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Preparation Department. Thanks are also extended to the many shipyards and vendors
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forms and conduct follow-up teleconferences.

A special thank-you goes to Marinette Marine, Inc. of Sturgeon Bay, Wisconsin for
providing the used coal slag abrasive sample for performance testing, as well as

technical support to the project.



EXECUTIVE SUMMARY

Spent blast media represents a major volume component of shipbuilding and ship repair
wastes sent to landfill disposal. As landfill disposal of solid waste becomes increasingly
expensive and restrictive, it is in the best interest of shipyards to investigate alternative
methods of abrasive waste management. The primary objective of this project was to
study the technical feasibility and economic impacts of alternative methods of managing
the waste stream produced through shipyard abrasive blasting operations.

Tasks conducted as part of the project research included:
A survey of shipyards to determine current practices in handling and disposal of
used abrasive,
Evaluation of treatment technologies for used mineral slag abrasive,
Laboratory and pilot scale performance testing of selected technologies, and
Detailed economic analyses of the identified technologies to determine relative cost
effectiveness.

Through surveys and other investigation, this study has identified several potential
methods for shipyards to reduce abrasive waste costs and landfill disposal volumes.
The methods that were shown to have both technical and economic feasibility for
copper and coal slag included recycling into cement, asphalt or concrete and reuse for
abrasive blasting. Cement and asphalt recycling of spent abrasive are currently
practiced in various areas of the country, while a market is yet to be developed for
recycling abrasive into concrete.

The economic analyses performed in this project pointed to potential cost savings for
both recycling and reuse of spent slag abrasives when compared to disposal. For
recycling the savings can be as much as 50%, as compared to non-hazardous landfill
disposal. Reusing abrasives can result in savings of up to 130% in new material costs
and 55% in disposal costs, depending on the quantity of abrasive reused on a yearly
basis. For reused abrasive to meet specification requirements, processing is normally
required for sizing and contamination removal. On-site thermal reclamation systems
are available for shipyards. Equipment and set-up costs for such systems can be
recovered in as little as two years if a sufficient quantity of spent abrasive can be
generated for reuse.
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1. INTRODUCTION

1.1 Background

Landfill disposal of solid waste from municipal and industrial sources is becoming
increasingly expensive and restrictive. These trends will continue as existing landfills
are filled to capacity and as disposal regulations become more stringent. Industries
utilizing landfills for disposal of their solid wastes are not only concerned with decreased
availability of disposal sites and escalating disposal costs, they may also face potential
long-term environmental liabilities associated with those wastes.

The shipbuilding and ship repair industry is especially concerned with solid wastes
generated by the abrasive blasting process because 'spent’ blast media represents the
major volume component of shipbuilding/repair wastes sent to landfill disposal. To
address the economic and environmental disadvantages associated with landfill
disposal of waste abrasive blast media, the National Shipbuilding Research Program
(NSRP), Facilities and Environmental Panel SP-1, authorized Project N1-93-1,
"Feasibility and Economics Study of the Treatment, Recycling and Disposal of Spent
Abrasives". The NSRP commissioned National Steel and Shipbuilding Company
(NASSCO), to perform this investigation.

1.2 Objectives

The original abstract for Project N1-93-1 stated the objective as "determine the most
cost effective options available to shipyards for the treatment, reuse, recycling and
disposal of spent abrasives, particularly mineral slag." The NASSCO technical proposal
ultimately approved by Panel SP-1 guided this investigation. The proposal restated the
abstract objective and expanded upon it with the following:

Determine the most cost effective options available to shipyards to handle, treat,
reuse, recycle or dispose of the various types of spent abrasives,

Identify the various types of treatment technologies and recycling methods
currently being used on spent abrasive and related materials,
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Note: A point of terminology requires clarification here. The term 'spent' in reference to
abrasives is commonly used in industry to describe abrasive blasting media,
especially mineral slag, that have been used one time and are considered to be
waste. In this study, it was established that mineral slag abrasives that have
been used for blasting only one time (so called 'spent' abrasives), are potentially
suitable for reuse. Therefore, for accuracy and clarity, the term used abrasives is
substituted for 'spent' abrasives hereafter in this report.

1.3 Report Structure

The report is presented in five sections:

Section 1: Introduction, includes background information to place the project in
perspective, a statement of project objectives, and an overview of the report
structure;

Section 2: Study Design, describes the general approach used in this two-phase
investigation;

Section 3: Findings, presents and summarizes the information and data developed by
the project. Included is a discussion of the shipyard current practices survey, an

overview of abrasive management options, and performance testing data;

Section 4: Discussion, is an evaluation of the technical and economic feasibility of the
range of abrasive management options.

Section 5: Conclusions, reviews the significant findings of the project.
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2. STUDY DESIGN

The 'used abrasive' study was performed in two distinct phases. The strategy and
scope for each phase are described as follows:

2.1 Phasel

Phase 1 was a fact-finding effort focused on development of a clear understanding of
the magnitude of the used abrasive blast media issue within the shipbuilding and ship
repair industry. The Phase 1 background information was seen as essential to ensuring
that the project findings would ultimately be relevant to industry needs. The Phase 1
effort was also aimed at identification of the range of viable used abrasive management
options. Phase 1 included the following tasks:

Investigation of current practices used by shipyards and related industries in
handling and disposal of used abrasives. Surveys were used to gather information
from shipyards and abrasive vendors.

Evaluation of treatment technologies for used abrasive or related materials. Site
visits to observe treatment technology demonstrations.

Development of an overview of potential abrasive management options and a
strategy for Phase 2 testing programs.

Report and presentation of Phase 1 findings.

