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ABSTRACT

Large quantities of waste materials are generated in the United States every year. Due
to societal and environmental concerns many states have enacted legislation to promote their use
in highway construction projects. The standard approach to characterize these materials has
been to evaluate them in technical laboratory studies which is not appropriate because these
materials do not match natural aggregate in technical quality but may still have a high societal,
environmental and economic value. A Waste and Reclaimed Materials (WRM) evaluation
process has already been developed, under a grant from the Texas Department of Transportation
(TxDOT) and the Texas Natural Resource Conservation Commission (TNRCC), which takes into
account such factors.

This WRM Evaluation process is carried out before detailed technical and economic

studies are done to develop specifications for their use. The determination of their utilization
potential is based on 1) technical, 2) economic, 3) societal, and 4) environmental aspects. An
initial screening process is also incorporated which is used to discard WRMs which clearly display
a low utilization potential. The Analytic Hierarchy Process (AHP) from decision analysis theory is
used to assign weights to the four evaluation sub-systems and the respective attributes based on
their relative importance.

Under this research project this system was implemented in Texas. Before its
implementation could be carried out the system was varified by conducting detailed laboratory
studies and economic analyses. All the available WRMs were subjected to this evaluation
method and were ranked from the highest utilization potential to the lowest. The selected top
three WRMSs: reclaimed asphalt and Portland cement concrete pavement and electric arc furnace
slag, were then subjected to detailed laboratory and economic analyses to determine their
viability and to develop specifications. for their use in roadbase construction. The WRM
evaluation process, laboratory studies, and the implementation package are presented in this
report.



EXECUTIVE SUMMARY

The purpose of this study was to implement the Waste and Reclaimed Material (WRM)
Evaldation System developed under a grant from the Texas Department of Transportation
(TxDOT) and the Texas Natural Resource Conservation Commission (TNRCC). The developed
WRM evaluation system bases the estimation of utilization potential on technical, economic,
societal and environmental aspects of their use in roadbase, after an initial screening process
which is used to discard WRMs with low utilization potential. Before the evaluation system could
be implemented it had to be verified by conducting appropriate laboratory tests and economic
studies. Specifically, this study verified the WRM evaluation process, developed trial
specifications for the use of available WRMs in roadbase construction and prepared a field
implementation package.

Data had already been collected on the types, quantities, and location of WRMs available
in Texas under the TXxDOT/TNRCC research project. The WRM evaluation process was then
used to rank the available WRMs from lowest potential to highest potential for roadbase
application based on technical, economic, societal and environmental aspects. Based on
objective data, three WRMs were recommended by the evaluation method for detailed laboratory
testing in order to verify the method and develop specifications for their use in roadbase
construction. These materials were reclaimed asphalt concrete (RAP), reclaimed Portland
cement concrete (RPCP) and electric arc furnace slag (EAFS). These materials were subjected
to seven standard laboratory tests to characterize them properly and to determine their strength
characteristics. Laboratory test results supplemented by the conducted economic analyses
concluded that the use of WRMs is an feasible alternative, hence verifying the WRM evaluation
process. '

After the WRM evaluation process had been verified, the results were then used to
develop to the field implementation package. The implementation package consists of:
1) trial specifications for using RAP, RPCP and EAFS (Appendices B, C, D), 2) a presentation
describing the WRM evaluation process (appendix E), and 3) this research report which also
serves as the main implementation aid.

The results of this study could not be implemented on a large scale in Texas, as
envisioned in the beginning of the research project, due to unforeseen delays in laboratory testing
and method verification. Nonetheless, a recycling project in Wichita Falls District of TxDOT was
selected for implementation purposes. The results of this case study showed a number of

societal and environmental benefits besides economic savings of $442,239 on a 2-lane four mile



long road construction project. The main savings were due to the elimination of the required
natural aggregate material and associated earthwork for base construction. Also, the project was

expedited by about five month due to elimination of the time intensive tasks of roadbase

construction, thus saving user costs too.
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CHAPTER 1. INTRODUCTION

Enormous quantities of waste materials are generated in Texas and other parts of the
United States every year. It has become clear that using these waste materials in necessary to
preserve the country's natural resources. Recent history has shown policy makers that using
waste materials can reduce the consumption of virgin materials and avoid the environmental cost
of extracting and processing new materials. Also, using waste and reclaimed materials (WRMs)
effectively can address public concerns expressed about the vast quantities of useful materials
being discarded and wasted (TGLO 93).

BACKGROUND

In the past, the basic approach for using waste and reclaimed materials (WRMs) has
been to investigate them in the laboratory and compare them to standard specifications for virgin
materials. This is not an appropriate method because these materials may have societal and
environmental value though they do not equal virgin material in technical quality. The feasibility
of using WRMs depends upon a number of interrelated factors. In order to make meaningful
recommendations these factors need to be evaluated quickly and objectively.

Keeping this in mind, a WRM evaluation method has already been developed under a
$200,000 grant from the Texas Natural Resource Conservation Commission (TNRCC) and the
Texas Department of Transportation (TxDOT). The evaluation is based on 1) technical, 2)
economic, 3) societal, and 4) environmental aspects after an initial screening which is used to
discard WRMs with low utilization potential for use. Currently the system is set up to evaluate
any potential WRM for use as roadbase and has the capability of being modified to evaluate
WRMSs for other transportation applications. Based on the evaluation, the overall potential of a
particular WRM may be assessed and only those with high potential forwarded to more detailed
technical studies to determine final specifications (Saeed 95, Saeed 96).

It is vital that this WRM evaluation system be integrated and implemented in the field to
realize real benefits after laboratory verifications. Laboratory verification and field implementation
are the objectives of this research effort and are explained in the following section.

STUDY OBJECTIVES
Data has already been collected on the types, quantities, and location of WRMs available
in Texas under a TxDOT and TNRCC research project (Saeed 95). The WRM evaluation

process developed under the same study will be used to rank the available materials from lowest



potential to highest potential for roadbase application. The three top ranked materials will then be
subjected to detailed laboratory testing to validate the results of the evaluation system and to

develop trial specifications for field implementation. More specifically the study will address:

s application of the WRM evaluation method to rank the available WRMSs, as reported
by Saeed et. al. [Saeed 96], based on their utilization potential in roadbase
construction,

» select three top tanked materials for laboratory testing and verification of the
evaluation method,

» develop trial specification for roadbase construction using the results of the laboratory
testing, and

+ field implementation of the methodology and preparation of supporting

implementation aids.

REPORT ORGANIZATION

This report is divided into 5 chapters. Chapter 2 describes the WRM evaluation method.
Application of the evaluation methodology to available WRMs and laboratory testing of three top
ranked WRM for method verification is described in Chapter 3. Chapter 4 describes the
implementation of results in Wichita Falls District of TXDOT and developed implementation aids.

Finally, Chapter 5 of this report describes the conclusions and recommendations of the study.



CHAPTER 2. WASTE AND RECLAIMED MATERIALS
EVALUATION SYSTEM

EVALUATION OF WASTE AND RECLAIMED MATERIALS

When the utilization of WRMs is examined, it is desired to achieve a host of technical,
economic, societal, and environment related objectives. The developed WRM evaluation system
considers technical, economic, societal, and environmental aspects of WRM utilization besides
an initial screening used to discard WRMs with low utilization potential early on.

The following sections describe different components of this methodology, shown
conceptually in Figure 2.1, in detail. The evaluation criteria discussed are geared towards
evaluating WRMs for potential utilization in road base, though the same can be used for asphait

concrete and other applications with minor modifications.

TxDOT
{ Survey
Select —
Potential Technical rioritize
Waste —> Evaluation > Technically Deriad
Resources Laboratory
Economic Prioritize | :
\‘_ B Evaluation [ % Economically Combine Testing
Initial : .
Screening |= - — % Evaluation
| | Societal Prioritize Results
/ Evaluation I Societally
Waste Materials D.evelo'p
Discarded: _J Environmental Prioritize Specifications
Min. Criteria Evaluation > Environmentally
Not Met

Figure 2.1. Waste and Reclaimed Materials Evaluation System

Initial Screening

Initial screening is utilized to screen out materials with low potential for road base
construction before evaluating them using the four criteria previously mentioned. The factors
which serve to determine the minimum acceptability of WRMs belong to technical, economic and
environmental aspects. These factors are: 1) available quantity, 2) material location,
3) material toxicity, 4) material durability, and 5) water solubility. Societal factors are not included



as it is assumed that it is always societally acceptable to reduce the amount of waste materiais

being generated and discarded to landfills and politically correct to maximize the use of WRMs.

Accumulated or Annually Produced Quantity. it was estimated that fifty thousand
tons could be considered to be the minimum amount of material capable of fulfilling the roadbase
aggregate requirement for a construction project based on experience on a four-mile long pilot
recycling project in Texas. Accumulated quantities should be at least ten times this quantity or
five hundred thousand tons. Otherwise, WRMs will not be able to be used often enough to justify

expensive evaluations.

Material Location.  This factor signifies the location of WRMs with respect to the site
where they are potentially going to be used, and is also dependent on the transportation mode
available. WRMs must be located within a reasonable distance from the place of potential use or
the transportation costs will be very high and may ultimately make their use prohibitive.
Distances of fifty miles for truck transport and hundred miles for rail transport are considered to
be the maximum economical hauling distance. It must however be noted that transportation

costs will vary with the region of the natidn, so judgment may need to be made (NCHRP 76).

Material Toxicity.  Processing WRMs to produce aggregate for roadbase construction
must not make them toxic to the flora and fauna and the permitted levels of suspended solids and
leachates must not exceed the permitted limits set by the Environmental Protection Agency
(EPA).

Water Solubility. Roadbase is the primary load carrying element of an asphalt
pavement in case of thin surfaced pavements. Some WRMs may lose their ability to carry loads
when they come in contact with water. This criteria eliminates WRMs based on their inability to
carry loads in the presence of water:

Material Durability. Aggregate produced from WRMs should be durable and capable
of withstanding the effects of hauling, spreading, and compacting without degradation productive
of deleterious fines, as required by ASTM specifications D-2940 (ASTM 92).

The WRM is not considered for further evaluation if it does not meet the requirements of

the discussed initial screening. The WRM is subjected to technical, economic, social, and



environmental evaluations only when it fulfills are the requirements of the initiai screening

process.

Technical Evaluation Sub-System

WRMs must posses adequate physical, mechanical and thermal properties required of a
material to be used in asphalt pavements. The National Stone Association recommends that
aggregate properties be determined by their end-use application (NSA 91). For roadbase
application the included properties are coefficient of uniformity, material loss during LA

degradation test, particle shape and texture and hardness.

Particle Size Analysis and Distribution. The slope of the grain size distribution

curve, which is expressed as the coefficient of uniformity, Cu, is used to evaluate the WRMs for
permeability and mass stability. A high score for C indicates a well graded, dense mix and is

scored high in the technical evaluation sub-system. C is defined as:
Cu=Dego / D10,
Where: Cy = Coefficient of uniformity
D gp = Sieve opening size (mm) through which 60% of the aggregate passes

D 10 = Sieve opening size (mm) through which 10% of the aggregate passes

Los Angeles Degradation Test. The quality of material called toughness is its ability
to resist fracture under impact. The Los Angeles Degradation test determines the material loss

due to impact and surface abrasion. A high material loss is scored fow in the evaluation process.

