variability.
Passing the No. 200 sieve =+2.0 %
Statistical Estimates lot average and variation then uses the }:&Zig‘;ssh‘:?sﬁﬂﬁg\g: and ma]akes the
M Several statistical models can be used. non-central t distribution to calculate lot quality . ptio several common
odel (expressed as PWL) practices. FHWA and FAA use the
) same model.
_ . ¢ AQL is higher than average
AQL and RQL relate the fraction of AQ:; ; %‘Zﬁ;’svmig:;g:ef: :ifzzample size contractor quality
Quality Level | acceptable material within a lot to whether or (from 68 PWL up t0 93 PWL) + RQL is low but adequate considering
Goals not it will be accepted at full pay (AQL) or RQL = varies with sam ;: os size additional specification clauses
rejected at zero pay (RQL). (from 33 PWL up to 65 PWL) o FHWA AQL =95 PWL
» FAA AQL =90 PWL
: iol = o o Small a risk, which is typical and
All statistical acceptance plans involve risk to Se;rrl]?:ry Z :::: _ 8'55 102.55% similar to FHWA
Risk both the contractor and the contracting Primary B risk ; 5.80 10 0 % » Secondary B risk of 50 % is typical
agency. This risk can be quantified Secon dary risk = 56 % + Expected pay better describes the
v B ° plan than risk
Pay factors relate lot quality to actual pay. Uses a set of roughly parabolic equations. ¢ Undocumented basis
Pav Factors Expected pay is different from contractual Maximum PF = 1.05 « PF > 1.00 for AQL material but this is
Y pay and should be near 1.00 for AQL Minimum PF = 0.75 largely corrected by market forces
material. Expected pay at AQL ~ 1.03 * Expected pay best describes the plan
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APPENDIX A: EXAMPLE COMPARISON

This Appendix contains an example comparison of the in-place density portions of the
WSDOT, FHWA, and FAA statistical acceptance plans. Data from an actual WSDOT
contract is used (contract information is shown in Table A1). This example contains the
assumptions and limitations listed below:

The example only compares in-place density. Other statistically specified
material characteristics are not addressed.

The actual data comes from a specific WSDOT project. Because lot size and
sample frequencies are different, randomly selected samples were selected from
the WSDOT data to simulate hypothetical FHWA and FAA samples.
Specifically:

o The FHWA samples approximately once every 500 tons. Therefore, one
WSDOT sample per 400-ton WSDOT lot was selected at random to
represent a simulated FHWA sample. To get the proper number of
simulated FHWA samples, 11 WSDOT lots were excluded at random
from this process. Therefore, there were 32 simulated FHWA samples for
15,987 tons of HMA placed.

o The FAA samples approximately four times in a 2000-ton lot. Lots are
also broken up by day. Therefore, the WSDOT data was broken up into
approximately 2000-ton lots (usually five 400-ton WSDOT lots were
used) or one day’s production (this restriction was predominant). This
resulted in 12 simulated FAA lots with four simulated samples each.

WSDOT and the FHWA use specification limits based on percent of TMD. The

"FAA uses a specification limit based on percent compaction as related to a

laboratory-compacted specimen (compacted using the Marshall method). In
order to make all three density specifications comparable, I assumed laboratory
compaction to result in 4.2-percent air voids. This is the upper limit that the FAA
specifies in item P-401 Plant Mix Bituminous Pavements, Section 401-3.2 (the
specified range is 2.8-percent to 4.2-percent). The FAA specification is then
translated to percent of TMD by the following formula:

Simulated FAA Specification Limit = (100% - 4.2%)x (96.3%) =92.26% of TMD

This example comparison represents a single data point and therefore does not
represent a trend or imply any mathematical relationship between WSDOT,
FHWA, and FAA pay factors. It does, however, show a qualitative relationship
between the three specifications.
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ATable Al: WSDOT Contract Information for Data Used in this Example

Contract Number:
Location:
Description:
Paving Dates:
Total Tonnage:
Mix Class:
Binder Type:
Mix Design:

5848

SR 395, Mile Post 36.1 — 45.36
East Elm Road to SR 17
6/21/2000 — 7/10/2000

15,987 tons

19 mm Superpave

PG 70-28

G9478

Table A2: Example Comparison Summary

, T , WSDOT FHWA FAA
Total ?onr@ge Placed 15,987 15,087 . 15,987
Number of Samples per Lot 5 32 4
Total Number of Samples 215 32 48
Specification Limit 91 90 92.26
Average Lot Compaction 92.0377 91.9625 92,2993
Average Lot Standard Deviation of Compaction 0.7753 1.0877 0.8719
Average Quality Level (Q) 1.4243 1.8043 -0.3459
Average PD 10.8% 3.3% 57.1%
Average PWL 89.2% 96.7% 42.9%
Overall Pay Factor 1.0251 1.0400 0.6012

