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Foreword

The concept of total quality management (TQM) has challenged all areas of endeavor in
recent years, certainly including the transportation sector. The concept requires a multidi-
rectional examination of all functions and processes whether in planning, administration,
design, construction, or maintenance in order to create a reliable product.

Meanwhile the TRB Committee on Management of Quality Assurance has been exploring
and promulgating the benefits of end-result specifications, especially those rooted in math-
ematically sound, statistically based acceptance procedures. The committee has also given
voice to the promising results of incentive and disincentive clauses in improving quality.

Beginning in 1990, the committee saw the need to integrate its interest in improved spec-
ifications and tangible incentives into the larger fabric of TOM. Thus a special session was
held at the TRB Annual Meeting in Washington in January 1992 to address that need. The
papers presented at that session are published in this Record.

Statisticians Hunter and Pendleton, in the opening paper, explain the different roles of
statistical science, from serving as a ‘““number librarian” to screening out the “‘noise” in data.
They conclude that the analytical power of statistics must be embraced if transportation
technology is to keep pace with science.

Afferton et al. follow with a four-part paper remarkable in both depth of detail and
profundity of persuasion. They issue a ‘“‘call to action” by pointing out in Part 1 the short-
comings in current procedures and in Part 2 obstacles and the way to overcome them. Part
3 is a virtual handbook for writing reliable specifications. In Part 4 the authors set forth their
strategy for winning acceptance of the need to change.

Oswald and Burati cast a practiced eye on the specific needs inherent in public construction
and analyze the efforts of certain federal agencies to practice TOM. They conclude that TQM
will work, but only if the attitudes of the people involved are accommodating to its success.

Shilstone uses a contrariant approach by advocating analysis in depth of pavements that
perform well and not just those that perform poorly. He then extends the end-result hypothesis
by urging that it can be applied to the end-result of the pavement (its durability) and not
just the end-result of the construction process.

Tuggle closes out the issue by describing how the Federal Highway Administration is
developing a demonstration project on quality management. Moreover, that agency is taking
the lead in establishing a dialogue with the states and private industry in what is called a
“joint policy initiative” to improve quality in its domain.

Viewed separately, these five papers present a thoughtful, sometimes provocative insight
into the problems faced and the solutions proposed. Taken as a whole, this compendium can
be seen to deliver valuable evidence that the “Quest for Quality” is well under way.
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On the Importance of Statistical Science

in Transportation

J. StuaRT HUNTER AND OLGA J. PENDLETON

Sound statistical science must be combined with modern tech-
nology if the United States is to meet its transportation quality
objectives. Success will require standardized measurements, the
collection of information-laden data, resourceful data analysis,
and the planning for new data. These quantitative arts must be
combined with methods for problem solving and decision making
under uncertainty. Statistical science thus joins the engineering
sciences in the never-ending pursuit of transportation quality.

Total quality management (TQM) in transportation can be
viewed as the concurrent application of engineering, econom-
ics, organizational behavior, and public service. Providing
TQM in transportation is complicated by the myriad political
constituencies, vast geography, and the many facets of trans-
portation—highway, rail, water, and air—in the United States.
Nevertheless, certain persistent strands of TQM can be iden-
tified whatever the arena of application. Transportation ex-
ecutives lead and incorporate quality values into everyday
management; vendors and builders work to provide products
that go beyond the mere meeting of specifications. Never-
ending improvement coupled with customer satisfaction is the
leading objective of TQM for manager and vendor alike (1,2).
But like the warp and woof of a fine fabric, these interpersonal
and human behavior strands must be coupled with the strong
cords of technology. Quality transportation technology must
accompany quality transportation management.

The 71st Annual Meeting of the Transportation Research
Board reflected the vast range of competencies that together
define “transportation technology.” One important technical
competence is statistical science, its applications often so ubiq-
uitous that many technologists and managers seem almost
unaware of its existence. The days wherein transportation
leadership can assume this casual attitude toward the art of
good statistical practice must pass. Too much is at stake.

To elucidate the importance of modern statistics on behalf
of transportation technology, we can begin with the problems
of simply recording data. After all, being a good number
librarian is a commonplace view of a statistician. Certainly it
is important to count and record special occurrences, be they
home runs or traffic fatalities. And it is similarly wise to have
someone record continuous measurements such as the axle
weight of trucks or the compaction of bituminous concrete.
Of course, a good number librarian will keep neat files and
will be thorough and quick to provide data on demand. But
one observes that it is a rare computer software program that
cannot meet these humble requirements. The science of sta-

J. S. Hunter, 503 Lake Drive, Princeton, N.J. 08540-5639. O. J.
Pendleton, Texas A&M University, College Station, Tex. 77843-3135.

tistics on behalf of transportation technology goes far beyond
number librarianship.

Statistical science influences data recording by noting that
information and data are not identical. A nonstatistical mind
confuses the two. What is not realized is that information lies
within data, much as ore within a matrix of rock. The statis-
tical art is to create and record information-laden data. At-
tention turns now to what is being monitored or measured,
how the data are being collected and recorded, and the pur-
pose of the entire exercise. Furthermore, data are rarely cheap.
Statistical problems abound.

Consider the problems of measurements, the “coins,” the
items of value, regularly interchanged by scientists and en-
gineers (and politicians too). As an example, consider meas-
uring pavement thickness. How much faith can one place in
this simple evaluation? Much depends on the completeness
of the definition of what is meant by “pavement,” a descrip-
tion of how thickness will be measured, with what instru-
ments, where on the pavement, and how many samples across
what time and space. Thickness measurements may ultimately
be used to estimate pavement stiffness, a subject of much
concern in the current Strategic Highway Research Program
(SHRP). Unfortunately, in today’s world of transportation
technology, different groups often hew to different mea-
surement standards. Further, even when a single national
transportation measurement standard exists, little or no sur-
veillance or traceability mechanism is available. Frankly, a
measure of pavement stiffness made in Boston would not be
trusted in Seattle. And if the measurement were not trusted,
how would one then make valid comparisons between sug-
gested pavement improvement methods made in the two areas?

It is not reasonable to ask that every measurement made
at every time and place have the same integrity as those guar-
anteed by the National Institute of Standards and Technology
(NIST). But it is reasonable to ask those responsible for
spending large sums on transportation projects to become
more aware of the value of good measurement. Regrettably,
most of the measurement systems mandated by the various
U.S. transportation agencies are inadequately controlled. The
societal costs of these poor measurements are huge (3).

The great engineering effort called the Tower of Babel came
to a gradual halt when the builders found that they could no
longer communicate. The present great engineering accom-
plishments of modern transportation are there for all to see.
Unfortunately, symptoms of faulty technical communication
(poor data) dim their present health and future growth. De-
fining transportation measurement processes, writing product
and performance specifications, and setting up proper ac-
ceptance procedures require a common technical language.



When one is dealing with data and its associated activities,
statistics is the lingua franca.

Alert engineers and managers also recognize that an in-
trinsic variability, noise, accompanies all physical mea-
surements. The variance of measurements (or equivalently its
positive square root, the standard deviation) measures data
noise and should accompany every reported statistic or set of
data. The enhancement of quality requires the ability to detect
signals in the presence of noise. For example, statistical qual-
ity control is the science of making decisions under uncertainty
(accepting or rejecting products) using noisy data. As noted
by Afferton et al. in another paper in this Record, successful
statistical quality assurance (SQA) programs require carefully
written protocols along with estimates of measurement and
sampling variance, the statistician’s technical term for noise.
Awareness of statistical science begins with the knowledge
that data variance is a natural phenomenon that is measurable
and an essential component of decision making.

But the real leap to a consciousness of the importance of
statistical science comes after data are in hand. Data analysis
begins. Are patterns evident in the historical record that
graphical displays might expose? What descriptive statistics
(averages, percentages, ratios, physical measures) should one
construct from the data? How might the data be partitioned
to display differences or similarities? Using graphical tech-
niques, much statistical analysis can be performed quite sim-
ply (4,5). Transportation managers should be alert to, and
insist upon, informative graphics and learn the pitfalls of
graphical misrepresentation (6-8).

Analysis then turns to inference. The key question be-
comes, ‘“What can be inferred in the dark of these data?”
What associations exist between the observed variables? What
forecasts are reasonable? Are there mathematical or physical
models evident, or partially discernible, that might serve to
increase one’s basic knowledge? How well are the parameters
of interest estimated (in statistical terms, what are the stan-
dard errors of the estimates)? And finally, what about mea-
sures of uncertainty itself?

Concerning the fitting of models, some caution should be
exercised when models are constructed from data using only
statistical principles. Most statistical models relating cause-
and-effect variables are empirical, often mere polynomial re-
lationships between x’s and y’s. Fitting “regression’” models
is easy in these days of modern computers and statistical soft-
ware. But the world of transportation science often employs
mathematical models that go far beyond these simple statis-
tical constructions—models that entrain the laws of engi-
neering and physics, nonlinear in their parameters and often
dynamic. Successful inference requires a blending of engi-
neering knowledge and statistical practice. Enlightened em-
piricism accompanics good scicnce.

We come finally to the creation of new data, information-
laden data to provide answers to questions. A sampling pro-
gram may be needed to determine the acceptability of pur-
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chased materials or the completion of a contract. A survey
may be required to measure the public’s concern over a pro-
posed project. Special information may be needed in a lab-
oratory or field test to compare different construction meth-
ods or items. Statistical science has made profoundly important
contributions to the art of planning for data (9). Good data
speed understanding; poor data become the pollutants to ra-
tional planning and decision making.

On reflection, one discovers that the science called ‘“‘sta-
tistics” is the formalization of the scientific method; it is the
use of data within the learning process applied to problem
solving. Statistical science begins with the arts of amassing
data, provides methods for data analysis leading in turn to
inferences elucidating fundamental principles, and finally
forecasts future performance, requiring confirmation and the
need for new data. This learning process repeats the cycle of
data gathering, analysis, inference, and forecasting until a
state of knowledge is acquired sufficient to solve the problem
at hand. Deming’s insistence on “never ending improvement”
reflects the essential need to increase knowledge on behalf of
quality, to learn.

Managers and engineers in transportation and in all the
applied sciences employ data daily to solve problems and thus
daily “‘do statistics.” What is generally lacking is an awareness
that methods for problem solving and decision making under
uncertainty are themselves a science. Its name is ““statistics.”
Someone once said that problems are most quickly solved
using the highest level of language possible (10). The chal-
lenge then is to make the scientific method, the learning proc-
ess, the logic and language of statistics more apparent and
less subliminal. This will only be accomplished by education.
A good place to begin would be with the simple art of sta-
tistics.
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Managing Quality:

Time for a National Policy

KeENNETH C. AFFERTON, JACK FREIDENRICH, AND RicHARD M. WEED

One of the nation’s most valuable assets is the highway system;
U.S. economic well-being depends strongly on the condition of
the country’s roads and bridges. Any means by which the system
can be more effectively constructed and maintained warrants
thoughtful consideration. Statistical quality assurance—currently
in use or under development in approximately three-fourths of
the states—has proven to be a very effective tool to encourage
high-quality construction. However, although statistical specifi-
cation writing must now be recognized as a thoroughly scientific
activity, there is great disparity in the applications from state to
state and many current practices and published standards are far

from optimal. Part 1 of this paper stresses the need for sweeping
reforms and suggests that the time is overdue for the establish-
ment of a uniform and thorough national policy on transportation
quality assurance. Part 2 describes a variety of obstacles—tech-
nical, managerial, political, and cultural—that must be overcome
if such a transformation is to be made. Part 3 outlines an extensive
series of fundamental principles that must be understood in order
to derive the maximum benefit from a quality assurance program.
And finally, Part 4 presents a plan of action that, if conscientiously
followed, will significantly increase the effectiveness of transpor-
tation quality assurance practices nationwide.