WRM Hardness. The resistance to scratching or abrasion offered by a smooth surface
is known as hardness and is a measure of the strength of the bonding forces holding the
constituents together in a structure. Material hardness is evaluated using the Moh's hardness
scale. The judged WRM hardness is assigned score linearly based on the scale where diamond

is the hardest and taic is the softest (Berry 83).

Particle Shape and Texture.  Particle shape and texture are important in providing a
stable base course. Angular, nearly equidimensional particles having a rough surface texture are
preferred over round, smooth particles. ASTM D 3398 provides an index of particle shape and

texture using the following formula:
la=1.25V1p0-0.25 V50 - 32.0



Where: la = Particle Index
V10 = Voids in the aggregate when compacted using 10 blows per layer

V50 = Voids in the aggregate when compacted using 50 blows per layer

Technical Evaluation Sub-system Summary. This sub-system assesses the
technical utilization potential of WRMs based on the coefficient of uniformity, the particle index,
Moh's hardness and percent material loss from the LA degradation test. Table 2.1 indicates the
specific test specifications and the objective laboratory data that are used to determine the
technical evaluation score on a five point scale.

TABLE 2.1. ESTIMATION OF TECHNICAL EVALUATION SCORE
USING LABORATORY TESTS

Evaluation Test Technical Attribute Score

Attribute Designation 0 1 2 3 4 5
Gradation Tex-110-E, Cy 0] 2 4 6 8 10
Particle Shape and | ASTM D 3397-93 0 4 8 12 16 20
Texture Particle Index
Moh's Hardness Moh's Hardness 0 2 4 6 8 10

Scale

Resistance to ASTM C 131-89 50 40 30 20 10 0
Applied Load % Material Loss
Degradation

Economic Evaluation Sub-System

The main purpose of economic evaluation is to identify those WRM resources that are
most feasibie for utilization as aggregate in road base construction in terms of economics. The
same five point scale evaluation process was utilized as described earlier in the technical
evaluation section. The five attributes evaluated on a five point scale for economic evaluation
are: 1) disposal cost, 2) processing cost of use, 3) transportation cost, 4) accumuiated or annually
produced quantity, and 5) cost of modifiers/stabilizers or additional material.

Disposal Cost. The disposal cost of WRMs is an important factor in determining its
economic feasibility for use. Landfills usually accept material in terms of volume it will occupy
and quote a rate in terrhs of cubic yards. Two rates are usually quoted, one each for compact
and uncompact material. WRMs fall under the compact materials category and the quoted rates
range from $1.2 - 4.5 per ton,‘excluding transportation costs to the landfill. Disposal cost is the

dollar savings that would be realized if the material is used in roadbase construction so are



termed as benefits as far as the economic evaluation sub-system is concerned. The higher the
disposal cost, the more we should try to use the material and hence, higher the score (Saeed 96).

Transportation Costs. Several alternatives are available for the transport of waste
materials. The most feasible of these are truck, rail as discussed earlier.

Cost figures of transporting WRMs are subject to wide variations. Texas Sand and
Gravel Carriers Association uses a published rate list to quote prices to transport aggregate a
certain number of miles on a per ton basis. These costs range from a high of $20.00 per ton, for
transport of material for two hundred miles, to a minimum of $1.00, for transporting WRMs within
ten miles (TSGCA 95). The lower the transportation cost to the intended place of use, higher is
the WRM scored, as it will be much cheaper to use. Keeping this in mind, transportation cost of

$0.00 is assigned a score of 5 and a cost of $10.00 or more, a score of zero.

Accumulated or Annually Produced Quantity. This factor takes into account the
guantity of WRM available or produced annually. Obviously, the more is the available quantity of
a particular WRM, the higher the assigned score. A survey of Texas Department of
Transportation (TxDOT) districts was conducted by Saeed et. al. (Saeed 96) to determine the
types, quantities and locations of available WRMs. The maximum available quantity 355,000
tons of RAP is assigned the maximum possible score of five, whereas the minimum available
guantity is assigned a score of zero. WRMs having intermediate quantities are assigned scores

linearly between the two extreme quantities.

Cost of Stabilizers/Modifiers or Additional Materials. There may be certain WRMs
which may require the addition of natural aggregate or some stabilization agent to use them in
roadbase construction. This cost is the dollar amount spent to produce a ton of the final mix. For
the purposes of the WRM evaluation method, the more the cost of additional material the less the
assigned score. A WRM which requires no additional additive/stabilizer or natural aggregate
material is assigned a score of five and a WRM which requires about $6.00 per ton of the final
produced mix is assigned a score of zero to indicate our preference for a material which requires

no additive at all.

Summary of Economic Evaluation Sub-system.  Table 2.2 shows the estimation of

economic evaluation scores based on the disposal cost, processing cost of use, transportation



cost, cost of stabilizer/modifiers or additional material required and the accumulated or annually
produced quantity.

TABLE 2.2. ESTIMATION OF ECONOMIC EVALUATION SCORE
USING ACTUAL DOLLAR VALUES

Evaluation Societal Attribute Score

Attributes 0 1 2 3 4 5
Accumulated/Annually Produced Quantity, 103 tons | O 71 | 142 | 213 | 284 | 355
Disposal Cost, $/ton ' 0.00 1.00 | 2.00 3.00 4.00 | 5.00
Transportation Cost, $/ton 10.00 | 8.00 | 6.00 | 4.00 2.00 | 0.00
Processing Cost of Use, $/ton 250 | 200 | 1.50 | 1.00 | 0.50 | 0.00
Cost of Stabilizers/Modifiers/Additional Material, 6.00 | 480 | 360 | 240 | 120 | 0.00
$/ton

Societal Evaluation Sub-System

Many WRMs due to their volume, location, or associated disposal problems present a
threat to wildlife and flora and fauna and arose the interest of groups involved in such issues.
There is societal as well as political pressure to find means to stabilize, remove, or use these
wastes. The impetus to use WRMs, hence, comes from both the society and the government. it
is difficult, if not impossible, to measure societal and environmental implications in actual doilar
terms, nevertheless, the societal evaluation sub-system evaluates the following three societal
attributes on a scale of zero to five. These are: 1) storage site»aesthetics, 2) safety/health

hazard, and 3) government/special group interest (Saeed 96).

Storage Site Aesthetics. WRMSs, as stated above, generate a lot of public desire to
be used if they are more visible. A material which is more visible by being close to a main
highway, will generate a lot of public pressure compared to a material which is hidden behind a
hill or is not visible at all due to thick vegetative growth. A highly visible material is assigned a
score of five, to indicate our preference for its use, and a hidden material is assigned a score of
zero.

Health/Safety Risk. This factor takes into account of the damaging potential of WRMs,
in their current condition, to the general public. A WRM which possesses no risk to the general
public must be rated low compared to a WRM which possesses the highest possible risk, which
must be rated high. Fire hazard is the greatest damage that can be imparted to the general
public, so is assigned a score between four and five on this evaluation scale. This is followed by

disease risk which is assigned a score between three and four, and so on as shown in Table 2.3.



Government/Special Group Interest. The interest of the general public in using
WRMs is often supplemented by the presence of environmental preservation groups, which
generate a lot of public pressure. The legislature can propose, and pass laws to control these
environmental and ecological problems. The proposed evaluation scale considers this
propagation of actions and assigns scores accordingly. The highest score of five is assigned to
WRMs which have some legislation making their use mandatory and so on. It is also assumed
that any WRM for which legislation exists banning its use would not be a candidate and would

have been rejected in the initial screening process.

Societal Evaluation Sub-system Summary. Table 2.3 demonstrates the estimation
of societal attribute scores based on storage site aesthetics, safety/health hazard and
government/special group interest. Due care has been taken to be as objective as possible in

this process.

TABLE 2.3. ESTIMATION OF SOCIETAL EVALUATION SCORE

Evaluation - Societal Attribute Score
Attribute 0 1 | 2 3 | 4 5
Storage Site Aesthetics Hidden Partially Visible in Dist. | Highly
Hidden Visible

Land |scaped

Risk to Handling Personnel Fire Hazard

Safety/Health Hazard Protective Gear Required
None | Gloved Mask | Full
S Disease Risk
Leqislation
Government/Special Group Interest None Being Future In

Prepared Implementation Eftect
Being |Considered

Environmental Evaluation Sub-System

A great deal of concern is expressed about the environmental issues with regard to the
utilization of WRMSs in highways by the general public, as well as by DOTs, legisiatures, lawyers
and academia. From a technical point of view, the potential environmental impact of a WRM
should be evaluated before actual field use. The environmental effects associated with
processing and use of WRMs in roadbase are considered in the following three ways (Saeed 96):

* Benefits of using WRMs,

» Effects of processing WRMSs, and

¢ Effect on environment of WRM use.



Benefits of Using WRMs.  This factor attempts to quantify the benefits that might be
derived from altering the present method of waste material disposal or of removing existing
stockpiles by using them in roadbase. Conservation of natural aggregate material is an important
benefit of WRM use. If we are able to conserve natural aggregate by using a particular WRM, it
should be assigned a high score in the evaluation system. On the other hand, if a WRM requires
a lot of natural aggregate to make its use possible, then it should be scored at the lower end. A
hundred percent conservation of natural aggregate material qualifies for a score of five and zero

percent conservation of natural aggregate results in a score of zero for this attribute.

Effects of Processing WRMs. This factor takes into account the effects of processing
a specific waste resource as part of the recycling system. Noise and dust pollution from the
recycling facility are a major concern with respect to the populated areas.

A material which produces a high noise level when processed must be rated low
compared to a material which produces next to no noise at all. A noise level of 150dB, which is
painfully loud, is assigned a score of zero. On the other hand, no noise at all, in case of a WRM
which requires no processing at all , hence no noise generation, is assigned a score of five (NSA
91).

Dust in the air is a function of distance from the plant, although most of it has settled after
about a mile. The best score of five is assigned when there is no dust produced at all, or the
population is about a mile away from the processing plant. A score of zero is assighed when
hypothetically, atmosphere dust measurements are taken at the plant, with the plant at full

production and no dust control in operation.

Effect on Environment of WRM Use. The hazard potential of a WRM can be
accounted for if one considers the effect of using it on ground and surface water. If a particular
WRM is going to have a lot of heavy metal leachates during its service life, it would be unwise to
use that particular WRM. On the other hand a WRM having a low leaching potential is
recommended for use even if it contains undesirable materials because it will not release those
metals.

The Extraction Process Toxicity test is used for the purpose of evaluating WRMs on this
attribute. In the evaluation process, the leachates from the waste material are analyzed for the
concentration of various metal as required by the EPT test and then they are scored on the basis

of the national drinking water standard (NDWS). Metal concentrations at or below NDWS are
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scored five in the evaluation process and metal concentration of 100 times or more are given a

score of zero.

Environmental Evaluation Sub-system Summary. Table 3.4 demonstrates the

estimation of environmental attribute scores based on objective data.

TABLE 2.4. ESTIMATION OF ENVIRONMENTAL EVALUATION SCORE

Evaluation Environmental Attribute Score
Attribute 0 1 2 3 4 5
Benefits of using WRMs (% natural aggregate 0 20 40 60 80 100
conserved)
Noise Pollution (dB) 150 120 90 60 30 0
Dust Poliution (distance to population, miles) 0 0.2 0.4 0.6 0.8 1.0
Extraction Process Toxicity Test (x NDWS, mg/l) 100 80 60 40 20 0.00

Final Estimation Of WRM Utilization Potential

As already described the evaluation of WRMs must be based on technical, economic,
societal and environmental aspects but these objectives conflict within the framework of the final
comprehensive evaluation to be made. The four evaluations simply do not permit high
achievement in all aspects at once. A relatively simple approach to this problem is to create a
model that is additive. This implies that a score will be estimated for each objective and scores
will then be added, weighting them appropriately according to the relative importance of the
various objectives.