2.2 Phase?2

Phase 2 emphasized evaluation of promising technologies identified during Phase 1 of
the study. A best engineering judgment screening evaluation was applied to assess the
technical feasibility and practicality of each technology. For selected technologies that
were judged to have significant potential but were as yet unproved, the Phase 2
evaluation included laboratory and pilot scale performance testing and cost analysis
development. Details of test methods used in the performance testing program are
provided in Section 3.3, Performance Testing of Selected Options. Specific tasks
performed during Phase 2 were:

Evaluation and performance testing of technologies identified in Phase 1,
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Proposal preparation and solicitation, vendor selection, and oversight of testing
programs;

Economic analyses of the identified technologies to determine their relative cost
effectiveness;

Development of findings and recommendations, preparation of the project final
report, and an oral presentation to the SP-1 Panel.
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3. FINDINGS

3.1 Current Practices Survey

The current practices survey focused on investigation of current and potential methods
for handling and disposal of used abrasives. The survey targeted shipbuilding and ship
repair facilities, vendors of abrasives and equipment, and others with knowledge of
abrasives and abrasive handling equipment or technologies. Information was collected
through printed questionnaires and interviews (telephone and in-person).

A printed survey questionnaire was distributed to the six major shipbuilding and repair
facilities. Also, to obtain a broader perspective, the questionnaire was distributed to
regional representatives of several medium sized and small repair yards covering a
variety of used abrasive situations throughout the country. For each facility, the
guestionnaire requested information on the types and quantities of abrasives in use and
the management options/disposal methods and costs for each abrasive. The
guestionnaire was refined as the survey progressed and the final revision of the
guestionnaire is provided in Appendix A. When necessary, telephone interviews with
shipyard personnel were conducted to follow-up on the questionnaire. Telephone and
in-person interviews were also conducted with vendors, and others, to identify viable
and commercially available technologies with potential application for used abrasive
management. Data assembled through the questionnaire process is summarized in
Appendix A-2: Survey Results.

Figure 1: Abrasive Usage, is a pie chart depiction of the relative proportions of various
abrasives in use at the facilities that responded to the questionnaire. Usage is defined
as tons of abrasive consumed per year. It can be seen that coal slag and copper slag
abrasive comprise almost 90% of the industry consumption. Coal slag is the primary
abrasive blast media used by shipyards located on the Gulf of Mexico and the Atlantic
coast. Copper slag is the blast media most used by Pacific coast facilities. Steel grit or
shot and sand make up about 10% of annual consumption industry-wide, with specialty
abrasives (such as aluminum oxide and garnet) making up the small difference.
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Shipyard Survey Results

INDUSTRY ABRASIVE MEDIA USAGE*

Steel Grit/Shot Sand Misc.
6% 4% 2%

Copper Slag
20%

Coal Slag
68%

*Based on tons used per year as reported by 26 U.S. Shipyards and Boatyards

Figure 1: Abrasive Usage




Feasibility and Economics Study of Spent Abrasives

3.2 Management Options for Used Abrasives

Findings of the current practices surveys were reviewed and evaluated to identify
potentially viable abrasive management options. All of the known options identified
were categorized in terms of the three main pathways; disposal, reuse, or recycling. A
schematic representation of the options identified is shown in Figure 2: Abrasive
Management Options. (Note: Reuse indicates that the abrasive blast media is
reclaimed specifically for abrasive blasting purposes, while recycling is defined as the
beneficial application, other than blasting, of any component or property of the used
media.)

The top of Figure 2 starts with new (virgin) abrasive media being blasted and resulting
in a pile of used abrasive. At the center is the representative pile of used abrasive with
arrows showing the various pathways or options available for managing the waste
abrasive. The left side shows various reuse processes, possibly producing additional
media for re-blasting, or producing waste (hazardous or non-hazardous) for disposal.
To the right are possible recycling options, which may result in left over waste for
disposal. The bottom of the figure indicates that some abrasive waste is only suitable
for direct disposal, either hazardous or non-hazardous, depending on the chemical
properties of the waste.
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FIGURE 2: ABRASIVE MANAGEMENT OPTIONS
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3.3 Performance Testing of Selected Options

Since several technologies were identified within both the Reuse and Recycling
pathways of the Abrasive Management Options scheme (Figure 2), and because project
resources were limited, it was necessary to prioritize the options to determine which
should undergo actual performance testing in Phase 2 of the study. The Phase 2
testing plan was determined through an evaluation of several factors for each of the
identified abrasive management options. First of all, proven technologies and those
methods already established for management of abrasives were not candidates for
Phase 2 performance testing. For the remaining identified options, the primary
screening tool was application of best engineering judgment to evaluate technological
feasibility.

Other factors that were considered within and in addition to best engineering judgment
were demonstrated technical feasibility, commercial availability of the technology,
relative costs, and potential regulatory issues. It was also determined that performance
testing should be performed on both coal slag and copper slag abrasives to account for
regional differences in mineral slag abrasive usage. The used copper slag test sample
was obtained from NASSCO shipyard in San Diego, California and the coal slag sample
from Marinette Marine in Sturgeon Bay, Wisconsin. All performance testing programs
were conducted by qualified independent contractors and testing laboratories so that
documented results could be used to address the local regulatory and market concerns
of individual shipyards.

The performance testing plan consisted of recycling testing and reuse testing. Each
test method is described below.

3.3.1 Recycling Testing

As defined in this study, recycling is the beneficial application, other than blasting, of
any component or property of the used abrasive blast media. Recycling testing
consisted of preliminary material characterization followed by the introduction of used
abrasive as the fine aggregate component in both Portland cement concrete (PCC) and
asphalt concrete (AC). Performance testing of PCC and AC was then conducted to
verify conformance with industry specifications.
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Recycling into concrete involves the substitution of used slag abrasive for all or part of
the fine aggregate in either conventional concrete (Portland cement binder) or asphalt
concrete, more commonly known as blacktop (organic emulsion binder). Concrete was
selected for performance testing because, of the technically feasible recycling methods
identified, the concrete option was judged to have the greatest potential for wide
application throughout the shipbuilding industry. The feasibility of incorporating used
abrasive materials as aggregates in Portland cement concrete or asphalt concrete
mixes has been investigated previously. These attempts, particularly for Portland
cement concrete, have met with mixed success. However, the use of spent copper slag
as an additive in the production of asphalt concrete is an established practice in the
Western U. S.

