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ENGINEERING BRIEF NO. 56 Development of Revised Acceptance Criteria
for Item P-401 and Item P-501.

1. INTRODUCTION.
1.1 OBJECTIVE.

The purpose of this Engineering Brief is to present the revised
acceptance criteria used for two specifications contained in Federal
Avi ation Adm nistration (FAA) Advisory Crcular (AC 150/5370- 10A,
St andards for Specifying Construction of Airports, nanely:

l[tem P-401 Pl ant M x Bi tun nous Pavenents.
ltem P-501 Portl and Cement Concrete Pavenent.

The revised acceptance criteria presented herein were incorporated
into the above specifications as Change 10 to AC 150/ 5370- 10A,
i ssued March 11, 1998. The nmmjor objectives of Change 10 were to:

1. darify what is neant by acceptable quality level (AQ),
rejectable quality level (RQ), and by percentage within
specification limts (PW),

2. Adopt a uniformquality standard for acceptance of airport
pavenent surfaces,

3. Relate that standard to a revised pay adjustnent schedul es
based on density and air voids for Item P-401, and based on strength
and thickness for Item P-501, and

4. Revise the existing acceptance plans to add features that
allow |l ot pay factors in excess of the contract unit price to offset
t he degree of uncertainty (risk) associated wth acceptance pl ans
when small fractions of material are used to evaluate a day's
pr oducti on.

1.2 BACKGROUND.

On several occasions, beginning in the 1970's, the FAA has revised
Itens P-401 and P-501, to add and revise sliding scale pay

adj ust mrent schedul es based on statistical concepts. The first
efforts were conducted, in parallel, by the Washi ngton Headquarters
Ofice of Safety and Standards and the FAA Eastern Region Airports
D vision. The Headquarters O fice devel opnents, for both P-401 and
P-501, were based on work (FAA Engineering Briefs No. 17 and 30)
devel oped by R chard J. Wrch, Cvil Engineer, Headquarters Ofice
of Safety and Standards, Engineering and Specifications D vision.



The Region Ofice devel opnents, specifically for the Eastern Regi on
revisions to Item P-401, were based on work devel oped by WIIliam
Degraff and Roy McQueen, Pavenent Engi neers, FAA Eastern Region
Airports Division. The FAA Headquarters efforts al so used

accept ance net hods devel oped by Brown, E. R, National Center For
Asphalt Technol ogy, Auburn, AL, in an unpublished letter report
(circa 1977), requested by Wrch.

The origi nal approach used for both specifications provided sliding
scal e pay factors based on the range statistic for variability.
Subsequent changes revised the pay adjustnent schedul es and
acceptance criteria to use standard deviation for variability and
added PW. concepts. These revisions were the result of successive
research contracts that generated the foll ow ng reports:

1. Burati, J.L., and WIllenbrock, J.H , Acceptance Criteria
for Bitum nous Surface Course On Gvil Airport Pavenents,
FAA- RD- 79- 89, 1979.

2. Burati, J.L. et.al., Field Validation of Statistically
Based Acceptance Plan for Bitum nous Airport Pavenents,
DOT/ FAA/ PM 84/ 12, 1984.

3. MQeen, R D., Evaluation of Headquarters and Eastern
Regi on P-401 Specifications, 1989.

4. Foster, J.E , and Myjidzadeh, K., Devel opnment of Acceptance
Plans for Airport Pavenent Mterials, DOI/FAA/ RD-90/15, 1990.

5. MQeen, R D., and Associates Ltd., Devel opnent of
Statistically Based Acceptance and Quality Control Requirenents for
FAA Paving Itens, 1992.

6. MQeen, R D., and Associates, Ltd., Revisions to
Item P-501 Paynent Pl ans, 1993.

To summarize, this Engineering Brief draws heavily on the previous
body of information reported under [1,2,3,4,5,6], wth special
dependence on [1,4] regarding quality concepts, the analytical

expl anation of probability and statistics, and the conposition of
tables and figures. Two other references [7,8] were used to help
define basic terns relating to statistically-based acceptance pl ans
and probability terns. The non-central t distribution values used
in probability-based figures and tables were obtai ned from
reference [9]. Reference [10], a set of add-on functions that work
in Mcrosoftad Excela, was used to sinmulate the acceptance pl ans.



7. Wed, RM, Quality Assurance Software for the Persona
Computer, FHWA Denonstration Project 89, Quality Managenent,
FHWA- SA- 96- 026, 1996

8. Burati, J.L., Jr., Hughes, C. S., Construction Quality
Managenent for Managers (Denonstration Project 89),
FHWA- SA- 94- 044, 1993.

9. Barros, RT., The Theory and Conputerized Design of
Statistical Construction Specifications, FHWMW/ NJ-83/006, Software
Ver si on Dated 1989.

10. Crystal Balla, Version 4.0c, Decisioneering, Inc., 1996.
2. QUALITY AND ACCEPTANCE CONSIDERATIONS.
2.1 BASIC CONCEPTS.

The FAA specifications for Itens P-401 and P-501 incorporate
provisions for contractor quality control and engi neer acceptance.
Contractor quality control is the responsibility of the contractor
and is concerned with detecting changes in production, then taking
the necessary steps to control the process to correct the change in
production. Contractor quality control involves decisions based on
the results of random sanples of a small fraction of production
material. Acceptance is the responsibility of the engineer and is
concerned with nonitoring product quality as the product is
delivered in batches or lots. Acceptance involves the decision to
accept or reject a | ot based on random sanples of a small fraction
of material fromthe lot. The specifications require two random
sanpl es per day for selected process control paraneters and four
random sanpl es, one per sublot per lot, for acceptance.

2.2 QUALITY LEVELS, SPECIFICATION TOLERANCES LIMITS, AND PERCENTAGE
WITHIN SPECIFICATION LIMITS (PWL).

An essential part of developing a statistical acceptance plan is
choosing the acceptable quality level (AQ) and the rejectable
quality level (RQL). The AQL is the mnimumaquality |evel at which
the work is considered acceptable at full pay. The RQ is the

m nimum quality |level at which the work can be accepted at a reduced
pay factor. Wen work fails to neet the RQL, there is usually an
option to permt the work to be left in place at a 50 percent pay
factor. The FAA bases the AQL and RQL on the desired percent of
work required to be within specification tolerance limts.

The FAA accepts work on a |lot basis and assunmes an underlying nor nal
distribution for pavenent construction work, which nmeans that



acceptance paraneters for a lot (the popul ation paraneters) are
normal Iy distributed about a nmean (m according to a standard
deviation (s). This permts the standardi zed variable (2)
transformation to be perforned and all ows the acceptance paraneters,
along with the AQL and the RQL, to be related to the total area (or
probability) under the standard normal distribution, which is equal
to 1.0 or 100 percent.

The acceptance plans consider the average (nean, n) val ue of the
acceptance paraneter, as well as the variability (standard
deviation, s) of the material and testing procedures. Acceptance is
based on the percentage of work within specification tol erance
l[imts (PW), which is anal ogous to the area under a nornal

di stribution above the | ower specification tolerance limt (L), or
bel ow t he upper specification tolerance |imt (U). The area is
determ ned after perform ng the standardized-variable

Z transformation as foll ows:

For the lower tolerance |imt, Z (mL)/s.
For the upper tolerance limt, Z = (Um/s.
VWere, Z is expressed in terns of the nunber of
standard devi ations fromthe nean.

The area under the normal distribution at Z, which is analogous to
the PW, can be found using the standard nornmal probability table.
For instance, at Z = 1.282, the area under the standard nor mal
distribution is 0.90, which is analogous to 90 PW.. Stated in terns
of the I ower specification tolerance limt, when Z=1.282, there is a
90 percent probability that pavenent construction work is greater
than or equal to L. Stated in terns of the upper specification
tolerance limt, when Z=1.282, there is a 90 percent probability

t hat pavenent construction work is less than or equal to U

In order to determ ne the actual nean and standard deviation of the
material in a lot, it would be necessary to test all of the
material, which is not practical or possible. An alternate is to
estimate the area under the normal distribution based on a random
sanpling plan. This nmethod was first devel oped and reported in 1927
by the U S. Departnent of Defense and published as Mlitary

Standard (M L-STD) 414. It forned the basis for the nethod of
estimting PW.