Once a particular WRM has been subjected to the four evaluation sub-systems, the
individual scores from each attribute within each evaluation sub-system need to be combined to
determine the final utilization potential (WRMUP). An additive model is used for this purpose, as
shown, and the final score is represented on a scale of zero to five. On this scale, five represents
the maximum utilization potential of a particular WRM in roadbase construction, whereas a score

of zero represents no utilization potential at all.

WRMUP = WT Z wt g ST, J+WE Z WE J SE,J
+ Ws X ws,J Sg,J + WER £ WEn,J SEn,J
Where:
WT E,S,En = Weights for the various evaluation sub-systems
wJ:T,E,S,En = Weights for the technical, economic, societal and environmental attributes

SJ:T,E,S,En = Scores for the technical, economic, societal and environmental attributes
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Selection of weights for the attributes and the evaiuation sub-systems is based on their
importance in the overall scheme of things, and may vary from location to location according to
the prevailing local conditions, especially political and societal. One might argue that the
selection of weights introduces subjectivity into the evaluation process. But, by breaking the
evaluation process into smaller units and by using the Analytic Hierarchy Process (AHP)
developed by Saaty in 1980s (Saaty 82), the whole process is made objective and the concern
about non-quantitative factors is addressed effectively in a systematic manner. Advantages of
using AHP for weight selection, and the determination of various weights themselves is the

subject matter of the next section.

ANALYTIC HIERARCHY PROCESS

The AHP revolves around the proper assessment of importance of each factor under
consideration in order to make tradeoffs among them and to develop a system of weights based
on priorities to choose the best solution. 1t provides a flexibie model which enables people to
refine their problem definition, and to reflect the natural tendency of the mind to sort the elements
of a system into different levels and to group like elements into each level. AHP can deal with the
independence of elements in a system and does not insist on consensus but tracks the logical
consistency of judgment used in determining importance (Saaty 80).

Determination of weights using the AHP can be summarized as the following:

1. Develop a hierarchical structure of factors and sub-factors contributing to the final goal
or objective (accomplished in the previous section, using systems methodology.)

2. Rank these factors in order and put them as headings of both rows and columns in the
comparison matrix.

3. Compare the factors relatively on a scale of 1 to 9. The scale represents a ratio
comparison of the two factors.

4. Put the reciprocal of each cell to the symmetric cell of the lower half of the matrix.

5. Calculate ¥, cell value j/ column sum j to reach a combined weight for each factor.

6. Normalize the combined weight to generate a priority vector. The coefficient of the

priority vector implies the weight of each factor.
Assessment of Weights
In order to keep matters simple, all the factors were compared relatively on a scale of 1 to

5. The 1 to 5 scale represents a ratio comparison of two factors with respect to:
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two factors contribute equally,
one factor is slightly favorable than the other,
one factor is moderately favorable over the other,

one factor is strongly favorable over the other, and

a & 0=

one factor dominates the other.

Description of the mathematical manipulations carried out to determine the weights are
beyond the scope of this report but these can easily can be accomplished by anyone using the 6
listed steps. Table 2.5 lists the weights which were determined using the AHP. It must however
be remembered that these weights are for reference purposes only and the reader is advised to
develop weights keeping the local conditions in view. Another advantage of AHP is its ability to
check for consistency. People tend to be inconsistent when they are comparing a number of
actors using pair-wise comparisons. The comparison scale is of no value if the inconsistency is
high enough to ruin the comparison logic. The eigenvalue approach is used to check for
consistency. The maximum eigenvalue, imayx, is the size of the comparison matrix. Because
people are unlikely to be totally consistent while making the several pair-wise comparisons, then
for a reciprocal matrix, the value Imax will always be greater than N, the size of the matrix. So

Imax - N provides a measure of the inconsistency. This is normalized using the matrix size and

is termed as the comparison index, Cl.

Cl = (Imax - N) / (N-1)

Consistency ratio, CR, is defined as the ratio between the Cl and random consistency,
RC, obtained using 500 different size random matrices. The CR should be less than 10% to be
acceptable (Saaty 82 a, Saaty 82 b). The CR was calculated using the above approach for the
five comparison matrices and was determined to be less than 10% for all of them.

CHAPTER SUMMARY

This chapter presented a brief description of the WRM evaluation system and AHP used
to determine the weights of the evaluation sub-systems as well as the attributes within each sub-
system. The determined weights should be used for demonstration purposes and the user is
encouraged to develop his own weights as it is expected that they will change with the local

conditions especially political and societal.
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Under this study WRMs determined to be available in Texas were subjected to the
evaluation system to rank them from the lowest potential to the highest potential for highway
application. Three top ranked materials were then tested in the laboratory to validate the results

of the system. Next chapter of this document is devoted to the discussion of the results of the

laboratory test results and implementation efforts.

TABLE 2.5. ESTIMATED WEIGHTS FOR THE EVALUATION FACTORS BASED ON AHP

Evaluation Attribute Mean Weight
Technical Evaluation Sub-system 0.4826
Gradation 0.2646
Particle Shape and Texture 0.0784
Particle Hardness 0.1356
Resistance to Applied Load 0.5214
Economic Evaluation Sub-system 0.2867
Acc./Annually Produced Quantity 0.4587
Transportation Cost 0.1471
Disposal Cost 0.2482
Stab./Mod. or Add. Material Cost 0.0580
Processing Cost of Use 0.0880
Societal Evaluation Sub-system 0.0873
Govt./Sp. Group Interest 0.2311
Health/Safety Risk 0.6652
Storage Site Aesthetics 0.1037
Environmental Evaluation Sub-system 0.1434
Benefits of Recycling 0.2854
Noise Pollution 0.0882
Dust Pollution 0.0882
Leaching Potential 0.5382
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CHAPTER 3. METHODOLOGY APPLICATION AND
LABORATORY TESTING

WRM LOCATION AND AVAILABILITY SURVEY

Before governing bodies in Texas can make maximum use of WRMSs in transportation
projects, they must know, among other things, the types, quantities, sources and properties of
available WRMSs. A survey was conducted to answer these questions and is detailed in research
report 1348-1 by Saeed et al [Saeed 95]. A brief description of the results is presented here.

Research Methodology

Data collection methods for the survey included 1) mail questionnaires, 2) telephone
interviews, and 3) limited site visits. At the first level of sampling 84%,. 21 of the 25, TxDOT
district offices responded. Questions were designed to collect information about the types of
WRMs available, stockpile locations, material quantity, material performance and the availability

of any scientific/engineering test data.

Survey Results

A total of 21 out of 25 TxDOT districts responded to the survey. A large number of these,
19 districts reported having stockpiles of reclaimed asphalt concrete (RAP), followed by reclaimed
Portland cement concrete (RPCP) which was reported to be stockpiled in 9 districts. RAP was
estimated to be present in excess of 355 thousand tons followed by about 19 thousand tons of
RPCP. Only four TXxDOT districts reported any stockpiles of coal combustion by products - fly
ash (FA), bottom ash (BA) and pond ash (PA). Other WRMs from commercial producers
included steel slag (SS), tire chips (TC), and ceramics. Table 3.1 shows the available WRMs and

their estimated quantities.

TABLE 3.1. ESTIMATED QUANTITIES OF WRMS STOCKPILED
AT VARIOUS TXDOT LOCATIONS

Waste and Reclaimed Materials Est. Quantity (tons)
Reclaimed Asphalt Concrete 355,000
Reclaimed Portland Cement Concrete 190,000
Fly Ash 22,500
Bottom Ash 20,000
Pond Ash 20,000
Tire Chips 10,500
Ceramic Waste 10,000
Blast Furnace Slag 500
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EVALUATION OF AVAILABLE WRMS

The available WRMs were subjected to separate technical, economic, societal and
environmental evaluations as outlined in the WRM evaluation methodology described in Chapter
2. Detailed calculation of the individual attribute scores is shown in Appendix A of this document.
Table 3.2 summarizes the results of the WRM evaluation process. Evaluated WRMs were
assigned to the categories as shown in Table 3.3. Based on the results of the WRM evaluation
process, the three top ranked WRMs, RAP, EAFS, and RPCP, were selected for detailed
laboratory testing and to verify the method-and develop specifications for field use.

LABORATORY TESTING OF SELECTED WRMS

Based on the results of the WRM evaluation method, the top three materials: reclaimed
asphalt and Portland cement concrete (RAP and RPCP) and electric arc furnace slag (EAFS),
were selected for detailed laboratory testing to develop specifications for their use in roadbase
construction.

The laboratory testing program was conducted in two parts (Saeed 96). The first part
investigated the physical properties of the WRM. Conducted tests included particle size and
distribution analysis, LA abrasion, particle shape and texture, hardness, specific gravity, etc.
RAP, RPCP, and EAFS samples were obtained in accordance with Test Method Tex-100-E,
"Surveying and Sampling Soils for Highways" [Tex-100-E 95], and were prepared according to
test method Tex-101-E, "Preparation of Soil and Flexible Base Materials for Testing" [Tex-101-E
95].

TABLE 3.2 RESULTS OF THE WRM EVALUATION PROCESS

Waste & Reclaimed Materials Evaluation Score
. Technica | Econo. | Societal | Environ. | Total, %
[

Reclaimed Asphalt Concrete 1.16 1.38 0.23 0.66 68.60
Reclaimed PCCP 1.14 0.60 0.15 0.61 50.20
Electric Arc Furnace Slag 1.54 0.83 0.13 0.52 60.40
Fly Ash 1.43 0.32 0.18 0.32 45.20
Bottom Ash - 1.43 0.32 0.19 0.32 45.20
Pond Ash 1.43 0.32 0.18 0.32 45.00
Natural Crushed Limestone 1.43 1.01 0.03 0.47 58.85
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TABLE 3.3. CATEGORIZATION OF WRMS AS ROADBASE
CONSTRUCTION AGGREGATE MATERIAL

Waste & Reclaimed Materials | Total, % | Category Remarks
Reclaimed Asphalt Concrete 68.60 | Best material

Reclaimed PCCP 50.20 ] Marginal material

Electric Arc Furnace Slag 60.40 I Second best material

Fly Ash 45.20 I\ Unsuitable as agg. in roadbase
Bottom Ash 45.20 v Unsuitable as agg. in roadbase
Pond Ash 45.00 v Unsuitable as agg. in roadbase
Natural Crushed Limestone 58.85 N/A For comparison purposes onl

Based on experience, it was decided that the all the WRMs will be made to conform to
the specification of ASTM D 2946 before being further tested. ASTM 2940 D states that if a
material falls within a certain gradation envelop, it can expected to provide a stable base for
highways and airports.

In the second part of laboratory testing it was decided to determine the strength
characteristics of the selected WRMs using the Texas Triaxial Test as it is widely used to
characterize base materials. This approach proved to be full of problems. Most of WRMs are
cohesionless in nature and a freestanding test specimen could not be prepared. As the objective
was to determine the relative strength characteristics of various WRMs, the California Bearing
Ratio (CBR) test was selected. The CBR test method does not require the test specimen to be
extruded from the compaction mold and was well suited for the purposes of this research. Table

3.4 provides the laboratory test data.