PART 1: FACING THE PROBLEM

Few would argue with the statement that U.S. roads and
bridges are among the nation’s most valuable assets. In a
recent column (7), George Will states that transportation (all
types) makes up 18 percent of the gross national product,
employs one-tenth of the work force, and accounts for 15 to
30 percent of the cost of agricultural products. In another
publication, (2, p. 1-4), it is stated that the total replacement
value of the nation’s roads and bridges is estimated to be
between $1 and $3 trillion and that any measure that could
improve their performance and durability by even 1 percent
would result in savings of billions of dollars. Although this
latter reference was focused on the projected benefits of re-
search, there is another means by which the performance and
durability of roads and bridges can be dramatically improved.
The research is complete, and the results—well documented
by actual data from many states—suggest that the expected
improvement is substantially greater than 1 percent. We are
referring to statistical quality assurance (SQA), a body of
knowledge and procedures that provides a strong incentive
to industry to use state-of-the-art techniques to obtain high-
quality construction.

FACING ISSUES

In a recent paper on highway safety, Hauer (3, pp. 241-267)
makes some telling points about the tremendous impact of the
transportation engineering profession on the overall perfor-
mance of the roads, bridges, and other modes of transpor-
tation under its purview, The author stresses the importance

K. C. Afferton and R. M. Weed, New Jersey Department of Trans-
portation, 1035 Parkway Avenue, Trenton, N.J. 08625. J. Freiden-
rich, The RBA Group, 1 Evergreen Place, Morristown, N.J. 07962-
1927.

of facing up to certain responsibilities and the consequences
of not facing up to these responsibilitiecs. We shall take a
similar approach to express our own concerns about what we
perceive as serious shortcomings in the area of quality assur-
ance. We shall then outline a series of facts that must be
recognized and responsibilities that must be faced in order to
derive the full benefits that quality assurance has to offer.

GOALS OF QUALITY ASSURANCE

In the field of transportation, the term ‘“‘quality assurance” is
generally associated with a comprehensive program to achieve
conformance with established desired quality levels for design
and construction. This program involves people, materials,
equipment, procedures, and the optimal use of these re-
sources. Probabilistic concepts and statistical acceptance pro-
cedures are frequently used. The following scope statement
for the Transportation Research Board Committee A2F03
states the goals quite clearly:

This committee will concern itself with all aspects of total
quality management in the transportation field. It will en-
deavor to foster responsible leadership in the application of
both engineering and statistical knowledge toward sound,
practical, and effective quality assurance procedures. It will
develop and promote methods to achieve high quality design,
construction, and maintenance at the lowest possible overall
cost. These efforts will include, but not necessarily be limited
to, end-result and performance-related specifications, statis-
tical quality assurance and control techniques, acceptance sam-
pling, accuracy and precision of tests, optimal use of limited
resources, cost-effectiveness of quality assurance procedures,
evaluation of consensus standards, preparation of mono-
graphs, and educational programs related to these topics.

This is an admirable set of goals, but if they are to be
realized, we believe that a change in thinking and priorities



will be required. The old attitude of “close enough for high-
way work” will not do. This not only downplays the impor-
tance of high-quality construction, but also serves to dis-
courage the use of modern, effective statistical procedures.
If anything, there needs to be a greater willingness to seek
out modern technology and use it to its fullest advantage.

WORK ETHIC AND PROFESSIONAL ETHICS

Much has been written recently about the trade deficit and
the invasion of American corporations and markets by foreign
interests. Various explanations have been offered, but it comes
down to this: the United States has been outdone at what
used to be its strength—developing and applying modern
technology.

Many have observed what has been described as a persistent
and progressive deterioration of the work ethic. A rather
lengthy list of examples could be compiled, beginning with a
general decline of educational standards and ending with an
erosion of fundamental values that has led to a whole host of
corporate and political ills. The problem is real, it is pervasive,
it is present in both the public and private sectors, and it is
unlikely to improve unless specific action is taken to correct
it.

In the field of quality assurance, the problem manifests itself
in a particularly troublesome way. In a discipline dedicated
to the pursuit of excellence, it seems totally inappropriate to
tolerate specifications and consensus standards that are far
from excellent. If demands for excellence are to be made of
the construction industry, it is imperative that engineers be
willing to demand the same of themselves in the development
of the specifications and standards that govern this work.

Ironically, all the necessary statistical tools are well devel-
oped and readily available. What is lacking, however, is a
widespread willingness to use them. To take advantage of the
benefits that modern methods have to offer, engineers can
no longer afford to cling to the old ways of doing things just
because these ways are familiar and comfortable. Those un-
familiar with the mathematical principles underlying SQA
procedures may find it difficult to realize just how inadequate
many current practices are.

Leaders within the transportation field must invite an open
and thorough scrutiny of current practices and must insist that
improvements be made where necessary. To do anything less
would be a breach of both professional ethics and public trust.

NEW JERSEY’S EXPERIENCE

Our own experience with SQA, obtained over a period of
approximately 20 years, is the basis for what we advocate.
We present a brief history here with the belief that it will be
both informative and helpful.

A congressional investigation (4, p. 3) in 1962 uncovered
many cases of nonconformance in highway construction
throughout the country at about the same time the (then)
AASHO Road Test provided a wealth of statistical data re-
lating quality measures to performance (5). This led to the
realization that various statistical measures can effectively de-
scribe the characteristics that are desired and provided the
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motivation to commence the development of statistically based
specifications.

New Jersey was one of several states that began to explore
the benefits of this new approach. State design engineers were
quick to recognize that, for many highway items, it simply
was not possible to define a single level of quality that clearly
separated acceptable and unacceptable work. Furthermore,
it usually was not practical to require removal and replace-
ment of an item that was only marginally deficient, but on
the other hand, neither was it appropriate to accept such an
item and pay full price for it. Statistical specifications provided
a convenient and practical way to accept these items for a
prearranged reduced level of payment.

Random sampling plans, statistical acceptance procedures,
and adjusted pay schedules were first developed for various
properties of bituminous concrete. As time went on, similar
procedures were developed for pavement thickness and sur-
face smoothness and for portland cement concrete (PCC)
strength.

The concrete specification was the first in New Jersey to
incorporate a bonus provision, paying up to a maximum of
102 percent for exceptionally high strength. The most recent
New Jersey statistical specification includes a combined accep-
tance procedure for thickness, strength, and surface smooth-
ness of rigid pavement. Surface smoothness dominates and,
provided all three parameters are under control, a maximum
pay factor of 103 percent is obtainable. A unique feature of
this specification is that, within reasonable limits, excesses
and deficiencies in thickness and strength are allowed to com-
pensate for each other.

SQA has worked well for the New Jersey Department of
Transportation (NJDOT), which continues to use it and strongly
endorses it. NJDOT administrators have also learned what
to expect when an agency embarks on such a program. First,
there is the usual resistance to change, sometimes from within
the transportation agency but usually from the various in-
dustry organizations outside. The approach is new to many
people and it is normal to fear the unknown. Next comes the
learning process, in which both the transportation agency and
the construction industry become familiar with the new pro-
cedures. There are some growing pains—nothing worthwhile
comes without effort—but this phase usually proceeds more
smoothly if the transportation agency and the construction
industry engage in cooperative field trials. And finally comes
the actual implementation. On the basis of NJDOT’s expe-
rience, bid prices may go up a little but quality usually in-
creases dramatically. As time goes on, bid prices usually tend
to stabilize near their former levels as contractors become
more familiar with the new specifications.

CASE STUDY

The PCC specification, the most recent of NJDOT"s statistical
specifications to be widely implemented, serves as a case study
for a number of fundamental concepts that are described in
detail in Part 3 of this paper. Although both slump and air
entrainment are routinely tested and used to accept or reject
the material at the job site, final acceptance is based on com-
pressive strength. The percent defective (the percentage of
the concrete estimated to have strength below the specifica-



Afferton et al.

tion limit) was chosen as the control parameter because it is
believed to be closely related to performance. Historical data
were reviewed to determine the levels of percent defective
that have been associated with both satisfactory and unsat-
isfactory performance. It was decided to raise existing quality
levels slightly, so new specification limits were set accordingly.
Any quality-performance data that could be found (or esti-
mated) were used along with engineering economics princi-
ples to develop a pay schedule that is rational, defensible,
and, in our opinion, fair and equitable. This includes a bonus
provision to provide still additional incentive to achieve high-
quality construction. An acceptance plan based on standard
variables procedures is used, and the operating-characteristic
curves were checked to confirm that the specification would
perform as intended. These developments are described in
greater detail in a separate publication (6).

The development of this specification produced several new
ideas, such as the bonus provision, that were a distinct de-
parture from some earlier NJDOT practices. A variety of
difficult decisions had to be made, and they were made much
easier by the thorough technical approach that was taken.
Computer simulation, in particular, permitted management
to see exactly what the capabilities of the specification were
and the probable consequences of various provisions that were
under consideration. This put management in a much stronger
position to provide the leadership necessary to overcome the
initial skepticism that often accompanies an effort such as
this.

Although developing a technically sound acceptance pro-
cedure is an essential first step, several other steps are equally
important. If cooperation is to be expected from those who
will ultimately be responsible for enforcing the requirements
of the specification, management must clearly communicate
what is wanted and why it is important to the organization.
Toward this end, several training sessions were held by NJDOT
to explain how and why statistical specifications work and
what they are expected to accomplish, Construction industry
representatives were frequently invited to these sessions to
give them advance notice of the plans and to give them the
opportunity to obtain additional information and provide in-
put. Before the specification was implemented, several field
trials were conducted to familiarize everyone with the new
procedures. Comments and suggestions were solicited, both
from within NJDOT and from the construction industry. This
produced several useful insights and seemed to foster a greater
sense of involvement and cooperation among all concerned.
The final implementation was accomplished in a gradual fash-
ion by reducing all pay adjustments by half for the first two
projects. Ultimately, we believe that this broad involvement
and methodical approach contributed to a generally smooth
implementation when the specification was finally adopted.

For the first project, there was approximately 10,000 yd?
of concrete, consisting of both pavement and structures, with
an in-place value of about $3 million. The successful bidder
subcontracted the concrete production to an independent transit
mix producer. Several different mix designs were prepared
and tested before construction to demonstrate the producer’s
ability to meet the specification requirements. Because of the
careful preparation and a conscientious effort by everyone
involved, the quality remained consistently high throughout
the project. The compressive strength averaged approxi-

mately 1,000 psi higher than would have been necessary to
receive 100 percent payment, and as a result the contractor
earned bonus payments totaling approximately $30,000.

The second project, which was of approximately the same
size and type, went to a different contractor and producer.
The performance in this case was still better, and this con-
tractor also received essentially the maximum amount of bo-
nus payment.