Conclusions

1. WSDOT and FHWA pay factors are similar for the densities in this example.
Data for this example come from a WSDOT-specified contract. Therefore, the
contractor’s efforts were designed to meet WSDOT specifications. Since FHWA
specifications are similar to WSDOT specifications it is expected that the
hypothetical FHWA pay factor would be close to the actual WSDOT pay factor.

2. The FAA pay factors are substantially less than either WSDOT or FHWA pay
factors for the densities in this example. In other words, FAA compaction
requirements are typically more stringent than WSDOT or FHWA requirements.
Therefore, to receive an FAA pay factor equal to WSDOT or FHWA pay factors a
contractor would have to achieve greater compaction. However, while HMA paving
by WSDOT or the FHWA is generally intended for vehicular use, HMA paving by
the FAA is generally intended for airport pavements, which experience less traffic
and have different operating requirements (e.g. up to 60,000 Ib. wheel loads, grooving
and rubber removal) (Rapol, 2001). Generally the FAA believes its aircraft
pavements need 1 to 1.5 percent more initial density than vehicular pavements to
meet their functional requirements (Rapol, 2001).
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3. For a given amount of material, WSDOT takes more samples than the FHWA or

"~ FAA. In this example WSDOT took 215 samples compared to a hypothetical 32 for
the FHWA and 48 for the FAA. This does not imply that WSDOT specifications
provide a better estimate of actual quality. Lot quality estimates become more
accurate as the number of samples per lot is increased. Table A3 compares results
from the WSDOT specification and results from a hypothetical specification that uses
only one lot per JMF with all 215 samples coming from that lot. The difference in
PWL and pay factor is a direct result of the larger sample standard deviation of the
hypothetical specification. The WSDOT standard deviation is smaller because the
WSDOT pay factor system, like most others, does not directly account for lot-to-lot
variability.

Table A3: Comparison Between WSDOT Specification and a Hypothetical
Specification that Uses the Same Number of Samples but Only One Lot Per JMF

. Standard Quality Pay
Density Deviation Level PWL Factor
Results Using WSDOT
Specifications 92.0377° 0.7753" 1.4243 89 % 1.0251
(43 Lots, 5 Samples Each)
Hypothetical Results
Assuming Only One Lot 92.0377° 1.0467° 0.9914 84 % 0.9300
(215 Samples)
Notes:

a. Calculated as an average of the 43 five-sample averages.

b. Calculated as an average of the 43 five-sample standard deviations.
¢. Calculated as an average of all 215 samples.

d. Calculated as the standard deviation of all 215 samples.
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WSDOT Actual Data

Summary Data
Total Tonnage Placed = 15987 tons Average Quality Level (Q,) = 1.4243
Number of samples perlot= 5 samples/lot Average PD = 11%
Total Number of Samples = 215 samples Average PWL = 89%
Specification Limit = 81 % TMD Weighted Average Pay Factor = 1.0251
Average Lot Compaction = 92.0377 % TMD
Average Lot St Deviation of Cc i 0.7753 % TMD
Lol Size Measured Denslty (% Rice) . Average . Standard Dev. weignted
Lot Number Lot Date {tons) Sample 1 .. Sample 2 Sample 3 Sample 4 Sample § Denslty (% Rice) . - (% Rice) .
7 " no00 433 | 96 912 6.2 6.8 950400 2.2700
2 T22un00 T 400 R 91.1 771.6800
3 22-Jun60 © i~ 400
4 22-Jun00 400
5 22~un-00 400
6 22-4un-00 315
7 23-Jun-00 400
8 23-Jun-00 _ 400 -
9 ~23-Jun-00 448 )
10 23-Jun-00 450
11 26-Jun-00 400 .98
12 26~un-00 400 1.05
13 26-Jun-00 443 1047 460.72
14 27-Jun-60 400 1050 42000
15 27-Jun-00 400 | N T 412
16 . 27-Jun-00 400~
17 27+un-00" 7
18 28-Jun-00 400 .
19 28~un-00 - 400 916800~
20 "28-jun-00 400 62,1000
21 28-Jun-00 160 91.8000 105 168.00
22 29-un-00 400" . 91.6200 TT1057 420,00
23 " 28-Jun-00 400 X “408.00/
24 28-Jun-00 400
25 29-Jun-00 400 ) 201
26 29-Jun-00 413 ...91.7800
27 30-Jun-00 400 921800
28 30-Jun00 " 400 92,4000
29 30-Jun-00 400 ... 928200
30 30-Jun-00 125 822400
31 05-Jul-00. 400 92.0400
32 05-Ji-00 400" 92.8500"
33 05-Jul-00 400 N 62.0400
34 05-Jul-00 400 _ ....51.9600
35 05-Jul-00 400 92.2400 . X
36 05-Jul-00 s | .98 . .96 90 . @4 - 615 178 12708 ¢ 31415
37 07-Jul-00 400 . 0.8985 " '404.00
38 07-Jui-00 400 : "416.00
39 07-Jul-00 400
40 07-ui-00 400~
41 07-Jul-00 85 " !
42 10-Jul-00 400 ]
43 10-Jul-00 153 911400
S . N O B | 3 BN I S B - F . 1
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FAA Hypothetical Data