TABLE 3.4 LABORATORY TEST RESULTS

Test Method Evaluated WRMs RAP EAFS RPCP
Gradation, Cy ASTM C136 / Tex-200-F 2.5 6.8 4.7
Specific Gravity, ASTM C 128 / Tex-201-F 2.2 3.4 2.4
LA Abrasion, % loss, ASTM C131 26.0 22.0 30.0
Hardness 7.0 8.0 7.0
Part. Shape & Texture, ASTM D 3398 14.2 15.0 13.0
Material Added, % 30.0 0.0 50.0
CBR, %, ASTM D 698 97.1 135.0 90.0

SPECIFICATION DEVELOPMENT
The laboratory testing described in the previous sectfons formed the first step to verify the
method and most importantly to develop trial specifications for field implementation. Detailed

laboratory testing demonstrated the applicability of the method and its success in prescreening
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materials for detailed laboratory testing. Only those WRMs which passed the evaluation method
and were feasible on an overall technical, economic, societal and environmental basis were
forwarded to the next step. This approach saved on both financial and human resources, as only
those WRMs were subjected to detailed laboratory testing which showed high utilization potential
in roadbase construction.

Appendices B, C, and D describe the trial specifications that were developed using the
results of the detailed laboratory testing. These specification, for RAP, RPCP, and EAFS
respectively, are ready for field implementation. RAP specifications were implemented in the
Wichita Fallis District of TxXDOT and are described in Chapter 4 of this document.

18
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CHAPTER 4. TECHNOLOGY TRANSFER AND
FILED IMPLEMENTATION OF THE WRM EVALUATION SYSTEM

Implementation of the WRM evaluation method is one of the main objectives of this
research project. At the time of proposal writing it was envisioned that the research team would
be able to implement the WRM evaluation system for a number of projects at the TxDOT as well
as city/county level. This could not be accomplished due to unexpected delays and problems
encountered during the laboratory testing phase of the research effort. Since, TxDOT personnel
from the Wichita Falls district were already involved with the project and a good candidate project
also existed, the Wichita Falls district of TxDOT was selected for assisted implementation of the
evaluation method.

This chapter describes the recycling project in Wichita Falls district of TxDOT and the

implementation aids prepared to facilitate the use of WRMSs in roadbase construction projects.

TxDOT RECYCLING PROJECT IN WICHITA FALLS

RAP from the Wichita Falls district of TxDOT was selected as a case study for the use of
WRMs on a portion of FM 369 in Wichita county and for evaluation usingithe evaluation process.
The reconstructed portion linked a newly constructed corrections facility with US 287 outside
Wichita Falis city limits. RAP from this project was evaluated using the WRM evaluation process
and was determined to have a utilization potential of about 70% as detailed in the previous
chapter.

The primary contractor on this project, Zack Burkett and Co., submitted a Value
Engineering Change Proposal (VECP) requesting authorization to use BAP in base course in
place of the original TxDOT design which required a crushed limestone base. The original
pavement design called for scarifying the original pavement, incorporating the old pavement into
the subgrade, adding lime in slurry form, compacting and shaping this into new subgrade. A new
crushed limestone base and a hot mix asphalt concrete (HMAC) riding surface was then to be
added on top of the so prepared subgrade. Under the VECP, the existing pavement was left
undisturbed and RAP used as a base course directly on top of the existing pavement. A HMAC

riding surface was then provided (Burkett 95).
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Economic Benefits

The largest economic benefit of the VECP was that 17,100 cubic yards of required
flexible base material was replaced with 14,700 cubic yards of RAP material which was available
to the department at no cost. Though, for the purposes of economic analysis, RAP was valued at
$ 28.37/m3. Converting to a RAP base course also saved on the quantities of lime treatment as
well as the required excavation because the existing pavement was left undisturbed under the
VECP. Table 4.1 lists the items for both the original design as well as the modified design under
the VECP and the projected savings. By agreeing to the VECP, the department saved a total
amount of $442,397, exclusive of the overhead and profit. The contractor was entitled to half of
this amount, or $221,198 as shown in Table 4.1. Also shown are the required quantity changes
and the corresponding unit prices.

Other Benefits

Besides economic savings, the department also benefited from improved public relations
and earned public good will by using RAP. Use of RAP base material also expedited the project
by about 7 months due to the elimination of time-intensive work items such as the preparation of
the subgrade and the flexible base course. Also, RAP base course could be opened to the public
much sooner than the proposed limestone base course, thus saving users' costs. By using RAP
base course the overall project was expedited, hence shortening the time local residents were
inconvenienced. A much cleaner project also resulted by eliminating the flexible limestone base
course and the lime slurry treatment of the subgrade. Dust pollution was eliminated by avoiding
lime treatment of base, hence improving the overall project safety. Eliminating of the latter
enhanced traffic handling through the project and the chances for lime slurry damage to vehicles
travelling through the project was avoided.

FIELD IMPLEMENTATION AND TECHNOLOGY TRANSFER

Field implementation of the WRM evaluation method and technology transfer is achieved
using the described implementation package. The implementation package consists of 1)
presentation, 2) developed specifications, and 3) this report, which also serves as the main

implementation package for this research.
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Presentation

Appendix E of this document outlines a presentation which describes the WRM
evaluation system, its background and objective, the evaluation process itself, laboratory testing
and implementation of the results. This presentation can be made to the participants of a
meeting/seminar to familiarize them with the WRM evaluation process. This report would serve
as the main reference for any additional questions that might arise.

TABLE 4.1. ECONOMIC ANALYSIS OF ROADBASE CONSTRUCTION
ALTERNATIVES IN WICHITA FALLS

Item Description Units Estimated Quantity Cost | Difference
Original VECP $ $
Excavation CcY 30,259 27,859| 2.65 - 6,360
Embankment CY 10,819 8,820 2.64 -5,297
Flexible Base Material CY 17,082 0] 25.50 -435,591
Reworking Base Material Sta 90.50 0 265 -23,982
Lime Treatment Subgrade SY 66,070 0] 1.10 -72,677
Lime Type A T 1,090 0| 82.00 -89,412
Haul, RAP Stockpile cY 1,272 0] 5.00 -6,360
Asphalt Emulsion (AE-P) G 13,702 0] 1.90 -26,033
Aggregate (Ty B, Gr 3) CcY 525 0] 30.5 -16,012
Asphalt Emulsion (CRS-2) G 22,840 0] 1.12 -25,580
Barricades. Traffic Control M 12 5| 2350 -16,450
Construct Detours Sta 86 0 235 -20,210
Reflective Pav. Marking LF 48,045 13,645 0.15 -5,160
RAP Base Material cY 0 14,675| 21.7 319,181
Total TxDOT Savings Due to VECP -442,397
Contractor's Bonus 221,198
Total TxDOT Savings -221,198

Specifications for Use of WRMs

As detailed in chapter 3 of this document RAP, RPCP, and EAFS were selected for
detailed technical study based on the results of the evaluation process. Results of laboratory
testing done during the technical evaluation sub-system and subsequently for method verification
were used to develop specifications for the use of these materials in road base construction.
These trial specifications are describes in appendices B, C, and D for RAP, RPCP, and EAFS
respectively and are ready for field use on an experimental basis and should be updated based

on experience with field use.

Research Report
This research report serves as the main impiementation package for the whole project.
Not only does it describe the WRM evaluation process, but also documents a presentation -

outlining the whole process, and trial specifications for the use of WRMs in roadbase
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construction. Information documented in this report can be supplemented using information

provided in Center for Transportation Research reports 1348-1 and 1348-2F by Saeed et. al.

[Saeed 95, Saeed 96].

CHAPTER SUMMARY

This chapter described the implementation and technology transfer efforts of this
research project. Main technology transfer is achieved by means of this report which includes
four appendices to make this whole implementation process an easy one. Additionally, a case
study describing the RAP recycling project in Wichita Falls district of TxDOT is also reported. The
strength properties of RAP used in that construction project were demonstrated to be adequate,
and comparable to standard TxDOT asphalt stabilized base material. Also, the economic viability

of recycling was demonstrated by using a better paving material at a lower cost.



CHAPTER 5. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The purpose of this study was to implement the Waste and Reclaimed Material (WRM)
evaluation system developed under a grant from the Texas Department of Transportation
(TxDOT) and the Texas Natural Resource Conservation Commission (TNRCC). Before the
evaluation system could be implemented it had to be verified by conducting appropriate
laboratory tests and economic studies. More specifically, this study verified the WRM evaluation
process, developed trial specifications for the use of available WRMs in roadbase construction

and prepared a field implementation package.

SUMMARY

Data had already been collected on the types, quantities, and location of WRMs 'available
in Texas under the TXDOT/TNRCC research project. The WRM evaluation process developed
under the same study was used to rank the available WRMs from lowest potential to highest
potential for roadbase application based on technical, economic, societal and environmental
aspects of their use. Based on objective data, three WRMs passed the evaluation method and
were recommended for detailed laboratory testing in order to verify the method and develop
specifications for their use in roadbase construction. These materials were reclaimed asphalt
concrete (RAP), reclaimed Portland cement concrete (RPCP), and electric arc furnace slag
(EAFS). These materials were then subjected to seven standard laboratory tests to characterize
them properly and to determine their strength characteristics. Laboratory test results
supplemented by the conducted economic analysis proved the use of WRMs to be a feasible one,
hence verifying the WRM evaluation process.

After the WRM evaluation process had been verified, the results were then used to
develop to field implementation package. The implementation package consists of: 1) a
presentation describing the WRM evaluation process (Appendix E), 2) trial specifications for using
RAP, RPCP and EAFS (Appendices B, C, D), and 3) this research report which serves as the
main implementation package.

The results of this study could not be implemented on a large scale in Texas, as
envisioned in the beginning of the projected, due to unforeseen delays in laboratory testing and
method verification. Nonetheless, a recycling project in Wichita Falls District of TxDOT was
selected for implementation purposes. The results of this case study showed a number of

societal and environmental benefits besides economic savings of $442,239.



CONCLUSIONS

The findings of this study are listed below:

1)  WRMs often do not equal natural aggregate materials in techﬁical quality but may
still have a high societal, environmental and/or economic value which provide the impetus for
their use.

2) Based on the recommendations of an expert review panel the technical evaluation
sub-system was weighed more heavily in the overall evaluation system followed by the economic,
environmental and societal evaluation sub-systems. These weights -are for demonstration
purposes only and tend to change with prevailing societal trends.

3) RAP demonstrated the maximum utilization potential 70% for use after evaluation
using the WRM evaluation process. RAP was followed by EAFS, RPCP and coal combustion by-
products with utilization potentials of 60%, 50% and 40% respectively.

4)  The WRM evaluation. system was verified when the results of detailed laboratory
testing and the economic analyses concurred with its recommendations.

5) Results of the implementation case study showed that the use of WRMs in
roadbase is a viable alternative. This approach resulis in safer, cleaner and expedited
construction projects which also cost less.

6) The developed ftrial specifications provide ahead start in the right direction, though
field testing remains to be done to develop performance based specification.

7) The results of the WRM evaluation system are sensitive to prevailing local
conditions. Every effort should be made to properly implement the evaluation system using the
developed implement package and to account for local societal and political factors.