This method determnes a quality index (Q, whichis simlar to the
Z value. The Qvalue is a function of sanple size (n), sanple
average (X) and sanple standard deviation (s). It is used to
estimate the probable area under the a normal distribution at L and



or U The quality index (Q at the upper and | ower specification
tolerance |imts is conputed as foll ows:

For the lower tolerance limt, Q= (X-L)/s.
For the upper tolerance limt, Q= (U X)/s.
VWere, Qis expressed in terns of the nunber of
sanpl e standard devi ations fromthe sanpl e nean.

Standard Q tables for different sanple sizes have been devel oped to
relate the Qvalue to an estimte of PW.. A portion of those
tables, for sanple sizes n=3 through n=8 are incorporated into FAA
specifications. Note that, as the sanple size increases, the

Q val ue approaches the Z val ue.

2.3 ACCEPTANCE CRITERIA AND SPECIFICATION TOLERANCE LIMITS.

The FAA has adopted a uniform standard quality |evel for acceptance
of airport pavenent construction work consistent with FAA airport
pavenent design philosophy. The design paraneters found in

AC 150/ 5320-6, Airport Pavenent Design and Eval uation, have been
devel oped and revised, for the nost part, assum ng design paraneters
can vary one standard deviation (1s) on either side of the nmean (m,
and still neet the designer's intent. The area under a nornal

di stribution, one standard deviation on either side of the nean, is
68. 3 percent of the total area. The area is distributed equally
with 34.1 percent on each side of the nmean. The designer's
assunptions are closely related to the AQL, which neans the RQ can
be expressed in terns of the AQL as foll ows:

AQL - area 1ls on either side m= RQ
AQL - 34.1 percent = RQL

The FAA has adopted 90 PW. as the AQL, which inplies the RQ can be
adopted at (90-34.1)=55.9 PW, say 55 PW, and still neet the
desi gner's intent

At the AQ., or when production quality is assunmed to neet design (or
nodel ) paraneters, 90 percent of the work is assuned to neet the
design requirenents and 10 percent of the work is considered
defective. At the RQ, 55 percent of the work is assuned to neet
the design (or nodel) requirenents and 45 percent of the work is
consi dered defective froma design viewoint. RQL work is
considered marginally acceptable at a reduced pay. Below the RQ, a
| arge portion of the designer’s intent is likely not being net, and
the work is rejectable.



The AQL for Item P-401 has been 90 PW since incorporating PWL
concepts into the specifications in the 1980's. For Item P-501, two
different AQL val ues have been used. Wen the range-based
acceptance nethod was allowed as an option in |ieu of pass/fail
criteria for acceptance, beginning in the late 1970's, the AQL was
equi valent to approximately 60 PW.. Wen the PW net hods were

i ncorporated with AC 150/5370- 10A, Change 7 (5/20/94), 80 PW. was
adopted as the AQ_. The value of 80 PW. was consistent with the
pass/fail acceptance criteria for strength that allowed not nore
than 20 percent of beamtests to fall below the design strength.

Prior to Change 10 (3/11/98), the FAA used 65 PW as the RQ for
Item P-401. The RQ. under the range-based acceptance nethod for
Item P-501 was equivalent to approximately 37 PW, and was raised to
60 PW. wi th Change 7.

Pavenent (lots) neeting the Item P-401 requirenents have perforned
satisfactorily, even as operational requirenents (traffic, grooving,
rubber renoval, etc.) have increased over the years. Just as

i nportant, contractors with airport construction experience have
been able to consistently produce at a quality level that neets this
evaluation requirenent, on a lot by lot basis. Pavenents neeting
Item P-501 requirenents, in effect since 1994, have not been

eval uat ed; however, the 80 PW requirenent at the AQL is

approxi mately 20 PW. hi gher than the range-based net hod of
acceptance in effect prior to incorporating the PAL concepts with
Change 7, and consequently, strengths have been hi gher.

Wth Change 10 (3/11/98), the sanme acceptable quality range has been
adopted for Itenms P-401 and P-501. The revised specification
tolerance limts related to the AQL of 90 PW. and the RQ of 55 PW
wi |l be discussed.

For Item P-401, the mat density and air voids tolerance limts used
with the AQL and RQL | evel s have evol ved over tine. They are based
on successful performance of pavenents that have net these limts,
and in the case of the density criteria, they mnimze the anmount of
pavenent that is accepted bel ow a density that provided

unsati sfactory performance in the past. The FAA experienced

probl ens when the specification used a pass/fail acceptance pl an
based on a maxi mum theoretical mat density of 94 percent. There
were al so probl ens associated with | ow density when the range-based
density acceptance plan was used between the md 1970's and the md
1980's. The current mat density tolerance limt (L=96.3 percent)
has been used since 1989. This lower tolerance Iimt is about

0.5 percent higher than the 90 PW acceptable joint density, with
joints historically being the poorest perform ng portion of
pavenents. Change 10 does not revise the tolerance |imts for Item

6



P-401, but the allowable quality range between the AQL and RQ. has
been wi dened, which allows a slightly lower mat density to be
included in the acceptable range. The revised acceptance criteria
for Item P-401 are based on the sanme nodel paraneters and all ow
accept ance when 90 percent of the material is within one standard
devi ati on of the nodel paraneters.

The tolerance Iimt for density, 96.3 percent of |aboratory Marshal
density, has been in use since 1989. Prior to 1989, the tol erance
l[imt for density was 96.7 percent of |aboratory Marshall density.
The | ower and upper tolerance limts for air voids, 2.0 percent and
5.0 percent, have been in use since 1992. Inspection of data from
projects constructed using these limts indicates that construction
nmeeting these limts has been consistently achi eved by contractors.
The AQL has remai ned the same for Item P-401, which inplies that the
sanme contractors will continue to neet the requirenents.

As nmentioned earlier, the FAA' s adopted nodel paraneters for mat
density and air voids acceptance plans are based on past
performance. Research data from|[1,2,3] and subsequent data from
requests by the FAA, indicate that construction superior to the
nodel paraneters has been attained on a lot by lot basis. The
density nodel is based on a nean of 98 percent and a standard
deviation of 1.3 percent. The air voids nodel is based on an

al | owabl e average between 2.8 and 4.2 percent and a standard

devi ation of 0.65 percent. The acceptance plan will be simulated
usi ng these nodel paraneters in Section 4.

For Item P-501, revised strength and thickness tolerance |imts at
the AQL and RQL | evel s have been chosen to be consistent with the
strength, thickness, |oading, and traffic volunme assunptions nmade
during the devel opnent of the pavenent design criteria.

The tolerance |imt for thickness was established at 0.5 inches |ess
than the design thickness based on a conprom se between the grade
tol erance all owed for base course material and the surface tol erance
for concrete. Historically, deficient thickness has not been an

i ssue. The FAA believes that mechanical controls to adjust

t hi ckness can readily achieve a variation of 3/8th inch or |ess, and
in nost cases, the contractor is furnishing a slightly thicker than
requi red pavenent. At the AQL, the revised criteria is slightly
nore demanding than the sliding scale thickness criteria in effect
previous to Change 7, and approximately the sane as the criteria
devel oped for Change 7. Change 10 has provisions for a 106 percent

| ot pay factor for added thickness in excess of the AQL requirenent.

The tolerance |imt for concrete strength has been set at
(0.93 x Design Strength). This value is based on the approxinate



val ue of the coefficient of variation fromfull-scale test pavenents
tested to failure in the 1970's. The strength of the pavenents
constructed for the tests was determ ned from beans made from fresh
concrete and from beans sawed from hardened concrete. The quality
control, expressed as the coefficient of variation for both types of
tests, was between 6 and 8 percent, say 7 percent. The design
curves in AC 150/5320-6 were generated fromthese full scale tests,
which inplies that the production strength should neet the average
strength used to generate the design curves. This allows the | ower
tolerance |imt for strength to be set at (0.93 x Design Strength),
whi ch is equivalent to one standard deviation fromthe average using
7 percent coefficient of variation as a baseline.