*Specification limit Is approximated as(100% ~ 4.2%) x 96.3%

Summary Data
Total Tonnage Placed = 15887 tons Average Quality Level (Q )= .  -0.345
Number of samples perlot= 4 samples/lot Average PD = 57%|
Totai Number of = 48 ph Average PWL = 43%)
Specification Limit* =  92.26 % TMD Weighted Average Pay Factor = 0.6012,
Average Lot Compaction = 92.2993 % TMD
Average Lot Standard Deviation of Compaction =  0.8719 % TMD

hightighted area indicates a value id at random from the WSDOT ples lo reprasent a hypothetical FAA sample
. LotSize - »: i Measured: Densl_tx‘% ce) F . : .. -weighted. .
Lot Number ‘Lot Date o2, ; td. Dav: (% Rice)’| CUPF PF .
1 T 20-Jun-00 2.3608 ] 0.871  417.93
o2 .. 22~un-00 0.9418 ! 0.4, 1791,30
3 0 et . 1 )
; b H H
6 22-3un00 K- R i .
7 T 23-Jun00_ ¢ 916 91.3000 0.3096 -31011 . 1.5337| 100% 0% 0.50°  849.00
'8 - B 90.8 H - : e
g 90.8 : ) B ! -
10 . 914 - - ;
EE] . j AT 910 908 92.1250 1.0073 -0.1339 05446 54% | 46% 0507 621.50
12 928 922 i 9338 91.7 926 j ; B =
13 927 933 91.8 91.7 913 i -~ N S
14 934 914 ’ 93.8 93.6 935 92.5560 0.8600 0.3222 0.3926] 39% ° 1% 0.73] _ 1064.15]
15 925 94.9 92.0 91.0 931 : ’ ;
16 9214 923 937 926 91.1 TEm———
17 919 918 916 917 92.0 T : - -
18 — 833 93.6 93.1 918 924 92,0000 0.8967 -0.2600 0.5870] 59% 41% 0.50;  680.00
19 91.5 91.0 924 91.7 918 =
20 922 933 915 90.8 92.7 !
21~ 922 919 915 92.0 S19 j i :
22 916 912 91.7 91.9 917 91.8333 0.2986 -14289 ¢ 0.9763] 98% | 2% 0.50] _1006.50,
23 91.0 91.0 92.1 622 515 ! ! :
24 915 91.0 : 916 918 913 i
N 28-jun-00 400 915 917 ; 91.0 912 917 i
26 38 Jun-G0 413 9277 g1.2 95.3 91.0 91,7 : !
27 " 30-Jun-00 400 915 92.6 912 93.6 319 922333 | 0.3697 -0.0721 0.5240] 52%
28 7 T30 917 958 916 918 913 !
28 92.6 918 918 933 935 !
30 82.7 924 934 916 911 !
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APPENDIX B: CALCULATING RISK FOR A GIVEN SPECIFICATION
This appendix is based on a more thorough treatment of the topic in Freeman and
Grogan’s Statistical Acceptance Plan for Asphalt Pavement Construction (1998)
Appendix C.

1. Select the sample size for which risk is to be calculated (n). Each sample size
typically has a unique combination of a and P risks, acceptance value, and rejection
value.

2. Determine AQL, RQL, and the acceptance value (c, the PD that exactly receives a
pay factor of 1.00). Determine the rejection value (r, the PD at which material is
considered rejectable) if it is different than RQL. In WSDOT’s specification the
rejection value is the same as RQL.