RECOMMENDATIONS

The results of this study point to several recommendations for future research and to
facilitate the facilitate the maximum use of WRM in transportation projects by implementing the
WRM evaluation process. These recommendations are as follows:

1) It is recommended that the WRM process be modified to rationally and objectively
evaluate WRMs for other engineering applications besides in roadbase construction projects.
This could be accomplished by making adjustments to the evaluating attributes for each
appropriate evaluation sub-system.

2) A comprehensive analytical, laboratory and field study should be conducted to
estimate the performance of the top ranked WRMs. The trial specifications could be modified in
light of the results of the study.
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3) A comprehensive field experiment should be undertaken on all the tested WRMs.
This work could be accomplished by implementing the WRM evaluation system in a number of
locations and constructing test sections using the developed specifications. Using this approach
inventory and monitoring data can be collected to assess long-term field performance of WRMs.

4)  The developed trial specifications should be implemented and further studied in
pilot experiments. These should be made less restrictive, if possible, based on the field
performance of WRMs.

5)  Research should be undertaken to determine the feasibility of computerizing the
WRM evaluation system with a user friendly interface. This would result in better and easier
implementation of the evaluation process.

6) A survey should be conducted to assess the recycling efforts at the county and city
level. The WRM evaluation process can be described to interested parties at a seminar and

assistance given as per need basis to implement the systems in their locales.
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TABLE A.1. ESTIMATION OF UTILIZATION POTENTIAL OF RPCC

Factor Score Remarks
Initial Screenin
Acc / Ann Produced Quantity OK 19 thousand tons
Material Location OK Various iocations, accessible
Material Toxicity OK Non toxic
Water Solubility OK Non soluble
Material Durability OK Proven durability
Technical Evaluation
Gradation 2.34 Cu=4.68
Particle Shape and Texture 3.25 Angular
Hardness 3.50 = 7.00
Resistance to Applied Load 1.95 = 30%
Economic Evaluation
Quantity 0.26 19 thousand tons
Transportation Cost 1.50 Distances > 96 km
Disposal Cost 5.00 Maximum savings
Stab / Mod / Add Material Cost 2.50 50% natural material required
Processing Cost of Reuse 4.00 Site mixed, minimal
Societal Evaluation
Govt./Sp. Group Interest 3.00 No statutes
Health / Safety Risk 1.00 None / minimal
Storage Site Aesthetics 4.00 Highly visible, less locations
" Environmental Evaluation
Benefit of Recycling 2.50 50 % saving of virgin aggregate
Noise Pollution 5.00 No processing required
Dust Pollution 5.00 No processing required
Leaching Potential 5.00 None
WRMUP = 50.20%
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TABLEA.2. ESTIMATION OF UTILIZATION POTENTIAL OF FLY ASH

Factor Score Remarks
Initial Screening
Acc / Ann Produced Quantity OK 2 thousand tons
Material Location OK Various locations, accessible
Material Toxicity QK Non toxic
Water Solubility OK Soiuble, but not applicable
Material Durability OK Not applicable
Technical Evaluation
Gradation 5.00 Material obtainable as desired
Particle Shape and Texture 3.91 Angular
Hardness 3.00 = 6.00
Resistance to Applied Load 1.77 = 32.33%
Economic Evaluation
Quantity 0.03 - 2 thousand tons
Transportation Cost 0.75 Power plant locations
Disposal Cost 3.00 Considerable savings
Stab / Mod / Add Material Cost 1.50 100 % natural material required
Processing Cost of Reuse 2.00 Site mixed, minimal
Societal Evaluation
Govt./Sp. Group Interest 2.50 No statutes
Health / Safety Risk 2.00 Hazardous
Storage Site Aesthetics 2.00 Hidden plant locations
Environmental Evaluation
Benefit of Recycling 0.00 No saving of natural aggregate
Noise Pollution 5.00 No processing required
Dust Pollution 5.00 No processing required
Leaching Potential 2.50 None
WRMUP = 45.20 %
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TABLE A.3. ESTIMATION OF UTILIZATION POTENTIAL OF BOTTOM ASH

Factor Score . Remarks
Initial Screening
Acc / Ann Produced Quantity OK 2 thousand tons
Material Location OK Various locations, accessible
Material Toxicity OK Non toxic
Water Solubility QK Soluble, but not applicable
Material Durability OK Not applicable
Technical Evaluation
Gradation 5.00 Material obtainable as desired
Particle Shape and Texture 3.91 Angular
Hardness 3.00 = 6.00
Resistance to Applied Load 1.77 =32.33%
Economic Evaluation
Quantity 0.02 2 thousand tons
Transportation Cost 0.75 Power plant locations
Disposal Cost 3.00 Maximum savings
Stab / Mod / Add Material Cost 1.50 100 % natural material required
Processing Cost of Reuse 2.00 Site mixed, minimal
Societal Evaluation
Govt./Sp. Group Interest 3.00 No statutes
Health / Safety Risk 2.00 Hazardous
Storage Site Aesthetics 2.00 Hidden plant locations
Environmental Evaluation
Benefit of Recycling 0.00 No saving of natural aggregate
Noise Pollution 5.00 No processing required
Dust Pollution 5.00 No processing required
Leaching Potential 2.50 None
WRMUP = 45.20 %
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TABLE A4. ESTIMATION OF UTILIZATION POTENTIAL OF POND ASH

Factor Score Remarks
Initial Screening
Acc / Ann Produced Quantity OK 2 thousand tons
Material Location OK Various locations, accessible
Material Toxicity OK Non toxic
Water Solubility OK Soluble, but not applicable
Material Durability OK Not applicable
Technical Evaluation
Gradation 5.00 Material obtainable as desired
Particle Shape and Texture 3.91 Angular
Hardness 3.00 = 6.00
Resistance to Applied Load 1.77 = 32.33%
Economic Evaluation
Quantity 0.02 2 thousand tons
Transportation Cost 0.75 Power plant locations
Disposal Cost 3.00 Maximum savings
Stab / Mod / Add Material Cost 1.50 100 % natural material required
Processing Cost of Reuse 2.00 Site mixed, minimal
Societal Evaluation
Govt./Sp. Group Interest 2.50 No statutes
Health / Safety Risk 2.00 Hazardous
Storage Site Aesthetics 2.00 Hidden plant locations
Environmental Evaluation
Benefit of Recycling 0.00 No saving of natural aggregate
Noise Pollution 5.00 No processing required
Dust Pollution 5.00 No processing required
Leaching Potential 2.50 None
WRMUP = 45.00 %
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TABLE A.5. ESTIMATION OF UTILIZATION POTENTIAL OF ELECTRIC ARC FURNACE

SLAG

Factor Score Remarks

Initial Screening

Acc / Ann Produced Quantity OK 130 thousand tons

Material Location OK Various locations, accessible

Material Toxicity OK Non toxic

Water Solubility OK Non soluble

Material Durability OK Proven durability
Technical Evaluation

Gradation 3.41 Cu =6.82

Particle Shape and Texture 3.75 Angular

Hardness 4.00 = 8.00

Resistance to Applied Load 2.80 = 22%
Economic Evaluation

Quantity 1.83 130 thousand tons

Transportation Cost 0.50 Steel plant location

Disposal Cost 5.00 Maximum savings

Stab / Mod / Add Material Cost 5.00 None required

Processing Cost of Reuse 5.00 None required
Societal Evaluation

Govt./Sp. Group Interest 2.50 No statutes

Health / Safety Risk 1.00 None / minimal

Storage Site Aesthetics 2.50 Hidden, less locations
Environmental Evaluation

Benefit of Recycling 5.00 100 % saving of virgin aggregate

Noise Poliution 5.00 No processing required

Dust Pollution 5.00 No processing required

Leaching Potential 2.50 Under Consideration

WRMUP = 60.40%
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TABLE A.6. ESTIMATION OF UTILIZATION POTENTIAL OF NATURAL CRUSHED

_LIMESTONE -
Factor Score Remarks
Initial Screening
Acc / Ann Produced Quantity OK Freely available
Material Location OK Various locations, accessible
Material Toxicity OK Non toxic
Water Solubility OK Non soluble
Material Durability OK Proven durability
Technical Evaluation
Gradation 5.00 Available in any combination
Particle Shape and Texture 3.91 Pl = 15.60
Hardness 3.00 = 6.00
Resistance to Applied Load 1.77 = 32.33%
Economic Evaluation
- Quantity 5.00 Freely available
Transportation Cost 5.00 No fixed destination
Disposal Cost 0.00 Maximum savings
Stab / Mod / Add Material Cost 1.00 Cost : $ 5.00 per ton
Processing Cost of Reuse 5.00 None required
Societal Evaluation
Govt./Sp. Group Interest 0.00 No statutes
Health / Safety Risk 0.00 None / minimal
Storage Site Aesthetics 3.00 Hidden, quarry locations
Environmental Evaluation
Benefit of Recycling 0.00 No saving of SNA
Noise Pollution 3.00 Crusher at quarry
Dust Pollution 4.00 Crusher at quarry
Leaching Potential 5.00 None
WRMUP = 58.85%
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DESCRIPTION

This work shall consist of construction of a base course using either previously reclaimed
and stockpiled asphaltic concrete or pulverizing the existing asphaltic concrete pavement,
hereinafter called RAP. If RAP has to be transported in, it shall be done so from TxDOT
approved stock piles and in case of pulverization, portions of underlying base material may also
be included to the depth and width shown on the plans, without damaging the underlying layers.
Water will then be incorporated into the RAP. This reclaimed material will then be spread and

compacted in accordance with the plans and specifications and as directed by the engineer.

MATERIALS

RAP shall meet the following gradation requirements prior to the addition of the natural
aggregate material for gradation adjustment:

Sieve Size % Passing

50.80 mm 100

31.75 mm 95

The top size of RAP shall not exceed 1/2 the depth of the base layers. No additional
natural aggregate material shall be added unless dictated by the job mix requirements or if
required to increase the thickness of the base course, and shall meet the requirements as shown
in Table B.1.

The natural aggregate material shall be used with the approval of the project engineer
and shall meet the requirements of ltem 247, "Flexible Base", as outlined in "Texas Department
of Transportation Standard Specifications for Construction of Highways, Streets and Bridges." An
overall effort shall be made to maximize the use of RAP within the limits of the jobmix formula.

TABLE B.1. GRADING REQUIREMENTS FOR FINAL BASE
MIXTURES (AFTER ASTM D 2940)

Square Sieve | Percentage Passing by Weight Job Mix Tolerances
Size (mm)
50.00 100 -2
37.50 95 - 100 +5
19.00 70-92 +8
9.50 50-.70 +8
4.75 35 -55 +8
0.60 12 - 25 . +5
0.075 0-8 +3
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CONSTRUCTION METHOD

Prior to the delivery of the base material, the subgrade or existing roadbed shall be
shaped to conform to the typical sections, shown on the plans or established by the Engineer.

RAP and any required natural material, when specified on plans, shall be mixed in a
manner which does not disturb the underlying material in the existing roadway. Furthermore,
base construction operations shall not be performed when the weather is foggy, rainy, or when
the weather conditions are such that in the judgment of the engineer, proper mixing, spreading,
and compacting cannot be accomplished.

The required in place density will be 95% of the laboratory moided density and will be
determined using Test Method Tex-113-E, "Determination of Moisture-Density Relations of Soils
and Base Materials.”" After each section of flexible base is completed, tests as necessary will be
made by the Engineer in accordance with Test Method Tex-115-E, "Field Method for
Determination of In-Place Density of Soils and Base Materials". The selected roliing pattern shall
be followed unless change in the mixture or placement conditions occur which affect compaction
which would require a new rolling pattern to be established. Water used for compaction shall
conform to the requirements of Item 204, "Sprinkling", as outlined in "Texas Department of
Transportation Standard Specifications for Construction of Highways, Streets and Bridges".

