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Quality-Assurance Considerations in Design of

Recycled Asphalt Mixture
THOMAS W. KENNEDY AND FREDDY L. ROBERTS

A procedure that can be used by an engineer to design a recycled mixture by
using material salvaged from an existing roadway is described. Special attention
is directed toward quality-assurance factors that must be addressed to ensure
that vari are kept within limits that will allow production of a mixture
that will perform satisfactorily. Some of these quality-assurance factors are
commonly overlooked and yet can dramatically affect the field performance
of the material. Among these commonly overlooked factors are determining
the causes of failures, locating sections with different characteristics, and devel-
oping a pling plan for collecting material for laboratory studies based on
the first two factors. After the causes of distress have been determined, the
salvaged material is evaluated to determine whether softening agents are needed
and whether virgin aggregate and asphalt should be added and, if so, how much.
Also included are cautions for nreparing candidate mixtures in the laboratory
in a manner similar to field material processing. Suggested minimum values of
engineering properties are included as well as sample plots to demonstrate areas
of concern relative to quality assurance. Concerns for quality assurance in each
step of the design process are summarized.

The purpose of this paper is to address the neces-
sary procedures and considerations required to pro-
duce quality recycled-asphalt mixtures. In compari-
son with conventional mixtures, this requires
greater care, since the basic materials used in re-
cycled mixtures are salvaged from an existing road-
way that has failed. ‘Therefore, a special effort
must be made to rejuvenate these salvaged materi-
als. 1In addition, attention must be directed to de-
tecting variations that occur in the salvaged
material as a result of the original design and con-
struction, previous maintenance and rehabilitative
activities, and the effects of environment and traf-
fic. In order to ensure the quality of recycled
mixtures, these variational aspects must then be
considered adequately in the sampling, design, and
construction phases of the project.

After recycling has been selected as the most
desirable and cost-effective alternative for re-
habilitation, a series of steps must be conducted to
ensure a satisfactory pavement. First, a sampling
plan must be developed and materials secured for the
design of the mixture. 1In addition, a three-phase
design must occur that includes general design, pre-
liminary design, and final design (1). General de-
sign includes evaluating causes of failure and
determining whether the problems are related to mix-
ture or structure. Preliminary design includes a
labhoratory evaluation to determine the behavior and
effects of factors such as softening agents, new ag-
gregates, and antistrip agents, if needed. Final
design includes preparing specimens of the actual
mixture in various combinations to determine the
engineering properties of the mixture and to deter-
mine whether the mixture is satisfactory. This in-
cludes comparisons of test results for the recycled
mixture with the ranges of properties that are ex-
pected to provide good field performance.

When construction begins in the field, it may be
necessary to modify the final design to provide a
mixture that will meet construction requirements;
however, these changes should be very carefully re-
corded and their effect anticipated and monitored.

GENERAL DESIGN

The most common aspects of the general design cate-
gory are to

1. Determine the nature and cause of distress,

2. Determine the gradation of the recycled ag-
gregate,

3. Determine the residual asphalt content of the
recycled mixture,

4. Determine the penetration and viscosity of
the recycled asphalt, and

5. Specify the aggregate gradation after pul-
verization and the addition of new aggregate.

Perhaps the most significant activities in this
category of design that affect the quality-assurance
issue are related hoth to item 1 and to establishing
the sampling plan for securing materials to be used
in items 2, 3, and 4. In fact, the information
secured in item 1 is crucial to prevent the engineer
from assuming that a rejuvenating (softening) agent
always needs to be included in the recycled mixture.
The major discussion in this section will then deal
with item 1 and the sampling plan.

Determine Causes of Distress

It is essential that the cause of the distress that
led to the need for recycling be identified and cor-
rected. Three of the most common causes of distress
are (a) aging (brittleness) of the asphalt cement,
(b) stripping of the asphalt from the aggregate, and
(c) structural inadeguacy. Texas experience would
suggest that one or more of these causes are in-
volved in most failures that lead to recycling.

A detailed condition survey should be conducted
to determine the severity and extent of the distress
present on the job for which recycling is being con-
sidered. The condition survey should be separate
for each section of road that is determined to be
different based on considerations of (a) surface
thickness or mixture design, (b) presence of heavy
maintenance discontinuously along the section, (c)
seal or friction coat difference, and (d) half-sec-
tion skin patching. For each section identified by
using the suggestions described above, the types of
distress and the severity should be evaluated to
determine the primary cause of the distress.

It is most important to identify whether these
failures are associated with the characteristics of
the mixture to be recycled or with the pavement
structure, either locally or 1in general. In the
case of mixture problems the failure can be cate-
gorized as either brittle or nonbrittle. An excel-
lent guide to analysis of pavement failure was pre-
pared by Finn and Epps (2).

Mixture Problems

Brittle failures occur when axle loads, thermally
induced stresses, or shrinkage of underlying layers
combines with aged asphalt cements to produce crack-
ing, e.g., alligator, transverse, block (map), and
longitudinal. When such an asphalt mixture is to be
recycled, softening agents or soft asphalts typical-
ly must be added to restore the salvaged asphalt
cement to its original viscosity.

Nonbrittle failures are usually associated with
mixtures that are stripping or are exhibiting poor
stability. Distresses typical of these conditions



Figure 1. Grading curves for dense-graded asphal te mixtures.
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are rutting, shoving, corrugations, and bleeding.
Rutting can also occur as a result of lateral flow
of nonbituminous layers. The cause of rutting in
each of these three cases is different and the
treatment to alleviate the problem must be selected
and applied either prior to or during the recycling
operation if the recycled pavement is expected to
perform adequately.

In the case of the stripping mixture, an appro-
priate treatment must be applied to the salvaged
mixture to alleviate the stripping problem or the
mixture must be discarded or used for other purposes
such as low-volume road patching or shoulders. Once
the stripping problem has been alleviated, the sal-
vaged mixture can be evaluated and a new mixture
design developed. Softening agents most often are
not required and if included could produce a very
soft and unstable mixture that is prone to shoving
and rutting.

Poor stability often can be alleviated by adding
new aggregate during recycling to improve gradation
and introduce more angular aggregate particles.
Better gradation may also result in a higher den-
sity, which would be beneficial with respect to
moisture damage. It is also recommended that
serious consideration be given to using approxi-
mately equal percentages of recycled material and
new material; a recommended maximum is 70 percent
recycled material.

Special attention should be given to the final
gradation, including new aggregate if added. Grading
curves similar to those shown in Figure 1 (3,4) have
shown excellent performance. The grading curve
should not have humps in the region of the No. 30 to
No. 60 sieves nor should there be significant devia-
tions, either coarser or finer, in the regions above
the No. 10 sieve. Variations in these regions are
especially important for certain types of material-
distress combinations. Goode and Lufsey (4) have
shown that humps in the region of the No. 30 to No.
60 sieves above the lines shown in Figure 1 produce
tender mixes. In addition, these finer mixes can
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significantly lower stabilities. If the mix is both
too coarse (gradations below the lines in Figure 1
for sizes larger than the No. 10 sieve) and made
with strip-prone aggregate, the greater porosity of
the mix may actually enhance the opportunity for
water damage, In fact, some mixes being used by
states today have such a small range of combinations
of gradation and asphalt content that produce satis-
factory mixes that runs only one day apart failed in
two different modes, stripping in the open mixture
and shoving and rutting in the mixture with slightly
higher asphalt content (5). Therefore, the mixture
with higher void content stripped, whereas the mix-
ture with lower void content shoved and rutted under
traffic.

Structural Problems

Structural deterioration may occur as the result of
underdesign, increased traffic volumes and axle
loads, decreased support values due to the action of
water, and brittleness of the asphalt due to aging,
all of which can produce increased stresses and
strains. If these increased stresses and strains
exceed limiting values, premature fatigue or longi-
tudinal cracking in the surface layer or permanent
deformations can occur. This cracking can be
localized or can be quite extensive.

An evaluation of the strength conditions of the
existing pavement structure can be made by perform-
ing and analyzing a Dynaflect survey or other non-
destructive test. Such an analysis will help define
the extent of soft spots and establish the limits on
sections where the underlying support characteris-
tics or layer thicknesses are different or inade-
quate. Application of these techniques and formulas
for estimating moduli for underlying layers have
been presented by Lytton and Machalak (6).

Sampling Plan

Each identified subsection should be treated as a
separate design, and a representative sample should
be secured from each. Sampling sites within each
subsection should be selected randomly. The en-
gineer should choose at least six sampling sites for
each subsection and secure a minimum of 200 1b of
material for subsequent laboratory analysis (7).

The effect of discontinuities or variation of
material properties along the length of the pavement
or across the width may lead to difficulties in
securing representative materials. The effect of
large discontinuous areas of patching, the addition
of hot mixed overlays or seal coats to surface
courses that were originally cold mixed, and many
other combinations of different materials may make
selection of representative samples to be used for a
single mixture design for the entire pavement diffi-
cult, if not impossible. In such cases, further
subdivision of the subsection may be necessary or
perhaps the recycling alternative must be abandoned
if only short subsections can be identified.

Of special concern in developing the sampling
plan are the causes of failure and variations in
asphalt content or gradations of the material to be
salvaged. Since brittle and nonbrittle failures re-
quire different treatment of the salvaged asphalt
cement, it is imperative that the first break in the
sampling plan be based on type of failure. The sec-
ond primary area of concern is that of variations in
asphalt-cement content and aggregate gradations down
the road. Since seal coats, other surface treat-
ments, and patching, as well as sealing programs, do
not necessarily involve the entire roadway, these
maintenance operations will affect the selection of
relatively homogeneous sections for mixture design
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considerations., If the materials are to be removed
from the site, crushed, sized, and reblended, these
problems are minimized but should be considered in
developing the sampling plan. If the recycling is
to be accomplished in place, careful laboratory
studies should be conducted to determine the magni-
tude of systematic variations in asphalt content and
gradations across the roadway and to evaluate the
effect of those variations on stability, void con-
tents, density, and strength, If these variations
are significant enough to produce instabilities,
high void contents, or other problems in portions of
the recycled mixture, then the engineer should care-
fully consider whether the recycling option should
be abandoned or whether to proceed but modify the
construction sequence to eliminate or minimize these
problems. A final decision on these factors could
be delayed until more complete information is avail-
able on which to evaluate the effect of these varia-
tions on mixture properties.

PRELIMINARY DESIGN

The primary objective of the preliminary design is
to select the type and amount of additive that can
be used to recondition the asphalt or eliminate
asphalt aggregate problems in the salvaged mixture,
if necessary. If a brittle failure has occurred,
this portion of the design involves the selection of
an additive that will soften the existing asphalt
and return it to its original or desired viscosity.
A variety of materials are available, such as soft
asphalt, commercially available softening agents,
and combinations of these materials. If a non-
brittle failure has occurred, the techniques or type
and amount of additive that will minimize distress,
such as stripping, must be selected. Materials such
as lime and chemical antistrip agents are believed
capable of reducing stripping in asphalt-concrete
mixtures. Nevertheless, to ensure a successful pro-
ject, it is imperative that selected antistrip addi-
tives be tested to ascertain their effectiveness.

Softening Agents

Often a primary criterion in a preliminary design
procedure is to reduce the viscosity or increase the
penetration of the asphalt to a value representative
of a virgin asphalt cement. The recommended steps
usually involved are

1. Extracting and recovering asphalt from the
salvaged mixture,

2. Mixing the recovered asphalt with the se-
lected types and amounts of additives,

3. Measuring the viscosity or penetration of the
treated asphalt cement,

4. Plotting the relationship between the amount
of additive and the viscosity or penetration (Fig-
ures 2 and 3),

5. Determining which additives or combinations
of additives will produce the desired consistency in
the salvaged asphalt cement, and

6. Selecting acceptable additives or combina-
tions of additives that warrant preparation of
laboratory mixtures for further evaluation (factors
to be considered in this selection are costs, avail-
ability, construction considerations, past reliabil-
ity and experience, etc.).

Generally this portion of the design process is
fairly standard. However, careful consideration
must be given to the field mixing process and the
method of blending the softening agent into virgin
or reclaimed asphalt cement. It is conceivable that
a particular softening agent could be chosen in this
portion of the design that, when applied under field

Figure 2. Typical relationships between penetration and percentage of softening
agent for recovered brittle asphalt cement and four softening agents.
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construction conditions, will not be so effective in
rejuvenating the salvaged asphalt content as it was
in the laboratory. Therefore, mixture preparations
that use the selected softening agents and salvaged
materials should closely simulate field conditions,
including the method of adding the softening agent,
mixing time and temperature, and compaction.

New Aggregate

According to Epps and Holmgreen (7), new aggregate
may have to be added to the mixture for one or more
of the following reasons:

1. To satisfy gradation requirements;

2. To improve the skid resistance to meet re-
quirements for the new surface course;

3. To meet air-quality regulations associated
with hot central plant recycling, typically 30 to 40
percent new aggregate;

4, To meet total pavement thickness requirements;

5. To improve the properties of the mixture,
such as stability, durability, and flexibility; and

6. To be able to add enough modifier to restore
the salvaged asphalt to meet specification require-
ments and still maintain required mixture properties.

In addition to these reasons for adding new ag-
gregate to the salvaged mixture, one other factor
should be considered--experience in recycled con-
struction. Generally, it is recommended that not
more than 50 percent salvaged material be used since
the mixture is less forgiving at higher percentages



of recycled material. With experience, higher per-
centages of salvaged material can bhe used; however,
in general, it is recommended that no more than 70
percent salvaged material be included in the mixture.

Antistripping Agents

If it is determined that the action of moisture on
the recycled mixtures has resulted in premature
failure, the use of an antistripping agent should be
considered. Chemical antistrip agents are commonly
used. When use of one of these agents is specified,
tests should be performed to evaluate the effective-
ness of each proposed chemical antistrip agent when
combined with the salvaged material. Preliminary
results by Lee and Kennedy (9) have indicated that
in many cases certain chemical antistrip agents,
when combined with certain asphalt-aggregate mix-
tures, do not alleviate moisture damage and that the
treated mixtures are still moisture susceptible.
These results have also suggested that lime may be
an effective antistrip agent when used properly.
Nevertheless it is mandatory that any proposed anti-
strip additive be tested with the aggregate and
preferably the asphalt cement to be used to ascer-
tain their effectiveness. Possible test methods are
the Texas freeze-thaw pedestal test, the boiling
test, and static and repeated-load indirect tensile
test with and without moisture conditioning. Pre-
liminary indications suggest that the Texas freeze-
thaw pedestal test may be quite valuable in evaluat-
ing potential antistrip additives and in detecting
adverse moisture effects on various asphalt-aggre-
gate combinations (10).

FINAL DESIGN

The materials selected in the preliminary design are
evaluated to select the final type and amount of ad-
ditive required to either rejuvenate the asphalt
cement or alleviate stripping and the amount of new
aggregate to incorporate into the mixture. The final
design involves determining whether the engineering
properties of the mixtures selected in the prelimi-
nary design are acceptable. The steps to be fol-
lowed are as follows:

1. Prepare duplicate specimens of mixtures con-
taining the approximate amount of selected additives
based on weight of recovered asphalt, aggregate, or
mixture as determined in the preliminary design and
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various percentages of new asphalt or other addi-
tives. The aggregate gradation, including the sal-
vaged aggregate plus virgin aggregate, should have a
gradation curve similar to that shown in Figure 1.

2. Test the prepared specimens according to the
standard tests used by the design agency.

3. Compare the results from step 2 with those
required in the current specifications for conven-
tional mixtures.

4, Test the prepared specimens by using the
static and repeated-load indirect tensile test.

5. Compare the results from step 4 with those
obtained for conventional mixtures. Properties
recommended for consideration are tensile strength,
static modulus of elasticity, and resilient modulus
of elasticity. The relationships between the above
properties and the amount of additive should be
developed by testing recycled mixtures prepared at
various additive contents. Sample relationships are
shown in Figures 4 and 5. The resulting values
should then be compared with desired values even
though there is currently a limited amount of data
to establish these desired values. Most specifica-
tions required minimum values for strength, etc. For
recycled asphalt mixtures, the test values on the
existing pavement material normally should be
specified as a range including a maximum value,
since the asphalt in the salvaged mixture is often
extremely stiff and brittle.

It can be seen that the effect of softening
agents is quite different for materials that ex-
perienced brittle failures than for those that ex-
perienced nonbrittle failures. For the  brittle
materials, tensile strength (Figure 4a) decreases
rapidly with additional additive, whereas for the
nonbrittle material, tensile strength does not (Fig-
ure 4b) but generally changes only slightly. The
same trend has been observed for static and resil-
ient modulus. However, the stabllities in all cases
are reduced dramatically as the percentage of addi-
tive increases for both the brittle and nonbrittle
salvaged materials.

6. Determine the resistance of the recycled mix-
ture to adverse environmental moisture conditions as
previously discussed. The Texas freeze-thaw pedes-
tal test procedure 1s tentatively recommended for
use (10).

7. Evaluate the workability of the mixture by
visual inspection and make necessary adjustments in
the amount of virgin aggregate and additives to be
included in the recycled mixture. However, extreme

Figure 4. Effects of amount of additive on tensile strength of salvaged mixtures (a) with brittle asphalt cement and (b) with nonbrittle asphalt cement.
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Figure 5. Effects of amount of additive on Hveem stability of brittle and
nonbrittle recycled mixtures.
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care should be exercised to prevent workability re-
quirements from adjusting gradations and binder con-
tent to the point that unstable mixes are produced.

RECOMMENDED INDIRECT TENSILE DESIGN VALUES

Results from previous studies have bheen used to
evaluate the tensile strength, static modulus of
elasticity, and resilient modulus of elasticity of
both laboratory-prepared and in-service asphalt mix-
tures. Since these materials are performing satis-
factorily in the field, they represent a gquide to
the level of engineering properties that should pro-
vide satisfactory service for recycled mixtures.

Based on the results reported (1l1-13) for various
types of asphalt mixtures, typical values of mixture
properties were obtained and are shown below (1
psi = 6.89 kPa):

Design Value (psi)
73-203
0.10-0.51 x 10¢

Property
Tensile strength

Static modulus of
elasticity

Resilient modulus of
elasticity

0.25-0.94 x 10°¢

It is recommended that desirable values of engineer-
ing properties be determined for the particular
location and function of the proposed recycled
material.

An example of the use of the desired range of
material properties to select the percentage of
additive is shown in Figures 6 through 8. Specimens
are prepared and tested at various additive contents
and the results are plotted as in Figures 6 through
8. At the point where the line of best fit for the
test results intersects the middle of the acceptable
range of properties, the optimum percentage of addi-
tive for the property is obtained. For example, in
Figures 6, 7, and 8, these percentages of additives

Figure 6. Determination of percentage of additive from selected range of
tensile-strength values.
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Figure 7. Determination of percentage of additive from selected range of
values of static modulus of elasticity.
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are shown for each combination of asphalt or asphalt
and additive. The individual optimums for the AC-3
are 2.9, 2.6, and 2.7 for tensile strength, static
modulus, and resilient modulus of elasticity, re-
spectively. It should be noted that other additives
could be investigated and might be acceptable.

QUALITY-ASSURANCE RECOMMENDATIONS

Based on the experience gained to date on designing
mixtures for 15 recycling jobs and observing the
construction process in the field in the state of
Texas, the following recommendations on areas of
quality assurance are proposed as the most signifi-
cant., By paying careful attention to these areas
and exercising adequate controls in the field, vari-
ations can be kept to an acceptable level., The re-
sult will be a reliable product that is expected to
perform satisfactorily for its entire design life.



Figure 8. Determination of percentage of additive from selected range of
values of resilient modulus of elasticity.
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In General Design

The primary areas of concern for quality assurance
lie with the effects produced by variations in the
following:

1. Subsection identification and sampling: Use
not only design differences but also differences in
maintenance and rehabilitation actions as well as
type and cause of distress to subdivide for design.
Sample within each subsection to secure representa-
tive materials so that material variations can be
identified and evaluated.

2. Gradations: The designer must know how the
material is to be removed, crushed, and blended in
order to be able to evaluate variations and their
propensity for generating performance problems,

3. Asphalt content: Total variations in ex-
tracted-asphalt content along the roadway can be
significant. 1In Texas the construction tolerance on
asphalt content is +0.5 percent and data from dryer
drum mixers indicate that as much as 30 percent of
the extraction values exceed that tolerance (5) .
This construction variation plus additional varia-
tions produced by maintenance and rehabilitation
operations may increase the inherent variation.

In Preliminary Design

The primary areas of concern for quality assurance
lie with the effects produced by variations in the
following:

1. Quantity of new material: Strive for a well-
graded mixture that produces a smooth grading
curve. Avoid humps in the grading curve near the
No. 40 sieve that produce a fine mixture that is
tender. Mixtures that have 50-70 percent salvaged
material seem to be more forgiving to variations in
asphalt content, density, etc.

2. Softening agent selected: Ensure that the
action of the agent on the salvaged asphalt is the
same in the field as it is in the laboratory.
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Figure 9. Dry tensile strength for three phases of compaction study of recycled
mixtures on 1H-10 near Winnie, District 20, Beaumont, Texas.
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3. Antistrip agent: Test to ensure that it
works. Several tests are currently available; how-
ever, it is recommended that the Texas freeze-thaw
pedestal test be considered.