NJIDOT was well satisfied with these results because it was
believed that more than comparable value was received in
terms of extended service lives of the pavement and structures
built under this specification. It is presumed that the con-
tractors and producers were also pleased, both with the mon-
etary value of the bonus and with the recognition for having
run such well-controlled projects.

The relationship between the contractors and producers
was proprietary, and it is not known what arrangements were
made to share either bonuses or any potential pay reductions.
It is believed that the producers charged more for concrete
supplied under these contracts, but this information, too, was
proprietary. The contractors’ unit prices were not abnormally
high, however, and the bids for the projects as a whole were
below the anticipated cost for the work.

After the successful completion of these two projects, some
minor improvements were made and the specification was
then adopted for all future work. After a suitable amount of
field experience has been obtained, it is planned to again seek
feedback to determine if any further refinements are desir-
able.

STATUS OF SQA NATIONWIDE

Where does SQA stand nationwide? On the basis of the re-
sults of a 1984 survey (R.M. Weed, unpublished data), ap-
proximately one-half of the states are actively using this ap-
proach and another one-fourth have statistical specifications
in various stages of development. Also, virtually every state
that has tried SQA continues to use it. Clearly, many consider
this approach to be preferable to the earlier “method” spec-
ifications under which transportation agencies provided de-
tailed instructions, supervised the construction operations
closely, and bore most of the responsibility for the outcome.
And no wonder—statistical specifications are easier to write
(just describe the desired end result in statistical terms), easier
to interpret (no vague terms like “‘reasonably close conform-
ance”), easier to enforce (clear separation of responsibilities
for control and acceptance), and easier to apply (pay adjust-
ment for defective work is predetermined; no negotiations
are required). An additional benefit of SQA is the data it
produces. Whereas historical data collected in conjunction
with method specifications have been notoriously unreliable,
SQA specifications produce accurate data obtained with valid
random sampling procedures. This is particularly important
if these data will be analyzed at a later date to develop better
performance-related specifications.

In spite of this progress, with which the transportation
profession can justifiably be proud, much remains to be done.
Although SQA appears to be performing well, there is a
distinct possibility that this might be illusory in many cases.
Many current practices and published standards pertaining to



SQA are far from optimal, and some may actually be incorrect
(7-11). Unfortunately, there often is no immediately obvious
indication that a statistical procedure is being misapplied.
Instead, there may simply be a false sense of security, which
most likely will be paid for in terms of premature failures and
costly repairs.

BASIC FACTS AND RESPONSIBILITIES

How, then, can states be reasonably assured of deriving the
maximum benefits that SOA has to offer? It seems to us that
engineers must learn to face up to several facts and be willing
to accept certain responsibilities. The facts are these:

1. SQA is one of the most useful tools that a transportation
agency has at its disposal. Provided that the engineering de-
signs are adequate, it can virtually guarantee the performance
and durability of the items to which it is applied. This is usually
accomplished by encouraging high-quality construction ini-
tially, but also by recouping the anticipated future repair costs
in the form of pay reductions when quality is substandard.

2. The quality of SQA specifications has a direct bearing
on the quality of construction that is produced.

3. Any failure to derive the full benefit of SQA is not a
failure of the techniques themselves, but rather a consequence
of an inappropriate application. Shortcuts taken by practi-
tioners unfamiliar with statistical methods can produce pro-
cedures that are inefficient at best or ineffective at worst.
Today, many current practices are far from optimal, falling
well short of their potential in terms of simplicity, effective-
ness, or economy.

4. The upgrading of existing applications, combined with
an increase in the number of effective applications, would
enhance both the durability and performance of the items to
which they are applied and would produce substantial eco-
nomic benefits.

5. SQA techniques can be presented in a simple and
straightforward manner. They need not be complex, nor is
an extensive statistical background necessary to use them cor-
rectly.

6. Statistical principles are universally applicable. To take
advantage of them requires only that the basic underlying
assumptions be reasonably satisfied and that the prescribed
steps of the procedures be followed correctly. This is relatively
easy to accomplish for most SQA applications.

These are the responsibilities:

1. Leaders in the transportation field must take the initi-
ative to thoroughly investigate any measure that offers so
great a potential return as the proper use of SQA.

2. If transportation leaders decide to endorse such an ap-
proach, whether it be the implementation of a new program
or merely the enhancement of an existing program, their sup-
port should be visible and active. An effective SQA program
is truly a “mind-set” that requires a commitment to excellence
by every member of an organization from the top down.
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3. The successful application of any technical discipline re-
quires a working knowledge of that discipline. Just as bridge
designers are expected to have a thorough knowledge of struc-
tural analysis, the developers of SQA specifications must have
a thorough grounding in statistical principles. It is up to man-
agement to insist that appropriate personnel acquire and use
the necessary skills. Because NJDOT recognized how im-
portant a command of this subject was to the development
of a sound and defensible program, a new set of job speci-
fications was created— the Statistical Engineer Series—to en-
sure that NJDOT would have staff with the necessary com-
bination of engineering and statistical knowledge. It is this
group that handles the technical aspects whenever a new SQA
specification is developed.

4. An organization that is committed to quality assurance
has an obligation to become familiar with the state of the art
and to apply it in a thoroughly professional manner. SQA is
now a totally scientific activity; there is no longer a need for
guesswork or trial-and-error approaches that may, in fact, fail
to provide ti.> level of quality assurance that the agency ex-
pects.

5. Standards-writing groups, such as AASHTO and ASTM,
must be especially diligent. Anything that is published as a
procedural guide must be held to the highest of professional
standards.

6. Although the users of SQA methods do not need to have
as extensive a technical background as the developers of the
procedures, they are much more likely to be willing and en-
thusiastic supporters of these methods if they have a basic
understanding of how and why they work. In our opinion, it
is essential that basic educational programs be provided for
all who will work with SQA.

7. To be truly successful, a quality assurance program re-
quires the cooperation of all parties involved, including the
construction industry, which must be treated in a fair-minded
fashion. Poorly developed programs do little but breed dis-
respect, distrust, a generally adversarial atmosphere, and a
determination on the part of the construction industry to op-
pose the new procedures. The transportation agency must be
continually critical of its own performance, must be prepared
to acknowledge mistakes, and must act quickly to correct any
discovered deficiencies to guarantee the program’s continued
success.

NEED FOR A NATIONAL POLICY

If transportation leaders can be made aware of these facts,
and a sufficient number are willing to accept the attendant
responsibilities, this should provide the motivation necessary
to establish a national policy on quality assurance. The po-
tential benefits are many. A consistent approach nationwide,
using the best methods in the most effective ways, would
produce a general increase in construction quality and result
in substantial cost savings and other long-term benefits. Con-
sistency from state to state would tend to reduce confusion,
both on the part of the engineers who write statistical spec-
ifications and the contractors whose work is governed by them.
This could lead to simpler specifications, lower bid prices,
and smoother implementation. It would almost certainly im-
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prove contractual relations and lessen the resistance typically
encountered from the construction industry. Uniformity from
state to state may also aid in the establishment of a national
data base that might ultimately provide the information nec-
essary to develop better performance-related specifications.
A uniform approach known to be scientifically sound may
also tend to increase the credibility of those agencies that use
it. We believe that this would lead to a heightened respect-
ability for statistical methods in general and might provide
the incentive needed to encourage the remaining 25 percent
of the states to discover the advantages of SQA.

VISION AND DIRECTION NEEDED

If such a national policy is to be established, we believe that
there will have to be distinct changes in the organizational
culture of many transportation agencies. Of the various ele-
ments essential to an effective program, leadership is perhaps
the most important. It is the leadership that first envisions
the goals and then provides the direction to achieve them. As
discussed in a recent article (/2), the organizational culture
ultimately reflects the leaders’ values, their sense of what
conditions ought to exist, and their readiness to work toward
these goals. Consequently, leaders must have a clear vision
of exactly what is to be accomplished in order to create the
type of environment most conducive to the achievement of
the goals of the organization.

In the field of quality assurance, if realistic and effective
goals are to be established, it is absolutely essential that cer-
tain basic requirements be met first. Either the leaders them-
selves must have a solid technical grasp of both the capabilities
and limitations of SQA, or they must acquire qualified staff
or consulting assistance from outside their respective orga-
nizations, or they must obtain suitable formal training for
themselves or their staff. Ideally, the individuals who either
provide or acquire this expertise should also have a back-
ground in engineering so that they will have a practical under-
standing of the construction work to which the quality assur-
ance techniques will be applied. The potential benefits of a
sound quality assurance program are of such magnitude that
it warrants nothing less than the same high level of expertise
devoted to other engineering and scientific disciplines.

And finally, if efforts in this direction are to be successful,
a sense of responsibility and accountability must be estab-
lished. It is up to leaders who undertake this task to set up
some sort of technical review process to provide periodic feed-
back to assure that their goals are in fact being accomplished.

SUMMARY AND PREVIEW

The highway system represents an investment valued in tril-
lions of dollars. SQA, widely used to govern both construction
and maintenance work, has considerable unrealized potential
because of a variety of less-than-optimal applications. A gen-
eral upgrading of current practice coupled with a wider use
of effective procedures might produce long-term benefits
measured in billions of dollars.

Leaders at all levels—heads of transportation departments,
administrators of federal programs, chairmen of Transpor-
tation Research Board committees and technical standards
groups, managers of research programs—have an obligation
to thoroughly consider the benefits that might be derived from
a more rigorous application of modern quality assurance
methods. In our opinion, this could best be accomplished
through the creation of a national task force to provide the
necessary vision, direction, and leadership. Individuals with
the required combination of multidisciplinary skills could be
recruited on a voluntary basis from the transportation, aca-
demic, and industrial communities.

To aid those who wish to explore this proposal further, Part
2 of this paper warns of several obstacles that might impede
either the effective application of SQA procedures by indi-
vidual agencies or the development of a sound national policy
on quality assurance. It also presents several examples of
shortcomings in existing standards and specifications and makes
recommendations to improve them. Part 3 presents a series
of fundamental principles that must be understood and ap-
plied correctly if truly effective quality assurance programs
are to be established. Part 4 then draws from the foregoing
material to develop a plan of action to assure the effective
application of these concepts.
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OBSTACLES TO OVERCOME

Many obstacles stand in the way of a successful quality as-
surance program. They may be technical, managerial, be-
havioral, political, cultural, budgetary, regulatory, or any
combination of these.

We believe that the technical problems are relatively minor.
The relationships between design values and ultimate perfor-
mance are reasonably well understood. Test methods for en-
gineering materials and properties are generally well defined.
Optimal statistical techniques for sampling a product and es-
timating its quality are well established and easy to apply.
Although advances in these areas may still be made, all the
necessary technical tools are now in place to support an ef-
fective quality assurance program. The only significant prob-
lem in the technical category is the existence of inadequate
standards and guide specifications (I) that could mislead those
unfamiliar with statistical acceptance sampling procedures.

The fact that optimal SQA techniques are not being widely
used is one of several problems that fall into the managerial

category. Transportation leaders must become aware that better
tools exist and that a very real price—in terms of wasted sam-
pling effort, greater risk of accepting poor quality, and some
equally serious but less obvious consequences—is being paid
when inferior methods are used. Perhaps the underlying prob-
lem is that there has been a lack of visible leadership that would
serve to encourage and motivate the development of a com-
prehensive and sound policy on transportation quality assurance.