After placing and compaction of the waste material it shall be allowed to cure for a period
of at least two hours before any traffic, including contractors equipment, is allowed on the
completed RAP base course. It may then be open to traffic and allowed to cure till the moisture
content drops to below 2% by weight of the mix before the placement of any hot mix asphaltic
concrete material.

EQUIPMENT

The contractor shall furnish a self propelled machine capable of pulverization in-situ
materials, if so required, to the depth shown on the plans. The contractor shall furnish equipment
capable of mixing RAP and the required amount of water to a homogenous mixture and placing
the mixture in a windrow or directly into the hopper of a paver. Said machine shall be capable of
screening and crushing capabilities to reduce all the oversized particles to size prior to mixing.
The method of placingi the mixed material shall be such that segregation does not occur. The
mixing equipment shall be capable of registering the rate of flow and total delivery of the water
introduced into the mixture. The mixed RAP base shall be spread in one continuous pass,
without segregation, to the lines and grades established by the engineer.
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Rolling shall be considered subsidiary to this Item and all rollers shall meet the
requirements specified in the Item 210, "Rolling (flat wheel)", and Item 213, "Rolling (pneumatic
tire)" as outlined in "Texas Department of Transportation Standard Specifications for Construction
of Highways, Streets and Bridges". The number, weight, and type of rollers shall be sufficient to
obtain the required compaction while the mixture is in a workable condition. Any type of rolling
that results in cracking, movement, or other type of pavement distress shall be discontinued until
such time as the problem can be resolved. Discontinuation and commencement of rolling
operation shall be at the discretion of the project engineer.

MEASUREMENT

Work as prescribed for this item will be measured by the square meter of the completed
sections for the depth specified. The asphalt emuision shall be measured by the liter. Water
used in this operation will not be paid for directly but will be considered subsidiary to this bid item.

PAYMENT

The work performed and materials furnished, as prescribed by this item, and measured
as provided under “measurements"”, will be paid for at the unit prices bid for this item and “asphalt
emuision" and such. prices shall be full compensation for the removal, and processing of the
existing pavement, for furnishing, preparing, hauling, and placing all materials, including RAP
from other sources; for all freight involved; for all manipulations, including rolling and broming and

for all labor, tools, equipment, and incidentals necessary to complete this work.
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DESCRIPTION

This work shall consist of construction of a base course, using either previously reclaimed
and stockpiled Portland cement concrete or pulverizing the existing Portland cement concrete
pavement, hereinafter called RPCP. If RPCP has to be transported in, it shall be done so from
TxDOT approved stock piles and in case of pulverization, portions of underlying base material may
also be included to the depth and width shown on the plans. Any natural aggregate material and
water, if required, will then be incorporated in this mixture. This properly mixed material will then
be spread and compacted in accordance with the plans and specifications and as directed by the
project engineer.

MATERIALS

The constructed base course shall consist at most 50% RPCP by weight of the final mixed
material, and the remaining material shall be at least Group 4A conforming to the ASTM soil
classification. The natural material added must conform to the specifications of Item 247, “Flexible
Base” as outlined in “Texas Department of Transportation Standard Specifications for
Construction of Highways, Streets and Bridges”. RPCP shall be substantially free of all foreign
matter and the final base mixture shall meet the gradation requirements, as shown in Table C.1.
The top size of RPCP shall not exceed 1/2 the depth of the recycled mat.

CONSTRUCTION METHOD

Prior to the delivery of the base material, the subgrade or existing roadbed shall be
shaped to conform to the typical sections, shown on the plans or established by the Engineer.
Recycling operations shall not be performed when the weather is foggy, rainy, or when the
weather conditions are such that in the judgment of the engineer, proper mixing, spreading, and
compacting cannot be accomplished.

TABLE C.1. GRADING REQUIREMENTS FOR FINAL BASE
MIXTURES (AFTER ASTM D 2940)

Square Sieve | Percentage Passing by | Job Mix Tolerances
Size (mm) Weight
50.00 100 -2
37.50 95 - 100 +5
19.00 70 - 92 +8
9.50 50 - 70 +8
4.75 35-55 +8
0.60 12 - 25 +5
0.075 0-8 +3
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The contractor may add water to RPCP, when approved by the engineer, to facilitate
uniform mixing and compaction.. The water may be added to the material before the addition of
the binder or may be added conturrently with the binder. The moisture content after addition of
water to the mixture shall not exceed 5% of the dry weight of RPCP.

Rolling patterns shall be established as outlined in test method Tex-207-F, Part I, to
achieve the maximum compaction. The selected rolling pattern shall be followed unless change
in the mixture or placement conditions occur which affect compaction which would require a new
rolling pattern to be established.

After placing and compaction of the recycled material it shall be allowed to cure for a
period of at least two hours before any traffic is allowed on the completed recycled Portland
cement concrete base. It may then be open to traffic and allowed to cure till the moisture content
drops to below 2% by weight of the mix before the placement of any hot mix asphaltic concrete

material.

EQUIPMENT

The contractor shall furnish a self propelled machine capable of pulverizing in-situ
materials, if required, to the depth shown on the plans. The contractor shall furnish equipment
capable of mixing RPCP and the natural aggregate material to a homogenous mixture and placing
the mixture in a windrow or directly into the hopper of a paver. Said machine shall be capable of
screening and have crushing capabilities to reduce all the oversized particles to size prior to
mixing. The method of disposing the mixed material shall be such that segregation does not
occur.

Placing of the recycled Portland cement concrete base course shall be accomplished by
means of a self-propelled paver. The recycled material shall be spread in one continuous pass,
without segregation, to the lines and grades established by the engineer.

Rolling shall be considered subsidiary to this item and all rollers shall meet the
requirements specified in ltem 210, “Rolling (flat wheel)”, and ltem 213, “Rolling (pneumatic tire)."
The number, weight, and type of rollers shall be sufficient to obtain the required compaction while
the mixture is in a workable condition. Any type of rolling that results in cracking, movement, or
other type of pavement distress shall be discontinued until such time as the problem can be
resolved. Discontinuation and commencement of rolling operation shall be at the discretion of the

project engineer.
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MEASUREMENT
Work as prescribed for this item will be measured by the square meter of the completed
sections for the depth specified. The cementing agent shall be measured by the gallon. Water

used in this operation will not be paid for directly but will be considered subsidiary to this bid item.

PAYMENT

The work performed and materials furnished, as prescribed by this item, and measured as
provided under “measurements”, will be paid for at the unit prices bid for “recycling of Portland
cement concrete material” and “Portland cement”, and such prices shall be full compensation for
the removal and processing of the existing pavememnt, for furnishing, preparing, hauling, and
placing all materials, including RPCP from TxDOT approved sources; for alf freight involved; for all

manipulations, including rolling and brooming and for all labor, tools, equipment, and incidentals
necessary to complete this work.
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DESCRIPTION

This work shall consist of construction of a base course, using previously reclaimed and
stockpiled Electric Arc Furnace Slag, hereinafter called EAFS. EAFS shall be transported in from
TxDOT approved stock piles. Any water, if required, will then be incorporated in this mixture. This
properly mixed material will then be spread and compacted in accordance with the plans and
specifications and as directed by the project engineer.

MATERIALS

The maximum amount of EAFS shall be incorporated in the base course within the limits
of the jobmix formula. EAFS shall be substantially free of all foreign matter and shall meet the
gradation requirements, as shown in Table D.1. The top size of EAFS shall not exceed 1/2 the
depth of the recycled mat. No additional natural aggregate material shall be added unless dictated
by the job mix requirements or if required to increase the thickness of the base course. The
natural aggregate material shall be used with the approval of the project engineer and shall meet
the requirements of ltem 247, “Flexible Base”, as outlined in “Texas Department of Transportation
Standard Specifications for Construction of Highways, Streets and Bridges”.

CONSTRUCTION METHOD
Prior to the delivery of the base material, the subgrade or existing roadbed shall be
shaped to conform to the typical sections, shown on the plans or established by the Engineer.
Recycling operations shall not be performed when the weather is foggy, rainy, or when
the weather conditions are such that in the judgment of the engineer, proper mixing, spreading,
and compacting cannot be accomplished.

TABLE D.1. GRADING REQUIREMENTS FOR FINAL BASE
MIXTURES (AFTER ASTM D 2290)

Square Sieve Percentage Passing by Job Mix Tolerances
Size (mm) Wﬂght
50.00 100 -2
37.50 95 - 100 +5
19.00 ) 70 - 92 +8
9.50 50 -70 +8
4.75 35-55 +8
0.60 12 - 25 +5
0.075 0-8 +3
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The contractor may add water to EAFS, when approved by the engineer, to facilitate
uniform mixing and compaction. The required in place density will be 95% of the laboratory
molded density and will be determined using Test Method Tex-113-E, “Determination of
Moisture-Density Relations of Soils and Base Materials”. After each section of flexible base is
completed, tests as necessary will be made by the Engineer in accordance with Test Method Tex-
115-E, “Field Method for Determination of In-Place Density of Soils and Base Materials”. The
selected rolling pattern shall be followed unless change in the mixture or placement conditions
occur which affect compaction which would require a new rolling pattern to be established. Water
used for compaction shall conform to the requirements of ltem 204, “Sprinkling”, as outlined in
“Texas Department of Transportation Standard Specifications for Construction of Highways,
Streets and Bridges”. Rolling patterns shall be established as outlined in test method Tex-207-F,
part lil, to achieve the maximum compaction. The selected rolling pattern shall be followed unless
change in the mixture or placement conditions occur which affect compaction which would require
a new rolling pattern to be established.

After placing and compaction of thé recycled material it shall be allowed to cure for a
period of at least two hours before any traffic is allowed on the completed recycled EAFS base. It
may then be open to traffic and allowed to cure till the moisture content drops to below 2% by

weight of the mix before the placement of any hot mix asphaltic concrete material.

EQUIPMENT

Placing of the EAFS base course shall be accomplished by means of a self-propelled
paver. The recycled material shall be spread in one continuous pass, without segregation, to the
lines and grades established by the engineer.

Rolling shall be considered subsidiary to this item and all rollers shall meet the
requirements specified in Item 210, “Rolling (flat wheel)”, and Item 213, “Rolling (pneumatic tire).”
The number, weight, and type of rollers shall be sufficient to obtain the required compaction while
the mixture is in a workable condition. Any type of rolling that results in cracking, movement, or
other type of pavement distress shall be discontinued until such time as the problem can be
resolved. Discontinuation and commencement of rolling operation shall be at the discretion of the
project engineer.
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MEASUREMENT

Work as prescribed for this item will be measured by the square meter of the completed
sections for the depth specified. The cementing agent shall be measured by the gallon. Water
used in this operation will not be paid for directly but will be considered subsidiary to this bid item.