In Final Design

Of critical importance in this activity is that the
designer ensure that the wvarious mixtures to be
evaluated be combined under the same conditions in
the laboratory as those to be used in the field. For
example, the standard hot-mix design procedure often
specifies that the mixture ingredients are to bhe
mixed and compacted at a relatively high temperature
in the laboratory; however, if a dryer drum plant is
used, the mixing and compaction temperature could be
significantly less. Thus the recycled mixture
should be mixed and compacted at the lower tempera-
tures. This may be of particular importance with
recycled mixes since the action of the rejuvenating
agent or new asphalt cement may be totally different
at the different temperatures and under different
mixing conditions. 1In addition, the amount of water
present in the new aggregate as well as the salvaged
mixture will almost certainly be different if one
set of materials is prepared under standard mix de-
sign conditions while the other is run through the
dryer drum plant. The combined effect of variations
such as these between laboratory procedure and field
conditions could be larger than all others, and the
mixture produced in the field could have signifi-
cantly different properties from those produced in
the laboratory.

For example, Figure 9 (8) shows the effect of
varying the compaction temperature for a laboratory
study designed to simulate observed field densities
and compaction procedures. The compaction tempera-
ture behind the laydown machine and range of field
densities observed were used to set the ranges for
the study. It can be noted in Figure 9 that the dry
tensile strengths vary significantly with 1laydown
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Figure 10. Tensile-strength ratios for three phases of compaction study of
recycled mixtures on tH-10 near Winnie, District 20, Beaumont, Texas.
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temperatures for all phases of the study. It should
also be noted that all but two of the specimens had
densities that met the minimum specifications. A
set of specimens was also compacted and tested in a
wet condition, and the tensile-strength ratios were
calculated and plotted in Figure 10 (8). It should
be noted that for the specimen compacted at constant
compactive effort but at varying temperatures, the
tensile-strength ratios are significantly lower at
the lower temperatures. This lower ratio reflects
the increased water susceptibility for mixes com-
pacted at lower temperatures. However, if the com-
pactive effort is increased as in the phase-1 curve
of Fiqure 10, the tensile-strength ratios are much
higher. Also, as the compaction temperature in-
creases, the efficiency of the compactive effort is
shown by the converging phase-1 and phase-2 curves.
This convergence points out the necessity of main-
taining proper compaction temperature, especially
when roller patterns are used. instead of density
control.

In summary, an important point to be emphasized
is that in the design of recycled mixtures, special
care must be exercised to ensure that the laboratory
heating, mixing, and compaction conditions corres-
pond as nearly as possible to those expected in the
field. Diligence in applying such control will pay
off by having a mixture in the field that reacts to
variations in a manner similar to that of variations
observed in the laboratory specimens.
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Ensuring Quality in Hot-Mix Recycling

ELTON R. BROWN

The experience of the U.S. Army Engineer Waterways Experiment Station in
ensuring quality of hot-mix recycled asphalt concrete is discussed. This experi-
ence includes the use of low-viscosity asphalt and recycling agents to modify
the existing aged asphalt and to provide the additional needed asphalt. Batch
plants and drum mixers have been used to produce the hot-mix recycled asphalt
concrete. These recycled mixtures have been satisfactorily used in the construc-
tion of binder courses and surface courses.

The state of the art of designing and constructing
pavements composed of recycled materials has now
advanced to a point where recycling can be consid-
ered as an alternative to conventional procedures
for most paving jobs. 1In the past, engineers have
been reluctant to consider recycling because (a) it
was a new process with unknowns, (b) the technology
and equipment needed were not sufficiently developed
for recycling, and (c) it was simply not cost-effec-
tive for most jobs.

Over a period of years, a change in attitude of
pavement engineers has been brought about by several
factors. The oil embargo of 1973 stressed the point
that there is not an unlimited supply of asphalt
materials. Since the embargo, the law of supply and
demand had pushed the price of asphalt to $200/ton
by 1981. As recently as 1975, the price of asphalt
cement was approximately $70/ton.

The amount of high~quality aggregate has become
limited in many areas, which has caused the cost of
these aggregates to increase substantially. In many
locations, economics has forced the use of low-qual-
ity aggregates, which has resulted in pavements with
reduced life. The use of recycled materials in
these areas will provide high-quality materials at
lower costs.

During the last few years, technology developed
to the point that recycling is no longer in the
experimental stage. Equipment has been developed
that can properly remove the old pavement materials
and mix these reclaimed materials with virgin aggre-
gates, asphalt, and a recycling agent to produce a
satisfactory recycled asphalt concrete. There still
exist problems that are peculiar to recycling;
however, the number and complexity of these problems
have been reduced significantly in recent vyears.

This paper discusses procedures used by the U.S.
Army Engineer Waterways Experiment Station (WES) to
minimize problems during design and construction of
recycled mixtures and thus to ensure quality in the
hot-mix recycled asphalt concrete.

MATERIAL EVALUATION

Existing Materials

Existing reclaimed materials for hot-mix recycling
generally consist of a mixture of asphalt cement and
aggregates. It is essential to evaluate the prop-
erties of these materials to determine the aggregate
and asphalt type that must be used to modify them to
meet specification requirements. This initial evalu-
ation is necessary to estimate the properties of
materials such as the asphalt cement and recycling
agent needed for the job. If possible, this infor-
mation should be obtained before the project is
advertised and be made a part of the bidding docu-
ments for information to the prospective contractors.

The analysis of the existing materials consists
of extracting the asphalt binder from the mixture

and recovering this asphalt from the asphalt-solvent
solution. After the asphalt and aggregate have been
recovered, tests should be conducted on each of
these materials. In order to perform the mixture
design for the recycled mixture, it is necessary to
determine the apparent specific gravity, water
absorption, and gradation of the aggregate and the
specific gravity and asphalt penetration of the
asphalt. Other aggregate properties that are gen-
erally not evaluated but may need to be in cases
where the aggregate quality appears to be a problem
include the Los Angeles (L. A.) abrasion, percentage
of crushed faces, soundness, and amount of rounded
natural sand in the mixture. The aggregate require-
ments should be the same as those for the aggregate
to be used in a virgin mixture. The analysis of the
asphalt binder should include as a minimum the
determination of penetration and specific gravity.

New Materials

The new materials to be added to a recycled mixture
generally include the aggregate, asphalt cement, and
recycling agent. Depending on the gradation of the
aggregate in the existing pavement, the new aggre-
gate may or may not consist of fine and coarse
sizes. The new aggregates and reclaimed aggregates
when blended should meet the specification require-
ments for the gradation of total aggregate. If there
is a limit on the amount of natural sand that is
allowed to be used in a mixture, this limit should
apply to the new aggregate to be added to the re-
cycled mixture since the existing aggregate will
more than likely already contain natural sand.

The new asphalt cement added to a recycled mix-
ture provides the additional asphalt binder needed
and in many cases modifies the properties of the
existing asphalt binder. An AC-2.5 asphalt cement
can often modify the existing asphalt binder to an
acceptable level. To be acceptable, asphalt re-
covered from a recycled mixture should initially
have an asphalt penetration between 40 and 70 for
most climatic locations. BAcceptable modification of
existing asphalt binder depends on the properties of
this binder, properties of the new binder, and
amount of reclaimed asphalt concrete to be used in
the recycled- mixture. For instance, the asphalt
binder from an existing mix with penetration in the
range of 10-15 can generally be modified to satis-
factory properties with an AC-2.5 when the amount of
reclaimed asphalt concrete to be used in the mixture
is 40-50 percent.

When the penetration of the existing asphalt
binder is below 10 and/or when the amount of re-
claimed mixture to be used in a recycled mixture is
more than 50 percent, it is generally necessary to
use a recycling agent to properly modify the exist-
ing asphalt binder. A small amount of recycling
agent can generally modify the existing asphalt
binder without satisfying the desired binder con-
tent. If additional binder is needed after the
asphalt has been modified, this should be accomp-
lished by the addition of an asphalt cement. When
AC-2.5 asphalt is used for the additional binder,
the amount of recycling agent needed is less than
that required when a higher-viscosity asphalt such
as an AC-10 is used because the AC-2.5 modifies the
properties of the recovered asphalt more than the
higher-viscosity asphalts.
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At the present time, there is no widely accepted
standard for specifying recycling agents. However,
it is obvious that the recycling agent must be able
to modify the properties of the asphalt binder to
the desired characteristics (40-70 pen). The re-
cycling agent must also be resistant to heat so that
the properties will not be adversely affected during
production of the recycled mixture at the asphalt
plant. There are a number of recycling agents on
the market with widely differing properties; there-
fore, caution should be used in specifying and using
these recycling agents.

MIXTURE DESIGN

After the properties of the reclaimed materials and
new materials have been determined, the mix design
should be performed. The mix design establishes the
percentage of each of the various materials to be
used in the mixture to ensure that the combined
aggregate properties, asphalt properties, and mix-
ture properties are satisfactory. These properties
should be evaluated in a similar manner to that for
virgin materials and mixtures. The properties of
the combined asphalt must be determined from asphalt
recovered from the recycled mixture. Material and
mixture properties used to evaluate and control
asphalt mixtures are tabulated below:

Aggreqgate Asphalt Mixture

Specific gravity Specific gravity Stability

Absorption Penetration Density

L.A. abrasion Ductility Voids total mix

Soundness Viscosity Voids filled
with asphalt

Percentage of Flash point Flow

crushed faces
Flat and elon- Thin-film oven
gated particles test
Solubility

Immersion
compression

The viscosity, ductility, flash point, solubility,
and thin-film oven test are used to evaluate the
properties of the virgin asphalt binder only. Pene-
tration and specific gravity are used to evaluate
the properties of the combined recovered asphalt.

The first step in the mixture design is to deter-
mine what percentage of each new aggregate and
reclaimed asphalt concrete should be used. The
amount of reclaimed asphalt concrete used in the
mixture is usually limited to 70 percent when a drum
mixer is used to ensure that a satisfactory mixture
is obtained and pollution requirements are satis-
fied. When a modified batch plant is used to pro-
duce the recycled mixture, the amount of reclaimed
material used in the mixture is generally restricted
to a maximum of 50-60 percent. The availability of
reclaimed material, economic considerations, pollu-
tion control requirements, and practical considera-
tions of the type of plant to be used are usually
considered in selecting the amount of reclaimed
material to be used in the mixture. After the per-
centage of reclaimed material has been selected, the
percentage of each virgin aggregate to be used in
the mixture can be selected to provide a satisfac-
tory blended gradation.

The second step is to determine the type of
binder and/or recycling agent to be used in the
mixture. For most areas within the United States,
it is desirable that the penetration of the asphalt
binder recovered from the recycled mixture be 40-70.
These criteria can generally be met with the use of
a low-viscosity asphalt (such as AC-2.5) when the
amount of reclaimed material used in the mixture is
50 percent or less and when the penetration of the
existing asphalt binder is 10 or more. If a low-

viscosity asphalt cement can be used to provide
additional asphalt and modify the existing asphalt
binder to an acceptable range, a recycling agent
should not be used.

If it is necessary to use a recycling agent, the
smallest amount that can be used to properly modify
the existing asphalt should be selected. An exces-~
sive amount of a recycling agent will reduce the
viscosity of the asphalt binder excessively, thus
causing insufficient strength in the mixture. Too
much recycling agent can also cause an oily film to
form on the aggregate that will prevent satisfactory
adhesion of the asphalt to the aggregate. The
additional asphalt needed should be provided by the
use of an asphalt cement. Since there are no widely
accepted criteria for specifying recycling agents,
the use of recycling agents that have shown satis-
factory performance in the past is recommended.

The third step in developing a job-mix formula is
to select the percentage of asphalt cement and/or
recycling agent to be used in the mixture and to
ensure that the mixture properties are satisfactory.
The percentage of binder to be added is selected in
a manner similar to that for virgin mixtures.
Typical designs for a binder course that uses AC-2.5
asphalt and various amounts of reclaimed materials
are shown in Figures 1-3, The optimum mixture
properties for these designs are indicated in Table
1. When 40 percent reclaimed material was used, the
modified asphalt did not provide the desired sta-
bility properties (modified asphalt binder did not
possess satisfactory viscosity). When 50 or 60
percent reclaimed material was used, the mixture did
possess satisfactory properties.

Potentially, the recycled mixture may consist of
four aggregates (reclaimed material, coarse aggre-
gate, fine aggregate, and natural sand) and three
binder materials (reclaimed asphalt binder, new
asphalt cement, and recycling agent). It is diffi-
cult in the laboratory to properly mix this large
number of materials; therefore, a high variation in
test results 1is expected. These materials can be
properly mixed in large quantities at the asphalt
plant, and consistent test results should be ob-
tained. Full-scale plant production of recycled
materials should never begin until a satisfactory
field mixture design has been developed. This field
mix design may be no more than a verification of the
laboratory mix design, but it is necessary to deter-
mine that the mixture produced at the plant is
satisfactory before full-scale production.

The mix design is normally performed on samples
of material obtained from the existing pavement
before milling or removing and crushing. When the
existing pavement is milled or removed and crushed,
there is generally more material passing the No. 200
sieve (dust) than that indicated by the original
sample. This additional dust is caused by abrasion
effects of the milling machine or crusher. Dust is
also manufactured when producing recycled hot mix at
an asphalt plant. In order to ensure that the
amount of material passing the No. 200 sieve is not
excessive, the original mix design should be well
below the maximum 1limits for material passing the
No. 200 sieve.

REMOVAL OF EXISTING MATERIALS

The quality of the in-place materials cannot be
controlled; therefore, these materials must be used
with consideration given to modifying the existing
quality if necessary. When properties of the exist-
ing materials do not meet the specification require-
ments for the recycled mixture, the virgin materials
(asphalt, recycling agent, and aggregate) when added
must be able to modify these materials to meet these
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requirements. Although the quality of the existing
materials cannot be controlled, it is imperative
that the existing material be milled and stockpiled
in such a way that properties of the materials are
consistent throughout the stockpile. When the prop-
erties are consistent, the material can be properly

modified; however, if the stockpile properties are
highly wvariable, an undesirable product will be
produced.

The existing asphalt concrete must be uniformly
removed to the desired grade without damage to the
underlying material. When damage does occur to the
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asphalt. After being ripped from the pavement, the
material is transported to a crusher for further
processing, When a milling machine is used, further

crushing is not normally needed.

The use of a ripper generally requires that the
existing asphalt concrete be removed full depth to
the surface of the base course. When the existing
asphalt mixture is ripped, particles from the sur-
face of the base course may tend to adhere to the
asphalt concrete being removed. A small amount of
the base course in the asphalt mixture will not
cause any problem so long as the amount adhering to

base, it should be scarified, moistened if neces- the asphalt mix does not vary significantly between
sary, and compacted. Generally, the asphalt con- adjacent areas being removed.
crete is removed with a milling machine, but oc- The milling machine c¢an remove the existing
casionally a ripper is used to remove the existing asphalt concrete to any desired depth. Generally,
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Figure 3. Recycled asphaltic-concrete mix design: 151
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Table 1. Mix designs for recycled asphalt concrete at Pope Air Force Base.

Reclaimed Asphalt

Binder- Concrete in Mix (%)
Course
Mixture Property Criterion 40 50 60
Optimum additional asphalt con- - 2.3 1ot 0.6

tent (%)
Density (pcf)
Stability (Ib)

. 146.6 149.2 1484
1800 min 1440 2600 3200

Flow (0.01 in) 16 max 15 155 14
Voids total mix (%) 5-7 6.0 5.6 5.6
Voids filled with asphalt (%) 50-70 60.0 58.0 58.0

3-4 in can be removed in one pass. Grade-control
devices can be used when close control of the grade
is required. When the full depth of asphalt con-
crete is to be removed, approximately 0.5 in of
asphalt mixture 1is generally left over the base
course to prevent damage from the milling machine
and to prevent water from entering and damaging the
base course.

When the asphalt mixture is removed down to the
base course, steps should be taken to protect the
base course from water intrusion. These steps may
involve the application of a prime coat or the
placement of the bottom course of recycled asphalt
mixture within a short time.

The cutting teeth of the milling machine must be
replaced periodically. When the teeth become dull,
oversized chunks of the asphalt mixture are pro-
duced. Milling with dull teeth near the bottom of
the asphalt-concrete mixture can cause the mix to
shear between the base course and asphalt mixture,
which produces large chunks of asphalt concrete that
will have to be removed from the mixture or broken
down further before the mixture can be fed through
the asphalt plant.

QUALITY CONTROL OF HOT-MIX RECYCLING JOBS

WES has been involved in the quality control for a
number of hot-mix recycling jobs. These jobs have
included recycling at Pope Air Force Base, North
Carolina; Reese Air Force Base, Texas; and Lajes Air

ADDITIONAL ASPHALT, %

Figure 4. Modified batch plant used at Pope Air Force Base.

Force Base, Azores Islands, Portugal. These three
jobs have provided experience for a range of mate-
rial and equipment types.

The asphalt concrete on the runway at Pope Air
Force Base was recycled in the summer of 1980 (1). A
modified batch plant (Fiqure 4) was used to produce
the recycled hot mixture, which consisted initially
of 50 percent reclaimed asphalt-concrete materials
and 50 percent new materials. A recycling agent was
not needed for this recycled mixture. An AC-2.5
asphalt cement was added to modify the existing
asphalt cement and to provide the additional asphalt
binder.

The modification to the plant consisted of adding
a hopper for the reclaimed asphalt mixture and
adding a conveyor belt to carry this reclaimed
asphalt mixture from the hopper to the scales. The
virgin aggregate was fed through the dryer and
heated to approximately 600°F. When the virgin
aggregate, reclaimed asphalt concrete (approximately
50 percent of total mixture), and AC-2.5 asphalt
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Figure 5. Drum mixer used at Lajes Air Force Base.

cement were mixed in the pug mill, the resulting
temperature was approximately 275°F,

A 2-in screen was placed over the reclaimed
asphalt-concrete storage bin to remove all large
chunks while the bin was being loaded. The removal
of the large chunks allowed the remaining reclaimed
asphalt concrete to break down in the pug mill and
properly mix with the virgin aggregate and AC-2.5
asphalt cement. A few chunks were noticed during
the laydown operation, but these chunks were soft
and were compacted under the rollers with no notice-~
able problems. The recycled mixture was used in the
leveling course, whereas the virgin mix was used for
the surface course.

The material that was removed had been designed
to satisfy surface-course requirements. The re-
cycled mixture designed to satisfy binder-course
requirements resulted in the addition of only 1.3
percent new asphalt binder to the recycled mixture.
This low percentage of new asphalt cement produced a
combined asphalt binder with an asphalt penetration
of 27. When the amount of new asphalt was increased
to 1.5 percent, the asphalt penetration rose to 37.
Subsequently, when the amount of new asphalt was
increased to 1.8 percent and the amount of reclaimed
asphalt concrete decreased to 45 percent, the re-~
sulting mixture met the surface-course requirements
with a recovered asphalt penetration near 50. This
final mixture was considered to contain the proper
asphalt content and asphalt quality.

The asphalt concrete on the runway at Reese Air
Force Base was recycled in 1981 to produce a binder
course before overlaying with a new asphalt-concrete
mixture. A drum mixer that had to be modified to
produce recycled asphalt concrete was used on this
job. The modification provided for the addition of
the reclaimed asphalt-concrete materials to the drum
mixer. The mixture design required that 50 percent
reclaimed asphalt-concrete materials be used in the
recycled mixture. It was necessary to add 0.4
percent recycling agent and 2.5 percent AC-5 to the
recycled mixture to provide the additional asphalt
needed and to properly modify the asphalt binder.
The penetration of the resulting asphalt binder was
approximately 50.

The asphalt concrete on several taxiways and
parking aprons at Lajes Air Force Base was recycled
in 1981, and the asphalt concrete from additional
areas is scheduled to be recycled in 1982 to produce
material for binder courses and surface courses for
these areas. A drum mixer that was designed and
constructed to produce recycled mixtures or new
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mixtures was used to produce the recycled asphalt
concrete (Figure 5). The mixture design required
that 50-60 percent reclaimed asphalt-concrete mate-
rials be used in the recycled mixture. The addition
of approximately 0.7 percent recycling agent and 3.1
percent AC-2.5 to the recycled mixture resulted in
an average penetration of recovered asphalt binder
of 48. A screen was placed over the reclaimed
asphalt-concrete storage bin to prevent oversized
material (primarily chunks of asphalt concrete) from
getting into the recycled mixture.