It may take additional effort for process control during
construction to achieve the sane | evel of control that was possible
during the research work on the full-scale tests. However, in order
to meet the designer’s intent, it is reasonable and necessary to
require a higher strength if production of higher variability is
common or anticipated, as long as the excess is producible on a
consi stent basis. This has generally been the case when specifying
m x design strength to neet design intent. Hi storically, the mx
desi gn strength has been specified to be at |east equal to the
specified design strength with not nore than 20 percent of strength
tests falling bel ow the design strength. For a 650 psi. design
strength, the specification has historically inplied that the
average (or 50 PW) strength and the 80 PW strength should exceed
650 psi.

A one standard devi ation strength acceptance nodel was devel oped
that requires at |least 80 PW (Z value for 80 PW =0.8416) at the
design strength coupled with a | ower specification tolerance limt
of (0.93 x Design Strength). Using a design strength of 650 psi. as
a nodel paraneter, and a | ower specification tolerance limt of
604.5 psi., the nodel standard deviation that provides an 80 PW
strength of 650 psi. is 55 psi. This was determ ned as foll ows:

Z=(mVL)/s, which inplies s=(mL)/Z
Wer e: Z=0. 8416 (at 80 PW
L=604.5 (at 650 psi design strength)
me650 psi. (average desired at 80 PW)
s=(650-604.5)/0.8416, s=54.1 psi, say 55 psi.

This nodel is conpared to previous revisions to the specification in
Table 2.1. Table 2.1 sumrmarizes the AQ., RQ., tolerance limts, and
strength requirenents, assum ng a nodel standard deviation of

55 psi., for the three recent revisions to the Item P 501 acceptance
criteria for strength.



TABLE 2.1 SUMMARY OF STRENGTH REQUIREMENTS FOR ITEM P-501 ACCEPTANCE
CRITERIA ASSUMING 55 psi STANDARD DEVIATION.

Strength Required to Meet PW
Specification| AQL | RQL L AQL RQL 80 PW 50 PW
Revi si on PW | PAL | psi. | Strength | Strength | Strength | Strength
Range- Based . . . .
(converted to 60 37 650 664 psi 632 psi 696 psi 650 psi
PW.)
Change 7 80 60 650 696 psi 664 psi 696 psi 650 ps
Change 10 90 55 | 604.5| 675 psi 611 psi 651 psi |604.5 psi
Wher e: AQL = Acceptable quality |eve
RQL = Rejectable quality |evel
L = Lower specification tolerance limt
PW. = Percentage within specification limts

The range-based specification and Change 7 required the strength at
50 PW. to be at least 650 psi., which satisfies the designer's
intent to have the average strength at |east equal to the design
strength. The range-based specification and Change 7 required the
production strength to be higher than the design strength at the
AQL, to neet the designer's intent to have not nore than 20 percent
fall below the design strength. Both specifications used the design
strength as the lower Iimt, with Change 7 being consistent with the
desi gner's assunptions. Both specifications had a narrow 32 psi.
band between the AQL and the RQL (assum ng a 55 psi standard
deviation). Both specifications net the designer's intent. Under
Change 7, the contractor could achieve a 106 percent |ot pay factor,
whi ch hel ped offset the added strength requirenent to neet an AQ of
80 PW (696 psi.) versus the AQL of 60 PW (664 psi.) contained in

t he range-based specification.

The revised acceptance criteria issued in Change 10 provi des

bal ance. The designer's intent for at |east 80 percent of the
concrete to have a strength of at |east 650 psi. is achieved (at
55 psi. standard deviation). The contractor's desire to mnim ze
the excess strength required to neet the specification is stil
reasonabl e, includes provisions to achieve a 106 percent | ot pay
factor, and the narrow strength band between the AQL and RQL has
been increased without sacrificing the designer's intent. The
[imted anbunt of data from projects that were constructed under
Change 7 suggest that contractors are striving to achieve a

106 percent | ot pay factor by providing added strength. The FAA



believes this practice will continue under the revised criteria, so
the risk associated wth accepting a strength at the RQ that is
| ess than the design strength, is reduced.

Table 2.2 shows the strength requirenments and nodel standard

devi ations applied to design strengths ranging from 600-750 psi.
Table 2.3 sunmari zes the AQL, RQL, and upper and | ower specification
l[imts for Itens P-401 and P-501.

TABLE 2.2 FAA STRENGTH REQUIREMENTS FOR 600, 650, 700, and
750 psi. DESIGN STRENGTHS.

Desi gn Lower Model RQL 80 PW AQL
™) Lo 1y o an (55 P (50 P
600 558.0 51 564 601 623
650 604. 5 55 611 651 675
700 651. 0 59 658 701 727
750 697.5 63 705 751 778

TABLE 2.3 ACCEPTANCE CRITERIA, ITEM P-401 ITEM P-501.

QUALI TY LEVELS TOLERANCE LIM TS
|tem P-401 AQL RQL L U
Mat Density 90 PW 55 PW 96. 3 percent -
Ai r Voi ds 90 PW 55 PW 2 percent 5 percent
Item P-501 AQL RQL L
Strength 90 PW 55 PW 0. 93 X Design
Thi ckness 90 PW 55 PW Plan - 0.50 in.
Wher e: AQL = Acceptable quality |eve
RQL = Rejectable quality |evel
L = Lower specification tolerance limt
U = Upper specification tolerance limt
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2.4 REVISED PAY ADJUSTMENT SCHEDULE.

The pay adjustnent schedule in Change 10, was designed to add
features that allow | ot pay factors in excess of the contract unit
price to offset the degree of uncertainty (risk) associated with
acceptance plans when small fractions (sanple size n=4 sublots) of
material are used to evaluate a day's production. The goals were to
mnimze risk at the AQL, accept a reasonable risk at the RQ, and
revise the pay adjustnent schedule to reflect full pay when the
estimated PW. was the sane as the AQL and to reflect the m ni mum pay
factor when the estinmated PW was the sane as the RQL. The risk
analysis will be discussed later in this section and in Section 4.

The existing Item P-401 pay adjustnent schedule was revised to
acconplish these goals and to incorporate the new RQL of 55 PW.

The 65 percent pay factor at the RQ was nmaintai ned. The existing
pay adjustnent schedule was incorporated into Item P-501 using the
previously described revisions to the specification tolerance limts
for strength and thickness. This acconplished the goal of adopting
a uniformquality standard for acceptance of airport pavenent
surfaces.

The first step in the revision accomodated the new | ower RQL. The
exi sting pay curve fromltem P-401 had two sl opes, 0.5 between

80-90 PW, and 2.0 between 65-80 PW.. It was decided to keep two

sl opes between the AQL and the RQ., and to keep the 0.5 slope in the
hi gher quality region. The next step distributed the added quality
range (65-55 = 10 PW) equally, 5 PW to the upper quality region
(75-90 PW), and 5 PW. to the lower quality region (55-74 PW). The
next step derived the new slope for the |ower quality region using
65 percent pay at 55 PW.. This resulted in a slope of 1.4 between
55-74 PW..

The final step was an iterative process to mnimze the contractor's
risk and provide full pay at the AQL.. This required an incentive
pay factor for quality above the AQ.. The conbination that
successful ly acconplished this resulted in a third sl ope, of

1.0 between 90 PW and 96 PW., and a pay factor range increasing
linearly to 106 percent at 96 PW, was added. The 106 percent | ot
pay factor is consistent with the incentive allowed in Item P-501
and with pay adjustnent schedul es recommended [3,5] for Item P-401.