To evaluate the feasibility of using actual shipyard abrasive blast media, a systematic
approach to testing and analysis under controlled laboratory conditions was designed.
Early in the test program, it became apparent that the testing would best be separated
into two distinct steps or phases. The objective of the initial testing phase was to
analyze and characterize samples of the spent copper and coal slag abrasive. If the
material analyses indicated that the materials were potentially acceptable for intended
uses as aggregates in Portland cement concrete or asphalt concrete, a follow-on testing
phase would be conducted to evaluate the actual performance aspects of the slag as
compared to reference batches or concrete reference standards.

MATERIAL CHARACTERIZATION

Following development of the test strategy, NASSCO sent proposal requests for
characterization testing to four recognized test facilities -- two in the local San Diego
area, one in the Midwest, and one in the East. Based on the quality of their proposal
and their reputation in the concrete industry, Construction Technology Laboratories
(CTL) of Skokie, lllinois was selected to perform the initial testing phase. The approach
to the analysis and characterization testing, as proposed by CTL, is outlined below.

Chemical analysis, organic and inorganic, to determine the concentrations of
various materials that may affect the setting of fresh concrete or durability of
hardened concrete: alkalies, sulfate, carbon, chlorides, lead, magnesium, strontium,
and zinc.

10
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Petrographic examination in accordance with ASTM C 295 (Standard Guide for
Petrographic Examination of Aggregates for Concrete) will indicate the mineralogy,
lithology, microstructure, and presence of coatings and deleterious material.

Testing for reactivity with alkalies in accordance with ASTM C 1260 (Standard Test
Method for Potential Alkali Reactivity of Aggregates) will indicate the tendency of the
material to react with the alkalies in cement. Alkali-reactive aggregates may cause
destructive expansion of concrete.

Gradation (sieve) analysis (ASTM C 33) is necessary to determine the particle size
grading of the abrasive as it compares to normal concrete sand. An unfavorable
particle size grading will affect the properties of the fresh concrete, making it difficult
to obtain a high quality of hardened concrete.

Specific gravity and water absorption testing (ASTM C 128: Standard Test Method
for Specific Gravity and Absorption of Fine Aggregate) will be used for calculating
mix designs.

Test Results

Results from the characterization testing done by CTL are summarized as follows.

Chemical Analysis: Inorganic analysis indicated no potential problem with either
copper or coal slag with respect to cement hydration. Organic analysis indicated
somewhat elevated levels of elemental carbon for both slags, which could affect
concrete setting time, admixture effectiveness, air content, or air void parameters.
(Note: Since the used slag samples were gathered from shipyard blasting operations,
paint chips and organic debris were found in both slag samples.)

Petrographic Analysis: For copper slag, the presence of paint chips and organic
material may be deleterious in Portland cement concrete. Also, the presence of
sulfides may react negatively with alkalies in Portland cement. For coal slag, the
dense, vitreous (glassy) particles appeared suitable for use in Portland cement
concrete, provided the slag is not reactive with cement alkalies. Also, the presence of
organic paint fragments may interfere with normal cement hydration. (The coal slag
sample contained less paint than the copper sample.)

11
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Test for Reactivity with Alkalies (ASTMC-1260): Copper slag could not be tested
for alkali reactivity because the mortar bar test specimens did not set up adequately.
CTL could not explain the problem, but hypothesized that it may be due to the
presence of organics (paint chips). (The copper slag was re-tested for reactivity at
another lab during the performance testing phase.) Coal slag test specimens
exhibited no problems in mortar bar set up. Results indicated negative reaction of coal
slag with alkalies, i.e. coal slag passed this test.

Gradation:  Both abrasive were graded in accordance with ASTM C-33, Standard
Specifications for Concrete Aggregates. Gradation (sieve analysis) data are shown in
Table 1: Sieve Analysis Comparison. Results for the copper slag sample indicated
that the particle size distribution is very close to meeting the specification requirement.
Particle sizes were within tolerance for all sieve sizes except #16 and #50, which
contained slightly higher than allowable percentages of material passing.

Coal slag gradation revealed that the sample was generally finer in most sieve sizes
than the specification requirement. The deviation ranged from about 10% higher for
the #16 sieve to 4% higher for the #100 sieve. Both Construction Technologies
Laboratory and Law Crandall, Inc deemed the overall effect of this particle size
deviation on the results of concrete performance testing insignificant.

Specific Gravity and Water Absorption (ASTMC-128):  Results of these tests, for both
copper and coal slag, indicate that the samples are acceptable for use in concrete.

Summary of Results

Overall, results of characterization testing by CTL for the copper slag sample indicated
that there is potential for retarded setting if this material was to be used in concrete due
to the presence of organic matter. According to CTL, the sample tested would not be
suitable for use in concrete -- either as aggregate or as a supplementary cementing
material -- without further processing to neutralize or remove organic impurities.

For coal slag, overall initial indications were positive. Characterization test results
showed no apparent problems for use in concrete.

12
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SIEVE ANALYSIS COMPARISON FOR "AS RECEIVED" ABRASIVES

Results for tests conducted at three facilities:
Coreco = Coreco, Inc., Milwaukee, WI

CTL = Construction Technology Laboratory, Chicago, IL

LCI = Law Crandall, Inc., San Diego, CA

CUMULATIVE % RETAINED

SIEVE
# COPPER SLAG COAL SLAG ASTM
Coreco CTL LCI Coreco CTL LCI C33
0.17 -- -- 0 -- -- --

8 -- 0.17 1.0 -- 0.22 0 0-20
12 1.74 -- -- 0.71 -- -- --
16 -- 10.62 11.0 -- 4.49 6.0 15- 50
20 26.45 -- -- 14.15 -- -- --
30 49.22 43.31 42.0 27.97 28.45 28.0 40 - 75
40 69.21 -- -- 4551 -- -- --
50 81.54 68.61 68.0 59.64 62.04 57.0 70-90
70 87.95 -- -- 72.76 -- -- --
100 93.34 84.64 83.0 82.2 85.3 77.0 90 - 98
140 96.49 -- -- 89.14 -- -- --
200 97.97 91.80 91.2 94.99 94.44 90.0 95 - 100
270 98.7 -- -- 97.21 -- -- --

PAN 100.0 99.72 -- 100.0 99.74 -- --

Numbers in Bold indicate conformance with ASTM C33 acceptable range for concrete

aggregate.