Whenever a quality assurance program is implemented,
resistance will inevitably be encountered. Sometimes it will
be internal, from employees who are more comfortable with
the older ways of doing things, but more often it will be
external, from contractors who are apprehensive about any
system that can affect their profitability. Industry lobbies can
be vocal and influential, and it is essential that transportation
agencies have a sound plan of action before undertaking such
a program. Specific guidance on these matters is provided in
Parts 3 and 4 of this paper.

Political factors also play a role. Public perception can
sometimes be a stronger motivating force than sound scientific
rationale. Unfortunately, decisions that make the greatest
technical sense in the long term are sometimes unpopular in
the short term.

“Made in the USA” used to be the hallmark of quality.
But a decline in academic achievement (particularly in science
and mathematics), a work ethic that seems to be predicated
on being just good enough to get by, a management that is
technically indifferent, and a willingness to tolerate medio-
crity now pose major challenges to the United States’ repu-
tation as a technological leader. A similar situation is evident
in the manner in which SQA has been applied in the trans-
portation field.

Budgetary problems have become increasingly acute in re-
cent years, resulting in both personnel and equipment short-
ages for many transportation agencies. Although managers
have little control over the amount of funding available, they
do have fairly direct control over how the funds are spent.
Total quality management (TQM) concepts in general, and
SQA procedures in particular, can help ensure that these
funds are used resourcefully.

And finally, laws and regulations can sometimes limit
potentially desirable applications. For example, FHWA sup-
ports positive incentive (bonus payment) clauses for superior
quality, and several states have found this to be a practical
and effective approach (2). However, such clauses apparently
are not permitted by the laws of some states. Similarly, as
discussed in the report of the European Asphalt Study Tour
given at the 1991 TRB Annual Meeting, some of the con-
tractual relationships that have been demonstrated to work
well in Europe almost certainly would not comply with current
laws in the United States. Although these may be the hardest
obstacles to overcome, they need not be considered insur-
mountable. If and when there is ample evidence that laws
need to be changed to keep pace with modern technology,
government leaders should be able to bring their collective
influence to bear on such issues.

Of the several types of obstacles just discussed, the majority
by far are well within the control of a management that is
committed to excellence in quality assurance. In the remain-
der of Part 2, we will explore several of these obstacles in
detail and the steps that can be taken to overcome them.
Specific topics to be addressed are the following:

@ Little demand for excellence,

e Complacency about existing SQA practices,

@ Uncertainty about effectiveness of SQA methods,
® [nadequate procedures and practices,

® Poor teaching of statistical methods,

® Resistance from within the transportation agency,
@ Opposition from the construction industry,

@ Political factors,

® Work ethic and cultural attitudes, and

® Conveying the wrong messages.

LITTLE DEMAND FOR EXCELLENCE

Occasionally, a situation arises that is sufficiently disturbing
that conscientious people feel compelled to do something about
it. The status of highway quality assurance is one of those
situations. When a body of knowledge exists that is both
extremely useful and easy to use and that body of knowledge
is either widely misused or not used at all, then something is
basically wrong. When national standards-writing committees
demonstrate neither a concern for these problems nor a will-
ingness to resolve them, something needs to be done.

Althoughstatistical acceptance procedures are widely used—
about three-fourths of the states either actively use them or
have them in various stages of development—there is great
disparity in the manner in which they are applied (3). Many
are far from optimal, some are ineffective, and a few are
blatantly incorrect (Z,4).

It is not much of a stretch of the imagination to see a parallel
to the American manufacturing industry of the 1960s. Writers
such as Deming (5) and Juran (6) tried to tell industry leaders
that they could dramatically improve their operations. But
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business was good back then; American management didn’t
have to be particularly effective to capture a large share of
both the national and international markets. They were—as
Malcolm Baldrige characterized them—“fat, dumb, and happy”
(7). So Deming and Juran took their advice to Japan, with
incalculable cost to the American economy.

Is the highway profession, which is currently performing
well below its capability in the area of quality assurance,
poised for a similar decline? No one knows, of course, but
there certainly are some ominous signs. In 1988, the U.S.
Department of Transportation classified only 57 percent of
the Interstate highway system in good condition, and the rest
ranged from “fair” to “wretched” (8). The non-Interstate
portions of the highway system tend to be in somewhat poorer
condition and the situation with highway bridges is similarly
alarming (9).

Given the status of quality assurance practices in the United
States, it is not unreasonable to lay some of the blame for
this state of disrepair on the failure to provide sufficient in-
centive to produce high quality at the time of construction.
(For example, if a statistical acceptance procedure for rigid
pavement encourages an increase in as-built thickness of Y4
in. rather than a deficiency of the same amount, this will
increase the load-carrying capacity of the pavement by about
35 percent, affecting service life accordingly.) Although nothing
can be done about the events of the past, they can still provide
useful guidance to encourage better practices in the future.
What are needed now, particularly during this time of shrink-
ing resources, are the leadership and resolve to insist that
modern quality assurance technology be used to its fullest
advantage.

COMPLACENCY ABOUT EXISTING
SQA PRACTICES

“If it ain’t broke, don’t fix it!”” This frequently heard expres-
sion is generally interpreted to mean that a system that ap-
pears to be working well should not be disturbed. This advice
seems sound enough and there undoubtedly are situations in
which it would be wise to heed it. However, a number of
recent writers on quality management, most notably Deming,
caution that there are times when this advice may be especially
inappropriate (10).

Perhaps one of the most difficult obstacles to overcome is
a general lack of awareness of the inadequacy of many current
SQA standards and specifications. Unfortunately, neither the
infrequent occurrence of reject lots nor the absence of short-
term failures is a guarantee that an existing SQA program is
performing properly. Unless the operating characteristic curves
(described in Part 3) have been constructed, there usually is
no way to be sure that a statistical acceptance procedure is
sufficiently capable of distinguishing between satisfactory and
unsatisfactory work. For example, if the acceptance proce-
dure happens to be weak (or even if it is strong but the
specification limits are not suitably restrictive), moderately
defective work would not be detected and the project would
have the appearance of being well controlled. When this hap-
pens, pavements may begin to fail after 10 years instead of
20, or structures may begin to crumble after 25 years instead

of 50, and the cost of such premature failure can be substan-
tial. By the time the failure occurs, however, the cause will
be difficult to ascertain. Very probably, it will be further
obscured by the additional routine maintenance that these
items will receive throughout their lifetimes.

To guard against this potential weakness, it is necessary to
examine all statistical acceptance procedures critically, even
those that appear to be working well. It is relatively easy to
construct the operating characteristic curves and these, at
least, give the transportation agency the information needed
to decide whether the acceptance procedures are providing
the desired degree of protection.

UNCERTAINTY ABOUT EFFECTIVENESS
OF SQA METHODS

An oversight, for which proponents of SQA are not entirely
to blame, is the failure to establish definitively that quality
assurance programs are cost-effective. The type of controlled
studies that would be capable of demonstrating this are ex-
tremely difficult to design and, to our knowledge, have never
been attempted.

There are, however, other measures by which to judge the
effectiveness of a quality assurance program. A primary one
is its effect on the general quality level of the items to which
it is applied. A second but equally important consideration is
the cost of implementing and maintaining such a program. A
third measure is the effort that administrators are willing to
make to actively support SQA methods.

It has been our experience that the introduction of a new
quality assurance specification usually produces a dramatic
improvement in quality. As described in the case study in Part
1 of this paper, there was a general increase of between 1,000
and 1,500 psi in concrete strength levels when the specification
was implemented with the pay adjustment clause in effect.
Judging from responses obtained from a 1989 survey of many
state transportation agencies (O. Riley, unpublished data),
this result is fairly universal.

The more difficult question to answer is whether the ex-
pected increase in quality justifies the cost of achieving it. In
the absence of the necessary data, we can only offer an opin-
ion—one that seems to be shared by our counterparts in the
approximately three-fourths of the states that are actively
pursuing SQOA methods—that the advantages far outweigh
any possible disadvantages. As noted in Part 1 of this paper,
statistical specifications are easier to write (just describe the
desired end result in statistical terms), easier to interpret (no
vague terms like “‘reasonably close conformance’), easier to
enforce (clear separation of responsibilities for control and
acceptance), and easier to apply (pay adjustment for defective
work is predetermined; no negotiations are required). An
additional benefit that comes almost as a bonus is that the
existence of a formal SQA program ensures the development
of valid data bases that may be useful for the development
of better performance models in the future.

Finally, in regard to the amount of effort that transportation
administrators are willing to expend to overcome the skep-
ticism and resistance that inevitably accompany a new pro-
gram of this type, we offer the following empirical evidence.
In spite of outside resistance that is frequently well organized,
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and internal resistance that is often quite vocal, the use of
SQA methods has been steadily increasing over a period of
approximately 20 years. Also, virtually every agency that has
tried them continues to use them. We believe that these facts,
because they reflect the collective opinion of many leaders
throughout the transportation field, provide a particularly strong
endorsement of the effectiveness of SQA methods.

INADEQUATE PROCEDURES AND PRACTICES

For a variety of reasons, many current quality assurance prac-
tices are far from what they should be. When inferior methods
are used, the transportation agency—and ultimately the mo-
toring public—pays for this in one way or another:

1. Sampling rates may be larger than necessary for the de-
gree of protection afforded, wasting personnel, materials, and
storage space.

2. The risk of accepting poor quality may be significantly
greater for a given sampling rate, increasing the likelihood of
premature failure of various construction items.

3. Inferior methods occasionally produce inconsistent re-
sults and sometimes do not provide the proper incentive and
reward to the conscientious contractor (2). This will even-
tually become apparent, even to those unfamiliar with statis-
tical methods, and is responsible to a large degree for breeding
a general distrust of SQA programs.

4. This general distrust tends to produce an adversarial re-
lationship between transportation agencies and the construc-
tion industry rather than the cooperative climate that is de-
sired. This can escalate to potential litigation if contractors
sense that the acceptance procedures are not technically sound
and defensible.

5. Less-than-optimal methods, if they are unduly severe,
will produce such strong resistance from the construction in-
dustry that political representatives may be called upon to
intervene. This may also lead to an undesired inflation of bid
prices.

6. In general, methods lacking a clear scientific rationale
are undesirable for several reasons. They are difficult to jus-
tify, difficult to explain, and difficult to defend. They tend to
be confusing to all concerned. This makes it all the more
difficult to build confidence in the quality assurance program
and generate the support and cooperation needed within the
transportation agency itself.

The examples that follow are but a few of the literally
dozens that could be included. Although no single example
by itself is damning, the fact that so many examples exist is
indicative of the need for major reforms.

Example 1: Wasted Sampling Effort

When SQA specifications were first developed in the 1960s,
most transportation agencies chose to use the range rather
than the standard deviation as the measure of variability. The
range was easier to understand, and hand calculators that
could compute the standard deviation with a single keystroke
were not yet available. Another simplification was the oc-
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casional use of attributes procedures, which avoided the need
for any statistical calculations and involved only the counting
of the number of failing tests. The different types of accep-
tance procedures are discussed in more detail in Part 3. The
important thing to note here is that there is a considerable
difference in the efficiency of these methods. They can all be
designed to be effective—to distinguish between satisfactory
and unsatisfactory work at whatever level of risk is believed
to be appropriate—but to be equally effective, they require
different sample sizes.