Figure 2.1 sumrari zes the steps descri bed above, and the | ot pay
factor adjustnent schedule is shown in Table 2.4.
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FIGURE 2.1 SUMMARY OF STEPS USED TO REVISE PAY FACTOR SCHEDULE.
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LOT PAY FACTOR, (PERCENT)

110

100

90

80

70

60

50 -

110

100

90

80

70

60

50 -

110

100

90

80

70

60

50 -

Step 1. Use existing 90
pay schedule from 80
Iltem P-401.

Upper Quality
y\ Region
Slope = 0.5
Lower Quality
65 Region
Slope = 1.4

50 55 60 65 70 75 80 85 90 95 100
LOT PERCENTAGE WITHIN LIMITS (PWL)

Steps 2&3. Distribute 90 s - -0

the added quality
range and add

incentive portion.

LOT PERCENTAGE WITHIN LIMITS (PWL)

Step 4. Combine
revisions and finalize

new pay factor

Incentive Quality

schedule. Region
Upper Quality Slone = 1.0
V\ Region
55 Lower Quality Slooe =05
Region
Slope=1.4

50 55 60 65 70 75 80 85 90 95 100
LOT PERCENTAGE WITHIN LIMITS (PWL)
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TABLE 2.4 PAY FACTOR ADJUSTMENT SCHEDULE.

PWL Lot Pay Factor
96 and above 106
90 to 96 PW. +10
75 to 90 0.5 PW +55
55 to 74 1.4 PW -12
bel ow 55 PW Rej ect (at 50 % pay)

PW. = Percentage within specification limts

Note: There is an option to allowthe lot to
remain in place at 50 percent pay when the pay
factor is less than 65 percent.

The revised |lot pay factor schedule applies to the density and air
voi ds acceptance plans for Item P-401, and to the strength and

t hi ckness acceptance plans for Item P-501. It has been integrated
with the specification tolerance limts contained in each

speci fication.

The acceptance plans have additional features, explained in the

i ndi vi dual specifications, that allow a neasure of added quality
furni shed for one acceptance paraneter to offset a neasure of
reduced quality furnished for the other acceptance paraneter, on a

| ot-by-lot basis. For exanple, under certain conditions, Item P-401
| ot pay factors in excess of 100 percent for density can offset air
voi d pay factor reductions for the sane lot, or, lot pay factors in
excess of 100 percent for air voids can offset density pay factor
reductions for the sanme lot. This also applies to the Item P-501

| ot pay factors. For exanple, under certain conditions, Item P-501
| ot pay factors in excess of 100 percent for thickness can of fset
strength pay factor reductions for the sane lot, or, |lot pay factors
in excess of 100 percent for strength can offset thickness pay
factor reductions for the sane |ot.

The rel ationshi p between design assunptions, the | ot pay factor
schedul e, and the specification tolerance limts wll be
denonstrated for Item P-501 acceptance paraneters. To denonstrate
this relationship for the revised thickness tol erance, assune a
Boeing B-767 aircraft is the design aircraft and conduct a design
exanpl e using the foll ow ng assunptions:
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Fl exural Strength 650 psi.

Modul us of Subgrade Reaction 300 pci.
Aircraft G oss Wi ght 325, 000 | bs.
Nunber of Annual Departures 25, 000

The design thickness derived using these assunptions is 15 inches.
Now, assune the contractor standard deviation is 0.38 inches. This
inplies that 90 PW. requires 15.0 inches of pavenment. This inplies
that 55 PW requires 14.55 inches of pavenent. According to the |ot
pay factor schedule, the contractor receives 65 percent pay at the
RAL. Referring to the sanme design paraneters, back-cal cul ating the
nunber of departures at 14.55 inches is |ess than 15, 000 annual
departures. This is |less than 60 percent of the designer's intent.

The sane design exanple is used to show how the | ot pay factor
schedul e integrates with the revised tolerance limt. The RQ is
(0.93 X design strength) for flexural strength. Now, assune the
contractor's standard deviation is 55 psi. This inplies that 90 PW
requires 675 psi., 80 PW requires 651 psi., and 55 PW. requires

611 psi. The designer's intent is exceeded at the AQL and the
strength required at 80 PW is the design strength. At the RQ., the
nunber of departures is between 6,000 and 15,000, again |less than

60 percent (actually less than 50 percent of the designer's intent).

In both cases, material produced at the AQL neets the designer's
intent, and material produced bel ow the RQL does not neet the
designer's intent.

3. OPERATING CHARACTERISICS, EXPECTED LOT PAY FACTORS, AND RISK
ANALYSIS.

3.1 OPERATING CHARACTERISTICS (0OC).

The FAA has adopted a sanple size of n=4 sublots per |ot, and has
integrated a sliding scale pay adjustnent schedule into the PW
acceptance plans applicable to Itens P-401 and P-501. The AQL and
RQL have been established at 90 PW. and 55 PW. respectively, so the
probability of acceptance at any quality level, using a sanple size
of n=4 can be calculated. Wen plotted, these probability curves
are called the operating characteristics (0OC) of the acceptance

pl an, which is defined as the probability that a | ot being produced
at a given PW (popul ation statistics) will be accepted at a given
| ot pay factor based on the estimated PW from sanple statistics.
The OC at various PW values is shown in Table 3.1

The probabilities were derived fromsoftware [9] that supplenments
and el aborates on the acceptance procedures presented in
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M L- STD 414, and cal cul ates the probabilities based on the
non-central -t and symretrical beta probability distributions. The
probabilities were derived by rounding the estimted PW values to

the next higher PW value, a feature required in the specifications.

For instance, at 90 PW, the probability that the estimated PW is
89.01 PW. or higher was the probability used to obtain the OC at

90 PW.. The values chosen for Table 3.1 can be arbitrary, since an

OC can be determ ned for each PW.

The val ues chosen for Table 3.1 correspond to the probability of
estimating a |lot at or above PW’S of 96, 90, 80, 73, 66, 59, and
55 percent, which correspond to |ot pay adjustnent factors of 106,
100, 95, 90.2, 80.4, 70.6, and 65 percent, respectively. In al
cases, 50 percent pay was assuned at PW. val ues bel ow t he RQL

(55 PW).

TABLE 3.1 OPERATING CHARACTERISTICS AT VARIOUS PWL LEVELS
USING A SAMPLE SIZE n=4.

PROBABI LI TY THAT THE LOT PAY FACTOR WLL BE

Lot PW 106% | 3100% | 395% | 390.2%| 380.4%| 370.6%| 365%
or 3 or 3 or 3 or 3 or 3 or 3 or 3
96PWL 90PWL 80PWL 73PWL 66 PV 59PW. 55PWL

96 0.7624 | 0.8401 | 0.9397 | 0.9778 | 0.9939 | 0.9987 | 0.9995
90 0.5334 | 0.6270 | 0. 7882 | 0.8839 | 0.9486 | 0.9814 | 0.9901
80 0.2973 | 0.3717 | 0.5320 | 0. 6632 | 0. 7900 | 0.8885 | 0.9271
73 0.1940 | 0.2497 | 0.3819 | 0.5061 | 0.6464 | 0. 7791 | 0. 8411
66 0.1231 | 0.1622 | 0. 2620 | 0. 3660 | 0.4990 | 0. 6463 | 0. 7257
59 0.0751 | 0.1010 | 0.1708 | 0. 2501 | 0.3625 | 0.5047 | 0.5916
55 0.0554 | 0.0752 | 0.1303 | 0.1956 | 0.2931 | 0.4253 | 0.5116
PW. = Percentage within specification limts

Figure 3.1 graphically depicts the values in the table. This figu
can be used to establish target production | evels necessary to

re

achieve a desired probability of acceptance, which will be expl ai ned

in Section 4.
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PROBABILITY OF ACCEPTANCE AT LOT PA)

FACTOR (PF) LEVEL SPECIFIED

FIGURE 3.1 SET OF OPERATING CHARACTERISTICS CURVES FOR THE FAA ACCEPTANCE
PLAN, SAMPLE SIZE n=4 SUBLOTS, AC 150/5370-10A, CHANGE 10 ITEMS P-401 AND P-501
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3.2 EXPECTED LOT PAY FACTORS.