During the plant operation, a number of tests on
the materials and mixture must be conducted to
ensure quality in the recycled asphalt-concrete
mixture. Basically, these tests are the same as
those for conventional mixtures, but a few addi-
tional tests are needed. Tests on conventional
mixtures include extraction of the asphalt binder
from the mixture, which allows the gradation of the
aggregate and the asphalt content to be determined.
When recycled mixtures are tested, it is necessary
to recover the asphalt from the extract and conduct
penetration tests on the asphalt binder to ensure
proper asphalt consistency. Recovery of the asphalt
should be done in such a way that the amount of
mineral filler in the recovered asphalt is mini-
mized. The recovery procedure requires that the
reflux extraction be used to extract the asphalt
binder or that some method such as the high-speed
centrifuge be used to remove the mineral filler from
the asphalt-solvent solution if the rotorex method
is used for extraction. Other than the recovery of
the asphalt binder and the penetration test, all
other tests are the same as that for conventional
mixtures. A summary of the tests required 1n the
field laboratory for conventional mixtures and
recycled mixtures is shown below:

Recycled-
Asphalt Mixtures
Asphalt recovery

Both Mixtures

Marshall compaction and test:
stability, flow, density,
voids total mix, and voids
filled with asphalt

Aggregate gradation

Asphalt extraction

Asphalt penetration

Temperature
Density: laboratory and field
cores

The variability of aggregate gradation and
asphalt content is important to the performance of
asphalt-concrete mixtures. Due to the small amount
of elapsed time since the beginning of construction
of recycled asphalt concrete, very little has been
published on the variability of properties of re-
cycled mixtures. This information on variability
has been published for new asphalt-concrete mixtures
(2).

" The average and standard deviation can be used to
conveniently summarize a large amount of data and
yet describe the variability of that data. An
analysis of the data for the three recycled as-
phalt-concrete jobs and a comparison with the vari-
ability of new mixtures are given in Table 2.

As given in Table 2, the variability of the
aggregate gradation and asphalt content for recycled
mixtures is higher than that for new mixtures. This
higher variation may be caused by a number of fac-
tors. First, the data for new mixtures were ob-
tained primarily from batch plants, whereas two of
the three recycled jobs were produced with drum
mixers. Since a batch plant rescreens the aggregate
and weighs the aggregate fractions and asphalt in
each batch, the variation of asphalt concrete pro-
duced in a batch plant should be less than that



Transportation Research Record 885

Table 2. Variability of recycled asphalt-concrete materials.

Standard Deviation

Recycle at:
New Pope Air Reese Air Lajes Air
Property Avg Mixtures Force Base Force Base Force Base
Aggregate 95 2.0 2.5 2.0 2.5
gradation 90 2.5 3.0 4.0 3.5
(percent 80 2.5 3.5 4.5 4.0
passing) 70 2.5 4.0 5.0 4.5
60 ) 4.0 5.0 4.5
S50 2:5 4.0 4.0 4.0
40 2.5 4.0 35 3.5
30 2.0 3.5 2.5 2.5
20 L5 2:5 2.0 2.0
10 1.0 2.0 2.0 1.0
5 1.0 1.0 - 1.0
Asphalt content - 0.20 0.32 - 0.58
Stability (%) . 10 10 13 13
Flow . - 0.8 2.0 1.4

produced in a drum mixer, Hence, the differences in
variation of the gradation and asphalt content for
new mixtures and recycled mixtures may be partly
caused by the type of plant used in the analysis.

Second, very little can be done to control the
variation of the reclaimed asphalt-concrete mate-
rials. 1In other words, the more variability that
exists in the aggregate gradation and asphalt con-
tent of the reclaimed materials, the more variation
that will occur in the aggregate gradation and
asphalt content of the recycled mixture. This
variation in properties of the recycled mixture can
be minimized by proper handling but cannot be con-
trolled as closely as that for new asphalt-concrete
mixtures.

Third, two asphalt products are often added to
the recycled mixture., These two products are gen-
erally an asphalt cement and a recycling agent.
Adding two liquid materials to the recycled mixture
provides more chance for error and thus causes a
higher variability in asphalt content with recycled
mixtures than with new mixtures.

The high variation in aggregate gradation and
asphalt content for recycled materials is undesir-
able, but the variation is not so large that unac-
ceptable material is necessarily obtained. The
variation in stability and flow indicates that the
variation in asphalt content and gradation did not
excessively affect the properties of the mixture.
This high variation does require continuous monitor-
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ing of the production quality so that adjustments in
the mixture design can be made as needed.

CONCLUSIONS AND RECOMMENDATIONS

Recycled asphalt mixtures should be designed and
controlled by using the same techniques as those for
conventional mixtures.

Additional testing is necessary during the mix
design of recycled mixtures to extract the asphalt
from the reclaimed asphalt concrete so that the
asphalt content and asphalt properties, such as
penetration and specific gravity, can be determined.
The amount of new asphalt and/or recycling agent to
be used in the mixture must be selected so that the
mixture properties as well as the properties of the
combined asphalt are satisfactory.

Additional tests are required during plant pro-
duction to ensure that the recycled asphalt-concrete
mixture is acceptable. These tests include recovery
of the extracted asphalt and a measurement of the
penetration of this recovered asphalt.

With the exception of additional tests on re-
cycled asphalt mixtures to evaluate quality of the
combined asphalt binder, recycled-asphalt mixtures
should be designed, produced, and placed by using
the same techniques as those for conventional mix-
tures. Based on the analysis of three hot-mix
recycled jobs, it appears that the variation in
aggregate gradation and asphalt content for recycled
miktures is larger than that for new mixtures. This
increase in variability requires that recycled
asphalt-concrete construction jobs be continuously
monitored so that mix adjustments can be made as
needed.
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Ensuring Quality of Recycled Asphalt Concrete

CHARLES F. POTTS

Specifications related to the control of the quality of hot-mix recycled asphalt-
concrete pavements have become increasingly important in recent years. The
specifications developed and used by the Florida Department of Transportation
to ensure that a high level of quality is maintained during the design and con-
struction process are discussed. The need for control of the uniformity of the
mix is stressed with corresponding recommended specifications for the mea-
surement of viscosity levels of the reprocessed binder material. Performance as
well as economic and energy considerations are discussed. Recommendations
are also given for using strength equivalencies equal to those of the conventional
paving mixtures,

When recycling of asphalt-concrete pavements is con-
sidered as a design alternative, all too often the
initial thought of those individuals involved in the
construction process 1is that an inferior product
must be accepted., In many cases, this has resulted
in the use of specifications that do little, if any-
thing, to ensure the level of quality of asphalt-
concrete mixtures and the flexible pavement struc-
ture,

Hot-mixed recycled asphalt-concrete mixtures can
be produced from a variety of materials obtained
from many sources. The handling and processing
techniques permitted by specifying agencies will
ultimately dictate the level of quality in the final
product. In many cases, hot-mixed recycled asphalt
pavements have been viewed as a means of making use
of waste materials. This attitude is changing, but
there still seems to be a general hesitancy to ex-
pect the same standards of quality required of con-
ventional paving mixtures.

In the case of the Florida Department of Trans-
portation (FDOT), some of these same fears existed
in the initial stages of specification and pro-
cedural development. A great amount of latitude was
given to the contractor to permit wide variations in
asphalt content and gradations. In addition, 1little
effort was made to actually specify the physical
properties of the reprocessed asphalt cement in the
final mixtures.

It was the attitude of FDOT that initial projects
should be constructed and evaluated very carefully
so that realistic specifications could be developed
that would ensure performance levels equal to or
exceeding those of conventional paving projects.

Other research efforts had confirmed the fact
that proper specification controls would yield
quality paving mixtures. Little and Epps (1) have
reported insignificant differences between proper-
ties of recycled and conventional asphalt mixtures
or pavements. There are also indications that re-
cycled asphalt cements may not harden (increase in
viscosity) as rapidly as the original asphalt (ASTM
STP 662).

Portions of the data obtained from the hot-mix
recycled pavements constructed in Florida have been
published previously (2-4). In June 1980, guide-
lines (5) were published and distributed throughout
the state to FDOT's materials, construction, and de-
sign personnel for use in selecting and evaluating
pavements as potential candidates for recycling.
Although minor modifications are required to meet
the needs of individual projects, basically a stan-
dard set of specifications is used for all recycled
pavements. These specifications include most of the
same control restrictions of any conventional paving
mixture, and laboratory and field test results have
confirmed that these control levels can be main-
tained. Furthermore, it has become evident that

violations of the basic principles of good quality
control and acceptance 1limits result in the same
poor performance of pavements that would be expected
in any other construction phase.

PRELIMINARY EVALUATIONS

Ensuring the quality of recycled asphalt pavements
is very similar to ensuring the quality of any other
conventional mixture. The primary problem exists in
the fact that we have been using conventional pro-
cedures for so long that we have lost touch with the
evolutionary development of all of the quality con-
trol measures employed in association with the com-
ponent parts of the final mixture. Many engineers
have failed to view the salvaged asphalt and aggre-
gate combination as another commercial component
that must be monitored and controlled in a fashion
similar to that for any of the other materials com-
posing the final asphalt-concrete paving mixture.

It is for this reason that I would like to devote
a portion of this paper to some of the more impor-
tant aspects of the control of the salvaged asphalt-
concrete mixture,

As is the case with conventional asphalt paving,
the quality control measures adopted for the final
mixture are worth very little if there is no assur-
ance that the component parts are produced under
similar standards.

The procedures presented here for the development
of a final mix design for a recycled-asphalt project
are what I believe to be a preferred sequence of
events. The steps taken may vary depending on (a)
how the salvaged material is obtained (milled or
processed through a crusher) and (b) the percentage
of salvaged material proposed for incorporation into
the final mixture.

Regardless of the above conditions, the major
elements in the process are (a) materials character-
ization of salvaged asphalt-concrete mixture, (b)
preliminary mix design, and (c¢) final mix design.
The purpose of the preliminary and final mix designs
is to establish the estimated design asphalt content
and to determine the final job-mix design that con-
forms to the requirements of the standard specifica-
tions.

Characterization of Salvaged Asphalt-Concrete Mixture

A sufficient quantity of salvaged asphalt-concrete
mix should be obtained in order to determine asphalt
content and gradation and to perform preliminary mix
design tests. In Florida, the Marshall design
method is used to establish the standard mix de-
sign., Sampling of these materials should be bhased
on consideration of the following:

1. If material is obtained from an existing
stockpile or from a crushing process, the same fre-
quencies and sampling locations should be used as
would be required in conjunction with any commer-
cially produced aggregate. Special care must be
taken to identify quantities of materials that have
widely varying viscosity levels. Normally, if aver-~
age viscosity values can be established and the
variance of these quantities does not exceed 10-15
percent of the mean, the variations can be easily
handled in the field.

2. If the material is to be obtained from exist-
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ing pavement by the cold-milling process, variations
in layer thicknesses and type of asphalt-concrete
mixtures, according to data from prior sampling and
original construction plans, must be established.
Care must be taken to identify changes in materials
that result from having the recycling project en-
compass sections of existing pavement constructed
under more than one original construction contract.

3. Pavement being removed by cold milling and
reprocessing must also be separated by viscosity
level. Variations in the degree or type of cracking
may provide indications where additional samples
should be taken for recovery and characterization of
the existing asphalt cement.

The standard procedure established for use in
Florida when an existing pavement is characterized
requires a minimum of two samples per lane mile or
five representative samples per project to be tested
to determine asphalt content and aggregate gradation
and to obtain recovered asphalt for testing.

The bitumen is extracted from the asphalt cement
by using the trichloroethylene reflux procedure
(AASHTO T-164, Method B) and recovered by the Abson
Method (AASHTO T-170). Samples should be cut to
approximately the same thickness as anticipated for
the milling depth. Sufficient quantity of asphalt
cement must be recovered, regardless of whether the
mix is from an existing roadway or previously devel-
oped stockpile, to conduct the following tests:

1. Absolute viscosity at 140°F (60°C) (ASTM
D2171);

2. Cannon constant stress rheometer: (a) vis-
cosity and shear susceptibility at 77°F (25°C) and
(b) viscosity, shear susceptibility, and shear mod-
ulus at 41°F (5°C);

3. Kinematic viscosity at 275°F (135°C) (AST™M
D2170); and

4. Penetration at 77°F (ASTM D5).

On standard hot-mixed recycling projects bid in
Florida where portions of the existing pavement are
removed and permitted to be incorporated into the
new mix, a summary of the characterization data is
provided in the bid document. An example of such a
summary is shown below (average values based on test
results from top 3 in of roadway):

Extracted gradation:

Percent
Sieve Size Passing
3/4 in 100
1/2 in 98
3/4 in 95
No. 4 70
No. 10 48
No. 40 36
No. 80 16
No. 200 6.8

Asphalt content: 6.0 percent
Viscosity at 140°F, 102 907 poises
Penetration at 77°F, 17

This provides the prospective bidders with informa-
tion that can be used when potential material combi-
nations are developed for bid purposes.

Preliminary Design

This aspect of controlling the quality of recycled
asphalt mixtures is often minimized, but it is be-
lieved to be a key in arriving at the proper combi-
nation of salvaged asphalt concrete, new aggregate,
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Table 1. Preliminary design blend.

Percent Passing

Salvaged
Material Crushed  Crushed Specification
Extracted Coarse Stone Range
Sieve Gradation Aggregate Screenings Job-Mix (FDOT Type
Size (65%) (20%) (15%) Formula §-1)
3/4in 100 100 100 100 100
1/2in 98 80 100 95 88-100
3/8in 95 45 100 86 75-93
No. 4 70 7 100 62 47-75
No. 10 48 7 85 45 31-53
No. 40 36 6 58 33 19-35
No. 80 16 4 33 16 7-21
No. 200 6.8 2.8 7.2 6.1 2-7

Table 2. Marshall properties: preliminary design.

Voids Mineral

Asphalt Content Air Voids Aggregate Stability
(%) (%) (%) (1b)

5:5 5.0 15.0 2080
6.0 3.9 15.0 2018
6.5 2.8 15.0 2030
7.0 2.1

15.4 1825

Note: Optimun asphult content, 6.0 percent; asphalt cement using 65 per-
cent salvaged material at 6.0 percent, 3.9 percent; new asphalt
residual required, 2.1 percent.

and asphalt rejuvenator. This same procedure is
used in the design of conventional mixtures except
that the percentage of asphalt cement is not af-
fected by asphalt existing in one aggregate material
component. The following general procedure should
be used:

1. The mean value of the extracted gradations of
the salvaged asphalt should be combined with new
aggregate materials to obtain a final gradation that
will comply with standard gradation requirements.

2. A Marshall mix design evaluation should then
be performed in order to establish the design as-
phalt content. The Florida procedure requires the
blending of aggregate from the extraction of sal-
vaged mix with new aggregates. The hot mix is pre-
pared by using a standard AC 20 material to prepare
the Marshall test specimen. The Marshall properties
obtained for the selected mix design should conform
to FDOT standard specifications (6).

Examples of the preliminary design blend and
Marshall design properties are presented in Tables 1
and 2. The flow diagram shown in Figure 1 illus-
trates graphically the steps involved in arriving at
the preliminary design. The information obtained in
the preliminary process becomes the basis of devel-
oping bid estimates by the contractors and at the
same time provides the materials engineer a begin-
ning point in evaluating the final design.

Final Design

After a contractor has been awarded a project, the
proposed aggregate combinations as well as the re-
juvenating agent for use in the final mixture must
be submitted. Current Florida specification re-
quirements for rejuvenating agents are given below.
The asphalt rejuvenator should be a soft asphalt
cement or asphalt cement blended with a softening
agent or flux oil conforming to the requirements
shown below. It should contain an approved anti-
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Figure 1. Preliminary mix design.

COLLECT SALVAGED ASPHALT CONCRETE SAMPLES |—

EXTRACTION TESTS ABSON RECOVERY

BITUMEN CONTENT

BITUMEN

AGGREGATE GRADATION CHARACTERIZATION

TESTING

NEW AGGREGATE

SELECT AGGREGATE
BLEND

MARSHALL MIX DESIGN STANDARD AC-20

SPECIFICATIONS

PRELIMINARY DESIGN

stripping agent [t°F = (£°C % 0.55) + 32]:

Characteristic

Absolute viscosity after
thin-film oven test

Smoke point

Flash point

Solubility

Requirement

3:1 ratio minimum

260°F minimum
400°F minimum
97.5 percent

Residue from the asphaltic emulsion rejuvenator
should meet the requirements shown above. The as-
phaltic emulsion rejuvenator should contain an ap-
proved antistripping agent. It should meet the
requirements shown below:

Requirement (%)

1.0 maximum
0.1 maximum
65.0 minimum

Characteristic

Storage stability, 24 h
Sieve test

Residue by evaporation

The specified properties of the rejuvenating agents
are primarily to assure that the material will be
suitable from the standpoint of construction,
safety, operation, and handling without excessive
alteration of the absolute viscosity (Vgg). The
selection of the rejuvenating agent i1s a most im-
portant factor in controlling the quality of the mix
since the standard specifications require that the
bitumen recovered from laboratory specimens as well
as the plant-produced mix meet the 140°F viscosity
requirements of 4500 poises * 1500 poises.

During the laboratory evaluation of the final mix
design, the following areas are evaluated:

1. Are the Marshall mix design requirements in
compliance with standard specification require-
ments? The bitumen demand for the job-mix formula
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is confirmed, and this in turn permits calculation
of the amount of rejuvenating agent required for the
recycled mix.

2. The bitumen recovered from the test specimens
at optimum asphalt content from the Marshall design
procedures must meet the 140°F viscosity require-
ments of 4500 poises * 1500 poises. In addition,
data are collected to provide for "straddle" design
formulations to allow for adjustments of the job-mix
formula and/or formulation of the asphalt rejuve-
nator to achieve the desired end result recovered
viscosity.

3. Field adjustments of aggregate gradations
obtained after extraction of the bitumen are evalu-
ated as required, if necessary, to maintain specifi-
cation compliance.

CURRENT SPECIFICATION REQUIREMENTS

The current specifications contain a number of key
elements that past experience has indicated play a
major role in providing realistic bids as well as
ensure a high-quality flexible pavement layer.

Bid Document

Current bid documents provide for no minimum amount
of salvaged asphalt-concrete mix for incorporation
in the final job-mix formula; however, an upper
limit of 70 percent has been included. This pro-
vides the materials engineer with latitude to adjust
gradations, asphalt contents, and viscosities of the
recycled mix. There have been no special gradations
developed for recycled mixtures; rather, current
standard gradation and Marshall design requirements
are specified for these as well as for conventional
mixtures.

The asphalt paving mixtures are bid by the ton;
the asphalt cement is included as a part of the ton
price, regardless of the percentage of salvaged
material used by the contractor in the approved job-
mix formula. This has expanded the bid competition
and has provided the possibility for modified batch
plants to compete with drum mixers.

FDOT has, for a number of years, provided an es-
calation clause in its standard specifications for
conventional asphalt paving mixtures. In the past
year, an adjustment clause has been included as a
part of the supplemental special provisions. The
provision is as follows:

In addition to the pay adjustment for varying
asphalt content in the job mix formula as issued,
pay adjustments for the quantity of recycling
agent included in the payment for Recycled As-
phaltic Concrete will be made based on the As-
phalt Price Index as specified in Amendment 009
of the Specifications Package. Asphalt Rejuve-
nator will be based on the Asphalt Cement Index
and the Asphalt Emulsion Rejuvenator will be
based on the Emulsion Asphalt Index. As an ex-
ception, the total adjustment will be made on the
final estimate. The adjustment will be made on
the actual amount of recycling agent used as de-
termined by field measurement, excluding the
quantity required for the adjustment to the six
percent asphalt content in the job mix formula.

The price adjustment applies only to the price of
the bituminous material, free on board the manu-
facturer's asphalt terminal, and does not reflect
variations in the cost of transportation from the
terminal to the job site. Implementation of the
adjustment on projects that use recycled asphalt
concrete has had the effect of stabilizing the bids
and has removed the apprehension surrounding the use
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of asphalt rejuvenator when there is competition
with conventional asphalt-concrete mixtures.

The 6 percent asphalt content level referred to
in the adjustment clause is varied based on past
history of optimum design levels of FDOT's standard
design mixtures.

Construction Control Specifications

After construction has begun, the quality control
and acceptance testing required are very similar to
those for conventional paving mixtures. Gradation
analyses of aggregate component stockpiles are mon-
itored daily along with extractions of the salvaged
asphalt-concrete stockpiles, These tests are per-
formed by the contractor's quality-control tech-
nician as a part of the plant control program. The
department's technician performs extraction tests at
a minimum rate of one sample per 1000 tons, or a
maximum of one per day, for acceptance purposes.
Any variations exceeding the tolerance limits of the
established job-mix formula should be corrected
immediately.

A major addition to the standard specifications
concerned the control of the consistency of the as-
phalt cement in the final recycled asphalt-concrete
mixture. Samples of recycled mix are taken at a
minimum frequency of one per 2000 tons, and the as-
phalt cement is recovered by ASTM D1856. The vis-
cosity of the recovered asphalt is measured at 140°F
and must be 4500 + 1500 poises. This 1level was
established as a result of previous age-hardening
studies performed by FDOT (7).

It had been established that recovered samples of
asphalt cement taken from conventional paving mix-
tures produced with AC 20 were in the same viscosity
range at the time of placement on the roadway. It
is believed that this is one of the single most
important quality-control measures, since it ensures
the uniformity of the mix consistency during place-
ment and compaction. Should a mix fail to meet this
specification requirement, the contractor must ad-
just the mix immediately.