Table 1 is a comparison of these three approaches—a plan
based on the standard deviation, one based on the range, and
an attributes plan—all designed to control percent defective
(the percentage of the lot falling outside specification limits).
The effectiveness of these plans can be judged by their op-
erating characteristic curves, the data for which are shown in
Table 1. It will be noted that the probabilities of acceptance
for the three plans at all levels of quality are virtually identical;
that is, the plans are all equally effective. The measure of
efficiency is provided by the sample sizes given in the column
headings (N = 10, N = 12, and N = 15). The range plan is
substantially less efficient than the standard deviation plan
because it requires a 20 percent larger sample to provide the
same degree of protection. The attributes plan is considerably
less efficient, requiring a 50 percent larger sample.

At a time when more than half the states are experiencing
severe budget shortfalls (11), any plan that does not make
the most efficient use of the available data must be regarded
as inadequate. There are many existing range plans, and pos-
sibly a few attributes plans, that could be readily converted
into more efficient standard deviation plans, thus affording
an appreciable savings in personnel, materials, and storage.

Example 2: Potentially Ineffective Plans

Although the three acceptance plans just discussed do account
for variability of the product, many currently used plans do
not (4). These plans fall into two general categories:

1. Plans that are based only on the average of the test values
and

2. Standard deviation plans that assume a constant, known
value for the standard deviation.

TABLE 1 COMPARISON OF EFFICIENCY OF THREE
ACCEPTANCE PLANS

Probability of Acceptance

Variables Plans

Standard

Deviation Range Attributes
Percent Method Method Plan
Defective (N = 10) (N =12) (N =15)
10 0.99 0.99 0.99
20 0.82 0.82 0.84
30 0.50 0.50 0.52
40 0.21 0.21 0.22
50 0.06 0.06 0.06
60 0.01 0.01 0.01
70 0.0 0.0 0.0
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These plans may not provide the quality that is desired.
Many engineers in the transportation field believe that the
ultimate performance of the final product is influenced by
both the average and the variability of the construction pro-
cess. The underlying rationale is discussed further in Part 3
of this paper and also in American Concrete Institute (ACI)
Standard 214 (12).

Example 3: Inadequate Technical Aids

If SQA is to be promoted and widely adopted, it is up to its
proponents to make it as user friendly as correct techniques
will allow. Proper training can make SQA easy to understand,
but a variety of technical aids is necessary to make it easy to
use. As an example of a technical aid that is not properly
designed, consider Table 4A in Method B of AASHTO Stan-
dard R9 (13). The heading of the table indicates that its pur-
pose is to provide an estimate of the percentage of a lot falling
within specification limits as a function of the quality index
(Q-statistic). A portion of this table is reproduced here as
Table 2.

What is obvious upon inspection is that this table is con-
structed in a backward manner. Whereas it is customary to
construct such tables with the input variable around the pe-
rimeter and the output variable in the body of the table,
exactly the reverse has been done here. Another major draw-
back is that not all potentially useful sample sizes have been
included. To see how inconvenient this is for the user, just
try determining the percent within limits for N = 5, O =
1.46 or N = 6, Q = 1.53. Both cases require interpolation,
the latter one in two directions.

As an example of how such a table should be constructed,
consider Table 3. Again try the same two examples to sce
how much more user friendly this version of the table is.
Examples such as this stress the importance of having tech-
nical aids designed by individuals familiar with both theory
and practice. It also is easy to understand how the users of
the improved version of the table might end up being much
more supportive of SQA methods.

Another very useful form for this table, generated by an
appropriate computer algorithm, is presented as Figure 1.
This particular version is based on percent defective (the com-
plement of percent within limits). This is an extremely com-
pact form of the table for a single sample size (useful in
specification documents) in which the Q-values are listed in
increments of 0.1 in the left-hand column and 0.01 across the

TABLE 2 POORLY CONSTRUCTED TABLE FOR
ESTIMATING PERCENT WITHIN LIMITS

Percent
-Val
Within 2" 2lues

Limits N=4 N=5 N=17 N=10 N =15

97° . 1.55 167 174

96 o 1.49 1.59 1.64
95 S 1.45 1.52 1.56
94 . 1.40 1.46 1.49

93 rBe 1.36 1.40 1.43
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TABLE 3 PROPER FORM FOR TABLE FOR ESTIMATING
PERCENT WITHIN LIMITS

Percent Within Limits

Q-Value N =4 N=5 N=6 N=17 N=28
1.46 o 95.40 94.50 94.07
1.47 o & 95.61 94.67 94.23
1.48 ot 95.81 94.85 94.40
1.49 - 96.01 95.02 94.56
1.50 s s 96.20 95.19 94.72
1.51 2% & 96.39 95.36 94.87
1.52 S 2 96.58 95.53 95.03

1.53 o 96.77 95.69 95.18

top. A more extensive series of new tables is in preparation
(14), and additional examples are provided in Part 3.

Example 4: An Inadequate Standard

Some further comments are warranted in regard to Method
B of AASHTO Standard R9. This work dates back to the
1960s when the early development of SQA specifications was
based more on trial and error than on an actual understanding
of statistical principles. About the most diplomatic thing that
can be said about Method B is that it simply is not mathe-
matically sound (/; personal communications: C. Antle,
Pennsylvania State University; P. Irick, consultant; E. Schill-
ing, Rochester Institute of Technology; O. Pendleton, Texas
Transportation Institute; W. Strawderman, Rutgers Univer-
sity). It is the hybrid of two methods (averages and variables)
that should not be combined and it misuses both. If the quality
assurance profession is to command the respect necessary to
be widely supported, it must be uncompromising in the de-
mands it places on itself for scientific integrity. If the trans-
portation profession is to demand excellence of the construc-
tion industry through the use of SQA procedures, it must be
no less demanding of itself in making these procedures clear,
effective, and technically sound. Method B fails to meet this
standard of excellence and, in our opinion, it is not salvage-
able as a valid procedure.

Example 5: Equitable and Defensible Pay Schedules

Adjusted pay schedules have been a source of controversy
since they were first introduced in the 1960s. On the one hand,
they provide the most practical way for transportation agen-
cies to deal with marginal quality, which, like it or not, will
occur from time to time. It usually makes more sense to accept
a slightly deficient construction item for some fraction of the
full price than it does to require that it be torn out and re-
placed. Adjusted pay schedules also provide an effective way
to encourage and reward superior quality with bonus clauses.
On the other hand, they have often been controversial be-
cause no clearcut scientific rationale has been universally ac-
cepted for determining the appropriate amount of pay ad-
justment. This is evident from the great disparity among pay
schedules used by different transportation agencies across the
country (3).
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FIGURE 1 A compact table for estimation of percent defective.

This situation can hardly inspire the confidence and co-
operation of the construction industry, and it should cause
the transportation profession more than a little chagrin. The
necessary engineering knowledge exists to develop rational
pay schedules that are fair and defensible. The method is
based on the legal principle of liquidated damages, and the
concept is simple and straightforward. The pay schedule is
designed to withhold sufficient payment at the time of con-
struction to cover the cost of future repairs made necessary
by defective work. This is discussed in more detail in Part 3,
and the complete development can be found in other recent
publications (15,16).

Example 6: Importance of Operating Characteristic Curves

Perhaps the most common oversight in the development of
SQA specifications is the failure to construct the operating
characteristic curves to check whether in fact the acceptance
plans will perform as desired. The following example is taken
from a federal standard (17), and we understand that it will
be included in the forthcoming WASHTO Model Quality
Assurance Specifications. This particular generic acceptance
procedure has some desirable features—it uses the more ef-
ficient standard deviation method and includes a bonus clause
to reward superior performance—but it operates in a way
that may be quite different from what most transportation
agencies would consider appropriate.

In the text of the original standard, it is stated that the
acceptable quality level (AQL) is defined as 95 percent within
limits. The pay schedule provides for bonus pay factors up to
105 percent for still better quality and proportionally lower

pay factors for lesser quality. However, to determine how the
acceptance procedure will actually perform, it is necessary to
construct the operating characteristic curves for the sample
sizes that would be used. The operating characteristic curve
in tabular form for this plan using a typical sample size of
N = 5is as follows:

Percent
Within Avg
Tolerance Pay Factor (%)
100 105.0
95 (AQL) 103.7
90 102.2
85 100.5
80 97.8
75 94.3
70 89.9

It can be seen that the contractor who performs consistently
at a quality level of 95 percent within limits, the level that
has been defined as acceptable, will receive an average pay
factor of about 104 percent. Furthermore, the contractor who
furnishes work that is approximately 85 percent within limits,
substantially below the level that has been defined as ac-
ceptable, will still receive an average pay factor of 100 percent.
At a time when most states are scrambling just to make ends
meet, a known and predictable overpayment such as this would
be regarded by many as highly inappropriate.

For this particular acceptance plan to be considered satis-
factory, the AQL would have to be redefined as 85 percent
within limits and the transportation agency would have to be
convinced that the rate of pay adjustment for other levels of
quality was appropriate for the construction items to which
it was applied.
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POOR TEACHING OF STATISTICAL METHODS

As noted earlier in this paper, a cause for increasing alarm
in this country has been a persistent decline in academic
achievement in virtually all subjects, especially science
and mathematics. In a presentation at the 1990 TRB Annual
Meeting, C. V. Wootan of the Texas Transportation Insti-
tute summed it up as follows: “We are rapidly progressing
from a nation at risk in our educational system to a nation in
crisis. . . . The once unchallenged preeminence of America
in science and technology is being overtaken by well educated,
highly motivated, and determined competition throughout the
world.”

In his critical and highly acclaimed book Out of the Crisis
(5), Deming claims that one of the root causes for the dismal
performance of quality assurance practices in this country is
the poor teaching of statistical methods. To paraphrase slightly,
he notes that no one should teach SOA without a thorough
knowledge of statistical theory through at least the master’s
degree level, supplemented by actual, hands-on experience
under a master. He adds that this observation is made on the
basis of experience, having witnessed countless examples of
incompetent teaching and faulty application.

Having participated in SQA training as both students and
teachers over a period of several years, we believe that Dem-
ing’s observations are particularly relevant. Although the
training in SOA that has been offered in the transportation
field has been excellent in many respects (/8-20), its one
consistent shortcoming has been its failure to delve more than
superficially into the theory underlying statistical acceptance
sampling.

Why is this so important? The primary reason is the need
to make quality assurance programs perform as effectively as
possible. Practitioners with a minimal amount of train. g are
often unaware that some methods are considerably better than
others. Inferior methods simply do not perform well in terms
of making correct decisions—accepting good quality and re-
jecting poor quality. The knowledge necessary to understand
which methods are the best is not especially difficult to ac-
quire, but unfortunately it usually is not included in elemen-
tary SOA courses.

Although it might seem at first that almost anyone with a
smattering of statistical knowledge could teach a beginners’
course in SQA, a little reflection suggests why Deming con-
siders such an arrangement unacceptable. SQA, like any
mathematical discipline, requires logical and rigorous think-
ing. Because many beginners taking their first SOA course
have not yet acquired this ability, it it vital that the first
exposure be with an experienced instructor capable of instill-
ing the necessary critical thinking skills. Once a sense of tech-
nical rigor is ingrained, it becomes almost instinctive to under-
stand the subject and apply it correctly. In our opinion, the
only reason SQA has the reputation of being a difficult subject
is because it has not been taught as well as it might be.