3. Determine the standard normal values associated with AQL, RQL, ¢, and r (usnally
designated zaqL, ZrQL, Zc, and z;).

4. Determine the standard normal values associated with o and p risks.

Primary a risk Secondary a risk
V4 -2 4 -Z
z(a,) =~ 2(a,) ="
K/Z /«/;
Pri risk Secondary B risk
zZ —2Z VA4
2(B,) == 2(B,) ="

Jin Ji

5. Determine the probabilities associated with the standard normal values calculated for
the o and 3 risks.

1 - P(Z > z(a.)) = Primary a Risk 1 —P(Z > z(a,)) = Secondary a Risk

1 - P(Z > z(B.)) = Primary B Risk 1 —P(Z > z(B,)) = Secondary B Risk
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Example: Calculation of a and B risks of the WSDOT statistical acceptance

1.

specification at a sample size of five (n = 5).
Select the sample size for which risk is to be calculated.
Sample Size = 5 (given)
Determine AQL, RQL, and the acceptance value (c, the PD that exactly receives a
pay factor of 1.00). Determine the rejection value (r, the PD at which material is
considered rejectable) if it is different than RQL. PWL and PD are expressed as a
percent.

AQL = 95 PWL = 0.95 (WSDOT's specification uses an AQL of 95 PWL)

ROL =41 PWL = 0.41 (From Section 1-06.2, Table 2 using the n-5 column at a pay
factor of 0.75) :

¢ =78 PWL = 0.78 (From Section 1-06.2, Table 2 using the n-5 column at a pay
factor of 1.00)

r=41 PWL = 0.41 (r = RQL in the WSDOT specification)
Determine the standard normal values associated with AQL, RQL, ¢, and r (zaqL,
ZRQL, Zc, and z;). This can be done on Microsoft Excel using the NORMSINV
function. .
Z40L = 2095 = 1.645
ZROL = 2041 = -0.228
Ze = 2078 = 0.772
2, =241 = -0.228 (same as zrgy since r = ROL in the WSDOT specification)

Determine the standard normal values associated with o and B risks.

Zagr %0 _ 1.645-0.772

Primary o risk: 2(a,) = = =1.951
e
VA
Secondary a risk: z(a,) = ZAQIL ~% 1645 _1(_0'228) =4.187
VAR A
40

-



— z —f —
Prhn risk: Z(ﬂc) - zc 1 ROL - 0.772 1( 0.228) — 2'235
VA

(=2 _—0228-(-0228)

Vi J5

Secondary B risk: z(B,)= z

. Determine the probabilities associated with the standard normal values calculated for

the o and P risks. This can be done on Microsoft Excel using the NORMSDIST
function.

Primary o.risk: 1 — P(Z > z(a)) = 1 — 0.9745 = 0.0255

Secondary a risk: 1 — P(Z > z(a,)) =1 —0.99999 = 0.00001

Primary Brisk: 1 - P(Z > z(Bs)) = 1~ 0.9873 =0.0127

Secondary B risk: 1 — P(Z > z(B;)) = 1 — 0.5000 = 0.5000
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APPENDIX C: CALCULATION OF THE ACCEPTANCE VALUE (C)
This appendix provides a step-by-step method for calculating the acceptance value (c) for

an acceptance plan with a set primary a risk. This appendix is based on a more thorough
treatment of the topic in Freeman and Grogan’s Statistical Acceptance Plan for Asphalt
Pavement Construction (1998) Appendix C.
1. Determine the acceptable quality limit (AQL) in percent defective (PD).

PD =100-PWL

2. Set the primary o risk (the contractor’s risk that material produced at AQL will be
either rejected or subject to reduced pay).

For WSDOT’s statistical acceptance plan, a. = 0.05

3. Determine the sample size to be used (n).

4. Determine the z-statistic associated with the primary a risk, z(ct;). This is just the
cumulative normal probability value associated with the primary a risk and can be
obtained with Microsoft Excel NORMSDIST function) or standard statistical tables.

5. Use the basic equation below to solve for z..

basic equation rearranged to solve for z.
ZoL "2, z(a,)
z2(a,)=—7— 2 =2, ——=t=
c / c AQL \/‘;
Jn
where:  z(o.) = z-statistic associated with the primary a risk

ZaqL = Z-statistic associated with AQL
z. = z-statistic associated with the acceptance value (¢)
n = sample size

6. Determine the acceptance value (c) from z.. This can be done with Microsoft Excel
(NORMSINYV function) or standard statistical tables.
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