The expected | ot pay factor is the AVERAGE fraction of full pay a
contractor receives for a series of many |lots produced at a given
PW.. It is not the sane as contract pay, as detailed in Section 4.
Expected | ot pay factors can be determ ned fromthe probability
values in Table 3.1. The expected |ot pay factor is determ ned at
each quality |evel by choosing probability intervals between the AQL
and the RQL, multiplying the interval probability by the average pay
factor for the interval, then sunmng the pay factors for all the
intervals between the AQL and the RQ.. For exanple, assune the | ot
quality is 90 PW, and the interval probability of interest is

bet ween 80-90 PW.. The average pay factor for a series of lots
produced between 80-90 PW is conputed as foll ows:

(pay at 80PW. + pay at 90PW.)/2 or
(95 + 100)/2 = 97.5 percent
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Al so, the probability of evaluating a series of |ots--being produced
at 90 PW.--between the interval of 80-90 PW is the difference
between the probability of estimating the ot quality at 80 PW or
nore and the probability of estimating the lot quality 90 PW or
nmore. The probability between the 80-90 PW interval is determ ned,
using Table 3.1, as foll ows:

(prob. at
( 0.7882 -

3I80PW) -
0. 6270)

(prob. at
= 0.1612

390PW.) or
The contribution to the expected |ot pay factor--at 90 PW--for the
probability between the 80-90 PW. is determ ned as foll ows:

(prob.) x (avg. pay factor) or
0.1612 x 97.5 percent = 15.72 percent

Interval probabilities for the PAL | evels given in Table 3.1 are
presented in Table 3. 1A

TABLE 3.1A OPERATING CHARACTERISICS AT VARIOUS PWL LEVELS
USING A SAMPLE SIZE n=4.

PROBABI LI TY THAT THE LOT PAY FACTOR W LL BE
Lot 106% | 2100% | 395% |390. 2%|380. 4%(370. 6% 365% | 50%
PV or 3 | or3 | or3 |[or3 | or3 | or3 | or3 | oOrc<
96PW. | 9OPWL. | 80PW. | 73PW. | 66PW. | 59PW. | 55PW. | S5PW
96 0.7624|0.0777|0.0996|0.0381|0.0161|0. 0048 |0. 0008 |0. 0005
90 0.5335|0.0936|0. 1612 |0. 0957 |0. 0646 |0. 0327 |0. 0087 |0. 0099
80 0.2973|0.0744|0. 1603 |0. 1312 |0. 1268 |0. 0985 |0. 0386 |0. 0729
73 0.1940|0. 0557 |0. 1322 |0. 1242 0. 1403 |0. 1327 |0. 0620 |0. 1589
66 0.1231|0.0391|0.0998|0.1040|0.1330|0.1473|0.0794|0.2743
59 0.0751|0.0259|0.0698|0.0793|0. 1124 |0. 1422 |0. 0869 |0. 4084
55 0. 0554 |0. 0198 |0. 0551 (0. 0653 |0. 0975 |0. 1322 |0. 0863 |0. 4884
PW. = Percentage within specification limts
Note: Assunmes 50% pay when pay factor is |less than 65%

The expected | ot pay factors (that is, the sunmation of the above
interval nmultiplied by the average pay between the intervals)
corresponding to the PAW |evels given in Tables 3.1 and 3. 1A are
presented in Table 3.2 for the acceptance plan when n=4 subl ots.
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The expected | ot pay factor at a given PW is anal ogous to the
operating characteristics when pay adjustnent schedul es are part of
t he acceptance plan, and can be used to anal yze ri sk.

TABLE 3.2 EXPECTED LOT PAY FACTORS
FOR FAA ACCEPTANCE PLAN.

SAMPLE SIZE n=4 SUBLOTS.

Lot Quality Expect ed
(PW) Lot Pay Factor
96 103. 87%
90 99. 84%
80 91.47%
73 84. 83%
66 78. 00%
59 71.41%
55 67.90%

PW. = Percentage within
specification limts

Not e: Assunes 50% pay when pay
factor is less than 65%

3.3 RISK ANALYSIS AND EXPECTED LOT PAY FACTOR.

There are two types of risk associated with the acceptance plan.
The contractor’s risk is the risk that material of acceptable
quality will be rejected and the owner’s risk is the risk that
material of rejectable quality will be accepted. The goal of
Change 10 was to use the probabilities associated with a sanple
size n=4 sublots, an AQL of 90 PW and a RQ of 55 PW, in
conbination with a new pay adjustnent schedule to essentially
elimnate the contractor’s risk at the AQL and mnim ze the owner’s
risk at the RQ.

The expected | ot pay factor at any PW can be analyzed for risk by
using the lot pay factor schedule as the baseline. The contractor’s
risk and the owner's risk can be expressed as the difference between
the pay determned fromthe | ot pay factor schedul e and the pay
determ ned fromthe expected pay factor curve. |f the expected pay
factor is less than the |lot pay factor schedul e val ue, the
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contractor has risk. |If the expected pay factor is nore than the

| ot pay factor schedul e value, the owner has risk. Table 3.3 shows
the contractor’s and owner’s risk at the quality levels used in
Tables 3.1, 3.1A, and 3. 2.

TABLE 3.3 CONTRACTOR®"S AND OWNER®"S RISK AT VARIOUS
QUALITY LEVELS.

Lot Col B Col C Cont ract or Owner Ri sk

Quality légctiiy Expect ed Ri sk (C- B
(PVL) Schedul e ngatct?ry (B- 0O

96 106% 103. 87% 2.13% -

90 100% 99. 84% 0. 16% -

80 95% 91. 47% 3.53% -

73 90. 2% 84.83% 5.37% -

66 80. 4% 78. 00% 1. 60% -

59 70. 6% 71. 41% - 0. 81%

55 65% 67.90% - 2.90%

PW. = Percentage within specification limts
Note: Assunmes 50% pay when pay factor is |less than 65%

Note: Risks above the AQL and bel ow the RQL are anal yzed
in Section 4.

As shown in the table, the risks are well bal anced in the acceptable
quality range. The contractor can expect to average full pay in the
I ong run for consistent production at the AQL, and the owner only
has a 3 percent risk of accepting work if consistently produced at
the RQL. These are theoretical risks and the contractor's risk
appears to be slightly conservative when conpared to sinulations as
will be shown. A nore conplete analysis of risk above the AQL and
below the RQL is presented in Section 4.

4. SIMULATION OF ACCEPTANCE PLANS.

The acceptance plans were sinmulated [10] for each of the acceptance
paraneters for Itens P-401 and P-501. For Item P-401, simnulations
were conducted for density and air voids. For Item P-501,

si mul ati ons were conducted for strength and thickness.
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4.1 I1TEM P-401 MAT DENSITY ACCEPTANCE PLAN.

The acceptance plan for mat was sinulated by randomy generating | ot
data, with 4 sublots per lot, using a normal distribution wth:

- L=96. 3 percent.

- Standard deviation = 1.0, 1.3, 1.6, 1.9, and 2.2 percent.

- Average density values of: 96.0, 96.5 97.0, 97.5, 98.0,
98.5, 99.0, and 99.5 percent density.

- Qutlier check at 5 percent significance, wth outliers
excluded fromthe evaluation and a revised n=3 used to calculate the
estimated PW).

- Al lots that fall below 55 PW. allowed to remain in place
at 50 percent pay.

10,000 lots, each with 4 random subl ot val ues, were generated for
each average and standard devi ation conbination. Each lot result
was eval uated according to the nethod of estimating PW, and pay
factors were calculated using the | ot pay factor schedule. The
average |lot pay factor for 10,000 |lots, at each density was

consi dered the expected | ot pay factor at that density. The results
are shown in Figure 4.1.