The corrective action may be accomplished in a
number of ways, depending on the degree of noncon-
formance. The contractor can refer to the straddle
design developed during the final design phase to
decide whether the percentage of salvaged material
should be adjusted or the grade of rejuvenating
agent being used should be changed.

The established mix temperature at the time of
discharge at the asphalt plant must be in the range
of 240-300°F. Our experience has shown that this
operating range can be uniformly maintained, and as
long as the viscosity level is controlled within
specification limits, the mix can be handled in the
field in the same manner as any other conventional
paving mixture.

There have been no revisions made to FDOT's stan-
dard placement and compaction specifications that
relate specifically to recycled asphalt-concrete
mixtures. We have made every effort to comply with
the same standards of quality expected in conven-
tional mixtures. If this is accomplished, it fol-
lows that the placement and compaction specifica-
tions should be no different than would be used with
any similar paving mixture.

DISCUSSION OF PERFORMANCE

Performance data to date are limited since hot-mixed
recycled asphalt-concrete mixtures have only been
used in Florida for five years. However, the per-
formance has been excellent. These pavements, in
all cases, have equaled or exceeded the performance
of similar roadway sections constructed by conven-
tional processes.
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There are strong indications from data collected
that the in-service hardening rate of the recycled
asphalts is somewhat less than that of comparable
standard asphalt cements. At the present time, firm
conclusions cannot be made, but the trends will be
monitored until an analysis can be made to confirm
the trends that have developed.

In areas where the pavement 1is in an advanced
stage of cracking and the asphalt-concrete layer is
removed entirely for reprocessing, the performance
has far exceeded the conventional leveling and
resurfacing approach. To date, this has been the
most effective rehabilitation used by the state, and
a major reason has been the elimination of the re-
flective cracking potential.

ECONOMIC AND ENERGY CONSIDERATIONS

The economic savings and energy reductions have been
previously documented and reported by FDOT (2-5,8).
Recently completed projects have confirmed the fact
that generally there is a 15-30 percent reduction in
total cost of the recycled project as compared with
conventional paving methods. Depending on the loca-
tion within the state and location of commercial
aggregate sources as related to the recycling proj-
ect, energy savings have ranged from 25 to 45 per-
cent when compared with the conventional alternative.

SUMMARY

The specifications used by FDOT for control of re-
cycled asphalt-concrete mixtures are still in the
development stage, but our experience to date has
shown that a high-quality pavement can be con-
structed incorporating salvaged asphalt materials.
The following appear to be key points related to
this type of construction process:

1. The same general gradation requirements and
design properties should be used when recycled
asphalt-concrete mixtures are specified.

2. Design strength equivalencies used in the
pavement design process should be the same as those
that would be assigned to the same standard mix pro-
duced by conventional processes.

3. Recoveries of the asphalt cement from re-
cycled asphalt-concrete mix should be made at reg-
ular intervals during the production process. This
material should be obtained at the asphalt plant
during normal production operations. Absolute vis-
cosity measurments should be performed at 140°F
(ASTM D2171) on the recovered-asphalt cements, and
the viscosity 1level should be maintained at
4500 + 1500 poises.

4. Placement and compaction requirements should
not deviate from standard construction requirements
used in conjunction with normal paving projects.

5. No lower limit should be placed on the per-
centage of salvaged material incorporated into the
final design; however, an upper limit of 70 percent
is suggested. This limitation permits more design
latitude and uniformity of the mix during production.
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Method to Establish Pay Schedules for Rigid Pavement

RICHARD M. WEED

An equation is derived to compute the appropriate pay factor for any quality
level of rigid pavement. The measure of quality used in this development is the
estimated load-bearing capacity of the pavement although the results may be
applied to specifications based on other quality measures. The appropriate

pay adjustment is considered to be the present worth of any expense or savings
expected to occur in the future as the result of a departure from the specified
level of quality and may be positive or negative. Sensitivity tests demonstrate
that the method is reliable provided the input variables are determined with
reasonable accuracy. By using input values typical of a relatively urbanized
area, this procedure indicates that a minimum pay factor of about 60 percent

is appropriate for the poorest-quality work and a maximum pay factor of about
115 percent is justified for work of truly superior quality. Additional factors
are cited that, although unquantified, would tend to lower the minimum pay
factor and raise the maximum pay factor. Finally, pay schedules are developed,
the operating-characteristic curves of which closely approximate the theoreti-
cally derived relationship.

Statistical end-~result specifications are now in
widespread use and one of the reasons for their
popularity among specification writers is that they
provide a practical way to deal with work that is
only slightly deficient. A construction item that
falls just short of the specified quality level does
not warrant rejection but neither does it deserve
100 percent payment. Accordingly, statistical spec-
ifications usually employ some form of adjusted pay
schedule to award payment in proportion to the level
of quality actually achieved.

Throughout the nearly 20 years that specifica-
tions of this type have been evolving, several meth—
ods (1-3) have been proposed to establish the level
of payment appropriate for different levels of qual-
ity. In those cases for which there is little or no
information relating quality measures to perform-
ance, this is an especially difficult task and the
methods have necessarily been quite arbitrary. How-
ever, there are a few cases for which the quality-
performance relationship is well established and
these, at least, provide the opportunity to develop
a rational and logical procedure for determining ap-
propriate pay factors.

One type of construction for which there are
ample data relating performance to various quality
characteristics is rigid (portland cement concrete)
pavement. The design guide (4) of the American As-
sociation of State Highway and Transportation Offi-
cials (AASHTO) has just been updated and now pro-
vides an equation that gives the expected number of

equivalent 18-kip 1load applications that a rigid
pavement can sustain as a function of several common
quality characteristics. The details of the manner
in which this equation can be used are presented in
a separate paper by Weed in this Record. For the
purposes of this paper, it is simply desired to es-
tablish that the technology regquired to desian a
pavement can also be used to assess the quality of a
pavement, the as-built characteristics of which dif-
fer from the intended design values.

BASIS FOR PAY ADJUSTMENTS

Ordinarily, a pavement is designed to sustain a
specified number of load applications before major
repair (overlaying with bituminous concrete) is re-
quired. TIf, due to construction deficiencies, the
pavement is not capable of withstanding the design
loading, it will fail prematurely. The necessity of
repairing this pavement at an earlier date results
in an additional expense that, since it usually oc-
curs long after any contractual obligations have ex-
pired, must be borne by the highway agency. It is
the purpose of the adjusted pay schedule to withhold
sufficient payment at the time of construction to
cover the extra cost anticipated in the future as
the result of deficient-guality work.

Based on the procedure used to arrive at the
original design parameters of the pavement, the as-
built parameters can be used to estimate the frac-
tion of design loadings the pavement will actually
be able to sustain. For practical purposes, it is
reasonable to assume that the yearly traffic volume
is constant so that this fraction can be multiplied
by the design life to obtain the expected life.
Then, based on current construction costs and pro-
jected interest and inflation rates, it is possible
to compute both future and present-worth values for
credits and debits resulting from the rescheduling
of the several generations of overlays that are re-
quired after the useful service life of the original
pavement has been exhausted. The appropriate pay
adjustment is the present worth of the sum of these
credits and debits and, depending on the estimated
life of the original pavement, this adjustment may
be either positive or negative. As a result, the
corresponding pay factors obtained by this method
are not limited to a maximum of 100 percent.
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In essence, pay schedules derived by this method
comprise both a liquidated damages clause and a
bonus provision. For those agencies not desiring to
apply a bonus provision, the pay factors can be
limited to a maximum of 100 percent. Alternatively,
a crediting concept (5) can be used that allows pay
factors greater than 100 percent to offset other pay
factors lower than 100 percent while the overall
average pay factor is still limited to a maximum of
100 percent.

BASIC FORMULAS

Certain basic engineering economics formulas (6)
will be found to be useful in the development of the
pay-factor equation. The compound-interest formula
can be modified slightly to compute the projected
future cost of an item as follows:

C, =Co(1 + Ryyp/100)" 1)
where

Cn = future cost after n years,

Co = present cost, and

Rigp inflation rate (percent per year).

The present worth of this future cost is given by

W, = Cp/(1 + Ry /100)" (2
where
wo = present worth,
Cn = future cost after n years, and
Rint = interest rate (percent per year).

Then, by defining the ratio
R =(1 + Rynp/100)/(1 + Ryny/100) 3

and substituting Equation 1 into Equation 2, the ex-
pression for the present worth of a future cost can
be simplified to

W, =C,R" )

which provides an effective means to estimate the
present economic impact of the decision to make (or
cancel) a future expenditure.

Finally, since the interest rate is often stated
as compounded on some periodic basis of less than a
year, it will be useful to have an expression to
convert it to an equivalent annual interest rate of
the form used in Equations 2 and 3. This can be ac-
complished by the following eqguation:

Rynt = 100[(1 + Rcomp/100m)™ - 1] ®)
where

equivalent annual interest rate

(percent per year),

Roomp = compound interest rate (percent), and
m = annual frequency of compounding.

RINT

NUMERICAL EXAMPLE

Before the general expression for the appropriate
pay factor is derived, it will be instructive to
work out a numerical example by using data repre-
sentative of a moderately urbanized area. A typical
in-place bid price for concrete pavement is approxi-
mately $30/vyd2. Because the pay factors to be
developed will be based on the economic effect of
rescheduling the successive overlays that will
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eventually be installed, the overlay costs must ac-
count for all operations normally included in a re-
surfacing contract. A review of construction costs
for several projects suggests that $8/yd? and
$7/yd? are typical costs for the first and subse-
quent overlays, respectively, It will be assumed
that the design life of the pavement is 20 vyears,
its expected life based on as-built measurements is
16 years, and the expected life of all overlays is
10 years. The annual interest and inflation rates
are assumed to be 15 percent and 10 percent, re-
spectively.

Based on this information, it is required to
determine the economic impact on the highway agency
of the expected premature failure of the original
pavement. This will include not only the effect of
installing the first overlay four years sooner than
planned but in addition the effects of installing
all subsequent overlays an equal amount of time
ahead of schedule. The credits and debits resulting
from the rescheduling of the overlays are computed
by means of Equation 4 by using R = 1.10/1.15 =

0.9565. The computations for the first three over-
lay generations are tabulated as follows:

Overlay Credit or
Year Status Present Worth Debit
n = 16 Scheduled $8 x R16 = $3.93  Debit
n = 20 Cancelled $8 x R20 = $3.29  cCredit

(The net effect of rescheduling the first overlay is
a debit of $3.93 - $3.29 = $0.64.,)

n = 26 Scheduled $7 x R26 = $2,20  Dpebit

n = 30 Cancelled $7 x R30 = $1.84  cCredit

(The net effect of rescheduling the second overlay
is a debit of $2.20 - $1.84 = $0.36.)

n = 36 Scheduled $7 x R36 = §1.41 Debit

n = 40 Cancelled $7 x R%0 = $1.18  credit

(The net effect of rescheduling the third overlay is
a debit of $1.41 - $1.18 = $0.23.)

The total effect of rescheduling the successive
generations of overlays is the sum of the individual
effects. Unless it is known that the pavement is
planned to be phased out of existence at some spe-
cific time in the future, it is appropriate to con-
tinue this computational procedure until the terms
become so small that they contribute nothing further
to the total. The continuation of this procedure
produced the following results:

Overlay Debit ($)
1 0.640
2 0.359
3 0.230
4 0.147
5 0.095
6 0.061
7 0.039
8 0.025
9 0.016

10 0.010

11 0.007

12 0.004

13 0.003

14 0.002

15 0.001

16 0.001

Total 1.640

The total unit debit resulting from the early
scheduling of the successive generations of overlays
is $1.64/vyaz. Since the unit cost of this pave-
ment is $30/yd?, the appropriate pay factor for
this particular example can be expressed in decimal
form as follows:
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F = (30 - 1.64)/30 = 0.945 6)

This will be used as a check value for the general
expression that is to be derived.

It is interesting to note at this point that a
pavement, the expected life of which is 80 percent
of its design life, is deemed worthy of 94.5 percent
of the contract price. Wore will be said about this
later.

DERIVATION OF PAY-FACTOR EQUATION
Tike the numerical example, the pay-factor equation
will be derived as a function of the following vari-

ables:

Cp = present unit cost of original pavement

($/yd*),

Cg1 = present unit cost of first overlay
($/ya?),

Cpz = present unit cost of subsequent overlays
($/yd?)y,

Lpp = design life of original pavement (years),
LPE = expected life of original pavement (years),
Log = expected life of overlays (years),
Ryyp = annual interest rate (percent),
Rigp = annual inflation rate (percent), and

R = (1l + RINF/IOO)/(I + RINT/loo)'

The variable Cp represents the bid price of the
original pavement and is included as a reference on
which the pay factors will be based. The variables
Cpp and Cp, represent the total costs of the re-
surfacing projects that must be moved forward or
backward in time depending on the expected life of
the pavement. Two overlay costs are included be-
cause the first resurfacing often includes items of
work not required for subsequent overlays.

By inspecting the computations for the numerical
example, for which R = 1.10/1.15 = 0.9565, it can he
seen that the portion of the pay adjustment result-
ing from the early scheduling of the first overlay
is the following:

Ay =Coy (R™PP _ R'PEy = §8 x (R20 - R16) = -50.64 Q)

The negative sign indicates that this represents an
expense to the highway agency. If the expected life
of the pavement (Lpg) had been greater than the
design life (Lpp) » this value would have been
positive, which represents a savings. 1In a similar
manner, the equations for the adjustments resulting
from the rescheduling of the next two overlays are
written as follows:

Ag= Co2(RLPD+L0E " RLPE+LOE) =$7 x (R30 _ R26) =_%036 (8)
Ay = Cgp(RMPDF2LOE _ LPE*2LOEy - g7 y (R40 _ R36) = -§0.23 ©)

By inspection of Equations 7 through 9, it is now
possible to write the equation for the infinite

series that gives the sum of all the individual pay
adjustments:

ks
ZA, =Co, R PD RLPE) +Cop [(RLPD"'LOE N RLPE+L01~:)
+ (RLPD+2L0E _ RLpE+2LOE)

+ (RLpD+3L0E _ RLpE+3LOE) s ] (10)

By factoring and combining terms, this can be sim-
plified as follows:

A = RPP D RYPE)[C, + oy RCE+ RO+ RIOE+ )] (1)

In this form, the last expression in the parentheses
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on the right is recognizable as a geometric progres-
sion (6, pp. 5-11}, which, since R is 1less than
L L
: OE E . 7 5
unity, sums to R /(1L - R 9 ). Substituting this

result into Equation 11 vields

A, = (R*PP - R'PE)[Cyy + CosROF/(1 - R™OE)] 2

as the sum of all pay adjustments. The final step
is to combine this with the initial cost of the
pavement (Cp) to write the equation for the ap-
propriate pay factor:

F = {Cp+ (R - R™E)[Cy, + Ci,RLOE /(1 - ROE)}/Cyp (13)

As a check, the values used in the numerical ex-
ample will be substituted into this equation. With
R =1,10/1.15 = 0.9565, this yields

F= {30 +(R? - R!®)[8 + 7R/ - RIO)]}/so =0.945 14)

which checks exactly with the result obtained

earlier in Equation 6.
TYPICAL RESULTS

Before discussion of some additional factors that
are involved, it will be of interest to use Equation
13 with the input parameters from the numerical
example to compute the appropriate pay factor for
various levels of the ratio of expected life to de-
sign life (Lpg/Lpp) as follows:

Appropriate
Pay Factor

0.597
0.709
0.802
0.880
0.945
1.000
1.046
1.084
1.116
1.143
1.165

)
o
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There are two very interesting observations to be
made from the values in this table. First, a pave-
ment of such ‘poor quality that its expected life is
zero warrants a relatively high pay factor of about
60 percent. Second, a pavement of such exceptional
quality that its expected life is double the design
life warrants a bonus pay factor of approximately
116 percent, less than might have been anticipated.

The first observation can readily be explained.
Although many of the early attempts to establish ap-
propriate pay factors tended to relate payment
directly to performance, the justification for such
an approach is rather dubious,. Unless unusually
drastic repairs are required, a pavement capable of
providing essentially 2zero performance still has
considerable value as the subsystem on which the
first generation of overlay will be placed. In the
sense of liquidated damages, the highway agency has
been damaged only to the extent of the present worth
of the cost to restore the serviceability of the
pavement throughout its intended design life. This
is the basis for the pay factors computed by Equa-
tion 13,

The second observation was more of a surprise.
Apparently, based on the typlcal input values that
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were used, the highway agency benefits only mar-
ginally from an extended service life,

UNQUANTIFIED FACTORS

In actual practice, there are additional factors
that must be taken into consideration:

1. There will be administrative costs involved
in preparing for the premature repair of poor-qual-
ity pavement;

2. There will be costs to the motoring public
for the earlier disruption of traffic to make the
necessary repairs;

3. For practical reasons, a small section of
poor-quality pavement may make it necessary to over-
lay a larger section of pavement:; and

4. Premature failures, if many should occur,
could severely restrict the priority-setting cap-
abilities of a highway agency.

Because these factors are extremely difficult to
quantify, they will be dealt with only in a qualita-
tive manner. Since all f€four represent additional
expenses that may occur when the quality is substan-
dard, they provide a valid arqument for a lowering
of pay factors that are less than F = 1.0. Con-
versely, it can be arqued that these same factors
will result in a saving to the highway agency when
the quality is superior. This would justify an in-
crease in pay factors greater than F = 1.0, The net
effect of these unquantified factors, therefore,
would be a slight broadening of the range of pos-
sible pay factors., 1In the previous example, a mini-
mum pay factor somewhat lower than F = 0.597 might
be appropriate and a maximum pay factor slightly
greater than F = 1.165 might be justified. This is a
decision that would have to be made by each highway
agency based on its assessment of the importance of
the unquantified factors. One way in which this
might be handled will be discussed in the section on
the development of pay schedules.

SENSITIVITY TESTS

When Equation 13 is applied, some of the input vari-
ables will be well determined whereas others will be
known with less certainty. Of particular concern
are the interest and inflation rates (Ryyy,
Ryyp) s since these values must be projected many
years into the future. BAnother important variable
is the design life (Lpp) of the original pave-
ment. Although it might seem that this variable
would be known exactly, it is strongly dependent on
the accuracy of the forecast of tratfic volume. The
design 1loading of the pavement may be reached
several years ahead of schedule if the traffic vol-
ume is substantially underestimated. The remaining
variables~--the present cost of the original pavement
(Cp), the present costs of the bituminous overlays
(Cg1r Cg2)», and the expected 1life of an overlay
(Lgg) ——would be known quite accurately and will
not be treated as variables in this first test. The
pay factors in the following table were computed

with Equation 13 by using Cp = 30, Cgq = 8,
C02= 7, and LOE= 10:

Appropriate Pay Factor

LPD=20 LPD= 20 LPD=20 LPD=16

RINT=15 RINT=]‘2 RINT=13 RINT=15
Lpe/Lpp Riyp=10  Riyp=7 Rigyp=10  Ryyp=10
0.0 0.597 0.599 0.575 0.652

0.2 0.709 0.711 0.679 0.743
0.4 0.802 0.804 0.773 0.821
0.6 0.880 0.882 0.857 0.890
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Appropriate Pay Factor

Lpp=20 Lpp= 20 Lpp=20 Lpp=16

Rrgr=18  Rygp=l2  Bpgr"ld  Rpyp<ls
Lpe/Lpp Rinp=10  Rynp=7 Rryp=10  Ryyp=10
0.8 0.945 0.946 0.932 0.949
1.0 1.000 1,000 1.000 1.000
1.2 1.046 1.045 1.061 1.045
1.4 1.084 1.082 1.116 1.083
1.6 1.116 1.113 1.165 1.117
1.8 1.143 1.139 1.209 1.146
2.0 1.165 1.161 1.248 1.171

It can be seen from the pay factors in this table
that Equation 13 is quite stable over a wide range
of input values. By comparing the second and third
columns, it is observed that changing the interest
and inflation rates from Ryyp = 15 and Ryyp = 10
to Ryyp = 12 and Rryp = 7 produces virtually no
change in the pay factors that are obtained. There-
fore, the method is not sensitive to the actual
values of interest and inflation but to their gdif-
ference, a parameter that is somewhat easier for a
highway agency to predict.

By comparing the second and fourth columns, it
can be seen that a substantial decrease in this dif-
terence from RiNyT - Ryype = 15 - 10 = 5.0 to
Ryyp =~ Ryyp = 13 - 10 = 3.0 has very 1little ef-
fect on the pay factors below F = 1.0 but an in-
creasingly noticeable effect on the pay factors
above F = 1.0. The minimum pay factor is reduced
from F = 0.597 to F = 0.575, whereas the maximum pay
factor is increased from F = 1,165 to F = 1.248.

Finally, by comparing the second and fifth col-
umns, a decrease in design life from Lpp = 20 to
Lpp = 16 is observed to have a moderate effect.
The minimum pay factor is raised from F = 0,597 to
F = 0.652, whereas all other pay factors are affect-
ed to a lesser degree.