Table 1. Sieve Analysis Comparison

13
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RECYCLING PERFORMANCE TESTING

The scope and details of the recycling performance testing phase were determined after
reviewing the data obtained in the characterization phase. Proposal requests for
performance testing were sent to three testing facilities — Construction Technology
Laboratories (CTL), who performed the characterization tests, and two local San Diego
testing consultants. The best proposal was submitted by Law Crandall Inc. (LCI) of San
Diego.

The recycling performance testing program recommended by LCI consisted of the
following:

Additional follow-on analysis and material characterization based on results of the
initial phase, including organic impurities test and alkali reactivity retest for copper
slag; and gradation, sodium soundness, sand equivalence, durability index, and
mortar strength relative to Ottawa sand for both copper and coal slag;

Portland Cement Concrete (PCC) testing, including plastic concrete testing,
compressive strength, modulus of elasticity, drying shrinkage, and flexural strength;

Asphalt Concrete (AC) testing, including Marshall stability, specific gravity, bulk unit
weight, immersion compression, and film stripping.

The recycling performance testing plan is summarized in Table 2. (The test plan is
discussed in detail in Appendix B: Law Crandall, Inc. Report on Recycling Testing.)

14
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Table 2: CONCRETE RECYCLING PERFORMANCE TESTING PLAN

Test Name/Method Test Standard Copper | Coal
Slag Slag
Potential Alkali Reactivity for Aggregates | ASTM C1260 Yes No
(re-test)
Deleterious Substances. Organic Impurities | ASTM C40 Yes No
Deleterious Substances. Soundness ASTM C88 Yes Yes
Gradation ASTM C136 Yes Yes
Effect of Organic Impurities on Strength of | ASTM C87 If required | NO
Mortar
Durability Index Cal. Dept. of Transportation | Yes Yes
(CalTrans) 229
Sand Equivaent CaTrans 217 Yes Yes
Mortar Strength Relative to Ottawa Sand CalTrans 515 Yes Yes
Portland Cement Concrete (PCC)
SUMP e ASTM C143 Yes Yes
Air Content........ccocoeeveeeeiiciieee e, ASTM C173 Yes Yes
Unit Weight Yield.......cccooeeeniieennen. ASTM C138 Yes Yes
Temperature ........ccccceeeeeeeeiiiiieeeenn. ASTM C1064 Yes Yes
Setting TiIMe....coeeeiieeeieeeee e ASTM C403 Yes Yes
Compressive Strength....................... ASTM C39 Yes Yes
Modules of ElastiCity ........ccccecueeenneen. ASTM C469 Yes Yes
Drying Shrinkage..........ccccoceeviveeennnen. ASTM C157 Yes Yes
Flexural Strength .............ccccccvvenee. ASTM C78 Yes Yes
Asphalt Concrete (AC)
Marshall Stability........ccccevveiivennnnne ASTM D1559 Yes Yes
Specific Gravity ......ccceeeveeeeiiieenienns ASTM D2041 Yes Yes
Bulk Unit Weight.........ccoccoeeriieennnen. ASTM D1188 Yes Yes
Immersion Compression ................... ASTM C4867 Yes Yes
Film Stripping......ccccoccveevceeeiiieennen. CalTrans 302 Yes Yes

15
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Test Results

Complete findings from the recycling performance testing phase are discussed in the
report by Law Crandall, Inc., shown in Appendix A. Significant results are summarized
below.

Phase 1 Follow-On Analysis: The organic impurities test for copper slag did not

indicate the presence of injurious organic compounds. However, as in the initial
characterization testing, the copper slag sample could not be tested for alkali
reactivity due to the failure of the mortar bars to set up in a timely manner. Results
of other analyses were within the normal ranges for concrete, except for mortar
strength relative to Ottawa sand, which was about 20% of the sand value for copper
slag and 65% for coal slag.

Portland Cement Concrete (PCC) Testing: PCC performance testing could not be

run using copper slag, because the concrete test samples did not attain sufficient
strength to test. Further evaluation would be required to determine the cause of the
setting problem.

For coal slag, results of PCC performance testing are summarized in Table 3:
Portland Cement Concrete Test Results. Results are compared to expected values
for concrete made without slag. The comparison indicated that concrete made with
coal slag had similar properties as concrete made with sand. LCI concluded that
these findings support the feasibility of using coal slag in concrete. Further testing to
evaluate the long-term performance of concrete made with coal slag was
recommended.

Asphalt Concrete (AC) Testing:  Test results for both copper and coal slag are

summarized in Table 4: Asphalt Concrete Test Results. Four trial batches, using
different asphalt contents typical of mix designs used in the San Diego area, were
tested for each abrasive. Results indicated that AC batches made with both copper
and coal slag had similar stability and flow as AC made with sand. According to LCI,
these findings are an initial indication of the feasibility of using both copper and coal
slag in asphalt concrete. Again, further testing was recommended to evaluate the
long-term performance of asphalt concrete made with copper and coal slag.
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Summary of Results

In summary, both copper and coal slag appear to show promise for potential use as a
partial replacement for fine aggregate in asphalt concrete (AC). For Portland cement
concrete (PCC), coal slag appears to be a viable replacement for sand as a fine
aggregate. Since the copper slag sample tested experienced mortar and concrete
setting problems, further testing with other samples would be required to determine the
feasibility of using copper slag in PCC.