PAYMENT

The work performed and materials furnished, as prescribed by this item, and measured as
provided under “measurements”, will be paid for at the unit prices bid for “recycling of electric arc
furnace slag material” and such prices shall be full compensation for the removal and procéssing
of the existing pavement, for furnishing, preparing, hauling, and placing all materials, including
RPCP from TxDOT approved sources; for all freight involved; for all manipulations, including

rolling and brooming and for all labor, tools, equipment, and incidentals necessary to complete
this work.
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45



B

e

Waste and Reclaimed Materials in Roadbase

Waste

Athar Saeed

Objective

Develop a method to evaluate Waste
and Reclaimed Materials (WRMs),
encompassing all facets of their
utilization, without undertaking
expensive and time consuming
technical studies

FREGEGCCL

Initial Screening

m Used to Eliminate Materials with Low
Potential

m Factors for Minimum Acceptability
~ Accumulated/Annually Produced Quantity
— Material Location
— Material Toxicity
— Material Durability

-tk

F-H R



Technical Evaluation

m Gradation
m Particle Shape and Texture
m Particle Hardness

m Resistance to Applied Load
Degradation

Technical Eval. Sub-System

Attributes Score

0

Gradation, Cu 0
WRM Hardness 0
0
50

6(8|1

[
-]

4

4 10|
416 10|
8

30

12|16 24

20| 10| ©

Particle Shape & Texture

SBlaln]n]ln

LA Degradation

SesstSC L

Economic Evaluation

m Accumulated/Annually Produced
Quantity

m Cost of Processing WRMs
m Cost of Additional Materials
& Transportation Cost

0

73

[

Societal Evaluation
m Storage Site Aesthetics
m Safety/Health Hazard

a Government/Special Group Interest

SEERECCL

Environmental Evaluation

m Benefits of Recycling

= Environmental Effects of Processing
— Noise Poliution
— Dust Pollution

m Effect of Material Use on Environme

£ =3 R

SOBERCLL

Combined Evaluation

CE = W1iTE + WEEE + WsSE + WenEnE

CE = Combined Evaluation

TE = Technical Evaluation

EE = Economic Evaluation

SE = Social Evaluation

EnE = Environmental Evaluation
Wi = Respective Weight

[ [

0

[ s




Selection of Weights

m Based on AHP

m Estimated Weights
~Technical : 48%
— Economic : 28%
- Societal : 8%
- Environ. : 14%

-

Laboratory Testing Program

m Characterization Tests

— Grain Size Distribution

— Hardness

— Specific Gravity

— Particle Shape and Texture
m Aggregate Tests

— Los Angeles Abrasion Test

- California Bearing Ratio

California Bearing Ratio
——EAFS -1
-~ RPCP
~~RAP ]
e T
bt
== =
/) i o W
it
0 0.1 0.2 03 04 os p3
Penetration (inch) 3
-4+

48

m Reclaimed Asphalt Concrete:
m Electric Arc Fumnace Slag:

m TxDOT Standard Roadbase:
m Reclaimed PCC:

u Powerplant Ash;

* For Comparison Only

Prioritized List of WRMs

68%
60%
58%"*
50%
45%

g

Grain Size Distribution

- EAFS

—-—RPCP

i LN

Cumulative % Passing
o B 2 8 8

-1

Sieve Sie (nun)

0.1 0.01

Contributions

m Waste and Reclaimed Materials

Evaluation System

m Types and Quantities of WRMs

Available in Texas

m Specifications for Roadbase
Construction Using WRMs

m State of the Practice of WRM Use E
L5 0 ]

H-H R

%

ISR Wl-i.

r—

—



AASHTO 93

AASHTO 94

Ahmad 91

Ahmad 92

Al 88

Al 90

Al 91

Allemen 96

ARRA 86

Bibliography

American Association of State Highway and Transportation Officials
(AASHTO). AASHTO Guide for Design of Pavement Structures, 1993.
AASHTO, Washington, D.C., 1993.

American Association of State Highway and Transportation Officials
(AASHTO). Use of Waste Materials in Highway Construction. Quality
Construction Task Force. AASHTO Subcommittee on Construction.
AASHTO, Washington, D.C., August 1994.

Ahmad, Imtiaz. Use of Recycled Materials in Highway Construction. Research
Report FHWA/IN/JHRP-91/3. School of Civil Engineering, Purdue University,
West Lafayette, Indiana, 1991.

Ahmad, Imtiaz, and C. W. Loveil. Use of Recycled Materals in Highway
Construction: State of the Practice and Evaluation of Selected Waste
Products. In Transportation Research Record No: 1345: Geoenvironmental
and Engineering Properties of Rock, Soil, and Aggregate, Transportation
Research Board, National Research Council, Washington, D.C., 1992,
Asphalt Institute. Asphalt Cold Mix Recycling. Manual Series no. 21 (MS-21).
First Edition. Asphalt Institute, College Park, Maryland, May 1988.

Asphalt Institute. Asphalt Cold Mix Manual. Manual Series no. 14 (MS-14).
Third Edition. Asphalt Institute. Lexington, Kentucky, September 1990.
Asphalt Institute. The Asphalt Handbook. Manual Series No. 4 (MS-4). 1989
Edition, Printed December 1991. Asphalt Institute. Lexington, Kentucky,
December 1991.

Allemen, J. E., and K. C. Bastian. BIOASSAY Determination of Spent
Foundry Sand Toxicity. Appendix A for Use of Coal Combustion Residue and

. Waste Foundry Sands in Flowable Fills. Joint Highway Research Project.

Unpublished Draft Final Report FHWA/IN/UHRP-96/2. Purdue University.
West Lafayette, Indiana, 1996.

Asphalt Recycling and Reclaiming Association (AARA). Guidelines for Cold
In-Place Recycling. ARRA, Annapolis, Maryland, 1986.

49



ASTM C 127

ASTM C 128

ASTM C 136

ASTM D 2216

ASTM D 2940

ASTM D 3397

ASTM D 698

American Saociety for Testing and Materials (ASTM). Standard Test Method
for Specific Gravity and Absorption of Coarse Aggregate. ASTM C 127 - 93.
ASTM Committee C - 9 on Concrete and Concrete Aggregates, American
Society for Testing and Materials, Philadelphia, Pennsylvania, 1993.
American Society for Testing and Materials (ASTM). Standard Test Method
for Specific Gravily and Absorption of Fine Aggregate. ASTM C 128 - 93.
ASTM Committee C - 9 on Concrete and Concrete Aggregates, American
Society for Testing and Materials, Philadelphia, Pennsylvania, 1993.
American Society for Testing and Materials (ASTM). Siandard Test Method
for Sieve Analysis of Fine and Coarse Aggregates. ASTM C 136 - 93. ASTM
Committee C - 9 on Concrete and Concrete Aggregates, American Society
for Testing and Materials, Philadelphia, Pennsylvania, 1993.

American Society for Testing and Materials (ASTM). Standard Test Method
for Laboratory Determination of Water (Moisture) Content of Soil and Rock.
ASTM D 2216 - 92. ASTM Committee D - 18 on Soil and Rock, American
Society for Testing and Materials, Philadelphia, Pennsylvania, 1992.
American Society for Testing and Materials (ASTM). Standard Specifications
for Graded Aggregate Material for Bases or Subbases for Highways or
Airports. ASTM D 2940 - 82. ASTM Committee D - 4 on Road and Paving
Materials, American  Society for Testing and Materials, Philadelphia,
Pennsylvania, 1992.

American Society for Testing and Materials (ASTM). Standard Methods for
Triaxial Classification of Base Materials, Soils, and Soil Mixtures. ASTM D
3397 - 81. ASTM Commitiee D - 4 on Roads and Paving Materials, American
Society for Testing and Materials, Philadelphia, Pennsylvania, 1981.
American Society for Testing and Matenals (ASTM). Standard Test Method
for Laboratory Compaction Characteristics of Soils Using Standard Effort.
ASTM D 698 - 93. ASTM Committee D - 4 on Roads and Paving Materials,
American Society for Testing and Materials, Philadelphia, Pennsylvania,
1993.

50



ASTM D 1557

ASTM D 1883

ASTM D 3398

ASTM D 4318

Berry 83
Bhat 96

Boles 86

Bronson 85

Burke 92

American Society for Testing and Materials (ASTM). Standard Test Method
for Laboratory Compaction Characteristics of Soils Using Modified Effort.
ASTM D 1557 - 93. ASTM Committee D - 4 on Roads and Paving Materials,
American Society for Testing and Materials, Philadelphia, Pennsylvania,
1993, _

American Society for Testing and Materials (ASTM). Standard Test Method
for CBR (California Beaning Ratio) of Laboratory - Compacted Soils. ASTM D
1883 - 94. ASTM Committee D - 18 on Soil and Rock, American Society for
Testing and Materials, Philadelphia, Pennsylvania, 1994.

American Society for Testing and Materials (ASTM). Standard Test Method
for Index of Aggregate Particle Shape and Texture. ASTM D 4318 - 93.
ASTM Committee D - 4 on Roads and Paving Materials, American Society for
Testing and Materials, Philadelphia, Pennsylvania, 1993.

American Society for Testing and Materials (ASTM). Standard Test Method
for Liquid Limit, Plastic Limit, and Plasticity Index of Soils. ASTM D 4318 - 93.
ASTM Committee D - 18 on Soil and Rock, American Society for Testing and
Materials, Philadelphia, Pennsylvania, 1993.

Barry, L. G., and M. Brian. Minerology. 2nd Edition, 1983.

Bhat, S. T., and C. W. Lovell. Use of Coal Combustion Residue and Waste
Foundary Sands in Flowable Fills. Joint Highway Research Project.
Unpublished Draft Final Report FHWA/IN/JHRP-96/2. Purdue University.
West Lafayette, Indiana, 1996.

Boles, W. F. Fly Ash Facts for Highway Engineers. Technology Transfer
Report FHWA-DP-59-8, Federal Highway Administration, U.S. Department of
Transportation, Washington, D.C., 1986. ,

Bronson, A., and Pierre, G. R. Electric Furnace Slags. In Electric Furnace
Steel Making. Iron and Steel Industry. Book Crafters, Inc., Chelsea, Michigan,
1985.

Burke, Thomas T., Menashi D.Cohen, and Charles F. Scholer. Synthesis
Study in the Use of Concrete Recycled from Pavements and Building Rubble
in the Indiana Highway System. Joint Highway Research Project. Final Report
FHWA/IN/JHRP-92/15. School of Civil Engineering, Purdue University. West
_afayette, Indiana,1992.

51



Burkett 95

Calvert 77

CAR 95

Emery 82

EPA 85

EPA 90

Epps 80

EPRI 87

Ferreira 87

FHWA 86

Zack Burkett Co. Value Engineering Change Proposal, Wichita County, FM
369, Project AR 802-1-17. VECP by Zack Burket Co., General Contractor.
Graham, Texas, July 11, 1995.

Calvert, G. lowa DOT’s Experience with Recycling Portland Cement
Pavement and Asphalt Cement Pavement. Research Report MLR 77-4, lowa
Department of Transportation. lowa, 1977.

Center for Aggregate Research (CAR). 3rd Annual Symposium Proceedings:
Concrete, Bases, and Fines. March 2-4, 1995, J. J. Pickle Research Center.
CAR. The University of Texas at Austin. Austin, Texas, March, 1995.

Emery, J. J. Slag Utilization in Pavement Construction, Extending Aggregate
Resources. American Society for Testing Materials (ASTM) Standard Testing
Protocol (STP) 774, ASTM. Philadelphia, Pennsylvania, 1982.

Environmental Protection Agency (EPA). Test Methods for Evaluating Solid
Wastes: Physical, Chemical Methods, Second Edition. EPA Research Report
EPA/SW-846. United States Environmental Protection Agency. Washington,
D.C., 1985.