Another set of computations will be of interest.
For a variety of reasons, the unit cost of the first
resurfacing may occasionally be greater than the
value of Cgj = $8/yd? assumed in the examples
thus far. To test the effect of this parameter, the
pay factors in the following table were computed

with Equation 13 by using Cp = 30, Cgy = 7,
Lpp = 20, Log = 10, Riyt = 15, and Ryyp = 10:
Appropriate Pay Factor
LPE/LPD COl = 8 C01 =9 COl = 10 Co]_ = 11
0.0 0.597 0.578 0.558 0.539
0.2 0.709 0.695 0.680 0.666
0.4 0.802 0.792 0.783 0.773
0.6 0.880 0.874 0.868 0.862
0.8 0.945 0.943 0.940 0.937
1.0 1.000 1.000 1,000 1.000
1.2 1.046 1.048 1.050 1.052
1.4 1.084 1.088 1.092 1.096
1.6 1.116 1.122 1.127 1.333
1.8 1.143 1.150 1,157 1.164
2.0 1.165 1.174 1.182 1.190

It can be seen from the values in this table that
substantial changes in the cost of the first re-
surfacing have a noticeable but moderate effect. As
this variable increases from Cp; =8 to Cpy =
11, the minimum pay factor decreases from F = 0.597
to F = 0.539 and the maximum pay factor increases
from F = 1.165 to F = 1,190.

In all the preceding tests, the value of Cpy;
has been assumed to remain constant for all values
of the ratio Lpg/Lpp. If the as-constructed
quality of the pavement were so poor that immediate
repair would be necessary, the first overlay might
have to be thicker than usual. If so, it would be
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justifiable to increase the value of Cpgj; when com-
puting the appropriate pay €factors at or near the
zero performance level. However, the only effect of
such a change would be a slight decrease at the ex-
treme lower end of the pay schedule. It will be
discussed in the section on the development of pay
schedules why this refinement is believed to be un-
necessary.

Still another set of computations will be useful.
Although the present cost of the original pavement
(Cp) and the present costs of the bituminous over-
lays (Cpyp, Cgp) would be reasonably well known,
there is no question that these prices will escalate
and fluctuate with time. Furthermore, the experi-
ence of some highway agencies may suggest that the
expected life of an overlay is different from the
value of Log = 10 years used in the preceding ex-

amples. To test the effect of these variables, the
pay factors in the following table were computed
with Equation 13 by wusing Lpp = 20, Ryyp = 15,
and Ryyp = 10:

Appropriate Pay Factor

CP = 30 CP = 60 CP = 27 CP = 30

Cop =8 Cgy = 16 Cgp = 8.8 Cgp= 8

C02 = 7 C02 = 14 C02 = 7.7 C02 =7
LPE/LPD LOE = 10 LOE = 10 LOE =10 LOE =9
0.0 0.597 0.597 0.508 0.564
0.2 0.709 0.709 0.644 0.684
0.4 0.802 0.802 0.758 0.785
0.6 0.880 0.880 0.853 0.870
0.8 0.945 0.945 0.933 0,941
1.0 1.000 1.000 1.000 1,000
1.2 1.046 1,046 1,056 1.050
1.4 1.084 1.084 1.103 1.091
1.6 1.116 1.116 1.142 1.126
1.8 1.143 1,143 1.175 1,155
2.0 1.165 1.165 1.202 1.179

The effects of both parallel and opposite move-
ments of pavement and overlay costs can be judged
from the second, third, and fourth columns in this
table. The values in the second and third columns
demonstrate that a uniform escalation of all prices
produces no change in the pay factors that are com-
puted. The values in the second and fourth columns
show that an opposite movement of prices does have a
noticeable effect., A decrease in pavement cost of 10
percent coupled with a 10 percent increase in over-
lay costs reduces the lowest pay factor from F =
0.597 to F = 0.508 while raising the largest pay
factor from F = 1.165 to F = 1,202, Although this
effect is not drastic, it suggests that the costs
entered into Equation 13 should be composite values,
averaged over a period of time, to minimize the in-
fluence of short-term price fluctuations.

The values in the second and fifth columns illus-
trate the effect of a 10 percent decrease in ex-
pected overlay life from ILgg = 10 to Log = 9.
The lowest pay factor is reduced from F = 0.597 to
F = 0.564 and the largest pay factor is increased
from F = 1.165 to F = 1.179. Since a highway agency
would have a reasonably accurate knowledge of the
average life of an overlay, any error in the de-
termination of this variable will not have a great
effect on the resultant pay schedule.

Because the establishment of the minimum pay fac-
tor is an important step in developing any pay
schedule, it will be of value to have a graph illus-
trating how this critical value is affected by un-
certainty in the independent variables of Equation
13. The relative importance of each varlable can be
judged from the steepness of the curves in Figure
1. Of particular interest are the extremely shallow
slopes and opposite inclination of the curves for
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interest and inflation rates, which indicates that a
substantial degree of uncertainty in these variables
can be tolerated. At the other extreme, the vari-
able that has the steepest slope in Figure 1 is
Cp, the cost of the original pavement. Since this
variable has a strong influence on the resulting pay
relationship, it is especially important that it be
well determined. Fortunately, this can easily be
accomplished by averaging the bid ©prices from
several recent contracts.

Figure 1 can also be used as a guide to perform
an especially severe test of the reliability of
Equation 13. Although it would be very unlikely for
any errors in the independent variables to all act
in the same direction, the values used in the next
test will be chosen to demonstrate the effect of
such an improbable event. All variables will be in-
cremented by 10 percent from their nominal wvalues
and, to produce the maximum effect, the variables
Cp, Log, and Ryyy will move in a direction op-
posite the variables Co1r Coar Lppr and
Rinp- The results are presented in the following
table:

Appropriate Pay Factor

CP = 30 Cp = 27 CP = 33
COl =8 COl = 8.8 COl = 7.2
Coz =7 Coz = 7.7 C02 = 6.3
Lpp = 20  Lpp = 22 Lpp = 18
Iop= 10 fTgm= 3 top = 11
Ryyy = 15 Rpyp = 13.5  Rpyp = 16.5

Lpr/Lpp Ry = 10 Rpyp = 11 Rinrp = 9

0.0 0.597 0.376 0.724

0.2 0.709 0.526 0.808

0.4 0.802 0.663 0.875

0.6 0.880 0.786 0.927

0.8 0.945 0.898 0.968

1.0 1.000 1.000 1.000

1.2 1.046 1.092 1.025

1.4 1.084 1.176 1.045

1.6 1.116 1.251 1,061

1.8 1.143 1.320 1.074

2.0 1.165 1.382 1.083

As expected with the extremely unfavorable condi-
tions assumed for this test, the resultant pay
schedules are substantially affected. The greatest
effect occurs at the minimum pay factor, which moves
from F = 0.597 down to F = 0.376 with one combina-
tion of independent variables and up to F = 0.724
with the other. As with all of the tests, the pay
factors closer to F = 1.0 are affected to a lesser
degree.

Although this test was designed to produce a
worst-case result, it emphasizes that the accuracy
of the resultant pay schedule is dependent on the
accuracy with which the independent variables have
been determined. This suggests that pay schedules
developed by use of Equation 13 should be reviewed
periodically to verify that they are still appropri-
ate, particularly if an unexpected change in any of
the independent variables has occurred. However, as
long as the input variables are average values that
tend to be quite stable, a modification of the pay
schedule should seldom be necessary in actual prac-
tice.

Collectively, the tests in this section demon-
strate that the values computed by Equation 13 are
relatively insensitive to minor fluctuations of the
independent variables. This indicates that this
equation can be relied on to establish appropriate
pay factors provided the input values are reasonably
accurate.
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Figure 1. Sensitivity analysis of all independent variables with +40 I
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DEVELOPMENT OF PAY SCHEDULES

There are three ways in which Equation 13 can be
used to establish appropriate pay schedules. First,
by defining discrete intervals for the ratio of ex-
pected life to design life (or its equivalent, the
ratio of expected load-bearing capacity to the de-
sign loading) and then computing the pay factor as-
sociated with the midpoint of each interval, it is
possible to construct a stepped pay schedule such as
the following:

Load Ratio Pay Factor
<0.50 0.60
0.50-0.69 0.88
0.70-0.89 0.94
0.90-1.09 1.00
1.10-1.29 1.04
1.30-1.49 1.08
1.50-1.69 1.12
1.70-1.89 1.14
>1.90 1.16

The pay factors in this table have been computed
with Equation 13 by using the input parameters from
the numerical example. The decision has been made
in this particular case that below a load ratio of
0.50, the unguantified factors previously discussed
take precedence and the pay factor is arbitrarily
set at the minimum level of F = 0.60.

However, when the operating-characteristic curve
for a pay schedule such as this is checked, it will
usually be found that the provisions for minimum and
maximum pay factors have biased it away from the de-
sired curve. This effect 1is more pronounced with
small sample sizes, and if it is considered large
enough to require correction, either the sample size
must be increased or some of the pay factors in the
pay schedule must be raised. A typical refinement
of this pay schedule, designed to achieve a close
match with the desired curve between load ratios of
0.50 and 1.50, might be as follows:

P

ERCENT CHANGE OF INDEPENDENT VARIABLE

Load Ratio Pay Factor

<0.50 0.60
0.50-0.69 0.90
0.70-0.89 0.95
0.90-1.09 1.00
1.10-1.29 1.05
1.30-1.49 1,10

>1.50 112

Although stepped pay schedules are in common use,
they do have a minor disadvantage. Unless the dis-
crete intervals are quite small, the difference in
pay between two successive steps may be fairly sub-
stantial. Whenever the true population quality hap-
pens to fall close to one of the boundaries in a
stepped pay schedule, it is almost entirely a matter
of chance whether the larger or smaller pay factor
will be assigned. Although this tends to balance
out in the long run, it can work to the disadvantage
of either the highway agency or the contractor on a
project with relatively few lots.

A second approach avoids this problem by express-—
ing the pay schedule in the form of a continuous
equation. When the pay factors computed previously
are plotted as a function of the load ratio, they
are seen to lie on a gentle curve as shown in Figure
2. Although it is possible to derive an equation
that fits this curve, this turns out to be unneces-
sary. A simple linear pay equation can be found
that will produce an operating-characteristic curve
that closely approximates the desired curve.

One such equation is
F=0.75+0.25R (15)
in which Ry is the load ratio. Two constraints
that must be imposed on this equation are a maximum
allowable pay factor of F = 1.12 and the restriction
that if Ry, is less than 0.50, the pay factor will
be set equal to the minimum value of F = 0.60. With
these modifications, the equation-type pay schedule
is essentially equivalent to the stepped pay sched-
ule previously discussed.
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Figure 2. Typical pay equation and operating-characteristic curve, .20
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As can be seen in Figure 2, the operating-char-
acteristic curve can be made to match the desired
curve very closely between load ratios of Rp =
0.60 and Ry = 1.60. Although it begins to fall
below the desired curve above Ry, = 1.60, this is
not considered to be a serious drawback because it
is believed that a pavement would seldom exceed this
level of guality in actual practice. Below Rp =
0.60, the operating-characteristic curve drops
rapidly to the minimum pay factor of F = 0.60, a re-
sult considered justifiable because of the unquanti-
fied factors previously cited. It is because of
this rapid drop, which provides considerable incen-
tive to avoid extremely low levels of gquality, that
it is believed unnecessary to account for a possible
increase in cost for the first resurfacing (Cgy)
at the zero performance level.

The third manner in which Equation 13 can be used
to develop a pay schedule is less precise but still
useful. If the acceptance procedure were based on
some quality characteristic other than 1load ratio
(such as the percent defective of some construction
parameter), Equation 13 would not be directly appli-
cable. However, it can be used to determine what
the minimum and maximum pay factors should be. This
would establish two extreme points, and an addi-
tional known point would be a pay factor of F = 1.0
at the acceptable quality level. Either a stepped
or a continuous pay schedule could then be developed
that would produce an operating-characteristic curve
that passes through these points.

SUMMARY AND CONCLUSIONS

The same technology used to design a rigid pavement
to have a specified service life can be used to es-
timate the expected 1life of a pavement whose as-
built characteristics differ from the design val-
ues. Then, by the use of basic engineering eco-
nomics methods, it is possible to compute the ex-
pense or savings that result from the rescheduling
of the successive generations of overlays that even-
tually must be installed. On the assumption that it
is justifiable to adjust the contract price by the
amount of this expense or savings, an equation was
developed to compute the appropriate pay factor for

LOAD RATIO (R )

any quality level of rigid pavement as a function of
input information readily available within most
highway agencies. Additional factors were cited
that should bhe taken into consideration and sen-
sitivity tests were performed to show that the pro-
cedure is reliable provided the input values are
determined with reasonable accuracy. Various meth-
ods of using the equation to establish pay schedules
were then discussed.

The nominal input values used in the examples in
this paper were obtained from recent construction
cost records and other sources representative of a
relatively urbanized area. Use of these values in
Equation 13 plus consideration of the effect of
several unquantified factors resulted in a pay
schedule with pay factors that range from a minimum
of F = 0.60 to a maximum of F = 1,12, The real im-
portance of Equation 13, however, is that it pro-
vides a reliable and extremely easy method to
develop pay schedules by using whatever input values
a highway agency considers appropriate.
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Development of Multicharacteristic Acceptance

Procedures for Rigid Pavement

RICHARD M. WEED

The manner in which the design method of the American Association of State
Highway and Transportation Officials (AASHTO) can be used to develop multi-
characteristic acceptance procedures for rigid pavement is outlined. The
AASHTO equation is used to compute both the expected load-bearing capacity
based on the as-built characteristics of the pavement and the desired load-
bearing capacity based on the design parameters. The ratio of these two values
is then used to determine the appropriate pay adjustment, which may be either
positive or negative. Sensitivity tests are performed to verify the reliability of
this approach and computer simulation is used to demonstrate the effectiveness
of several different acceptance procedures of this type. A secondary study is
conducted to determine how the procedure based on the AASHTO equation
compares with several other methods of treating multiple pay factors to obtain
a single overall pay factor. Under the assumption that the AASHTO method is
the fundamentally correct approach, the method of multiplying individual pay
factors together is shown to be among the best of the other methods that were
tested.

Statistical end-result specifications with adjusted
pay schedules are now used by many highway agencies
and are often based on more than a single quality
characteristic. A statistical specification for
rigid pavement, for example, may have separate
acceptance procedures for compressive strength and
thickness or a combination of these and other param-
eters. A pay factor is computed for each charac-
teristic, and in order to arrive at an overall pay
factor, a variety of methods have been used. Perhaps
the most common method defines the overall pay
factor as the product of the individual pay factors.
Another approach is to use the smallest of the
individual pay factors. Still another method is a
cumulative one in which the individual pay adjust-
ments are summed to obtain the total adjustment. The
average of the individual pay factors has also been
used.

Although all of these methods may be effective
from a practical standpoint, the present state of
the art is such that none of them has been conclu-
sively demonstrated to be correct. Almost cer-
tainly, there is no single method that would be
appropriate for all types of construction situations
since this would be a function of the true guality-
per formance relationship and the degree of associa-
tion among the various quality characteristics.
However, in the case of rigid pavement, this problem
can be avoided by working directly with the design
equation of the American Association of State High-
way and Transportation Officials (AASHTO) (1), which
gives the number of equivalent 18-kip load applica-
tions that can be sustained as a function of several
common quality characteristics. 1In this manner, the
multiple effects of the individual characteristics
can be reduced to a single fundamental effect--the
resultant load-bearing capacity computed from the
as-built characteristics of the pavement. By com-
paring this with the desired load-bearing capacity
computed from the design parameters, a ratio is
obtained that can be used to form the basis for a
rational adjusted pay schedule,

It is the objective of this paper to outline how
these concepts can be used to develop acceptance
procedures based on the AASHTO design equation.
Included are discussions of several factors that
must be taken into consideration when using the
AASHTO equation in this manner, sensitivity tests to
confirm the soundness of certain assumptions, ex-
amples of several variations of this approach, and a

series of computer simulation tests to demonstrate
the effectiveness of the resultant acceptance proce-
dures. In essence, this work constitutes a feasi-
bility study that will serve as a useful guide for
any highway agency desiring to develop a specifica-
tion of this type.

AVERAGES VERSUS DISTRIBUTIONS

Many existing statistical specifications are based
on the estimate of percent defective (2) of some
construction parameter. These specifications recog-
nize that the characteristic of interest is stochas-
tically distributed and typically allow a small
percent of the population to fall outside some
critical limit (or pair of limits). Lot sizes are
usually defined to be small enough so that, within
each lot, the qguality level is believed to be fairly
uniform. To assure that a reasonable degree of
uniformity has been achieved, a secondary require-
ment is often imposed that specifies additional
limits within which the individual test values must
fall.

The existence of a small amount of variability
within a lot is not necessarily detrimental. In the
case of a pavement lot the average quality of which
is exactly at the desired guality level, this means
that approximately half the pavement will require a
little more than the normal amount of routine main-
tenance throughout its design 1life, whereas the
other half will require a little less. These two
conditions will tend to balance out provided the
poorer-quality half is not so defective that it
requires something more than routine maintenance. An
additional limit on individual test values protects
against this possibility.

An acceptance procedure based on the AASHTO
design equation can be developed that will perform
in much the same way. Each sample provides an
independent estimate of the load-bearing capacity of
the pavement lot and these can be combined to deter-
mine an average load ratio from which the appropri-
ate pay factor 1is determined. As a safeguard
against isolated sections of poor quality within a
lot, a lower limit on the individual estimates can
be imposed. Whenever an individual wvalue falls
below the lower 1limit, coring or other procedures
can be employed to more precisely determine the
quality of that particular section.

AASHTO EQUATION FOR RIGID PAVEMENT

The equation for rigid pavement is presented in the
AASHTO design quide (1) as follows:

log W= 7.35log(D+ 1) -0.06 - 0.1761/[1 + 1.624 x 107/(D + 1)346]
+3.42 log {(£,/690)(D*7* - 1.132)/[D®75 - 18.42/(E/k)*>%]} (1)

where

W = number of equivalent 18-kip load
applications,

= pavement thickness (in),

working stress in concrete (psi),

= concrete modulus of elasticity (psi), and

= modulus of subgrade reaction (pci).

h
* @ o
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Figure 1. Sensitivity analysis of the four indepen- + 50
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Because this equation is somewhat awkward to work
with, the various tests described in this paper were
performed with the aid of a computer. The following
FORTRAN subroutine was written to execute the com-
putations indicated in Equation 1:

SUBROUTINE AASHTO (THICK,WRKSTR, SUBMOD, CONMOD, LOADS)

TERM1=7.35*ALOG10(THICK+1.)-0.06

TERM2=0.1761/(1.+1.624E7/ (THICK+1.)}**8,46)

ROOT1=THICK**0,75

ROOT 2= ( CONMOD/SUBMOD) **0 . 25

TERM3=3, 42*AL0G10 ( (WRKSTR/690,) * (ROOT1-1.132) /(ROOT1~
18.42/RO0T2) )

LOADS=IFIX(10.** (TERM1-TERM2+TERM3) +0.5)

RETURN

END

where

THICK = pavement thickness (in),
WRKSTR = working stress in concrete (psi),
SUBMOD = modulus of subgrade reaction (pci),
CONMOD = concrete modulus of elasticity (psi),
and
LOADS = number of equivalent 18-kip load applica-
tions computed and returned by sub-
routine.

The AASHTO equation gives the number of loads a
pavement can sustain as a function of thickness,
working stress, subgrade modulus, and concrete
modulus. The relative importance of these variables
can be judged from the steepness of the curves in
Figure 1, Thickness (D) and working stress (fi)
are clearly the more important variables since a
small change in elther one produces a large change
in the load-bearing capacity of the pavement. The
subgrade modulus (k) and the concrete modulus (E),
on the other hand, are less important since their
curves are less steeply inclined. For this reason,
Plus the fact that compaction deficiencles can be
corrected before the pavement is placed, the accep-

tance procedures developed in this paper are based
on the two primary variables, thickness and working
stress. Once the method has been established, a
similar approach can be used to develop acceptance
procedures based on all (or any subset) of the four
AASHTO variables, if desired.

Although the acceptance procedure could be based
on flexure tests (ASTM C78-75) that relate directly
to the working stress, it will be more desirable
from the standpoint of most highway agencies to base
the procedure on standard compression tests (ASTM
C39-80) . The Portland Cement Assoclation has pub-
lished the following relationship (3, p. 57):

MR = K(£)" @

where

=
Y
]

modulus of rupture (psi),

fo' = compressive strength of concrete (psi),
and
K = a constant, usually between 8 and 10.