Table 3: PORTLAND CEMENT CONCRETE TEST RESULTS

Approximate Expected Values for

COAL SLAG BATCH Similar Concrete Made with
Washed Concrete Sand (No Slag).
Slump (ASTM C143) 6.5" 3" to6”
Unit Weight (ASTM C138) 132.8 pcf 140 to 145 pcf
Temperature (ASTM C1064) 78° F 70°t085° F

Setting Time (ASTM C403)

Initial Set Time: 640
minutes

120 to 240 minutes

Compressive Strength Test Data (ASTM C39)

7 Day 2260 psi

28 Day (Test1) | 3100 psi

28 Day (Test2) | 3020 psi 3200 to 3800 psi *

56 Day 3360 psi
Modulus of Elasticity at 28 Days (ASTM C469)

| 1,955,000 psi | 2,500,000 to 3,000,000 psi

Drying Shrinkage (ASTM C157 modified)

7 day expansion 0.003%

7 day drying 0.022%

14 day drying 0.030%

21 day drying 0.035%

28 day drying 0.040% 0.04% to 0.05%

Flexural Strength (ASTM C78)

| 28 Day Flexural Strength - 430 psi | 450 to 550 psi

* The 28 day compressive strength test data was obtained from a statistical summary of 108 production
batches made with washed concrete sand (no slag); the cumulative average compressive strength was

3485 psi.
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Table 4: ASPHALT CONCRETE TEST RESULTS

The proposed mix is run at different asphalt contents and the optimum asphalt content is chosen based on
the results of the tests performed. The results for the mixes at different asphalt content are as follows:

Copper Slag
Asphalt Content, % of Total Mix 4.8 5.3 5.8 6.3 Typical
Specification
Maximum Theoretical Unit Weight 162.1 160.8 159.5 158.2 -
Voidsin Mineral Aggregate (VMA) 20.8% 21.4% 21.3% 20.7% Min. 15%
Air Voids 11.1% | 10.6% 9.3% 7.5% 3-5%
Corrected Marshall Stability 2250 1900 1800 1560 Min. 1800
Marshall Flow 15 15 16 17 8—16
Bulk Unit Weight 144.0 143.7 144.6 146.3 -
Compaction Temperature 280 280 280 280 -
Coal Slag
Asphalt Content, % of Total Mix 4.8 5.3 5.8 6.3 Typical
Specification
Maximum Theoretical Unit Weight 159.3 158.1 156.9 155.6 -
Voidsin Mineral Aggregate (VMA) 22.1% 22.3% 21.2% 19.9% Min. 15%
Air Voids 10.9% | 10.0% 7.6% 4.9% 3-5%
Corrected Marshall Stability 2400 2200 2080 1780 Min. 1800
Marshall Flow 13 14 15 16 8- 16
Bulk Unit Weight 142.0 1424 145.0 148.0 -
Compaction Temperature 280 280 280 280 -
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3.3.2 Reuse Testing

As defined in this study, reuse means that used slag abrasive is recovered specifically
for use as abrasive blast media. Reuse testing consisted of rotary calciner thermal
treatment of used abrasive to achieve simultaneous contaminant removal and size
classification. Performance testing was also conducted to verify conformance with Steel
Structures Painting Council Specification AB1, Abrasive Blasting Media.

The concept of re-using abrasive blast media is well established for some types of
abrasives, such as steel shot and garnet, but reuse has not been a standard practice for
mineral slag abrasive. Conventional wisdom among many shipyard sources said that
mineral slag abrasive was not suitable or cost effective for repeat blast applications.
The reasons commonly given for this were that mineral slag was not of sufficient
durability to survive the initial blast process and questions of potential impurities present
in the used slag.

Since no hard data to support or refute the feasibility of mineral slag abrasive reuse
could be located, the possibility was not eliminated. The specific questions to be
answered were; 1) could significant volumes of adequate particle size distribution be
available after the initial blast process to allow reuse, and, if so, 2) could this material be
cleaned to the level necessary. If re-using slag abrasive could be proven practical, the
potential exists for significant savings in both material and disposal costs. Figure 3
shows a sample material comparison with and without reuse. Using data from the
project surveys and tests, there is potential for 130% in material savings and a 55%
reduction in disposal costs. Economic analyses for several scenarios of abrasive reuse
are presented in Section 4.
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MATERIAL COMPARISON FOR ABRASIVE REUSE

Assumptions:
- New Abrasive Cost = $50/ton

Waste Disposal Cost = $50/ton
Maximum number of Reuses = 2: 80% recovered after first use, 50% after second use. (Based on

slag particle size analyses.)

WITHOUT REUSE REUSE
Buy 1 Ton Abrasive Buy 1 Ton Abrasive
Blast (1st use) Blast (1% use)

v v

Dispose 0.2 Tons

Dispose 1 Tons
Recover 0.8 Tons
Total Material Blasted = 1 ton ’ (80% materials savings)
Total Material Disposed =1 ton ¢
Blast 0.8 Tons
(1% reuse)

v

Dispose 0.4 Tons

Recover 0.4 Tons
(50% materials savings)

v

Blast 0.4 Tons
(2™ reuse)

'

Dispose 0.4 Tons

Total Material Blasted = 2.2 tons.

Total Material Disposed = 1 ton.

Total Material Disposed Per Ton Blasted
=1, 2.2=0.45 (55% reduction)

Figure 3: Sample Material Comparison for Reuse of Slag Abrasive
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Early results from the material characterization step of the recycling testing program
were compared with particle size distribution requirements for abrasives as listed in
standard specifications. It was observed that, based on patrticle size alone, there were
significant volumes (up to 60%) of used slag media that were potentially available for
reuse. (Particles smaller than sieve size #70 (0.22 mm) were considered too small for
reuse in abrasive blasting operations.)

This finding led to the decision to evaluate mineral slag reuse through a two step test
program. First, foundry sand reclamation, an established thermal technology commonly
used to remove organic materials and metals from sand, was applied to the copper and
coal slag media. The 'cleaned' abrasive was then evaluated in terms of its physical and
chemical characteristics and its performance characteristics in a controlled abrasive-
blasting test. Descriptions of these test programs are summarized below.

THERMAL RECLAMATION

The system chosen to test the thermal reclamation process for used abrasive was that
supplied by Coreco, Inc. of Germantown, Wisconsin. The system has been used
successfully for many years for reclamation of foundry sand, which was expected to be
similar to the used copper and coal abrasive. The Coreco process can be summarized
as follows:

Raw material (used abrasive) is fed into a metered screw feeder at the top of the
unit.