Another important reason why top-level instruction is es-
sential is the belief that open and inquiring minds are among
the nation’s most valuable resources. Some of the people
attending SQA courses will be future managers and leaders
who may someday have to make policy decisions on these
matters. It is in the best interest of the transportation profes-
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sion to provide them with a thorough understanding of these
principles so that their future decisions will be wisely guided.

And finally, credibility is an important issue. The construc-
tion industry is often suspicious and distrustful of SQA meth-
ods, and this tends to produce an almost adversarial rela-
tionship when these procedures are introduced. To overcome
this, transportation agencies must be prepared to quickly and
forthrightly provide correct answers and plausible explana-
tions for a wide variety of technical questions. Any delay or
inability to answer will be interpreted as evasive. In this case,
thorough training as advocated by Deming could be instru-
mental in fostering a more cooperative and productive rela-
tionship.

RESISTANCE FROM WITHIN THE
TRANSPORTATION AGENCY

The adoption of a full-fledged quality assurance program will
often be a significant departure from procedures with which
transportation agency personnel are familiar and comfortable.
For those who are accustomed to exercising control over the
construction process through method-type specifications, it
may be difficult to get used to the broad latitude of control
given to contractors under end-result specifications. This re-
quires new thinking, new inspection and acceptance tech-
niques, and a willingness to adapt to the new procedures.

Some degree of resistance is only natural. It is not reason-
able to expect widespread support for any new program until
the reasons for its adoption are understood. Management that
clearly sees the advantages of a quality assurance program is
in a much better position to communicate this to the rest of
the organization through a well-conceived action plan. This
is discussed in more detail in Part 4.

The first step is to conduct a series of training sessions to
acquaint managers and specification writers with the under-
lying logic and rationale, The training need not be highly
theoretical and should cover such basic topics as normal pro-
cess variation, the estimation of construction quality by ran-
dom sampling, and the development of effective statistical
acceptance procedures. The training should be gradually ex-
panded to include construction and materials personnel,
stressing the important role they play in implementing quality
assurance specifications. And finally, it may be helpful at
some point to open the training sessions to a limited number
of contractors’ personnel so that they too will develop an
understanding of the basic requirements and how to meet
them.

Ideally, a few engineers should receive some additional,
college-level instruction so that at least one individual in the
organization will have a thorough understanding of the sta-
tistical concepts involved. To provide the necessary combi-
nation of skills to support the NJDOT quality assurance pro-
gram, an entirely new set of job specifications was created—
the Statistical Engineer Series. A description of these posi-
tions is provided in Part 4.

At NJIDOT another activity was found to be extremely
helpful in overcoming internal resistance. Field staff, who deal
with the new procedures on a daily basis, often have very
useful suggestions to make concerning what works, what
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doesn’t, and what might be improved. Although there are
procedures for formally transmitting such suggestions upward
through the chain of command, there are also various reasons
why such suggestions often become distorted or lost in the
process. In the course of developing the specification de-
scribed in the case study in Part 1, a group of field staff was
invited to come in and provide direct feedback to both top
and middle management on any implementation problems
they were having. The meeting was very successful in that it
promoted a healthy dialogue and generated several sugges-
tions, some of which were adopted. The participants left with
the knowledge that their concerns had been heard, that they
had played an important role in developing the specification,
and that there were valid reasons why certain changes could
not be made. This type of participation not only improved
the specification but also improved the morale of the field
staff,

Yet another general approach appears to be extremely ef-
fective whenever a new specification is implemented. The new
procedure is first tested by simulation on field data from sev-
eral ongoing jobs. Next, a partial implementation on one or
two small projects is scheduled with certain provisions tem-
pered slightly, such as reducing all pay adjustments by half.
Finally, provided the pilot projects have been successful, a
full-scale implementation is undertaken. Staging the imple-
mentation in this manner seems to be more acceptable to all
concerned. It allows for a period of learning and adjustment
for both state and contractors’ personnel, and if there should
be any technical or administrative difficulties, they can be
corrected with a minimum amount of inconvenience.

OPPOSITION FROM THE
CONSTRUCTION INDUSTRY

Virtually every agency that has adopted SQA methods has
had to overcome considerable opposition from the construc-
tion industry. Although much of the resistance can be attrib-
uted to a general fear of the unknown, a substantial part has
been due to the manner in which statistical specifications have
evolved. Over the years, contractors have been forced to
suffer through the growing pains of this discipline as statistical
specification writers were learning their craft by trial and er-
ror. The state of the art has progressed considerably in recent
years, and it is now possible to write quality assurance spec-
ifications that are simple, clear, technically sound, and fair to
the seller while protective of the interests of the buyer. In
our opinion, this has resulted in a gradual softening of the
resistance that was typically encountered. If this progress can
be continued to the point at which a more thorough, con-
sistent, and scientific approach is adopted nationwide, it is
conceivable that the construction industry might eventually
come around to endorsing these methods, at least in a qual-
ified way. A recent article (27) by an officer of a large highway
construction firm indicates that contractors have begun to
discover that SOA methods offer benefits to them as well.

POLITICAL FACTORS

Engineering decisions are often based on factors other than
the purely technical. When the various engineering alterna-
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tives are approximately equivalent, this is both practical and
desirable. But when there is a considerable difference in terms
of performance and cost-effectiveness, decisions based on po-
litical considerations can sometimes work to the disadvantage
of society as a whole. Such factors may be responsible for the
failure of the transportation profession to take action that
would be in its best interest, particularly in the area of quality
assurance. For example, some administrations and standards-
writing groups may be reluctant to phase out ineffective prac- -
tices because of a fear that this would be interpreted as an
admission of prior misfeasance.

Furthermore, administrators may view the establishment
of sound quality assurance practices as having little political
payback because there are few obvious short-term benefits.
In fact, the immediate effects are often unfavorable, such as
the resistance that is typically encountered from the construc-
tion industry. The real benefits, in terms of reduced main-
tenance and extended service lives, will not be realized until
many years later.

Unfortunately, the converse of this is also true. An admin-
istration might be inclined to skimp on quality assurance dur-
ing times of tight budgets, realizing that the real effects of
this false economy are not likely to be felt for years. A pre-
ferred response to tight budgets would be to “‘work smarter™
by using the most effective procedures available.

It is incumbent upon responsible leaders to put aside con-
cerns of possible short-term criticism or failure to achieve
immediate political gain in favor of the much greater long-
term benefits to be derived from the adoption of technically
sound, state-of-the-art practices. This decision could be made
easier for individual agencies if it were carried out as part of
a joint national effort. The establishment of a national policy
on quality assurance, as advocated in Part 1 of this paper,
would provide an ideal way to accomplish this.

WORK ETHIC AND CULTURAL ATTITUDES

The following example from Deming (5) is both incisive and
revealing. William G. Ouchi, after observing the participants
at a meeting of an American trade association adjourn early
each day for a variety of recreational activities, commenced
his presentation as follows:

While you are out on the golf course this afternoon, waiting
for your partner to tee up, I want you to think about something.
Last month I was in Tokyo, where I visited your trade asso-
ciation counterpart. It represents the roughly two hundred
Japanese companies who are your direct competitors. They
are now holding meetings from eight each morning until nine
each night, five days a week, for three months straight, so that
one company's oscilloscope will connect to another company’s
analyzer, so that they can agree on product safety standards
to recommend to the government (to speed up getting to the
marketplace), so that they can agree on their needs for changes
in regulation, export policy, and financing and then approach
their government with one voice to ask for cooperation. Tell
me who you think is going to be in better shape five years
from now.

One must seriously question whether the work ethic and
level of commitment in the transportation field are capable
of meeting today’s challenges with respect to quality assur-
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ance. Do transportation “‘trade association” meetings (those
of AASHTO, TRB, etc.) suffer from any of the shortcomings
noted by Ouchi? Are transportation professionals properly
assessing the level of effort required to turn out standards
and specifications of a high caliber, or are they willing to
accept whatever can be hammered out in an hour or two at
a committee meeting? Is the necessary expertise being brought
to bear on these issues, or are transportation committees and
agencies willing to settle for whatever talent happens to be
readily available? Have transportation engineers insisted that
all papers, standards, and specifications reflect a high level
of technical competence, or have they been willing to accept
whatever they get? Have the necessary formal review proc-
esses been established to ensure that technical standards re-
ceive a critical, independent evaluation, or has there been a
willingness to gamble that the balloting process will uncover
any deficiencies?

These are telling questions and, in our opinion, candid
answers will reveal a process that is almost guaranteed to
produce mediocre results. The necessary technology exists,
the talent to use that technology exists, but the process that
would ensure the proper use of that talent and technology
does not exist.

It might seem that radical cultural changes would be nec-
essary to dispell the old notion of “close enough for highway
work™ and replace it with an ingrained desire for excellence.
Juran, however, argues for a different approach (6). He notes
that, in actual practice, it often is first necessary to bring about
behavioral change in the form of new procedures and, after
the new procedures have been demonstrated to be effective,
the desired change in attitude will follow.

We believe that just such an approach is required to resolve
the problems with transportation quality assurance. Leaders
must first address the questions raised earlier in this section
and then create a process that both fosters and demands ex-
cellence. This will produce improved standards and specifi-
cations and these, in turn, will ultimately provide the strongest
testimonial to their own worth.

CONVEYING THE WRONG MESSAGES

Two of us recently attended a technical advisory meeting that
had been convened to address the status of transportation
quality assurance. The meeting began with a series of pres-
entations to focus the group’s attention on several specific
issues, The participants were then divided into smaller sub-
groups to brainstorm how these issues might be addressed.
The meeting concluded with a series of summary pres-
entations.

In one of the summary presentations, the speaker noted
with an apparent sense of accomplishment that he had covered
the topic of quality assurance without once mentioning sta-
tistics. Although it probably was not intended that way, such
a remark could imply that a thorough understanding of sta-
tistical principles is not a prerequisite for an effective quality
assurance program. In our opinion, this is not the message
that should be conveyed, nor is it the message found in the
TQM literature and the recent documentaries on TOM on
the public broadcasting channels.
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What, then, is the message that should be conveyed? We
believe that the following points should be stressed to both
state and contractors’ personnel alike:

1. It will be necessary to learn some new things, particularly
in the areas of elementary statistics, process variability, and
acceptance sampling.

2. Some formal training will be required. Something more
than a single college-level course will be required for at least
one member of an organization.

3. And finally, if a conscientious effort is made to under-
stand and apply quality assurance technology, this will more
than pay for itself in terms of quality achieved, reduction of
rejections and rework, and a generally smoother-running op-
eration.

There are still other ways in which the wrong message is
sometimes conveyed. Management that does not visibly and
actively support excellence in all aspects of engineering is
communicating in a subtle way to its employees that excel-
lence is not really that important. When organizations such
as AASHTO publish SQA standards that are technically un-
sound, the message communicated to the transportation com-
munity at large is that it really is not essential that scientific
principles be applied correctly. When the transportation
profession as a whole is willing to tolerate the great disparity
with which quality assurance is applied across the country,
the message communicated to the construction industry is that
the profession is either unconcerned about establishing con-
sistent and valid practices or else is incapable of doing so.