Then, since the working stress is defined by AASHTO
as 75 percent of the modulus of rupture, Equation 2
can be rewritten as

f, = 0.75K(f;)" 3)

in which fy is the working stress to be entered
into Equation 1. It will be demonstrated in the
next section that for purposes of the acceptance
procedure, the value of K is not critieal. If a
midrange value of K = 9 is assumed for the working-
stress constant, Equation 3 becomes

f, = 6.75(t5)" @

which makes it possible to base the AASHTO equation
on concrete compressive strength.
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ADDITIONAL SENSITIVITY TESTS

In the acceptance procedure to be developed, Equa-
tions 1 and 4 will be used to determine both the
expected number of loads computed from the as-built
measurements of thickness and compressive strength
of the pavement and the desired number of 1loads
computed from the design values for these same
parameters. The ratio of these two values will then
be used to determine the appropriate pay factor. It
is the purpose of this section to show that this
ratio 1is essentially independent of the nominal
values assumed for subgrade modulus, concrete mod-
ulus, and the working-stress constant,

The first of these three variables to be tested
is the subgrade modulus. The load ratios in the
following table were computed by using a design

average thickness of D = 9 in, a design average
compressive strength of £.' = 4000 psi, and nomi-
nal values for the concrete modulus and working-
stress constant of E = 4 x 10° psi and K = 9,
respectively.
As-Built Values Load Ratio
k = 100 k =200 k = 300
D (in) o' (psi) pci pci pci
8.5 3000 0.428 0.433 0.438
8.5 4000 0.699 0.709 0.716
8.5 5000 1.024 1,038 1.049
9.0 3000 0.611 0.611 0.611
9.0 4000 1.000 1.000 1.000
9.0 5000 1.465 1.465 1.465
95 3000 0.863 0.852 0.845
9.5 4000 1.411 1.394 1.381
9.5 5000 2.066 2.041 2,023

There are two interesting observations to be made
from the values in this table. First, increasing
the subgrade modulus by a factor of 3 from k = 100
pci to k = 300 pci produces only small changes in
the resultant load ratios. Since a highway agency
would know the nominal value of the subgrade modulus
much more precisely than this, this variable will
have essentially no effect on the load ratio that is
computed as part of the acceptance procedure. The
second observation to be made is that this type of
acceptance procedure recognizes that, within reason-
able limits, an excess in one quality characteristic
can offset a deficiency in another. For example,
although the assumed design values are D = 9 in and

fe' = 4000 psi, the third line in the table indi-
cates that a pavement constructed with D = 8,5 in
and fo' = 5000 psi will actually have a slightly

greater load-bearing capacity since the load ratios
are greater than unity.

The next variable to be tested is the concrete
modulus. The load ratios in the following table
were computed by using the same design parameters of
D = 9 in and f,' = 4000 psi along with nominal
values for the subgrade modulus and working-stress
constant of k = 200 pci and K = 9, respectively:

As-Built Values Load Ratio

fo' E = 3x10¢ E = 4x10°¢ E = 5x10°¢

D (in) (psi) psi psi psi

8.5 3000 0.437 0.433 0.431
8.5 4000 0.714 0.709 0,705
8.5 5000 1.046 1.038 1.033
9.0 3000 0.611 0.611 0.611
9.0 4000 1,000 1.000 1.000
9.0 5000 1.465 1.465 1.465
9.5 3000 0.847 0.852 0.856
9.5 4000 1.385 1.394 1.400
9.5 5000 2.029 2,041 2,050
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Precisely the same effects are observed in this
table. The load ratios are very stable in spite of
the large changes in concrete modulus, and the two
as-built quality characteristics have the same
offsetting property already noted. Like the sub-
grade modulus, the concrete modulus would be known
sufficiently precisely that it would have no appre-
ciable effect on the acceptance procedure.

The last variable to be tested is the working-
stress constant. The load ratios in the following
table were again computed by using the same design
values of D = 9 in and f.' = 4000 psi and nominal
values for subgrade modulus and concrete modulus of
k = 200 pci and E = 4x10% psi, respectively:

As-Built Values Load Ratio

D (in) fo' (psi) K =28 K=9 K = 10
8,5 3000 0.433 0.433 0.433
845 4000 0.709 0.709 0.709
8.5 5000 1.038 1.038 1.038
9.0 3000 0.611 n.611 0.611
9,0 4000 1.000 1.000 1.000
9.0 5000 1.465 1.465 1.465
9.5 3000 0.852 0.852 0.852
9.5 4000 1.394 1.394 1.394
9.5 5000 2.041 2,041 2.041

These results are even more consistent than those
in the previous two tables. The working-stress
constant has no effect on the load ratios that are
computed.

Taken together, these tests indicate that it is
not necessary to have an exact knowledge of the
subgrade modulus, concrete modulus, or the working-
stress constant for this application. With the
substitution of nominal values for these parameters,
the AASHTO equation can be used to obtain reliable
estimates of the load ratio of the pavement based on
the as-built measurements of thickness and compres-
sive strength., This clears the way for the develop-
ment of the remainder of the acceptance procedure.

DEVELOPMENT OF PAY SCHEDULES

The derivation of pay schedules based on the concept
of load ratio is developed in a companion paper by
Weed in this Record and will be summarized only
briefly here. If, due to construction deficiencies,
the pavement is not capable of withstanding the
design loading, it will fail prematurely. The
necessity of repairing this pavement at an earlier
date will result in an additional expense to the
highway agency. Conversely, a pavement of superior
quality that lasts longer than the intended design
life will result in a savings. The appropriate pay
adjustment is considered to be the present worth of
any expense or savings expected to occur in the
future as the result of a departure from the speci-
fied level of gquality and may be positive or nega-
tive, In essence, a pay schedule based on this
premise constitutes both a liquidated-damages clause
and a bonus provision.

If a highway agency elects not to apply a bonus
provision, the pay factors are limited to a maximum
of 100 percent. However, this restriction tends to
bias the higher pay factors downward and, in certain
cases, this can create serious problems for both the
contractor and the highway agency. This is dis-
cussed further in Example 7 in this paper and was
explained in detail in an earlier paper (4).

Figure 2 illustrates a typical pay function that
might result when bonus payments are permitted. The
appropriate pay factor (F) is expressed as a decimal
and is plotted as a function of the 1load ratio
(RL). For load ratios between R;, = 0.0 and Rp
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Figure 2, Typical pay function derived by present-worth method. '.20
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= 2.0, the curve is concave downward and is seen to
rise smoothly from a minimum of about F = 0.60 to a
maximum of approximately F = 1.16,

Although it would be possible to develop a pay
schedule that follows this curve, this turns out to
be unnecessary. In actual practice, most pay sched-
ules have various arbitrary conditions imposed on
them, such as a minimum pay factor, a maximum pay
factor, a requirement for retesting, and so forth,
and these conditions invariably cause the operat-
ing-characteristic curve to depart from whatever pay
function is used. This fact can be used to advan-
tage as long as it is recognized and taken into
account. The objective, of course, is to make the
operating-characteristic curve, not the pay schedule
itself, conform to the desired pay function.

In general, pay schedules may be of two types,
stepped or continuous. Stepped pay schedules define
discrete intervals for the quality characteristic
and assign a specific pay factor for each interval.
Continuous pay schedules employ an equation to
compute the appropriate pay factor for any given
quality level. The companion paper by Weed in this
Record presents two pay schedules for use with the
pay function shown in Fiqure 2. The first is a
stepped pay schedule as follows:

Load Ratio Pay Factor
<0.50 0.60
0.50-0.69 0.90
0.70-0.89 0.95
0.90-1.09 1.00
1.10-1.29 1.05
1.30-1.49 1.10
>1.50 1.12

The second is given by the eguation
F=0.75+025R,, )]

with the added constraints that the maximum allow-
able pay factor is F = 1.12 and if the load ratio is
less than Ry = 0.50, the pay factor is set at the
minimum value of F = 0.60. Although this is a
linear equation, it will be shown in a later section
that its operating-characteristic curve conforms
closely to the desired pay function within the
primary region of interest.

Although stepped pay schedules are still more
prevalent, continuous pay schedules are rapidly
gaining acceptance and the reasons are quite ob-

0.80 1.00 1.80 2.00

LOAD RATIO (RL)

vious., Not only are they concise and easy to apply,
they provide a more precise determination of the
appropriate pay factor, a result beneficial to all
parties. Because of these desirable features, plus
the fact that the two types are essentially equiva-
lent in the long run, equation-type pay schedules
will be used for the remaining developments in this
paper .

RETESTING PROVISIONS

Since it is common practice to require retesting
when the first test indicates an unusually low level
of quality, it will be worthwhile to consider the
manner in which such a provision might be applied.
There are two distinctly different ways in which the
retest values can be processed and there are advan-
tages and disadvantages associated with each. The
first method combines the retest values with the
original values and reevaluates the lot or sublot on
the basis of the enlarged sample. The second method
discards the original sample and evaluates the lot
or sublot on the basis of the second sample only.

An advantage of the first method is that it uses
all the available information. Advocates of this
method argue that there is a cost associated with
each sample and that it is wasteful to discard any
valid information. An opposing viewpoint would
question whether the original sample is truly valid.
If the low quality level is the result of some
malfunction of the testing process, then it would be
more appropriate to discard the contaminated data.

This is a question of philosophy that each high-
way agency must answer for itself. However, there is
another theoretical argument that can be offered in
favor of the second method. When the retest values
are combined with the original values, the prob-
abilities of passing both the first test and the
retest are correlated to some unknown degree. This
lack of independence precludes the direct computa-
tion of the overall probability of acceptance. As a
result, the operating-characteristic curve for the
procedure must be determined somewhat imprecisely by
a boundary method (5,6} or else obtained empirically
by computer simulation. Consequently, if the test
results are relatively inexpensive and easy to
obtain, it may be more practical to use the second
method and discard the original sample. Both
methods will be 1llustrated in the examples that
follow.
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DEVELOPMENT OF ACCEPTANCE PROCEDURES

There are many ways in which the concepts outlined
thus far can be applied, and it will be necessary to
investigate several of them to understand the ef-
fects of minor procedural differences. For example,
since the desired load-bearing capacity of a pave-
ment is computed from the design average thickness
and design average compressive strength, it might be
thought necessary to compute the as-built average
thickness and average compressive strength before
entering these values into the AASHTO design equa-
tion to compute the as-built load capacitv. Al-
though this may turn out to be desirable, other
procedures may be equally effective. One possible
alternative would be to use the measured thickness
and compressive strength from each sublot to deter-
mine the load ratios for all sublots. These would
then be averaged to obtain the load ratio for the
lot. An advantage of this approach is that the
individual load ratios can be used to guard against
isolated sections of poor quality within a single
lot. As will be demonstrated in the following
examples, these and still other variations can all
be made to be extremely effective.

Example 1

For this example, it is desired to determine how
well the pay schedule given by Equation 5 fits the
desired pay function shown in Fiqure 2. The con-
straints imposed on this equation are a maximum pay
factor of F = 1.12 and the stipulation that, for
load ratios less than R;, = 0.50, the pay factor
will be set at the minimum value of F = 0.60. There
are no provisions for retesting in this case and the
lot load ratio will be computed by using Equations 4
and 1 after €first computing the average as-built
thickness and compressive strength for each lot. A
stratified random sampling plan is assumed with a
single thickness and compressive strength determina-
tion made from each of a total of N = 5 sublots,

The only practical means to test this pay sched-
ule is by computer simulation with the use of basic
techniques described in a recent publication (7).
For each of many different combinations of pavement
thickness and compressive strength, a large number
of random values of these parameters were generated
and then processed in accordance with the require-

Figure 3. Input for typical computer simulation run. run aashtoll
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ments of the acceptance procedure. Figures 3 and 4
show the input and output stages of a typical com-
puter run used to obtain points on the operating-
characteristic curve for this plan.

From the fifth column of the computer output
shown in Figure 4, the average load ratios obtained
by simulation are seen to be in very close agreement
with the population load ratios given in the third
column., The average pay factors in the last column
are used to plot the operating~characteristic curve
for this plan in Figure 5. It can be observed from
Figure 5 that, between load ratios of Ry, = 0.60
and R;, = 1.60, the operating-characteristic curve
matches the desired pay function quite closely.
Although it begins to fall below the desired curve
above Ry = 1.60, this is not considered to be a
serious drawback because a pavement would seldom
exceed this 1level of gquality in actual practice.
Below Ry, = 0.60, the operating-characteristic
curve drops rapidly to the minimum pay factor of F =
0.60. As explained in more detail in the companion
paper in this Record, this is believed justifiable
for such seriously defective pavement.

Although the operating-characteristic curve for
this plan fits the desired pay function reasonably
well, this is by no means the only pay schedule that
could have been developed. Depending on the sample
size, the critical load ratio below which the mini-
mum pay factor is assigned, and the region within
which a close fit is desired, a pay equation with a
somewhat different intercept and slope might be
appropriate. If an extremely close fit were re-
quired, a second-degree pay equation could be used
although it is doubtful that the slightly better fit
would justify the added complexity.

Example 2

The previous example contains no requirement on
individual test results to quard against isolated
sections of poor quality within a lot. For this
next example, the same sample size of W = 5 will be
used, the lot load ratio will be computed as before
by first averaging the thickness and compressive
strength results before entering them into the
AASHTO equation, but an additional requirement will
be imposed on each sublot. If the load ratio com-
puted from the single values of thickness and com-
pressive strength from a sublot is less than Rp =

ENTER DESIGN VALUES FUR THICKNESS (TNCHFS) ANTI COMFRESGIVE STRENGTH (FSI)

9 4000

ENTER A AND B OF F

0.75 0.25 1,12

A + B(LDAD RATIO) AND MAXIMUM FAY FACTUR

ENTER LOWER LIMITING LOAD RATIO AND MINIMUM FAY FACTOR

0,50 0.40

ENTER RETEST LOAI RATIO AND NUMEER OF ADDITIONAL SAMFPLES

0 0

ENTER STANIARD NMEVIATIONS FOR THICKNESS ANI' COMFPRESSTVE STRENGTH

0,25 500

FENTER HINIMUM» MAXIMUM» ANDI STEF SIZF FOR THICKNESS

8.50 92.50 0,25

ENTER MINIMUM» MAXIMUM» ANI' STEF SIZE FOR COMFRESSIVF STRENGTH

2500 5000 500

ENTER NUMBER OF LO)S FER RUNs SAMFLE SIZEs AND SEED NUMRER

G900 S 1234567

ADVANCE FAFER TO NEW FAGE,» DEFRFSS SFACE ARy AND RETURN CARRIAGE
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Figure 4. Output for typical computer simulation run.

FPOFULATION MEANS
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SIMULATION RESULTS

_________________________ l.Dﬁ[l RATI“ e il e . e e S e
COMFRESSIVE COMFUTEL FROM RETEST AVERAGE AVERAGE
THICKNESS STRENGTH FOFULATION MEANS FREQUENCY  LOAD RATIO  FAY FACTOR
8450 2500 0.317 0.0 0.318 0,600
8,50 3000 0,433 0.0 0,435 0.645
8,50 3500 0,564 0.0 0.571 0,850
8,50 4000 0.709 0.0 0.718 0,929
8,50 4500 0.867 0.0 0.873 0.948
8,50 5000 1.038 0.0 1.010
8,75 2500 0.377 0.0 0,607
8,75 3000 0.516 0.0 0,778
B4+75 3500 0.671 0.0 0,910
8.75 4000 0,043 0.0 0.839 0,960
8.75 4500 1,031 0.0 1,037 1,009
8.75 5000 1.235 0.0 1.251 1,062
9,00 2500 0,448 0.0 0,454 0.462
9.00 3000 0,611 0.0 0,613 0,878
9,00 3500 0.796 0.0 0,793 0,948
9.00 4000 1,000 0.0 1,007 1,002
9,00 4500 1,223 0.0 1,232 1,057
9.00 5000 1.465 0.0 1.457 1,102
9.25 2500 0,529 0.0 0.781
9,25 3000 0,723 0.0 0,928
9.25 3500 0,941 0.0 0,985
9,25 4000 1.182 0.0 1.047
9.25 4500 1.446 0.0 1.101
9,25 5000 1,732 0.0 1.119
9.50 2500 0.624 0.0 0.872
9.50 3000 0,852 0.0 0,964
9450 3500 1,109 0.0 1,029
9,50 4000 1,394 0.0 1,091
?.50 4500 1,705 0.0 1.118
9.50 5000 2.041 0.0 1,120
Figure 5. Simulation results for Example 1. 1:20 |
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0.75, two additional cores will be taken from the F=0.75+0.24R (6)
sublot. The test results from these cores will be
averaged with the original values to determine the This acceptance procedure was also tested by

thickness and compressive strength associated with

that particular sublot.
will then be computed

The pay factor for the lot
in the usual manner

except

that if the load ratio for any sublot is less than

the minimum required value

of RL

0.50,

the

sublot will be treated as a separate lot and as-

signed the minimum pay factor of F
event,

0.60.

In this
the pay factor for the remainder of the lot

will be computed by using the remaining test results.
is different

Because this acceptance procedure
in the first example,

from that used
different pay equation
error,
application.

is required.

a

slightly

By trial and

Equation 6 was found to be suitable for this
The maximum pay €factor of F

1.12

continues to be satisfactory and the minimum pay

factor remains unchanged at F
less than R, = 0.50:

0.60 for load ratios

in

computer simulation and the results are plotted
Figure 6. Although the pay equation produces F
0.99 at Ry, = 1.00, the retest provision bows the
operating-characteristic curve upward sufficiently
to pass through the point at which Rj 1.00 and F
1.00, as it should. This effect is countered at
the lower and upper ends by the minimum and maximum
pay factors, which results in a good fit throughout
the region between load ratios of Ry 0.60 and
R, 1.60. As in Example 1, the downward bias at
the lower end 1is considered appropriate for such
poor-quality pavement.

Although the operating-characteristic curve is
quite satisfactory, this acceptance plan does have
one serious drawback. As seen in Figure 6, the
retest frequency is sufficiently high for normal
construction that the plan would probably be con-
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Figure 6. Simulation results for Example 2. 1.e0
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sidered impractical. For pavement that had a load
ratio close to the desired value of Ry = 1.00,
nearly 60 percent of the lots would require retest-
ing. To correct this condition, the critical level
of load ratio below which a retest is required must
be set at a value substantially lower than Ry =
0.75., This modification will be made in the next
example.

Example 3

This example is identical to the previous one except
that the retest requirement is changed. First, a
retest will not be required unless the load ratio
for a single sublot is 1less than Ry = 0.50.
Second, any sublot requiring a retest will be
treated as a separate lot and N = 5 additional cores
will be taken. Finally, the evaluation of the
sublot will be based only on the new tests for
strength and thickness; the original values will be
discarded.

As in the previous example, the different accep-
tance procedure requires a different pay equation.
In this case, Equation 7 was found to be appropri-
ate. A maximum pay factor of F = 1.10 and the usual
minimum pay factor of F = 0,60 for load ratios below
Rp, = 0.50 will be used with this equation.

F =070 +0.30R, Q)

The results of the simulation of this plan are
shown 1In Figure 7. The operating-characteristic
curve is very close to the desired pay function
between load ratios of Ry, = 0.55 and Ry, = 1.50.
However, unlike the previous example, the retest
frequency is at an acceptably low level throughout
the range within which most pavement would normally

fall. At the design load ratio of exactly Ry =
1.00, for example, the retest frequency is about 5.0
percent.

Example 4

The remaining examples will all make use of individ-
ual sublot load ratios that will be averaged to
obtain the load ratio €for the lot. Each example
will be constructed to be comparable with one of the
previous examples to investigate the effect of the
alternative method of computing the average 1load
ratio.

This example is designed to be similar to Example
1. The maximum pay factor is F = 1.12, the minimum
pay factor for load ratios below Ry, = 0.50 is F =
0.60, and there is no retest provision, An appro-
priate pay schedule is given by Equation 8:

F=0.745 + 0.25R,, ®)

The simulation results are plotted in Figure 8.
Although the pay equation produces F = 0.995 at Ry,
= 1,00, the operating-characteristic curve is bowed
upward sufficiently to provide a good fit throughout
the region between load ratios of Ry = 0,60 and
RL = 1.60-

Example 5

This example is designed to be comparable with
Example 2 except that the critical value of 1load
ratio below which a retest is required is set at a
more practlical level of Ry, = 0.50. When a retest
is required, two additional cores will be taken,
which results in a total of three individual R
values to be averaged together to obtain the load
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ratio for the sublot. If the average load ratio for
any sublot is less than the minimum required level
of Ry = 0.50, the sublot will be treated as a
separate lot as described in Example 2. By using a
maximum pay €factor of F = 1,12 and a minimum pay
factor of F = 0.60 for load ratios below Ry =
0.50, a suitable pay schedule is given by Equation 9:

F=0.75 + 0.245R,, ©)

The operating-characteristic curve and retest
frequencies for this plan are shown in Figure 9.
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Although this plan is basically different from the
one 1llustrated in Example 2, the resulting operat-
ing-characteristic curve is very nearly the same.
However, unlike Example 2, the retest frequency is
at a very tolerable level of about 5.0 percent for
pavement with a load ratio close to the desired
value of Ry, = 1.00.