EXPECTED LOT PAY FACTOR, (PERCENT)

FIGURE 4.1 EXPECTED LOT PAY FACTORS FOR DENSITY ACCEPTANCE PLAN,
ITEM P-410 WITH OUTLIER CHECK AT 5% SIGNIFICANCE
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20




The expected | ot pay factor for density depends on the variability
(standard deviation) as well as the average (nean) density. The
expected | ot pay factor corresponding to a specific density and
variability conmbination is defined as the AVERAGE | ot pay factor a
contractor receives for a series of many |ots produced at the
specific density and standard devi ati on conbi nati on and sanpl ed at
t he indi cated nunber of sublots per lot. For exanple, if hot mx is
produced at 98.0 percent density with a standard devi ati on of

1.3 percent, the AVERAGE | ot pay factor a contractor would receive
for a series of lots, sanpled at n=4 sublots per |ot, would be
slightly higher than 100 percent of full pay.

Production (popul ation) density is defined as the average density
that would result if all of the hot mx in a |lot were random sanpl ed
and tested for density. Production (population) variability is
defined as the standard deviation fromall density tests in alot if
all of the material in a lot were tested. The expected | ot pay
factors are cal cul ated using the sanple average and sanpl e standard
devi ations using the sanple required in the specifications, size n=4
subl ot s.

Figure 4.1 shows the expected | ot pay factor for density for various
standard devi ati ons when the | ower specification limt is

96.3 percent. Using 1.3 percent as the contractor's standard

devi ation, for exanple, the average production density must equal or
exceed 98.0 percent to expect a |lot pay factor of 100 percent or
nmore when using n=4 sublots. If the contractor's standard devi ation
is 1.6 percent, then the average density nust equal or exceed

98.4 percent to expect a |ot pay factor of 100 percent or nore. The
figure shows the inpact that process control has on expected | ot pay
factors. For exanple, if the production density is 98.0 percent.
the expected | ot pay factor at a standard deviation of 1.3 percent
is 100.3 percent. The expected |lot pay factor drops to 90 percent
at 98.0 percent density, at a standard deviation of 2.2 percent.

4.2 I1TEM P-401 AIR VOID ACCEPTANCE PLAN.

The air void acceptance plan was sinmul ated by randomy generating
ot data, with 4 sublots per lot, using a normal distribution wth:
- L=2.0 percent.
- U=5.0 percent.
- Standard deviation = 0.45, 0.65, 0.85, 1.05. and
1. 25 percent.
- Average air voids of: 2.0, 2.5, 3.0, 3.25, 2.5, 3.75, 4.0,
4.5, and 5.0 percent.
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- Qutlier check at 5 percent significance, wth outliers
excluded fromthe evaluation and a revised n=3 used to calculate the
estimated PW..

- Al lots that fall below 55 PW. allowed to remain in place
at 50 percent pay.

10,000 lots, each with 4 random subl ot val ues, were generated for
each average and standard devi ation conbination. Each |ot result
was eval uated according to the nethod of estimating PW, and | ot pay
factors were cal culated using the | ot pay factor schedule. The
average |lot pay factor for 10,000 lots, at each air void content was
consi dered the expected | ot pay factor at that air void content.

The results are shown in Figure 4.2.

EXPECTED LOT PAY FACTOR, (PERCENT

FIGURE 4.2 EXPECTED LOT PAY FACTORS FOR AIR VOID ACCEPTANCE PLAN,
ITEM P-410 WITH OUTLIER CHECK AT 5% SIGNIFICANCE
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The expected | ot pay factor for air voids depends on the variability
(standard deviation) as well as the average (nean) air voids. The
expected | ot pay factor corresponding to a specific air void and
standard devi ati on conbination is defined as the AVERAGE | ot pay
factor a contractor receives for a series of many |ots produced at
the specific air void and standard devi ati on conbi nati on and sanpl ed
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at the indicated nunber of sublots per lot. For exanple, if hot mx
is produced at 2.8 percent air voids with a standard devi ati on of

0. 65 percent, the AVERAGE | ot pay factor a contractor would receive
for a series of lots, sanpled at n=4 sublots per |ot, would be

100 percent of full pay.

Production (population) air voids are defined as the average air
voids that would result if all of the hot mx in a |ot were random
sanpl ed and tested for air voids. Production (popul ation)
variability is defined as the standard deviation fromall air voids
tests inalot if all of the material in a lot were tested. The
expected | ot pay factors are cal cul ated using the sanple average and
sanpl e standard devi ations using the sanple required in the
specifications, size n=4 subl ots.

Figure 4.2 shows the expected | ot pay factor for air voids for

vari ous standard devi ati ons when the |ower specification limt is
2.0 percent and the upper specification limt is 5.0 percent. Using
0. 65 percent as the contractor's standard devi ation, for exanple,

t he average production air voids nust be between 2.8 - and

4.2 percent to expect |ot pay factors of 100 percent or nore when
using n=4 sublots. |If the contractor's standard deviation is

1. 05 percent, then the average air voids nmust be between

3.4 - 3.8 percent to expect |ot pay factors of 100 percent or nore.
The figure shows the inpact that process control has on expected | ot
pay factors. For exanple, if the production air voids are

2.8 percent or 4.2 percent, the expected lot pay factor at a
standard devi ation of 0.65 percent is 100 percent. The expected | ot
pay factor drops to 90 percent at 2.8 percent or 4.2 percent air

voi ds, at a standard devi ation of 1.05 percent.

4.3 I1TEM P-501 STRENGTH ACCEPTANCE PLAN.

The strength acceptance plan was sinulated by randomy generating
ot data, with 4 sublots per lot, using a normal distribution wth:

- L=604.5 psi (650 psi. Design Strength).

- Standard deviation values of: 40, 50, 55, 60, 70, 80, and
100 psi.

- Average flexural strength values of: 600, 625, 650, 675,
700, 725, 750, 775, and 800 psi.

- Qutlier check at 5 percent significance, wth outliers
excluded fromthe evaluation and a revised n=3 used to calculate the
estimated PW).

- Al lots that fall below 55 PW. allowed to remain in place
at 50 percent pay.

10,000 lots, each with 4 random subl ot val ues, were generated for
each average and standard devi ation conbination. Each |ot result
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was eval uated according to the nethod of estimating PW, and |ot pay
factors were cal culated using the | ot pay factor schedule. The
average |lot pay factor for 10,000 lots, at each flexural strength
was considered the expected |ot pay factor at that flexural

strength. The results are shown in Figure 4.3.

EXPECTED LOT PAY FACTOR, (PERCENT)

FIGURE 4.3 EXPECTED LOT PAY FACTORS FOR STRENGTH ACCEPTANCE PLAN,
650 psi DESIGN STRENGTH, WITH OUTLIER CHECK AT 5% SIGNIFICANCE
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AVERAGE LOT STRENGTH, psi.

The expected | ot pay factor for strength depends on the variability
(standard deviation) as well as the average (nean) strength. The
expected | ot pay factor corresponding to a specific strength and
variability conbination is defined as the AVERAGE | ot pay factor a
contractor receives for a series of many |lots produced at the
specific strength and variability conbination and sanpled at the

i ndi cated nunber of sublots per lot. For exanple, if concrete is
produced at 675 psi. with a standard devi ation of 55 psi, the
AVERACE | ot pay factor a contractor would receive for a series of

| ots, sanpled at n=4 sublots per |ot, would be 100 percent of ful

pay.

Production (population) strength is defined as the average strength
that would result if all of the concrete in a |lot were random
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sanpl ed and tested for strength. Production (popul ation)
variability is defined as the standard deviation that would result
fromall strength tests in alot if all of the nmaterial in a |ot
were tested. The expected |ot pay factors are cal cul ated using the
sanpl e average and sanpl e standard devi ations using the sanple
required in the specifications, size n=4 sublots.

Figure 4.3 shows the expected | ot pay factor for strength for

vari ous standard devi ati ons when the |ower specification limt is
604.5 psi (design strength is 650 psi.) Using 55 psi. as the
contractor's standard devi ation, for exanple, the average production
strength nust equal or exceed 675 psi. to expect |ot pay factors of
100 percent or nore when using n=4 sublots. |If the contractor's
standard deviation is 70 psi., then the average strength nust equal
or exceed 695 psi. to expect lot pay factors of 100 percent or nore.
The tabl e shows the inpact that process control has on expected | ot
pay factors. For exanple, if the production strength is 675 psi.
the expected | ot pay factor at a standard deviation of 55 psi. is
100 percent. The expected |ot pay factor drops to 95.6 percent at a
standard devi ation of 70 psi.