If there is to be any chance of reversing what appears to
be a long-term slide into technical mediocrity, it will be up
to transportation leaders to begin communicating some dis-
tinctly different messages, much like those found in the writ-
ings of Crosby (22), Deming (5), and Juran (6). Although the
advice of these authors has been directed primarily at the
private sector, a substantial portion of it is equally applicable
in the public sector, It is now up to transportation leaders to
read it, assimilate it, and begin applying it.

SUMMARY AND PREVIEW

Several obstacles—technical, managerial, political, and cul-
tural—could impede either the effective application of SQA
procedures by individual agencies or the establishment of a
sound national policy on quality assurance. Perhaps the big-
gest obstacles are a general lack of awareness of just how far
behind the state of the art transportation quality assurance
really is, the failure to insist that those involved with quality
assurance be thoroughly educated in these matters, and a
work ethic that seems to be devoid of any real pride in what
it produces. Many of these issues have recently been ad-
dressed by TOM writers such as Crosby, Deming, and Juran,
and transportation leaders need to become more familiar with
their work and seek to apply it in the public sector. As rec-
ommended in Part 1, a national task force of *“can do” leaders
should be created to focus a multidisciplinary attack on these
problems.

If the full potential of quality assurance techniques is to be
realized, a number of basic concepts must be understood and
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applied correctly. To aid in this effort, Part 3 presents a series
of fundamental principles that underlie the type of acceptance
sampling most suited for transportation applications. Part 4
then outlines a plan of action to effectively apply the concepts
developed in the previous three sections of the paper.
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1. OBJECTIVES OF SQA SPECIFICATIONS

For any program to be successful, there must be a clear under-
standing of the objectives. We consider the following objec-
tives to be most important:

1. The primary objective is to communicate to the con-
tractor in a clear and unambiguous manner exactly what is
wanted. Various statistical measures provide a practical and
convenient way to describe the desired end resulit.

2. In keeping with the end-result philosophy, the contractor
should be given most of the responsibility for controlling the
construction process, whereas the specifying agency should
be primarily responsible for judging the acceptability of the
finished work.

3. There should be sufficient incentive for the contractor
to produce the desired quality (or better). This can be ac-
complished by means of adjusted pay schedules, which assess
pay reductions for deficient quality and, when appropriate,
award suitable bonuses for superior quality.

4. Ideally, the specification should pay 100 percent, on av-
erage, for acceptable work, and it should be fair and equitable
in assigning pay factors for work that differs from the desired
quality level.

5. The specification should be realistic in defining accept-
able quality levels (AQLSs) and rejectable quality levels (RQLs).
The AQLs should be set high enough to satisfy design re-
quirements but not so high that extraordinary methods or
materials will be required. The RQLSs should be set low enough
that, when they occur, the option to require removal and
replacement is truly justified.

6. It should be clear to the contractor what the appropriate
target level of quality must be in order to receive 100 percent
payment.

2. RELATIONSHIP BETWEEN QUALITY AND
PERFORMANCE

In general, any construction specification should be applied
to those parameters that are believed to be strongly related
to the ultimate performance of the final product. In most
cases, the qualitative relationship between commonly mea-
sured construction characteristics and performance has been
well established. For example, compressive strength is known
to be highly correlated with the performance of concrete struc-
tures even though the exact nature of this relationship may
be somewhat vague. Furthermore, the relationship is a con-
sistent one because at any reasonable level of strength, an
increase in strength will provide still better performance.

In most cases, more than one quality characteristic must
be considered. In the example just cited, concrete compres-
sive strength alone may be insufficient to ensure the desired
performance. To be durable, a concrete bridge deck must also
have the necessary amount of entrained air. For concrete
pavement, adequate thickness as well as strength must be
achieved. For bituminous pavement, several requirements must
be met simultaneously. It is the responsibility of the developer
of the specification to include all important variables in a way
that is logical and appropriate.
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3. CHOICE OF APPROPRIATE STATISTICAL
PARAMETER

Although various statistical measures of quality are available,
transportation engineers have exhibited a strong preference
for the concept of lot percent defective, the estimated per-
centage of the lot falling outside specification limits (or its
counterpart, the percent within limits). This measure is par-
ticularly appealing for at least three reasons:

1. It can be applied to virtually any construction quality
characteristic.

2. It encourages uniformity in that it controls both the av-
erage level and the variability of the product in a statistically
efficient way.

3. Uniform quality, consistently within specification limits,
is believed to be strongly associated with ultimate perfor-
mance.

Figure 1 shows the concept of percent defective applied to
both single-limit and double-limit specifications. The engi-
neering rationale underlying this concept is discussed in
American Concrete Institute (ACI) Standard 214 (7), for ex-
ample, and is believed to be valid for a broad range of en-
gineering applications.

4. ACCEPTABLE AND REJECTABLE
QUALITY LEVELS

The AQL is the level of quality, usually defined in terms of
some minimal degree of deficiency, that the specifying agency

SINGLE-LIMIT SPECIFICATION

DISTRIBUTION Of CHARACTERISTIC OF INTEREST

PERCENT
DEFECTIVE

e
T

LOWER LIMIT

DOUBLE-LIMIT SPECIFICATION

DISTRIBUTION OF CHARACTERISTIC OF INTEREST

PERCENT
DEFECTIVE

f

LOWER LIMIT UPPER LIMIT

FIGURE 1 Concept of percent defective.
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is willing to accept at 100 percent payment. The ROL is the
level of quality that is so deficient that either repair or removal
and replacement may be necessary. In between the AQL and
the RQL, the work is considered to be marginally satisfactory
and is accepted at reduced payment. (If, for practical reasons,
an RQL item is left in place, it typically is assigned some
minimum pay factor.)

Appropriate definitions of AQL and RQL are of consid-
erable importance because this concept has far-reaching con-
sequences. If the AQL is set at an unrealistically high level,
the cost of such exceptional quality may far exceed its value
to the transportation agency. At the other extreme, too low
an AQOL may produce lower bid prices, but the acceptance
of consistently lower levels of quality may result in greatly
increased maintenance costs and be more expensive in the
long run. It is incumbent upon the transportation agency to
exercise careful judgment in selecting AQL values that prop-
erly balance quality and economy in a realistic manner,

Whereas it is the prerogative of the transportation agency
to define the AQL at any level it considers appropriate, there
is somewhat less latitude in defining the RQL. Because of
the severe consequences imposed upon the contractor when
an item of RQL quality is detected, there may be litigation
if the ROL is set at a level that does not clearly warrant such
drastic action. Conceptually, at least, this poses no great prob-
lem. Since it is the purpose of the adjusted pay schedule to
recoup losses expected from poor-quality work, it can be re-
lied upon to perform its function down to some low level of
quality that is defensible as the definition of the RQL.

Although the relationship between quality and performance
of a construction item is usually known only in a vague, im-
precise way, theoretical considerations can still provide some
insight to aid in the selection of realistic AQL and RQL
values. For example, ACI Standard 214 takes the following
probabilistic approach regarding concrete compressive strength:

If a small percentage of the test results fall below the design
strength, a corresponding large percentage of the test results
will be greater than the design strength with an equally large
probability of being located in a critical area (of the structure).

()

This clearly implies that some small percentage of strength
tests falling below the design strength can be tolerated. ASTM
C-94 goes even further to suggest the following:

For concrete in structures designed by the ultimate strength
method and in prestressed structures, not more than 10 percent
of the strength tests shall have values less than the specified
strength. {2, p. 65)

ASTM C-94 also goes on to state that as much as 20 percent
of the strength tests may be below the specified strength for
concrete designed by the working stress method. Standards
such as these have been quite helpful and have led highway
agencies to typically establish AQL values in the range of 5
to 10 percent defective.

ACI Standard 214 and ASTM C-94 have not addressed the
question of defining the ROL, however, since the acceptance
procedures that they advocate are strictly pass-or-fail meth-
ods. Anything that is not AQL is considered to be RQL. It
is the concept of adjusted payment, which recognizes that
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there is an intermediate zone between clearly good and clearly
poor quality, that requires distinct definitions of AQL and
ROL.

When available, historical data can provide the basis upon
which suitable definitions of AQL and RQL can be based.
To be valid and useful, the data should have been gathered
in a random fashion from a variety of projects spanning as
broad a range of quality as possible. For example, if a highway
agency found that pavements typically had performed satis-
factorily when no more than 10 percent of the tests were less
than the design thickness and it was desired to develop a
specification that would continue to produce this same level
of quality, then the AQL could be defined as 10 percent
defective. Similarly, if very troublesome maintenance prob-
lems were found to be associated with a percent defective
level of approximately 50 percent, then this might be an ap-
propriate RQL.

Although these particular values for AQL and RQL might
be reasonable, they are presented here only as examples to
suggest the type of association between quality and perfor-
mance that should be sought from historical data. When such
an analysis is actually performed, it is necessary to screen out
the effects of other contributing factors such as the strength
of the pavement layer. Finally, when the AQL and ROQL are
derived in an empirical manner such as this, some form of
long-term monitoring of the acceptance procedure may be
desirable. The random sampling plans will continue to pro-
duce valid historical data that can be used to review the ef-
fectiveness of the specification at some future date.

5. ATTRIBUTES AND VARIABLES PLANS

Percent defective (or its counterpart, percent within limits)
can be controlled by either of two types of acceptance pro-
cedure—attributes plans or variables plans. Attributes plans
typically involve the counting of some type of defect, or the
number of failing tests, and lead to the classification of the
inspected lot as either satisfactory or unsatisfactory. Variables
plans apply to quality characteristics that are measured on a
continuous scale and involve the computation of statistical
parameters such as the mean and standard deviation. Either
type of plan may be used for pass-or-fail decisions, but var-
iables plans are somewhat more convenient as a basis for
adjusted pay schedules.

As a general rule, variables plans are more discriminating
than attributes plans. This means that, for a given sample
size, greater protection is provided or, for a given level of
protection, a smaller sampling effort is required. Either way,
substantial economic benefits can be realized with the use of
variables plans. This is demonstialed by the examples in Sec-
tion 13.

A basic assumption of variables acceptance theory is that
the population (lot) being sampled is normally distributed.
Many construction characteristics have been found to closely
approximate the normal distribution, thereby justifying the
widespread use of variables procedures. When a situation
occurs in which the construction characteristic is distinctly
nonnormal, there are two possible remedies. Either the in-
dividual tests can be replaced with the averages of two or
more tests, a step that greatly improves normality, or an at-
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tributes procedure can be used, which requires no distribu-
tional assumptions.

Variables plans can use either the standard deviation or the
range as the measure of variability. In the past, the range was
often used because it was easier to understand and compute.
Today, the standard deviation is a more commonly used sta-
tistical measure because it makes more efficient use of the
available data. Just as variables plans are more discriminating
than attributes plans, standard deviation plans are generally
superior to range plans. An illustration of this is given in
Section 17.

The book by Duncan (3) is an excellent general reference
on attributes and variables sampling, and some examples are
given in Section 13 of this paper. A recent publication (4)
provides certain tables in a more convenient form.