Example 6

This example is meant to be compared with Example
3. Whenever an individual load ratio for a sublot

Figure 7. Simulation results for Example 3. 1.20
| —
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Figure 8. Simulation results for Example 4. 1.20 I
I -1
MAXIMUM PAY FACTOR
1.10 1
PAY EQUATION
Fx0.Ta8 ¢ 0.20M
1.00 ! }
PAY
ogRIVED
FACTOR 0.90 — ray
FUNCTION
(F) ' OPERATING CHARACTERISTIC CURVE
0.80 l ,/’
o.70 va
/ /
0.60 / o) <+ PAY FACTOR
0.0 0.80 1.00 1.80 2.00

LOAD RATIO (RL)



Transportation Research Record 885

Figure 9. Simulation results for Example 5.
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Figure 10. Simulation results for Example 6.
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is below Ry, = 0.50, the sublot will be treated as
a separate lot, N 5 additional cores will be
taken, and the original test value for the sublot
will be discarded. With a maximum pay factor of F
1.10 and a minimum pay factor of F 0.60 for load
ratios below Ry, 0.50, Equation 10 was found to
provide an appropriate pay schedule:

F=0.695 + 0.295R, (10)

The simulation results for this example are
plotted in Figure 10. The operating-characteristic
curve matches the desired pay function just slightly
better than the curve obtained in Example 3, al-
though the results are so nearly the same that there
may be no practical difference. Since the retest
provisions are identical, so are the retest curves
that indicate a normal retest frequency of about 5.0
percent.

Example 7

It was stated in an earlier section that if a high-
way agency did not elect to apply a bonus provision,
the maximum pay factor could be limited at F 1.00
(100 percent). To see what effect this would have
on the operating-characteristic curve, this example
duplicates the conditions of Example 6 except that

the maximum pay factor is reduced from F = 1,10 to F
= 1.00.
The results are plotted in Figure 11. As ex-

pected, the operating-characteristic curve matches
the desired pay function very well except at the
upper end, where it becomes increasingly biased
downward. For a load ratlo exactly at the design
value of Ry, 1.00, the expected pay factor is
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approximately F 0.985. The
curve, of course, remains unchanged.

Although the downward bias of 1.5 percent at the
desired quality level seems relatively small, it was
demonstrated in a recent paper (8) that with speci-
fications based on the concept of percent defective,
this can force contractors and producers to supply a
level of quality substantially above that which is
desired or economically justifiable from the highway
agency's standpoint. For acceptance procedures
based on the concept of load ratio, the effect is
similar but somewhat less severe. In Figqure 11, it
is seen that a load ratio of about Ry, 1.20 or
more is required to achieve an average pay factor of
F = 1.00. By substituting typical values into the
AASHTO equation, it is found that this would require
either an increase in pavement thickness of about
0.3 in or an increase in compressive strength of
approximately 500 psi.

An acceptance procedure such as this is mislead-
ing at best. Unless the contractor knows the degree
of overdesign required, even good-quality work may
receive a sufficient number of pay reductions to
substantially reduce the expected profit margin on
the job. Fortunately, there are two ways in which
this undesirable feature can be corrected: both
require that the average pay factor be 100 percent
when the work is exactly at the desired quality
level. The first method is simply to permit bonus
pay factors as was done in the first six examples.
It can be observed in each of Figures 5 through 10
that the operating-characteristic curve passes
through the point at which Ry, = 1.00 and F 1.00,
as desired. The second method permits pay factors
in excess of 100 percent to be averaged with lower
pay factors but is not a true bonus provision be-

retest frequency

Figure 11. Simulation results for Example 7. r.20
el
-
110
~
1,00 [— MAXIMUM PAY FACTOR —o=lom
PAY EQUATION
PAY DERIVED oS Fe0.098+0.208A,
FACTOR 090 — PAY —
(F) FUNCTION
0.00 I ,/"
1/ ’
!
0.70 /’ "
1 -] OPERATING CMARACTERISTIC CURVE
’
0.80 -4 - — PAY FACTOR
—-...,\ 1.00
oso
“—— RETEST FREQUENCY
{READ RIGHT HAND SCALE)
oeo
RETEST
FREQUENCY
\ 040
\ 0.20
(X
oo 0.50 1.00 .80 2.00
LOAD RATIO (R )



Transportation Research Record 885

cause the overall pay factor for specific intervals
of time is still limited to a maximum of 100 per-
cent. This method has been described in detail in
an earlier paper (4).

ALTERNATIVE METHODS OF COMBINING MULTIPLE PAY FACTORS

The computer programs developed for this work pro-
vided the capability to conduct an interesting
secondary study. By using a typical pay equation
similar to those developed in the seven examples, it
was possible to compute appropriate pay factors for

Table 1. Comparison of alternative methods of combining multiple pay factors.

METHOD BASED ON

THICKNESS COMFRESSIVE STRENGTH AASHTO EQUATION
LOAD PAY LOAD PaY LOAD PAY
VALUE RATIO FACTOR VALUE RATIC FACTOR KRATIO FACTOR
8.50 0.71 0.93 3000 0.61 0.90 0.43 0.864
8.50 0.71 0.93 3500 0.80 0.95 0.54 0.89
8.50 0.71 0.93 4000 1.00 1.00 0.71 0.93
8.50 0.71 0.93 4500 1.22 1.06 0.87 0.97
8.50 0.71 0.93 5000 1.46 1.12 1.04 1.01
8.735 0.84 0.96 3000 0.61 0.90 0.52 0.88
8.75 G.84 0.96 3500 0.80 0.95 0.67 0.92
8.75 0.84 0.96 4000 1.00 1.00 0.84 0.96
8.7 0.84 0.98 4300 1.22 1.06 1.03 1,01
8.73 0.84 0.96 5000 1.46 1.12 1,23 1.06
9.00 1.00 1.00 3000 0.61 0.90 0.61 0.90
?.00 1.00 1.00 3500 0.80 0.95 0.80 0.95
9.00 1.00 1.00 4000 1.00 1.00 1.00 1.00
9.00 1.00 1.00 4500 1,22 1.06 1.22 1.06
9.00 1.00 1.00 35000 1.46 1.12 1.46 1.12
9.25 1.18 1.09 3000 0.61 0.90 0.72 0.93
9.25 1.18 1.03 3500 0.80 0.95 0.94 0.99
?.25 1.18 1,05 4000 1.00 1.00 1.18 1.05
9.23 1.18 1.05 4500 1.22 1,06 1.45 .11
9.25 1.18 1.035 5000 1.46 1.12 1.73 1.18
.50 1.39 1.10 3000 0.61 0.90 0.85 0.96
9.50 1.39 1.10 3500 0.80 0.95 1.11 1,03
.50 1.39 1.10 4000 1.00 1.00 1.39 1.10
?.50 1.39 1,10 4500 1.22 1.06 1.70 1.18
9.50 1.39 1.10 5000 1.46 1.12 2.04 1.26

Table 2. Evaluation of alternative methods of combining
multiple pay factors.
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various combinations of thickness and compressive
strength and then compare these with the pay factors
that would result from the several other methods
that have been used to combine multiple pay factors.
The results obtained by wusing five alternative
methods are listed in Table 1. The product, aver-
age, minimum, and maximum methods are self-explana-
tory. For the cumulative method, the individual pay
adjustments are summed to determine the total ad-
justment,

Assuming that the method based on the AASHTO
equation is the fundamentally correct approach, the

FAY FACTOR DERIVED FROM INDIVIDUAL FAY FACT0RS

PRODUCT AVERAGE HINIMUM MAXIMUM CUMULATIVE

0.H4 0.92 0.:920 0.93 0.04
©.88 0.94 0.93 0.95 0.88
0.93 0.96 0.93 1.00 0.93
0.98 0.99 0.93 1.06 0,98
1.03 1.02 0.93 1412 1.04
0.87 0,93 0.%90 0.96 0.86
0.91 0.95 0.95 0.96 0.91
0.6 0.98 0.96 1.00 0.96
1.01 1.01 0.96 1.06 1,02
1.07 1.04 0.96 1.12 1.08
0.90 0.95 0.90 1.00 0.90
0.95 0.97 0.95 1.00 0.95
1.00 1.00 1.00 1.00 1.00
1.06 1.03 1.00 1.06 1.06
1.12 1.06 1.00 1.12 1.12
0.94 0.97 090 1.05 0.9%
0.99 1.00 0.95 1.05 0.99
1.05 1.02 1.00 1.05 1.05
1.10 1.05 1,05 1.06 1,10
1.17 1.08 1,05 1.12 116
0.99 1.00 0.90 1.10 1.00
1.04 1.02 0.95 1.10 05
1.10 1.05 1.00 1.10 10
1.16 1.08 1.06 1.10 1%
1.23 1.11 1.10 1,12 2

DEVIATIONS FROM CORRECT PAY FACTOR FOR VARIOUS METHOLS

PRODUCT AVERAGE MINIMUM MAXIMUM CUMULATIVE
-0.02 0.06 0.04 0.07 -0,03
-0.01 0.05 0.04 0.06 -0.01
0.0 0.03 0.0 0,07 0.0
0.01 0,02 -0.04 0,09 0.01
0.02 0.01 -0.08 0,11 0.03
-0.01 0.05 0.02 0.08 -0,02
-0.01 0,03 0.03 0,04 -0.01
0.0 0,02 0.0 0,04 0.0
) 0.0 -0,05 0,05 0.01
0.01 -0.02 -0.10 0,06 0.02
0.0 0.05 0.0 0.10 0.0
0.0 0.02 0.0 0,05 0.0
0.0 0.0 0.0 0.0 0.0
0.0 -0,03 -0.06 0.0 0.0
0.0 -0.06 -0,12 0.0 0.0
0.01 0.04 -0.,03 0,12 0.02
0.0 0.01 ~0,04 0,06 0.0
0.0 -0.03 -0.05 0.0 0.0
-0.01 -0.06 -0.06 -0.05 -0.01
-0.01 -0.10 -0.13 -0,06 -0.02
0.03 0.04 -0.06 0.14 0,04
0.01 -0.01 -0.,08 0.07 0.02
0.0 -0.05 -0.10 0.0 0.0
-0.02 -0.10 -0.,12 -0.08 -0,03
-0.03 -0.,15 -0.16 -0.14 -0,05
AVERAGE ¢ -0.001 -0,007 -0.046 0,035 -0,001
STANDARD DEVIATIONS 0.013 0,054 0.056 0.066 0,020
RANK FOR ACCURACY$ 1 -2 3 5 4 1 -2
RANK FOR PRECISION? 1 3 4 5 2
OVERALL RANK1 1 3 4-5 4 -5 2
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values in the last five columns of Table 1 can be
used to judge which of the other methods is most
appropriate in this particular case. To accomplish
this, the deviations from the values obtained by the
fundamental method have been tabulated for each of
the other methods in Table 2. The summary statis-
tics for each column are printed at the foot of the
table. For a method to be judged both accurate and
precise, the average deviation must be close to zero
and the standard deviation should be small. On this
basis, the five methods have been ranked for ac-
curacy and precision and the overall rank has been
determined by weighting these two separate ranks
equally.

What emerges from this rather cursory investiga-
tion is evidence that the method of multiplying
individual pay factors together is equal or superior
to any of the other methods that were tested, at
least for this particular application. This is
encouraging, not only because this approach is
widely used, but also because it suggests a method
by which additional quality characteristics not
included in the AASHTO equation might be incorpo-
rated into acceptance procedures for rigid pavement.

SUMMARY AND CONCLUSIONS

A method has been outlined by which the AASHTO
design equation can be used to develop acceptance
procedures for rigid pavement. By computing the
expected load-bearing capacity from the as-built
characteristics of the pavement and comparing this
with the design loading, a ratio is obtained that
forms the basis for a rational pay schedule. Sen-
sitivity tests were performed to confirm the reli-
ability of this approach, and several different
acceptance procedures were developed and tested by
computer simulation. In all cases, it was possible
to make the operating-characteristic curve conform
closely to the desired pay function.

It was demonstrated that the limitation of pay
factors to a maximum of 100 percent biases the
operating-characteristic curve downward, which makes
it difficult for contractors to know how to bid or
perform under such a specification. This situation
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can be alleviated by allowing a bonus provision or
by permitting pay factors greater than 100 percent
to be used to offset other pay factors less than 100
percent.

Finally, a secondary study was conducted to
compare various methods currently in use for combin-
ing multiple pay factors. Under the assumption that
the method based on the AASHTO equation is funda-
mentally correct, it was demonstrated that the
method of multiplying the individual pay factors
together is among the best of the other methods that
were tested.
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Interest on Capital Invested in Construction as

Delay Damages

H. RANDOLPH THOMAS AND RODNEY A. EVANS

The potential for contractors to recover extended financing costs that result
from a construction delay is investigated. Legal case histories arising from the
federal courts and boards of contract appeals are reviewed, and recent develop-
ments related to federal construction contract procedures are presented. Legal
case studies are cited that indicate that delay d ges can be d under
the suspension-of-work clause even though no written directive is issued. Delay

damages under the change clause are generally not recoverable, although the gen-

eral conditions of construction contracts of the General Services Administra-
tion and the Department of Defense do permit recovery of cost of delays related
to change orders. Legal precedents are reviewed that suggest that interest on
borrowed funds that was necessitated by a delay can also be recovered. Regula-
tions that prohibit recovery of interest on borrowed funds governed by most
federal construction contracts are reviewed. These have been challenged and
upheld in the U.S. Court of Claims. Since 1976, boards of contract appeals
have awarded imputed-interest damages. These damages result when a contrac-
tor is required by a delay to increase the capital investment in a construction

project. This increased investment represents a oss of profit because these
funds could otherwise be invested in short-term securities and treasury notes.
Cost Accounting Standard 417, effective December 1980, provides for the re-
covery of imputed-interest damages resulting from a delay. The calculation
procedure presented in CAS 417 isillustrated with a construction example. It
is shown that on a project that costs $2 380 750 and experiences a three-month
suspension-of-work delay, the contractor is entitled to $29 702 in imputed-
interest damages in addition to any other damages that may have been incurred.

Acceptable cash flow for a construction contractor
is largely dependent on ability to achieve satis-
factory progress with regard to the project sched-
ule. Unanticipated delays in the construction pro-
cess, regardless of the cause or responsible party,
will likely result in additional direct and indirect
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costs for the contractor. Additional direct costs
caused by schedule delays have been cited in numer-
ous damage claims. Whenever these disputes have
resulted in litigation, courts have shown a general
tendency to award extra compensation. A distinct
exception to this trend is the awarding of extended
finance charges and interest damages as a result of
the delay.

OBJECTIVES AND SCOPE

The objectives of this paper are to define the dam-
ages to contractors resulting from financing costs
incurred when the work is suspended or when work
must be performed that is beyond the scope of the
original construction contract. The potential for
recovering these damages in 1litigation proceedings
will be assessed by presenting recent legal trends
and case studies. New developments in cost account-
ing standards that describe a procedure for comput-
ing financing costs will also be illustrated.

The objectives of this paper were achieved
through a study of 1legal case histories obtained
from the legal library of Pennsylvania State Univer-
sity and other unpublished documents and reports.
Important aspects of key cases were clarified by
interviewing government lawyers involved in con-
struction litigation cases for the U.S. Department
of Defense (DOD). The concepts in this paper are
limited to interpretations presented in Board of
Contract Appeals (BCA) hearings and courts of law.
Decisions of contracting officers and out-of-court
settlements are not included. Essentially all key
decisions, especially recent ones, have been ren-
dered in disputes against the federal government.
In the private sector few significant cases involv-
ing questions about financing costs have been set-
tled in court. Nevertheless, it would appear logi-
cal that federal contracting procedures could easily
be extended to state and local governments and to
the private sector of the construction industry.

TERMINOLOGY

To understand claims involving government contracts
and legal case studies, the following definitions
will be used:

1. Contracting officer: An official of the
agency awarding a contract who has the power to de-
cide disputes arising during the performance of a
construction contract, The contracting officer's
decision is conclusive unless appealed to the
agency's BCA.

2. Board of Contract Appeals: Any one of 11
different contract appeal boards representing vari-
ous federal agencies. Appeal of a decision by a
contracting officer is heard by BCA. The hearing
resembles a courtroom proceeding. The BCA refer-
enced in this paper is the Armed Services Board of
Contract Appeals (ASBCA), whose jurisdiction is DOD
contracts. Decisions of BCA can be appealed to the
U.S. Court of Claims.

3. Court of Claims: A federal court that de-
cides cases involving claims against the United
States Government. Decisions of the Court of Claims
can be appealed to the United States Supreme Court.

FINANCE COSTS AS DIRECT DAMAGES

A review of federal appeals board cases and Court of
Claims decisions involving claims for delay damages
indicates that the potential exists for recovering
both direct and consequential damages. Direct dam-
ages include home and field office overhead, equip-
ment expenses, escalation of material and labor
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cost, and loss of efficiency. Consequential damages
are not directly related to the delay and include
loss of bonding capacity, restrictions on the con-
tractor's ability to perform other jobs due to lim-
ited working capital, and loss of profit. Conse-
quential damages can be somewhat vague and often
lack "specific rationale," or traceability to the
delay. Direct damages are more easily recovered
because they can usually be linked to the delay.
The fact that contractors must be able to accurately
show a cause-effect relationship was demonstrated in
the 1975 case of Roanoke Hospital versus Doyle and
Russell, Inc. [214 S.E. 24 155 (1975)]. This re-
quirement is not always easily satisfied where in-
tercorporate and intracorporate financing are in-
volved,

In litigation proceedings, the potential for
recovering extended financing costs is largely a
function of predictability. Direct damages are pre-—
dictable because they are a natural outgrowth of
construction delays. In essence there is a cause-
effect relationship. The case of Roanoke Hospital
versus Doyle and Russell is especially significant
because the court accepted the concept that extended
interest costs constitute direct damages. A second
case that establishes a precedent for recovering
these costs is Hammermill Paper Company versus Rust
Engineering Company ([243 A. 24 389 (1968)]. 1In this
1968 case, extended financing charges were allowed
because they were documented with specific ratio-
nale. Therefore, establishing the link between de-
lays and damage is a necessary condition for re-~
covery. Furthermore, the damages must be clearly
and accurately documented. When either of these two
conditions fails to exist, damages wil not likely be
awarded ([Clark versus Ferro Corporation, 273 F.
Supp. 230 (1964)]. Therefore, legal case history
indicates that financing costs will not be awarded
just because a delay has occurred. It is also im-
portant to note that in both the Roanoke Hospital
and the Hammermill Paper Company cases, financing
costs were treated as damages that were separate
from any other damages that may have occurred.

RECOVERY OF DELAY DAMAGES

Contract Provisions Related to Damage Delays

As a general rule, a contractor is entitled to re-
cover damages resulting from a delay caused by an
owner, provided the following conditions can be
established: (a) a delay initiated by the owner or
the owner's agent to the work of the contractor in
fact occurred, (b) the contractor was damaged by the
delay (cause-effect relationship), (c) the delay was
beyond the control of the contractor, and (d) dam-
ages are clearly and accurately documented (specific
rationale). Should any of these conditions be ab-
sent, recovery of damages will 1likely be denied.
However, there are situations where contract pro-
visions may influence the decision of an appeals
board or court in a damage claim. It is important,
therefore, to understand the contract provisions
related to delay damages. Three specific types of
provisions will be reviewed. These are clauses
related to suspension of work, changed conditions,
and provisions prohibiting the recovery of damages.

Suspension-of-Work Clause

Three situations are of interest regarding sus-
pension-of-work clauses. The first condition is
when an owner invokes the suspension-of-work clause
in writing. For the contractor to recover damages,
the following provisions apply:
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1. The delay must be for an unreasonable period
of time,

2. The delay must not be a result of a concur~
rent delay caused by the contractor,

3. There will be no cost adjustment if the cir-
cumstances require or exclude an equitable adjust-
ment under other provisions of the contract,

4. An allowance for profit is not included in
any cost adjustment under this provision,

5. Claims for time extensions must be made in
writing no more than 20 days after the commencement
of the delay, and

6. Claims for cost adjustments must be submitted
in writing as soon as possible after the suspension
ends and no later than the date of final payment
under the contract.

These conditions are included in most federal
construction contracts ([10 U.S.C. 2301-2314 (1979)]
and in the general conditions of construction con-
tracts of the American Institute of Architects 1),
the Associated General Contractors of America (2),
and the National Society of Professional Engineers
(3).

Although the above contract provisions relate to
written suspension-of-work directives, the owner is
not necessarily protected from claims when written
directives are not provided. This principle was
established in the 1972 case of Carl M. Halverson,
Inc., versus United States [461 F. 24 1337 (1972))
where the suspension-of-work order was communicated
verbally but not in writing. The trial commissioner
ruled that a change order required because of an
error in the contract drawings, related to the relo-
cation of a creek, resulted in a suspension of the
work of the contractor in a priority work area.
Therefore, the contractor was entitled to recover
the increased costs resulting from such suspension.

It is unusual for construction contracts to be
void of suspension-of-work clauses. Nevertheless, a
contractor may still be entitled to recovery of
damages under a breach of contract. In fact, in the
1970 case of Chaney and James Construction Company,
Inc., versus United States [421 F. 24 728 (1970)],
the court handed down the opinion that there is no
difference between the remedies available under a
suspension—-of-work clause or a breach of contract.
The opinion stated in part that "since the suspen-
sion of work clause is an administrative substitute
for an action at law for a breach of contract...the
contractor should be entitled to get the same relief
under the suspension of work clause that he could
get in the absence of the clause if he sued for
breach-of-contract". This opinion is most signifi-
cant, since it relates to change orders.