Material flows through a rotary calciner (kiln) where organic matter and other
contaminates are incinerated at between 1400 and 1600 degrees Fahrenheit.
Cleaned material is screened and sized (classification) as required for the
application.

Dust and fines are collected through a cyclone and dust collection (bag house)
system adjacent to the kiln.
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Test Results

Samples of used copper and coal slag were processed using the Coreco reclamation
system at the Coreco facility in Germantown, Wisconsin. The system was successful in
removing all but trace amounts of the organic materials present in the used abrasive.
The Coreco processing also removed a majority of the dust and fines from the samples.
The classification screening feature of the system separated the cleaned abrasive into
two portions — one greater than #70 mesh and one smaller.

REUSE PERFORMANCE TESTING

Following thermal processing of the abrasives to remove organic contaminates, testing
was conducted to determine the ability of the slag to be reused for shipyard blasting
operations. To this end, KTA-Tator (KTA), Incorporated of Pittsburgh, PA was
contracted by NASSCO to test the performance of the abrasive samples. KTA is
nationally recognized in the coatings industry as a premier consulting and testing
organization. The objective of the testing by KTA would be to determine if the abrasive
samples conform with the Steel Structures Painting Council’'s Abrasive Specification No.
1 (SSPC - AB 1). If the abrasive did meet AB 1, this would be a clear indication of the
potential for re-using the cleaned slag. In addition, KTA would perform a breakdown
analysis to evaluate whether the used slag had potential for another reuse.

The test program performed by KTA is summarized below. A complete description of
the testing and the test results is included in Appendix C.

The following tests were performed to determine conformance of each slag with SPCC -
AB 1:

Specific gravity in accordance with ASTM C-128: “Test Method for Specific Gravity
and Absorption of Fine Aggregates”;

Hardness as measured on the Mohs scale;

Presence of water soluble contaminants in accordance with ASTM D-4940: “Test
Method for Conductimetric Analysis of Water Soluble lonic Contaminants of Blasting
Abrasives”;

Oil content as determined by mixing with equal volume of water.
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In addition to the AB 1 testing, KTA performed a breakdown analysis on each abrasive.
The procedures for this testing are summarized below.

Collect abrasive samples in accordance with ASTM D-75: “Method for Sampling

Aggregates”;

Perform sieve analysis to establish the pre-blast particle size distribution for each
abrasive;

Perform controlled blasting of samples in a specially designed blast chamber and
dust collection system;

Perform sieve analysis to establish the post-blast particle size distribution for the
abrasives.

Abrasive breakdown was calculated based on the comparison of the pre-blast versus
the post-blast particle size distribution of the abrasive. Percentage breakdown was
determined by finding the percent change in average particle size of each abrasive.
The dust accumulated in the collection bag was weighed to determine the amount of
dust generated (percentage of total sample weight). Surface profile generation testing
was performed to determine conformance with AB 1.

Test Results

Results of the reuse testing performed by KTA Tator, Inc. are summarized as follows.

Specific gravity of both copper (2.74) and coal (2.89) slag were both higher than the
minimum requirement under SPCC-AB 1 (2.5);

Hardness values for both abrasives were greater than 6 mohs, which is the minimum
requirement under AB 1,

The maximum level of water soluble contaminants (conductivity) permitted by AB 1
is 1000 microsiemens. The test result for coal slag was 235 microsiemens and for
copper slag was 3500 microsiemens.

For oil content testing, both abrasives revealed the presence of oil. No amount of oil
is permitted under SSPC-AB 1, although the specification does not require that the
type, quantity, color, or physical characteristics of the oil be identified.
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In summary, both copper and coal abrasives passed the specific gravity and hardness
tests and both failed the oil content test. Coal passed the conductivity test, but copper
failed this test. Additional oil content and conductivity testing was performed on washed
samples of each abrasive. Both abrasives passed this testing. The washed-abrasive
testing is discussed in detail in Appendix C: KTA-Tator Report on Reuse Testing.

The abrasive breakdown test results indicated a breakdown rate of 42.6% for copper
slag and 52.8% for coal slag. (See Appendix C for details.) Both abrasives had dust
generation rates of about 10%. Also, both abrasives produced average surface profiles
of nearly 4.0 mils, which meets the requirements of AB 1. These results would lead to
the conclusion that no more than one reuse would be practical for both copper and coal
slag without additional processing to remove fines. However, one reuse may be
economically justified as a cost reduction measure in shipyards. Economics are
discussed in Section 4.
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4. COST ANALYSIS

This section provides cost information for the commercially viable options discussed in
the previous section. By comparing this information with current practices, shipyards
have a tool for determining the most cost-effective options for managing their used
abrasive.

4.1 Results

In Tables 5 and 6, sample cost comparisons are presented for both of the primary
abrasive included in the study, copper and coal slag. The three management options
shown for each abrasive are disposal, recycling and reuse. To allow direct comparison
of options, normalized costs are shown appropriate for each method: dollars per ton
disposed for the disposal option; dollars per ton blasted for the recycling method; and
dollars per new ton blasted for the reuse option.

For the disposal option (Option A), two disposal methods are listed, along with a cost
range and average costs as derived from project surveys.

For the recycling option (Option B), the methods shown represent current practices
indicated by survey responses. Cost data were derived from project surveys. (Note
that only one recycling method was identified in surveys for each abrasive.)

For the reuse option (Option C), two methods or processes for reclaiming abrasive are
shown. On-site thermal processing (C1) includes both the rotary calciner (Coreco
system discussed in Section 3.3.2) and the sloping grid fluidized bed incinerator. These
are commercially available systems that can be purchased and set up at a shipyard or
other industrial site. Since their costs and associated material savings are similar, the
thermal systems are grouped together in this analysis. Two types of commercially
available separation systems (C2a & b) are also shown for the reuse option.