Environmental Protection Agency (EPA). Characterization of Municipal Waste
in the United States: 1990 Update. EPA Research Report EPA/530-SW-
042. United States Environmental Protection Agency. Washington, D.C.,
1990.

Epps, J. A. State-of-the-Art Cold Recycling. \n Transportation Research
Record 780: Proceedings of the National Seminar on Asphalt Pavement
Recycling, Transportation Research Board, National Research Council.
Washington, D.C., 1980.

Western Research Institute. Evaluation of the Toxicity Characterization
Leaching Procedure on Utility Wastes. Research Report EPRI CS-5355,
Electric Power Research Institute. Palo Alto, California, 1987.

Ferreira, M.A., V. P. Servas, and C. P. Marsais. Accelerated Testing of
Recycled Asphalt Concrete. Proceedings, Association of Asphalt Paving
Technologies, Volume 56, Technical Session, 1987. ]
Boles, Wiliam F. Fly Ash facts for Highway Engineers. Technology Transfer
Demonstration Project. FHWA-DP-59-8. FHWA. Washington, D.C. July,
1986.

52

,,,,,



Forster 95

Han 95

Huang 62

Huang 90

Hughes 90

Inberg 80

ISS 85

Keller 90

Kimbell 92

Lawrence 85

Forster, S. W. Recycled Concrete as Coarse Aggregate in Concrete.
Proceedings of the 3rd Annual Symposium “Aggregates: Concrete, Bases,
and Fines”. Center for Aggregate Research. J. J. Pickles Research Center,
The University of Texas at Austin. Austin, Texas. March, 1995.

Han, Chunhua, and Ann M. Johnson. Waste Products in Highway
Construction. Braun Intertec Corporation. Sixth International Conference on
Low-Volume Roads, Transportation Research Board, 1995

Huang, E. Y. A Test for Evaluating the Geometric Characteristics of Coarse
Aggregate Particles. American Society for Testing and Materials
Proceedings. ASTM, Philadelphia, Pennsylvania, 1993.

Huang, W. H. The Use of Bottom Ash in Highway Embankment and
pavement Construction. Ph. D. Thesis, Department of Civil Engineering,
Purdue University, West Lafayette, Indiana, 1990.

Hughes, C. S. Feasibility of Using Recycled Glass in Asphalt. Research
Report VTRC90-R3, Virginia Transport Research Council, Charlottesville,
Virginia, 1990.

inberg, R. C. Specifications Related to Project Selection. In Transportation
Research Record 780: Proceedings of the National Seminar on Asphalt
Pavement Recycling. Transportation Research Board, National Research
Council, Washington, D.C., 1980.

Iron and Steel Society. Electric Furnace Steelmaking. Electric Furnace Siags
(chapter 22) by A. Bronson., and G. R. Pierre. Iron and Steel Industry. Book
Crafters, Inc. Chelsea, Michigan, 1985.

Keller, G. R. Retaining Forest Roads. In Civil Engineering, American Society
of Civil Engineers, Vol. 60, No. 12, 1990.

Kimbell, D. Recycling in America: a reference handbook. ABC-CLIO, Inc.
Santa Barbara, California, 1992.

Lawrence, G. D. Electric Steel Melting Furnace Design. In Electric Furnace
Steel Making. Iron and Steel Industry. Book Crafters, Inc. Chelsea, Michigan,
1985.

53



Lum 92

Monex 89a

Monex 89b

MPCA 90

NCHRP 76

NCHRP 80

NCHRP 90

NSA 91

Lum, K. M., Y. D. Wong, and S. L. See. Electric Arc Furnace (EAF) Slag as an
Aggregate in Asphalt Concrete, in Utilization of Waste Materials in Civil
Engineering Construction. Edited by Hilary I Inyang, and Kenneth L.
Bergeson. Proceedings of Sessions sponsored by the Materials
Engineering Division of the American Society of Civil Engineers (ASCE) in
conjunction with the ASCE National Convention. New York, New York,
September, 1992, ‘

Monex Resources Inc. Material Safely Data Sheet - Fly Ash. Monex
Resources inc. San Antonio, Texas. February, 1989.

Monex Resources Inc. Material Safety Data Sheet - Bottom Ash. Monex
Resources Inc. San Antonio, Texas. February, 1989.

Twin City Teéting Corporation. Waste Tires in Sub-grade Road Beds, A
Report on the Environmental Study of the Use of Shredded Waste Tires for
Roadway Sub-grade Support. Waste Tire Management Unit. Ground Water
and Solid Waste Division, Minnesota Pollution Control Agency, Minnesota.
February, 1990.

Miller, R. H., and R. J. Collins. Waste Materials as Potential Replacements for
Highway Aggregates. NCHRP Report no. 166, Transportation Research
Board, National Research Council, Washington, D.C., 1976.

Epps, ‘J. A., D. N. Little, and R. J. Holmgreen. Guidelines for Recycling
Pavement Materials. National Cooperative Highway Research Program
Report No. 224. National Cooperative Highway Research Program,
Transportation Research Board, National Research Council, Washington,
D.C., 1980.

Epps, Jon A.. Synthesis of Highway Practice Report 160: Cold-Recycled
Bituminous Concrete Using Bituminous Materials. National Cooperative
Highway Research Program (NCHRP), Transportation Research Board,
National Research Council, Washington, D.C., 1990.

Barksdale, Richard D. The Aggregate Handbook. National Stone Association.
Washington, D. C., 1991.

54

1

7



OSHD 91

Paulsen 88

R&B 85

R&B 93

Read 90

Roberts 92

Saaty 80

Saaty 82 a

Saaty 82 b

Saeed 95

Edwards, Amy, Jim Huddleston, Luci Moore, and Jeff Gower. Establishing
Layer Coefficients for Cement Treated Base (CTB), Plant Mix Bituminous
Base (CMBB), and Recycled Asphalt Pavement (RAP). HPR 5282. Prepared
for the Materials and Research, Oregon Department of Transportation.
Pavements Unit, Oregon State Highway Division. Salem, Oregon, 97310.

G. Paulsen, M. Stroup-Gardiner, and J. Epps. Roofing Waste in Asphalt
Paving Mixtures. Department of Civil Engineering, University of Nevada,
Reno, Nevada, 1988.

Special Report: Asphalt Recycling and Reclaiming ‘85. In Roads & Bridges.
Vol. 23, No. 10. October, 1985.

Flynn, Larry. Innovation can Turn ‘trashphalt’ to asphalt. In Roads & Bridges,
Volume 31, No. 7. July, 1993.

Read, J., T. Dodson, and J. Thomas. Use of Shredded Tires for Lightweight
Fill. Research Report DTFH-71-90-501-OR-11. Oregon Department of
Transportation. Salem, Oregon, 1990.

Roberts, F. L., P. S. Kandhal, E. R. Brown, D. Y. Lee, and T. W. Kennedy.
Hot Mix Asphalt Matenials, Mixture Design, and Construction. First Edition.
NAPA Education Foundation. Lanham, Maryland, March, 1992,

Saaty, Thomas L. The Analytic Hierarchy Process: Planning, setting Priorities,
and Resource Allocation. McGraw Hill International Book Co., London, New
York, 1980.

Saaty, Thomas L., and Luis G. Vargas. The Logic of Priorities: Applications in
Business, Energy, Health, and Transportation. KluwersNijhoff Publishing,
Boston, 1982.

Saaty, Thomas L. Decision Making for Leaders: The Analytical Hierarchy
Process for Decisions in the Complex World. Litetime Learning Publications,
California, 1982.

Saeed, A., W. R. Hudson, and P. Anaejionu. Location and Availability of
Waste and Recycled Materials in Texas and Evaluation of their Utilization
Potential in Roadbase. Research Report 1348-1, Research Study No. 0-
1348. Center for Transportation Research. The University of Texas at Austin,
Austin, Texas, October, 1995. |

55



Saeed 96

Scanner 71

Scherocman 83

Svedala 95

TxDOT 95

TGLO 93

TRB 76

TRB 78

TSGCA 95

TxDOT

TxDOT 83

Saeed, A., and W. R. Hudson. Evaluation and the Use of Waste and
Reclaimed Materials in Roadbase Construction. Research Report 1348-2F,
Preliminary Review Copy, Research Study No. 0-1348. Center for
Transportation Research, The University of Texas at Austin, Austin, Texas,
October, 1996.

Scanner, W. S,, and D. E. Wolfson. Pyrolysis of Municipal and Industrial
Waste. Centennial Symposium on Technology for the Future to Control
Industrial and Urban Wastes, University of Missouri at Rolla, February, 1971.
Scherocman, J. A. Cold In-Place Recycling of Low-Volume Roads. In
Transportation Research Record 898: Low-Volume Roads: Third
International Conference, 1983, Transportation Research Board, National
Research Council, Washington, D.C., 1983.

Archer, Kelly, Project Coordinator. Personal - Communaication about
Recycling Plants Manufactured by Svedala Industries. Svedala Industries,
Inc. Universal Engineering Division, Cedar Rapids, lowa, November 20,
1995.

Manual of Testing Procedures, Volumes I, Il and lll. Materials and Test
Division. Texas Department of Transportation. Austin. Texas. September,
1995.

Mauro, G. Texas Recycles: Marketing our Neglected Resources. Texas
General Land Office, Austin, Texas, 1993.

NCHRP Report 166: Waste Materials as Potential Replacements for Highway
Aggregates. Transportation Research Board, National Research Council,
Washington, D. C., 1976.

NCHRP Report 54: Recycling Materials for Highways. Transportation
Research Board, National Research Council, Washington, D. C., 1978.
Transportation Rates. Texas Sand and Gravel Motor Carriers Association.
400 West 15th Street. Austin, Texas. January, 1995.

Make A Difference - Recycle. Information Brochure about Recycling in
TxDOT, Texas Department of Transportation, Austin, Texas.

Pavement Design System. Part | Flexible Pavement Designer's Manual.
Highway Design Division. Texas State Department of Highways and Public
Transportation, Revised May 1993.

56



TxDOT 92a

TxDOT 92b

TxDOT 95

Universal 91

Wood 89

Department Use of Reclaimed Asphalt Paverment During FY 1992. Annual
Report to Legislative Audit Committee, Prepared by the Construction and
Maintenance Division, Texas Department of Transportation, Austin, Texas,
December, 1992,

Mikulin, Robert L. Microcomputer Programs for Flexible and Rigid Pavement
Designs. Pavement Design Section. Division of Highway Design. Texas
Department of Transportation. March, 1992.

Texas Department of Transportation. Standard Specifications for
Construction of Highways, Streets and Bridges. Adopted by the Texas
Department of Transportation in March, 1995. Austin, Texas, March, 1995.
Universal Engineering. Universal Concrete and Asphalt Recycling Plants.
Information Brochure. Division of Pettibone Corporation, Cedar Rapids, lowa,
1991.

Wood, L. E., Thomas D. White, and Thomas B. Nelson. Current Practice of
Cold In-Place Recycling of Asphalt Pavements. In Transportation Research
Record 1178: Proceedings of the National Seminar on Asphalt Pavement
Recycling. Transportation Research Board, National Research Council,
Washington, D.C., 1989.

57



	Table of Contents

	Chapter 1

	Chapter 2

	Chapter 3

	Chapter 4

	Chapter 5

	Appendix A

	Appendix B

	Appendix C

	Appendix D

	Appendix E

	Bibliography