4.4 1TEM P-501 THICKNESS ACCEPTANCE PLAN.

The thi ckness acceptance plan was sinulated by randomy generating
ot data, with 4 sublots per lot, using a normal distribution wth:

- L=14.5 in. (15 inch Design Thickness).

- Standard deviation values of: 0.25, 0.375, 0.50, 0.625, and
0.75 in.

- Average thickness values of: 14.5, 14.75, 15.0, 15. 25,
15.5, 15.75, and 16.0 in.

- There is no outlier provision for thickness.

- Al lots that fall below 55 PW. allowed to remain in place
at 50 percent pay.

10,000 lots, each with 4 random subl ot val ues, were generated for
each average and standard devi ation conbination. Each |ot result
was eval uated according to the nethod of estimating PW, and | ot pay
factors were cal culated using the | ot pay factor schedule. The
average |l ot pay factor for 10,000 |lots, at each thickness was

consi dered the expected | ot pay factor at that thickness. The
results are shown in Figure 4.4.
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EXPECTED LOT PAY FACTOR, (PERCENT

FIGURE 4.4 EXPECTED LOT PAY FACTORS FOR THICKNESS ACCEPTANCE PLAN,
15 inch DESIGN THICKNESS, OUTLIERS NOT CONSIDERED.
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MEAN LOT THICKNESS, inches

The expected | ot pay factor for thickness depends on the variability
(standard deviation) as well as the average (nean) thickness. The
expected | ot pay factor corresponding to a specific thickness and
variability conmbination is defined as the AVERAGE | ot pay factor a
contractor receives for a series of many |ots produced at the
specific thickness and variability conbination and sanpled at the

i ndi cated nunber of sublots per lot. For exanple, if concrete is
produced at 15.0 inches with a standard deviation of 0.375 in., the
AVERACE | ot pay factor a contractor would receive for a series of

| ots, sanpled at n=4 sublots per |ot, would be 100 percent of ful

pay.

Production (popul ation) thickness is defined as the average

t hi ckness that would result if all of the concrete in a |lot were
sanpl ed and tested for thickness. Production (popul ation)
variability is defined as the standard deviation that would result
fromall thickness tests inalot if all of the material in a |ot
were tested. The expected | ot pay factors are cal cul ated using the
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sanpl e average and sanpl e standard devi ations using the sanple
required in the specifications, size n=4 sublots.

Figure 4.4 shows the expected | ot pay factor for thickness for

vari ous standard devi ati ons when the design thickness is 15 inches.
Using 0.375 in. as the contractor's standard devi ation (popul ation),
for exanple, the average (nean) production thickness nmust equal or
exceed 15 inches to expect |ot pay factors of 100 percent or nore
when using n=4 sublots. |If the contractor's standard deviation is
0.50 in., then the average thickness nust equal or exceed 15.15 in.
to expect |ot pay factors of 100 percent or nore. The table shows
the i npact that process control has on expected | ot pay factors.

For exanple, if the production thickness is 15.0 in., the expected
| ot pay factor at a standard deviation of 0.375 in. is 100 percent.
The expected | ot pay factor drops to 90 percent at a standard

devi ation of 0.625 in.

4.5 RISKS DETERMINED FROM SIMULATIONS OF ACCEPTANCE PLANS.

As nmentioned earlier, the contractor's risk calculated fromthe
probability tables appears to be conservative when conpared to the
sinmulations. Table 4.1 shows the risks calculated fromthe
sinmulations with an outlier check at 5 percent significance.

Table 4.2 shows the risks cal cul ated when no outlier provisionis
included. 1In both cases, the contractor essentially achieves a | ot
pay factor of 100 percent in the Iong run when production is
consistently at the AQL, and the owner has about 4 percent risk at
the RQL. Below the RQ., the owner assunmes a much higher risk, about
17-18 percent, if material is accepted. Since it is highly unlikely
that a contractor woul d purposely produce bel ow the RQ., this higher
risk is acceptable. The owner relies on the resident project

engi neer to use engi neering judgenent before agreeing to allow
materi al eval uated below the RQL to remain in place at 50 percent
pay. The maxi mum contractor's risk using the acceptance pl ans,

i ndi cated at about 75 PW, is less than 5.5 percent. The
contractor's risk when producing higher than the AQL is generally

| ess than the contractor's risk when production is |ower than the
AQL. Production higher than the AQL will be discussed |ater.

The contractor’s risk and the owner's risk can be cal cul ated at any
PW.. Risk is expressed as the difference between the | ot pay factor
schedul e val ue and the expected pay factor value at the sane PW.

| f the expected pay factor is less than the |ot pay factor schedul e
value, the contractor has risk. |[If the expected pay factor is nore
than the | ot pay factor schedul e value, the owner has risk. Table
4.1 and Table 4.2 show the contractor’s and owner’s risk at various
PW. | evels, and Figure 4.5 graphically depicts the expected | ot pay
factors.

27



TABLE 4.1 CONTRACTOR®"S AND OWNER®"S RISK AT VARIOUS
QUALITY LEVELS FROM SIMULATION (Outlier Check), VALID FOR
DENSITY, AIR VOIDS, AND STRENGTH ACCEPTANCE PLANS.

Lot Col B Col C Contr act or Omner Ri sk
Qual ity légctiiy Expect ed Ri sk (C- B
(PVE) Schedul e Llf;ctl:zf;y (B- 0
99 106% 105. 59% 0.41% -
98 106% 105.11% 0. 89% -
97 106% 104. 57% 1.43% -
96 106% 104. 02% 1.98% -
95 105% 103. 43% 1.57% -
94 104% 102. 82% 1.18% -
93 103% 102. 20% 0. 80% -
92 102% 101. 53% 0.47% -
91 101% 100. 83% 0.17% -
90 100% 100. 12% - 0.12%
85 97. 5% 96. 21% 1.29% -
80 95. 0% 91. 90% 3.10% -
75 92. 5% 87.15% 5. 35% -
70 86. 0% 82. 46% 3. 54% -
65 79. 0% 77. 74% 1.26% -
60 72. 0% 73. 06% - 1. 06%
55 65. 0% 68. 83% - 3.83%
54 50. 0% 67. 95% - 17. 95%
50 50. 0% 64. 67% - 14. 67%
PW. = Percentage within specification limts
Note: Assunes all lots allowed to remain in place at 50%

pay when the |lot pay factor is |less than 65%




TABLE 4.2 CONTRACTOR®"S AND OWNER®"S RISK AT VARIOUS
QUALITY LEVELS FROM SIMULATION (No Outlier Check), VALID
FOR THICKNESS ACCEPTANCE PLAN.