One other reuse method was identified, but not included in the cost comparison since,
at the time of the study, was unique to one area of the Pacific Northwest. This system
involves off-site reclamation of used copper slag abrasive. A vendor picks up once-

used abrasive from the shipyard for a fee of $26 per ton. The abrasive is processed at
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the vendor's nearby facility using a modified thermal and separation process. Clean
abrasive is then resold to the shipyard for about $16 per ton less than the local cost for
new abrasive. The net savings to the shipyard is about $22 per new ton blasted,
assuming that the used abrasive would have been sent to a local cement kiln. This
option compares favorably with the other reuse options shown in the sample cost
comparison.

Cost analyses for the reuse option are more involved than the other two options, since
there are more cost elements and material savings must also be considered. Cost
elements used in Tables 5 and 6 are explained below:

Processing costs for on-site reuse methods were derived from vendor furnished
information, including capital and operating costs, and assume a process rate of two
tons per hour (4000 tons per year) and two reuses of the abrasive. (Project testing
has established a practical limit of two reuses for copper and coal slag based on
particle size analysis.)

Waste disposal costs for the reuse option are derived by dividing average non-
hazardous landfill costs (Method A2) by the number of effective uses for each
abrasive (See note (g) in Figure 4). Disposal costs are assumed to be equal for
each reuse method, since each method produces an equal volume of waste in the
form of fines and bag house dust.

Additional on-site costs include environmental permits to operate equipment,
amortized over one year.

Total costs are the addition of process, disposal, and environmental costs.

Material savings are determined by subtracting the reused abrasive cost per ton
from the new abrasive cost. (Average new abrasive costs of $50 per ton for both
copper and coal slag were based on survey results.) Material savings, like disposal
costs, are the same for each reuse method, since the reuse cost, which is a function
of the number of effective uses, is the same for each method.

Net costs for reuse methods is calculated by subtracting material savings from total
costs.
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Tables 7 and 8 present detailed economic analyses for the reuse option, utilizing the
thermal process for copper and coal slag. These analyses assume that the used
abrasive entering the thermal process is non-hazardous and the abrasive waste
resulting from thermal processing, in the form of bag house fines, is also non-
hazardous. Three process capacities are shown, ranging from 2000 to 20,000 tons per
year, which represents the range of used abrasive generated by shipyards as reported
in the project survey.

Two reuse cases are presented for each abrasive, which are intended to show the
economic impact of multiple reuses. Due to relatively high breakdown rates, two reuses
are considered the practical limit for slag abrasive. The notes and calculations page
that accompanies the tables (Figure 4) explains the derivation of the numbers in each
column.

Table 9 again analyzes the thermal process, but assumes the resulting bag house fines
have tested hazardous and are subject to significant hazardous waste disposal fees.
For this example, only coal slag was used and the bag house fines were assumed to
comprise about 5% of the total waste stream, which reflects the actual result during
project testing.

Tables 10 and 11 provide sample savings and payback analyses that are intended to
justify the capital expenditures associated with the thermal process for the various
process capacities. Columns show savings per ton processed, savings per year, and
payback period in years, including capital and operation costs. The notes and
calculations page that accompanies the tables (Figure 5) explains the derivation of the
numbers in each column.
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Sample Cost Comparison for Copper Slag

DISPOSAL METHOD

COSTS ($/ton disposed)!”

Range Avg.
Al. Hazardous Waste Landfill (w/o treatment) 440 - 600 520
A2. Non-hazardous Landfill 20 - 100 55

OPTION B: RECYCLING

RECYCLING METHOD

COSTS ($/ton blasted)!"

Range Avg.
B1. Cement Kiln Feedstock 15-59 28
B2. Asphalt Additive @ N/A N/A
OPTION C: REUSE
COSTS ($/new ton blasted) MAT'L NET
REUSE METHOD SAVINGS® | cosT"
Proces-| Waste ) ($/new ton blasted)
Cl. Thermal Processing, 22 25 2 49 27 22
On-site
C2.a Separation System 1 10 25 1 36 27 9
C2.b Separation System 2 13 25 1 39 27 12

Notes: (1)
handling, and transportation

(2)

®3)

Not identified in surveys as option for this abrasive type
Includes depreciated (10 year) capital and operating costs (provided by manufacturers);

assumes 2 reuses and a process rate of 2 tons/hr (4000 tons/yr)

(4)

(5)
(6)
(7)

(g) of Figure 4]

Table 5. Cost Comparison for Copper Slag
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Environmental permits, amortized over one year
Material savings = New abrasive cost - Reuse cost [See note (f) of Figure 4]
Net cost = Total cost - Material savings

Costs are derived from shipyard surveys and may include sub-costs such as processing,

Assumes fines are non-hazardous and waste volume is equal for each process [See note
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Sample Cost Comparison for Coal Slag

OPTION A: DISPOSAL

DISPOSAL METHOD

COSTS ($/ton disposed)!”

Range Avg.
Al. Hazardous Waste Landfill (w/o treatment) 350 - 490 445
A2. Non-hazardous Landfill 10 - 60 42

OPTION B: RECYCLING

RECYCLING METHOD

COSTS ($/ton blasted)!"

Range Avg.
B1. Cement Kiln Feedstock @ N/A N/A
B2. Asphalt Additive 3-12 8
OPTION C: REUSE
COSTS ($/new ton blasted) Material Net
REUSE METHOD Savings® | Cost”
Proces- Waste ) ($/new ton blasted)
Cl. Thermal Processing, 22 21 2 45 25 20
On-site
C2.a Separation System 1 10 21 1 32 25 8
C2.b Separation System 2 13 21 1 35 25 10
Notes: (1) Costs are derived from shipyard surveys and may include sub-costs such as processing,

handling, and transportation
(2)
®3)

Not identified in surveys as option for this abrasive type
Includes depreciated (10 year) capital and operating costs (provided by manufacturers);

assumes 2 reuses and a process rate of 2 tons/hr (4000 tons/yr)

(4)

(5)
(6)
(7)

(g) of Figure 4]

Environmental permits, amortized over one year
Material savings = New abrasive cost - Reuse cost [See note (f) of Figure 4]
Net cost = Total cost - Material savings

Table 6. Cost Comparison for Coal Slag
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4.2 Discussion

The sample cost comparisons in Tables 5 and 6 can be used to help shipyards
determine the most cost-effective option for managing abrasive waste. Since the tables
show cost ranges and averages, each shipyard should insert their actual costs as
appropriate to customize the comparison for their specific situation. For example, to
perform the cost comparison for coal slag (Table 6), a shipyard would insert their actual
disposal costs in rows Al and A2, and their actual cost to recycle slag into asphalt in row
B2.