6. OPERATING CHARACTERISTIC CURVES AND
RISK ANALYSIS

An absolutely vital step in the development of a statistical
specification is the construction of the operating characteristic
(OC) curve. This is the only way to know in advance whether
or not the acceptance procedure will function as intended. It
is through the study of such curves that the risks to both parties
can be recognized and controlled at suitably low levels. This
enables the highway agency to develop fair and effective spec-
ifications and may aid the contractor in determining the ap-
propriate bidding and production strategies.

A conventional OC curve is shown in Figure 2. Probability
of acceptance is indicated on the Y-axis for the range of quality
levels (indicated schematically in this example) on the X-axis.
The contractor’s risk of having good (AQL) material rejected
and the agency’s risk of accepting poor (RQL) material are
both illustrated.

Figure 3 presents an OC curve constructed for a statistical
specification with an adjusted pay schedule. Quality levels are
indicated on the X-axis in the usual manner, but, instead of

—
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FIGURE 2 Conventional OC curve.
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FIGURE 3 Typical OC curve for statistical acceptance
procedure with an adjusted pay schedule.

probability of acceptance, the Y-axis gives the expected pay
factor.

Although the risks have a slightly different interpretation
when associated with the expected payment curve in Figure
3, essentially the same type of information is provided. In this
particular example, AQL work receives an expected pay fac-
tor of 100 percent, as desired. At the other extreme, RQL
work corresponds to an expected pay factor of 70 percent.
Presumably the transportation agency has determined that
this will cause sufficient money to be withheld to cover the
anticipated cost of future repairs. For still lower levels of
quality, the curve levels off at the minimum pay factor of 50
percent.

In the case of pass-or-fail acceptance procedures, OC curves
of the type shown in Figure 2 can be computed directly or
constructed with the aid of special tables such as those pres-
ented in Section 23. For acceptance procedures with adjusted
pay schedules, OC curves of the type shown in Figure 3 can
be obtained by using special software (5) or by developing
relatively simple computer simulation programs.

7. COMPUTER SIMULATION

Computer simulation is one of the most powerful analysis
methods available for handling a wide variety of complex
problems and yet, contrary to what might be expected, it is
one of the simplest to understand and apply (6,7). The ease
of this approach appeals both to problem solvers and to those
to whom the results of an analysis must be presented and
explained. Most simulations require only the following basic
steps:

@ Generate random data simulating the real process,
® Apply the procedure that is to be tested, and
® Observe the results.

We routinely use computer simulation to test new statistical
acceptance procedures before their actual implementation. A
typical run is shown in Figure 4, in which it was desired to
test a pay schedule for concrete compressive strength on 1,000
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RUN SPECSIM
EXECUTION BEGINS...

ENTER COEFFICIENTS A AND B OF PAY EQUATION PF = A - B(PD)
102 0.2

ENTER SPECIFICATION LIMIT AND SAMPLE SIZE

AOOO 8

ENTER STANDARD DEVIATION (PRODUCT AND TESTING VARIABILITY)
500

ENTER PERCENT DEFECTIVE LEVEL AND RANDOM GENERATOR SEED
NUMBER
?

10 123456789

DISTRIBUTION OF SIMULATED TEST RESULTS
N = 5000
MEAN = 4382
STANDARD DEVIATION = 305
PERCENT DEFECTIVE = 10.5

DISTRIBUTION OF PD ESTIMATES
N = 1000
MEAN = 10.6

AVERAGE PAY FACTOR = 99.9

FIGURE 4 Computer simulation test of a statistical acceptance
procedure.

simulated lots at a quality level of 10 percent defective. In
this example, it is seen that the computer generated a total
of 5,000 random test results at a percent defective level of
PD = 10.5, very close to the desired value of 10.0. The
average estimated percent defective for the 1,000 lots was
10.6, also very close to the true value of 10.5, as would be
expected of a valid statistical estimation procedure. For this
example, the AQL is considered to be 10 percent defective
and, accordingly, the average pay factor is almost exactly 100
percent, indicating that the acceptance procedure is perform-
ing properly at this quality level.

A simulation program such as this, because it uses several
previously developed subroutines, requires only about an hour
to prepare and enter on the computer. Whereas earlier efforts
of this type were done primarily on mainframe computers,
the increasing availability of Fortran compilers has now made
it possible to do much of this work on relatively inexpensive
personal computers. A run such as that shown in Figure 4
might require a fraction of a second on a mainframe and only
a few seconds on a PC. The Fortran coding for a variety of
useful simulation subroutines may be found in a recent report
(8).

By using computer simulation in this manner, it is possible
to ensure that statistical specifications will protect the interests
of the transportation agency and also that they will be fair to
the construction industry. This approach also provides an ef-
fective way to acquaint contractors with the degree of control
that must be achieved to meet the requirements of a new
specification.

8. LOT SIZES AND SAMPLE SIZES

The selection of lot size is dictated primarily by practicality
and convenience, although, for variables acceptance proce-
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dures, care must be exercised in combining work produced
at different times or under different conditions because this
might violate the assumption of normality. Typically, either
time or quantity limits are used to define lots, such as a day’s
production or 5,000 yd?.

The sample size is a more important consideration because
this has a direct effect on the risks involved. Except for at-
tributes sampling from discrete lots (items that are counted),
the lot size plays no role in the development of the OC curve.
Usually, but not always, larger sample sizes reduce the risks
to both the contractor and the transportation agency, but to
be sure the plan will perform as desired, the OC curves should
be constructed for all sample sizes under consideration.

Attributes plans may be used with sample sizes as small as
N = 1, although a plan with such a small sample will obviously
be quite weak. For mathematical reasons, variables plans re-
quire a sample size of N = 3 or larger.

In general, for a given sample size and level of protection,
defining larger lot sizes will reduce the overall level of effort
devoted to sampling and testing. Assuming that larger lot sizes
are satisfactory from a statistical standpoint, a price may still
have to be paid for this economy. If there were a problem
with the quality being produced, a proportionally larger quan-
tity of defective material would have been produced before
the problem was discovered. For this reason, lot sizes in the
transportation field tend to be relatively small, seldom in-
cluding more than a day’s production.

Although we don’t advocate such an approach, there is no
theoretical reason why an entire project cannot be treated as
a single lot. If it is known that long-term production closely
approximates a normal distribution, a variables procedure
could be used to make more efficient use of the data. If long-
term production cannot confidently be assumed to be normal,
then an attributes procedure would be necessary. A suffi-
ciently large sample would be required to be confident that
this single decision on the entire project was correct. Ex-
amination of the OC curve might suggest the desirability of
a sequential acceptance procedure under which, if the first
set of tests did not provide a clear-cut accept or reject decision,
a second set of tests would be obtained to clarify the issue.

9. RANDOM SAMPLING PROCEDURES

Of the various theoretical assumptions upon which statistical
acceptance procedures are based, random sampling is one of
the most important. Only when all vestiges of personal bias
have been removed can the laws of probability be relied upon
to function properly.

Random sampling is often defined as a manner of sampling
that allows every member of the population (lot) to have an
equal opportunity of appearing in the sample. Stratified ran-
dom sampling, which requires the drawing of a single sample
from each of a number of equal-sized sublots, satisfies this
basic requirement and guarantees that the samples will never
be clustered in one small portion of the lot. When the product
to be sampled can be measured on a continuous scale, this
procedure is relatively straightforward. Figure 5 shows a strat-
ified random sampling procedure applied to highway pave-
ment.
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2 0.992 % 1000 + 1000 = 1992
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NUMEER NUMBER (FPAVEMENT WIDTH) Y
1 0.750 % 24 = 18
2 0.286 24 = 7
3 0.542 24 = 13
el 0.081 24 = 2
5 0.877 24 = 21

FIGURE 5 Stratified random sampling procedure applied to
highway pavement.

In other situations, however, it is more convenient to mea-
sure the product in discrete units such as items, batches, or
truckloads. For these cases also, it is desirable to have a
sampling procedure that performs like the continuous strat-
ified procedure, that is, one that spreads the samples through-
out the lot while allowing each item an equal opportunity of
being included in the sample. Figure 6 presents a worksheet
that we have found especially useful. Once the procedure has
been demonstrated, the instructions at the bottom are all that
is necessary to guide the user. A more complete description
of the steps is as follows:

1. For the example shown in Figure 6, three trucks are to
be randomly selected from a total lot size of 20 trucks deliv-
ering material to the job site.

2. In the sample selection table (upper table), all numbers
greater than the lot size are crossed out (numbers 21-100).

3. Next, the remaining numbers (1-20) are divided into
three approximately equal subgroups, one for each sample
that is to be taken, by underlining them (1-6, 7-13, 14-20).

4. Following this, a random sample is chosen from each
subgroup. The user is instructed to touch some location in
the random number table (lower table) with the point of a
pencil without looking and, moving from there in a prede-
termined manner, to continue until a number within the first
subgroup (1-6) is obtained. This number is circled in both
the random number table and the sample selection table. This
procedure is then repeated for the second and third sub-
groups. In this particular example, samples are to be taken
from the second, eleventh, and fifteenth trucks arriving at the
job site.
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A careful analysis of this procedure would show that each
truck in the total lot of 20 trucks has very nearly, but not
exactly, the same probability of appearing in the sample. This
slight imperfection is the result of the unequal subgroup sizes.
If it were believed necessary to overcome this minor departure
from pure randomness, this could be accomplished by choos-
ing a random starting point for the subgrouping rather than
beginning with the first truck. A variety of procedures of this
type have been developed and are described in other publi-
cations. (8,9).

10. BASIS FOR PAY ADJUSTMENTS

The major concern in the development of adjusted pay sched-
ules is the determination of appropriate pay levels for various
levels of quality. Over the years, several methods have been
proposed (10-15), and when there was little or no information
relating quality measures to performance, the methods were
necessarily quite arbitrary. In cases for which quality-perfor-
mance relationships have been established (or can be esti-
mated), one of the more rational methods for developing pay
schedules is based on the legal principle of liquidated dam-
ages. In this approach, the pay schedule is designed to with-
hold sufficient payment at the time of construction to cover
the cost of future repairs made necessary by defective work.

The complete development of the liquidated-damages ap-
proach can be found in either of two recent publications
(8, 13) and will be described only briefly here. In the case of
highway pavement, for example, the thickness and material
characteristics are chosen to carry the estimated loading for
the desired service life. At the end of its useful service life,
the pavement will commence receiving a series of overlays
that, based on our experience, typically last about 10 years.
If because of construction deficiencies the pavement is not
capable of carrying the design loading, it will fail prematurely.
When this happens, the series of overlays that follow the initial
design period will be moved forward in time, resulting in an
extra expense to the transportation agency. Using engineering
economics principles, it is possible to develop an expression
giving the appropriate pay factor for various levels of expected
life, such as that given by Equation 1.

PF = 100[1 + C,(R — R™)/C,(1 — R)] (1

where

PF = appropriate pay factor (percent),
C, = present unit cost of pavement (bid item only),

C, = present unit cost of overlay (total in-place cost),
L, = design life of pavement,
L, = expected life of pavement,

B~
I

., = expected life of overlay,

(1 + R,,/100)/(1 + R,,/100),

R, = annual inflation rate (percent), and
R,,. = annual interest rate (percent).

=
Il

To illustrate the degree of pay adjustment that this ap-
proach produces, the following typical values have been
assumed:

C, = $40/yd? (typical bid for NJDOT-design concrete
pavement),
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