Change Orders

The general conditions of most contracts allow the
owner to make changes in the scope of the work cov-
ered by the contract. Changes may cause delays in
the construction process by disrupting the sequence
of construction operations, altering previously com-
pleted work, or extending the schedule because of an
increase in the amount of work to be performed.
Although compensation for scope changes may be
handled in a straightforward manner, claims for de-
lay damages are not so simple.

In 1943, the U.S. Supreme Court set forth guide-
lines for recovering damages resulting from
changes. The landmark case of United States versus
Rice has become known as the Rice Doctrine [United
States versus Rice, 317 U.S. 61, 63 S. Ct. 120
(1943)]}. The Supreme Court ruled that cost adjust-
ments are the result of altered specifications or
changes and are not applicable to consequential
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damages. Delay damages are covered by time exten-
sions. In essence, the court said that damages can-
not be recovered under the contract provisions re-
lated to a change clause. Lower courts have
consistently upheld this decision and have allowed
damages to be recovered only if a breach of contract
could be demonstrated (4). The most likely way to
recover damages resulting from change orders is to
demonstrate that there was a suspension of work,
which is essentially a breach of contract.

No Damages for Delay Clauses

Provisions that preclude the recovery of delay dam-
ages may be included in some state, municipal, and
private contracts (5). Delay damages are denied in
lieu of a time extension for completing the work.
Such provisions have been the subject of much 1liti-
gation. However, courts have ruled that these
clauses are not against public policy and therefore
are enforceable. There are many exceptions, and
enforceability varies from state to state (4).

Developments in Federal Contracting Procedures

In 1968, the General Services Administration and DOD
amended the general conditions of their respective
construction contract documents to allow for the
recovery of costs of delays and disruptions (the
ripple effect) caused by change orders (under the
change clause) and changed conditions (under the
differing-site-conditions clause). This would ap-
pear to be contrary to the Rice Doctrine, which pre-
cludes the recovery of delay damages under change
clauses. However, when delays occur because the
change orders are not timely, this constitutes an
informal or involuntary suspension of work, and
damages can be awarded. It is not necessary that a
written suspension-of-work order be issued. More-
over, in 1972, a court decision in Tri-Cor, Inc.,
versus United States [458 F. 2d 112 (1972)] ruled
that a contractor performing government work is en-
titled to an allowance for profit under these two
clauses.

The ASBCA has issued rulings that emphasize the
importance that contracting officers render timely
decisions and issue change orders that affect work
along the critical path of a construction schedule.
For example, ASBCA ruled that a contracting officer
unreasonably delayed a project by taking eight days
to render a decision on certain disputed work. The
contractor was subsequently awarded damages under
the suspension-of-work clause even though no written
order was issued. In another decision, ASBCA ruled
that a contractor was entitled to reimbursement for
the increased costs incurred when suspension of work
was required because of a government delay in issu-
ing required change orders (6).

Interest Damages and Bell Case

Previous court decisions appear to have signaled an
opportunity for the recovery of extended financing
costs (interest) as delay damages. A landmark Court
of Claims case in this area was Joseph Bell versus
United States (404 F. 2d 975 (1968)], which was
decided in 1968. The court awarded compensation to
a contractor for the additional interest he had to
pay on a loan over the extended period of time that
was caused by a slowdown initiated by the owner. 1In
allowing recovery of the interest, the court held
that the increased interest was undoubtedly an in-
creased cost of performance attributable to the
change. It is important to note that the court
stated that the contractor was not seeking interest
on the money owed to him by the owner.
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This case was significant in that it established
a precedent for recovering interest on borrowed
funds as a type of damage. Subsequent BCA and Court
of Claims decisions that have awarded interest dam-
ages have been based on this precedent. The Bell
case set in motion the development in 1970 of regu-
lations prohibiting recovery of interest damages on
DOD contracts. However, more recent cases in both
BCA and the Court of Claims have permitted recovery
of imputed-interest damages. Imputed interest is
interest on the capital invested in facilities under
construction. These developments have spawned con-
siderable uncertainty in the law.

RECOVERY OF INTEREST ON BORROWED FUNDS

In the private sector of the construction industry
where there are no regulations addressing the issue
of interest damages, there is some precedent for
recovering interest costs. The cases of Hammermill
Paper Company versus Rust Engineering Company in
1968 and Roanoke Hospital versus Doyle and Russell
in 1975 are examples. In another recent case (1979)
interest costs were also awarded. The Atlas Con-
crete Pipe, Inc., was awarded interest damages be-
cause the defendant, Roger J. Au and Sons, Inc.,
failed to pay an outstanding open account of in-
debtedness [467 F. Supp. 830 (1979)].

Where regulations exist covering interest dam-
ages, such as at the federal and state government
levels, the situation prior to 1980 was quite dif-
ferent. Following the Bell decision, which had
awarded interest damages, federal regulations were
developed to prohibit the payment of interest dam-
ages on contracts governed by the Defense Acquisi-
tion Regulations (DAR) and the Federal Procurement
Regulations (FPR). Defense Procurement Circular
(DPC) 79, dated May 15, 1970, mandates the applica-
tion of DAR 15-106, Section 15 (Cost Principles,
Pricing of Equitable Adjustments Under Firm Fixed-
Price DOD Contracts) (32 C.F.R. 15.106). Two years
later, on March 31, 1972, FPR also made DAR 15 man-
datory for other government agency fixed-price con-
tracts (41 C.F.R. 1-15.106). DAR Section 15 spe-
cifically states that interest on borrowed funds
from external lending institutioens is not an allow-
able adjustment to a contract price.

By using the Bell decision as a precedent, the
legality of DAR Section 15 has been challenged in
both the courts and BCA. The 1977 case of Framlau
Corporation versus United States is of special in-
terest (215 Ct. Cl. 185 (1977)]. ‘The decision by
the Court of Claims upheld the concept of adminis-
trative regqulations that prohibit the awarding of
interest on borrowed funds arising from a claim
against the gpvernment, except where specifically
allowed by a contract provision or authorized by
statute. The significance of the decision is sum-
marized as follows:

1. Administrative restrictions on recovering
interest damages on borrowed funds are lawful, al-
though these regulations can be overruled by stat-
utes or by contract language to the contrary.

2. The decision did not specifically address the
legality of interest damages in situations where
there are no regulations or contract provisions.
However, by stating that regulations can be over-
ruled by contract provisions allowing interest re-
covery, the court appears to imply that such re-
coveries are legal.

With the Bell and Framlau cases serving as prece-
dent, it would appear that a contractor can recover
interest damages on borrowed funds provided there
are no requlations or contract provisions to the
contrary.
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In the absence of 1limiting regulations or
provisions, recovery of interest damages may be pos-
sible. However, a prerequisite is that the con~
tractor must show that the delay or change in work
created a clear necessity for borrowing additional
funds and that these can be traced to the delay.

The burden of proof and traceability may not be
too difficult for small and medium-sized contractors
if they secure a loan from a financial lending in-
stitution. The situation is quite different for
large construction firms, especially those with com-
plex organizational structures. In many 1instances,
such firms are subsidiaries or divisions of larger
corporations and are often treated as satellite cost
centers with the headquarters level being respon-
sible for all capital investments and corporate fi-
nancing. In most circumstances, past borrowing
practices and the manner in which accounting records
are arranged simply do not 1lend themselves to the
degree of traceability that may be necessary. As a
result, most large contractors have been unable to
recover interest on actual borrowings as a cost of
performance. Only in a few instances will there
likely be satisfactory evidence to adequately sup-
port an interest c¢laim involving a large corpora-
tion. Furthermore, the revision of intercorporate
and intracorporate financing procedures appears un-
likely, particularly those involved with federal
contracts, because DAR 15 denies recovery of these
damages.

RECOVERY OF IMPUTED-INTEREST DAMAGES

Establishment of Precedence

The Bell case and others dealt only with funds bor-
rowed from an external lending institution. The
issue of delay damages to a contractor whose own
capital is invested in lieu of borrowing monies was
not addressed.

It is important to note that the issue here is
over the contingency funds of the contractor that
are used as reserve capital when necessary but are
otherwise invested in treasury notes and short-term
securities. This situation is quite common among
larger contractors. Interest on monies borrowed
internally from this contingency fund is called im-
puted interest, and DAR 15 makes no mention of this
form of borrowing. Imputed interest represents cap-
ital invested in the project by the contractor.
Recent trends have been for the larger contractors
to try to recover imputed-interest damages. The
rationale is that imputed interest represents a loss
of profit because the reserve funds could otherwise
be invested.

The distinction between interest paid to an ex-
ternal lending institution and imputed interest is,
in reality, a distinction between borrowing methods
and hence is often related to the size of the con-
tracting firm. An earlier case history that dis-
allowed imputed interest but permitted interest on
borrowing from external institutions in essence
penalized the larger contractors in favor of the
smaller ones.

Since the mid-1970s some contractors have been
successful in recovering imputed-interest damages.
The first shift in attitude occurred in the 1976 BCA
case of New York Shipbuilding Company [ASBCA 16164,
76-2 BCA 11979 (1976)] where the plaintiff was able
to recover these damages. Subsequent BCA cases have
upheld this philosophy [Bailfield Industries, ASBCA
18057, 77-1 BCA 12348 (1977); Ingalls Shipbuilding
Division, Litton Systems, Inc., ASBCA 17579, 78-1
BCA 13038 (1978); Fischbach and Moore International
Corporation, ASBCA 18146, 77-1 BCA 12300 (1977)].
When the decisions are reviewed, there appears to be
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a trend toward not making a distinction between
financing methods. This situation would suggest
that the contractor is not required to show that
actual borrowing was required but rather that the
delay necessitated an increase in the capital in-
vested in the project. Thus the concept of capital
invested in a project has been introduced. Since,
in these cases, the borrowing method does not seem
to be at issue, it appears that the small contractor
could also recover interest on borrowings.

Imputed Interest as Element of Profit

When court and BCA decisions are studied, two dis-
tinct viewpoints about imputed-interest compensa~
tions have emerged. The first viewpoint 1is that
imputed interest is an element of profit, and, as
such, the contractor is entitled to fair compensa-
tion for the increased investment due to changes in
scope of the work. This is not necessarily a
dollar-for-dollar recovery. Typically, BCA deter-
mines whether the profit associated with the addi-
tional work is in itself adequate to provide compen-
sation for the contractor's investment. If so, no
additional profit in the form of imputed interest
will be allowed.

The 1976 decision in the New York Shipbuilding
case marked the first time that imputed-interest
damages had been awarded, The element-of-profit
concept was established, and the damages were com-
puted by using traditional interest formulas that
take into account the principle, type and rate of
interest, and the time. A year later, more defini-
tive guidelines were set forth that are a function
of progress payments. In the Fischbach and Moore
International Corporation dispute, BCA awarded dam-
ages as an element of profit. The following con-
siderations were applied: (a) normal progress pay-
ments and profit 1levels in the industry, (b)
progress payments actually made on the particular
contract, and (c) the amount of profit applied to
the changed work.

The question of imputed interest should be placed
in proper perspective, because in the 1977 Court of
Claims case Framlau versus United States, an element
of uncertainty was introduced. It should be re-
called that the principal issues in this case were
interest on funds borrowed from an external lending
institution and the 1legality of DAR 15. Although
recovery of damages was denied, the court stated
that it is appropriate to apply different treatment
to the recovery of interest on borrowings and im-
puted interest, because the contractor's cost of
borrowing capital is clearly determinable, whereas
the value to the contractor for the use of capital
equity is not. This viewpoint would tend to make
the recovery of imputed interest somewhat doubtful.
However, in awarding imputed-interest damages to
Fischbach and Moore International Corporation, BCA
interpreted the Court of Claims decision as having
considered only the question of interest and not
profit for the use of capital. WNo subsequent cases
regarding imputed interest have reached the Court of
Claims, and whether or not the BCA interpretation
would be adopted is quite uncertain.

Imputed Interest as a Cost of Performance

The second viewpoint about imputed interest is that
it represents a cost of performance. Therefore, the
contractor should be entitled to full recovery of
imputed interest plus normal profit should the
damage be the result of a change. Although no case
history 4involving the construction industry is
available, precedent seems to exist for treating
imputed interest as a cost of performance. Cost
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Accounting Standard 417 (CAS 417) (Cost of Money as
an Element of Capital Assets under Construction),
dated December 15, 1980 (45 Fed. Reg. 48573), treats
imputed interest as a cost. Also, in certain trans-
actions, the Internal Revenue Code recognizes im-
puted interest as a cost that can be treated as an
expense to a borrower and as an income to a lender.
Thus, for tax purposes, imputed-interest charges are
sometimes considered a cost of performance. This
rule is applicable when loans or extensions of
credit are made with no stated interest rate or when
the interest is at less than the prevailing rate
[IRC 482, Internal Revenue Regulation 1.482-2(a);
Aristar, Inc., versus United States, 553 F. 24 644
(1979); Kahler Corporation versus Commissioner of
Internal Revenue, 486 F. 24 1 (1973)). Similarly,
imputed interest is recognized by the IRS when prop-
erty is sold or exchanged for deferred payments, and
no interest, or an inadequate rate of interest, is
quoted [Jeffers versus United States, 556 F. 2d 986
(1977 1.

CAs 417

The latest supplement to CAS 417, effective December
15, 1980, sets forth guidelines for computing
imputed-interest damages. All contracts to which
DAR 15, Cost Principles, is applicable provide for
the recovery of imputed interest. This standard is
intended to provide a consistent approach in deter-
mining imputed-interest damages resulting from con-
struction delays. Damage computations are based on
the capital assets that are committed to the proj-
ect. CAS 417 is applicable to both borrowing from
external lending institutions and internal or intra-
corporate borrowing situations. Thus, the regula-
tions can be applied to any size contractor with
equal fairness. Originally, the Cost Accounting
Standards Board required that the contract be at
least one year in length. This was based on the
philosophy that the administrative costs of the con-
tractor on short-term projects would typically be
higher than the imputed-interest damage claim that
could be recovered. This restriction has recently
been removed since it is now apparent that imputed
interest can be quite significant on projects last-
ing less than one year.

The CAS 417 details two alternative procedures
for computing imputed-interest damages. The first
method applies to those situations where the cumu-
lative receipts or progress payments are approxi-
mated by an S-shaped curve. This situation is, of
course, typical of the construction industry. The
amount of an” award is a function of the average of
the cumulative monthly expenses of the contractor.
The second method is used when the cumulative re-
ceipts or progress payments are approximated by a
straight line. The damage amount is a function of
the average of the cumulative expenses of the begin-
ning and the end of the accounting period.

To illustrate the computational procedure of CAS
417, an example will be presented. The project to
which the calculations are applied is the construc-
tion of the Navigation Systems Facility at the Naval
Air Development Center, Warminister, Pennsylvania.
The construction contract was awarded to G & C En-~
terprises, Inc., Bordentown, New Jersey, for
$2 380 750.

A hypothetical schedule of receipts and expendi-
tures was developed based on the actual construction
schedule of the contractor. It is worthwhile to
note that the critical-path method (CPM) of sched-
uling is very useful in documenting project receipts
and expenditures. 1In this example, an early-start
schedule was assumed. In developing the summary of
planned project expenditures and receipts given in
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Table 1. Planned project billings and receipts.

Monthly Monthly Billings Monthly Receipts
Date Expenses ($) and Profit ($) Less Retainage (§)
1979
June 275 000 294 250 264 825
July 75 000 80 250 72225
August 180 000 192 600 173 340
September 225 000 240 750 216 675
October 165 000 176 550 158 895
November 225 000 240 750 216 675
December 180 000 192 600 173 360
1980
January 170 000 181 900 163 690
February 255 000 272 850 245 565
March 170 000 181 900 163 710
April 125 000 133 750 120375
May 80 000 85 600 77 040
June 40 000 42 800 38520
July 35 000 37450 33 705
August 25 000 26 750 24 075
September - - _ 238075
Total 2225 000 2330750 2 380 750

Table 2. Revised billings and receipts after three-month delay.

Monthly Monthly Billings Monthly Receipts
Date Expenses ($) and Profit (3) Less Retainage ($)
1979
June 275 000 294 250 264 825
July 75 000 80 250 72225
August 180 000 192 600 173 340
September 225 000 240 750 216 675
October 165 000 176 550 158 895
November 225 000 240 750 216 675
December 180 000 192 600 173 360
1980
January 170 000 181 900 163 690
February 15455 - -
March 15455 - -
April 15 455 - -
May 255 000 272 850 245 565
June 170 000 181 900 163 710
July 125 000 133750 120 375
August 80 000 85 600 77 040
September 40 000 42 800 38 520
October 35 000 37 450 33708
November 25 000 26 750 24 075
December - - 238 075
Total 2271 365 2380750 2 380750

Table 1, the following assumptions were made:

1. The overhead and profit are 10 and 7 percent,
respectively.

2. Billings are based on the consumption of re-
sources rather than probable pay items.

3. Receipts are actual billings less 10 percent
retainage, which is recovered at the time of final
acceptance.

4. Billings are made as of the last day of each
month; payments are not received until the 15th of
the following month.

The following hypothetical situation is presented
to demonstrate the effect of a delay on the interest
damages due the contractor. Assume that a conflict
arises over underground utility work that is in
progress in the immediate vicinity of the project.
The contracting officer issues a stop-work order
effective February 1, 1980. The contractor is not
allowed to resume work until May 1, 1980. In com-
puting the revised schedule of expenses, the follow-
ing assumptions are made:

1. Overhead costs continue during the delay.
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2. Extra compensation for overhead is included
in a separate damage claim.

3. After the delay, work resumes as previously
planned.

The revised billings are summarized in Table 2.

In this example, it is assumed that the cash flow
of the contractor is approximated by an S-shaped
curve, and imputed interest is calculated for ac-
counting periods that coincide with a calendar
year. The cumulative expenses for the seven months
in 1979 are as follows:

Month Expenses ($000s)
June 275
July 350
August 530
September 755
October 920
November 1145
December 1325
Total 5300

Avg = $§5 300 000 + 7 = $757 143.

The imputed interest for 1979 is determined by
multiplying the seven-month average by the interest
rate established by the Secretary of the Treasury.
The interest rate (assume 8.6 percent) must be pro-
rated for the number of months (7/12) during the
year in which billings were made. Thus,

1979 imputed interest = $757 143 x 7/12 x 0.086 =
$37 983.

For the 1980 accounting period, assume that the
interest rate quoted by the Secretary of the Trea-
sury is 7.75 percent. The imputed interest for the
second accounting period can be determined as shown
below:

Month Expenses ($000s)
January 1 495
February 1 750
March 1 920
April 2 045
May 2 125
June 2 165
July 2 200
August 2 225
Total 15 925

Avg = $15 925 000 : 8 = $1 990 625.

Next, the imputed interest for 1979 is added to
the end-of-month average balance for 1980. This is
used to compute the 1980 imputed interest as follows:

1980 imputed interest = ($1 990 625 + $37 983) x
8/12 x 0.0775 = $104 811,

The total imputed interest for the project as
originally scheduled is as follows:

Total original project imputed interest = $37 983 +
$104 811 = $142 794.

Similar calculations are made for the disrupted
schedule. Since the delay occurred entirely in the
second accounting period, only the 1980 imputed
interest will be affected. The revised imputed
interest for 1980 is as follows:

Month
January
February (delay)

Expenses ($000s)
1 495
1 495 (no additional costs)
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Month Expenses ($000s)
March (delay) 1 495 (no additional costs)
April (delay) 1 495

May 1 750

June 1 920

July 2 045

August 2 125
September 2 165

October 2 200

November 2 225

Total 20 410

Avg = $20 410 000 + 11 = $1 855 454.

1980 imputed interest (with delay) = ($1 855 454 +
$37 983) x 11/12 x 0.0775 = $134 513,

Delayed project imputed interest = $37 983 +
$134 513 = $172 496.

The imputed-interest damage is the difference
between the imputed interest determined for the
original and that for the disrupted billing sched-
ules:

Imputed-interest damage = $172 496 - $142 794 =
$29 702.

The additional costs associated with the overhead
expenses that continued during the delay are not
included in the $29 702. These damages must be
claimed separately.

CONCLUSIONS

As a result of the research of BCA and court cases
related to interest damages, several conclusions can
be drawn. These are summarized as follows:

1. Recent case histories in both the federal and
the private sectors of the construction industry
reveal a distinct trend toward awarding interest
damages for the additional capital invested in a
project by a contractor.
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2. Interest on funds borrowed from an external
lending institution have been recovered in certain
circumstances where the need for the additional bor-
rowings could be traced to an owner-caused delay.
However, in the federal construction contracts, reg-
ulations exist that prohibit the recovery of inter-
est on borrowed funds. The legality of these regu-
lations has been challenged and upheld.

3. Imputed interest on funds borrowed from a
contractor's in-house contingency fund has been
awarded on at least three occasions since 1976. As
of December 15, 1980, federal regulations permit the
recovery of interest damages on capital invested in
construction regardless of the source of the addi-
tional required capital. These regulations would
appear to establish precedence for recovering im-
puted interest in the private sector of the con-
struction industry.
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