Lot Col B Col C Contr act or Omner Ri sk

Quality Lot Pay Expect ed R sk (C- B
(PW) Fact or Lot Pay (B- O
Schedul e Fact or

99 106% 105. 56% 0. 44% -

98 106% 105. 05% 0. 95% -

97 106% 104. 47% 1.53% -

96 106% 103. 89% 2.11% -

95 105% 103. 26% 1.74% -

94 104% 102. 59% 1.41% -

93 103% 101. 92% 1.08% -

92 102% 101. 24% 0. 76% -

91 101% 100. 51% 0.49% -

90 100% 99. 75% 0. 25% -

85 97. 5% 95. 69% 1.81% -

80 95. 0% 91. 23% 3.77% -

75 92. 5% 86. 36% 6. 14% -

70 86. 0% 81. 48% 4.52% -

65 79. 0% 76. 58% 2. 42% -

60 72. 0% 71. 86% 0. 14% -

55 65. 0% 68. 83% - 3.83%

54 50. 0% 66. 67% - 16. 67%

50 50. 0% 63. 42% - 13.42%

PW. = Percentage within specification limts

Note: Assunes all lots allowed to remain in place at 50%
pay when the |lot pay factor is |less than 65%




EXPECTED LOT PAY FACTOR, (PERCENT

FIGURE 4.5 EXPECTED LOT PAY FACTORS FOR FAA ACCEPTANCE PLAN, ITEMS P-410 and
P-501, WITH OUTLIER CHECK AT 5% SIGNIFICANCE
AND LOT PAY FACTOR SCHEDULE

110.00
105.00 -
100.00 LOT PAY FACTOR

SCHEDULE —
95.00 —

\\//’ P
90.00 =
7

85.00 =
80.00 “44”,,¢¢f$
75.00 >
70.00 ,/ EXPECTED PAY CURVES BASED ON

FACTOR n =4 SUBLOTS
65.00
60.00
55.00

55 60 65 70 75 80 85 20 95 100

PRODUCTION PERCENT WITHIN LIMITS (PWL)

4.6 EXPECTED PAY AND CONTRACT PAY--NOT THE SAME.

The above anal yses of risk and expected pay factors are based on

t heoretical considerations and theoretically valid sinmulations using
many lots (10,000 Iots) of material produced consistently at
specific PW |l evels. The analyses show that the acceptance plan is
capabl e of identifying the pavenent quality |levels desired with risk
| evel s that are acceptable. The results should not be construed to
mean that contract pay and expected pay are the sanme--they are not.
The contractor nust assess his or her equi pnent, personnel, and
process control capabilities, using the production average (n and
production standard deviation (s), in order to establish production
targets that are conpatible with capabilities. Project size,
expressed as the nunber of lots in a project, effects the ability of
the incentive portion of the pay factor schedule to offset reduced
qual ity.
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Regardl ess of project size, the contract's pay factor is based on
evaluating material, on a lot by lot basis, according to the
specifications. This neans it is prudent to establish production
targets at sone | evel higher than the AQ., which increases the
probability of acceptance. The incentive portion of the pay factor
schedul e, whether adm nistered as an actual pay, or as a crediting
provision to offset lots that do not neet requirenents, has been
incorporated to offset the contractor's risk and has the effect of
of fsetting a portion of the added cost when establishing production
targets higher than the AQL.

A contractor can use Figure 3.1 to help establish production targets
to have an increased probability of getting a given pay factor. For
exanpl e, assunme a contractor would like to have a high probability,
say about 85 percent, of evaluating at full pay. Referring to the
figure and table, the contractor could achieve this goal by setting
production quality level at slightly higher than 96 PW. Using
Figure 3.1, the intersection of 0.85 probability and 100 percent pay
is desired. This occurs at about 96 PW.. From Table 3.1, the
probability of achieving a 100 percent pay factor at 96 PW is
slightly higher than 84 percent, and the probability of achieving a
106 percent pay factor is about 76 percent. The expected pay factor
at 96 PW. is about 104 percent.

Tabl e 4.3 shows the increasing probability of achieving specific |ot
pay factors, corresponding to the probability of evaluating at 75,
80, 85, 90, and 96 PW, when production targets are set at quality

| evel s higher than the AQL. The table can be used to hel p establish
production targets to have an increased probability of achieving a
gi ven pay factor.
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Table 4.3 PROBABILITY OF ACHIEVING LOT PAY FACTORS WHEN
PRODUCTION PWL EXCEEDS THE AQL.

USING A SAMPLE SIZE OF n=4.

Probability of Achieving a Lot Pay Factor of:
Production| 106% or | 3100% or |397.5% or | 395% or |392.5% or
PWL 396 PW. | 390 PW. | 385 PW | 380 PW. | 375 PW
99 0. 9275 0.9634 0. 9824 0. 9930 0. 9977
98 0. 8663 0. 9219 0. 9562 0.9788 0.9914
97 0.8118 0. 8805 0. 9268 0. 9606 0.9818
96 0.7624 0. 8401 0. 8960 0. 9397 0. 9695
95 0.7170 0. 8011 0. 8644 0.9168 0. 9550
94 0. 6750 0.7634 0. 8327 0. 8925 0. 9385
93 0. 6360 0.7272 0. 8011 0. 8672 0. 9205
92 0. 5995 0. 6924 0. 7697 0. 8413 0.9011
91 0. 5654 0. 6590 0. 7389 0. 8149 0. 8807
90 0. 5334 0. 6270 0. 7086 0. 7882 0. 8593
Wher e: AQL Acceptable quality level = 90 PW

PWL Percentage within specification limts

The production PW is cal cul ated using popul ati on
statistics,

m = production average

s = production standard devi ation




Table 4.4 PRODUCTION VALUES REQUIRED TO EVALUATE AT QUALITY LEVELS IN EXCESS OF THE AQL.
ITEM P-401 and P-501 EXAMPLES USING A SAMPLE SIZE OF n=4.

Production Val ues Needed to Achieve Quality Level,
Usi ng FAA Model Assunptions
ltem P-401 ltem P-501

Probability of Achieving a Lot Pay Density Air Voids Strength Thi ckness

Factor of: m =98. 0% m=3.5% | m=675 psi. | m=15.0 in.

Production s =1.3% s =0.65% | s =55 psi. |s =0.38 in.

PWL 106% | 3100% (397.5% 395% |392.5% L=96.3% L=2% U=5% |L=604.5 psi. | L=14.5 in.
99 0.93 | 0.96 | 0.98 | 0.99 1.00 99. 32 3.49 - 3.51 732 15. 38
98 0. 87 0.92 0.96 | 0.98 | 0.99 98. 97 3.33 - 3.67 717 15. 28
97 0.81 0.88 | 0.93 | 0.96 | 0.98 98. 75 3.22 - 3.78 708 15. 21
96 0.76 | 0.84 | 0.90 | 0.94 | 0.97 98. 58 3.14 - 3.86 701 15. 17
95 0.72 0.80 | 0.86 | 0.92 0. 96 98. 44 3.07 - 3.93 695 15. 13
94 0.68 | 0.76 | 0.83 | 0.89 0. 94 98. 32 3.01 - 3.99 690 15. 09
93 0.64 | 0.73 | 0.80 | 0.87 0.92 98. 22 2.96 - 4.04 686 15. 06
92 0.60 | 0.69 0.77 0.84 | 0.90 98. 13 2.91 - 4.09 682 15. 03
91 0. 57 0.66 | 0.74 | 0.81 0. 88 98. 04 2.87 - 4.13 678 15.01
90 0.53 | 0.63 | 0.71 0.79 0. 86 97.97 2.83 - 4.17 675 14. 99

AQL = Acceptable quality level = 90 PW

PW. = Percentage within specification limts = area under the standard distribution at Z.
For L, the production PW is the area under the standard normal distribution at Z = (mL)/s
For U, the production PW is the area under the standard normal distribution at Z=(Um/s

wher e m = production average; L = lower specification tolerance limt
s = production standard devi ati on; U = upper specification tolerance limt
Z = nunber of standard deviations fromthe average using the standard normal curve
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Table 4.4 summari zes the production quality needed to achieve the
probability values listed in Table 4.3. The table relates the

i ncreasing probability of achieving specific |lot pay factors for
Itens P-401 and P-501, assum ng nodel production paraneters.
Simlar tables can be constructed for any conbination of m s, L
and U The values for L and/or U are provided in the
specifications. The contractor nust assign values to mand s,
based on know edge of his or her equi pnent, personnel, and
process control capabilities. The production values listed in
Table 4.4 for Item P-501 are based on a design strength of

650 psi. and a design thickness of 15 inches. Table 4.5 |lists

Z values from standard normal probability tables at corresponding
PW. val ues between 90-99 PW..

Table 4.5. Z VALUES AT CORRESPONDING PWL.

PWL Z VALUE
99 2. 326
98 2. 054
97 1. 881
96 1. 751
95 1. 645
94 1. 555
93 1. 476
92 1. 405
91 1. 341
90 1.282

ORI G NAL SI GNED BY

Jeffrey L. Rapol
G vil Engi neer
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