For reuse, their actual disposal cost would be determined and actual material savings
could be calculated (see note for column f in Figure 4). Using the actual data, the net
costs for the various reuse methods can be determined. Then, by comparing costs for
the various options, a shipyard can see which option or options have the lowest costs
compared to their current practice and therefore merit further investigation.

For the example comparison in Table 6 for coal slag, the lowest costs shown are $8 per
ton for both recycling into asphalt and reuse with separation system #1. Separation
system #2 is a close second at $10 per ton. Based on this information, if a shipyard is
not currently practicing one of these methods, cost savings could potentially be
achieved by switching to one of these lower-cost methods for abrasive management.

The economic analysis for reuse of copper slag with non-hazardous waste disposal
(Table 7) indicates that the total costs per new ton blasted for one reuse, including
equipment depreciation and operation cost, range from about $98 for 2000 tons
processed per year to $69 for 20,000 tons processed. For two reuses, the costs drop to
$84 and $59, respectively. These costs compare favorably with a nominal total cost
without reuse of $105 per ton blasted, including only virgin material ($50 per ton) and
disposal ($55 per ton, from survey).

The costs for coal slag with non-hazardous disposal (Table 8) are similar to the copper
slag costs, ranging from $92 to $57 per new ton blasted. These reuse costs can be
compared to a nominal total cost without reuse of $92 per ton blasted, including material
($50 per ton) and disposal ($42 per ton, from survey). Therefore, when compared to
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costs without reuse, copper slag shows potentially higher savings. Savings and
payback analyses are discussed below.

Since the on-site thermal process for reuse has the highest potential capital and
operating outlay, savings and payback analyses were done for the copper slag thermal
reuse option assuming non-hazardous waste disposal (Table 10) and for coal slag
assuming both hazardous and non-hazardous disposal of fines (Table 11). Results of
the analysis indicates that, for non-hazardous disposal, the best payback (about seven
months) results from reusing copper slag twice at a processing rate of 20,000 tons per
year. The results for two reuses of coal slag are similar. These results point out the
economy of scale for thermal processing of slag abrasive. However, most shipyards
would generate less than 20,000 tons of used abrasive in a typical year.

Even when considering the smaller processing rate of 4,000 tons per year, which is a
guantity generated by many large and medium sized yards, payback periods are
reasonable for both cases and both abrasive, ranging from 2.2 to 3.9 years. For the
smallest processing capacity of 2,000 tons per year, payback periods are higher,
especially for coal slag. The payback period of 3.8 years for two reuses of copper and
5.9 years for two reuses of coal may be considered acceptable for capital investment by
some yards.

When waste from the reuse process is considered hazardous, the payback economics
change considerably due to the high cost of waste disposal. However, since usually
only a small portion of the waste, in the form of bag house fines, requires hazardous
disposal, payback may still be feasible. For two reuses of coal slag at a rate of 20,000
tons per year, the payback period is a very reasonable 14 months (See Table 11).
Even at 4,000 tons per year, payback is five and a half years. It should be noted that if
the volume of waste requiring hazardous disposal is higher than five or ten percent of
the total waste stream, reuse equipment payback would probably not be feasible.
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Case 1: One reuse; 80% reclaimed*

NON-HAZARDOUS WASTE DISPOSAL

Economic Analysis for Reuse of Copper Slag using Thermal Processing

PROCESS CAPITAL CAPITAL CAPITAL OPERATION ABRASIVE DISPOSAL TOTAL
CAPACITY COST COST/YR COST/TON COST/TON COST/TON COST/TON | COST/TON
[a] [b] [c] [d] [e] [f] [a] [h]
1 ton/hr $260,000 $26,000 $13.00 $9.00 (utilities) $27.78 $30.56 $97.74
2000 tfyr $14.40 (labor)
2 tons/hr $380,000 $38,000 $9.50 $7.00 (utilities) $27.78 $30.56 $83.54
4000 t/yr $7.20 (labor)
5 tons/hr $570,000 $57,000 $2.85 $5.00 (utilities) $27.78 $30.56 $69.19
20,000 tfyr $3.00 (labor)
*Based on particle size analysis of once-used abrasive sample
Case 2: Two reuses; 80% reclaimed first pass, 50% second pass™*
PROCESS CAPITAL CAPITAL CAPITAL OPERATION ABRASIVE DISPOSAL TOTAL
CAPACITY COST (%) COST/YR COST/TON COST/TON COST/TON COST/TON COST/TON
[a] [b] [c] [d] [e] [f] [a] [h]
1 ton/hr $260,000 $26,000 $13.00 $9.00 (utilities) $22.73 $25.00 $84.13
2000 tfyr $14.40 (labor)
2 tons/hr $380,000 $38,000 $9.50 $7.00 (utilities) $22.73 $25.00 $71.43
4000 t/yr $7.20 (labor)
5 tons/hr $570,000 $57,000 $2.85 $5.00 (utilities) $22.73 $25.00 $58.58
20,000 t/yr $3.00 (labor)

**Based on particle size analysis of used abrasive test

Table 7. Economic Analysis for Reuse of Copper Slag
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Economic Analysis for Reuse of Coal Slag using Thermal Processing

NON-HAZARDOUS WASTE DISPOSAL

Case 1: One reuse; 65% reclaimed”

PROCESS CAPITAL CAPITAL CAPITAL OPERATION ABRASIVE DISPOSAL TOTAL
CAPACITY COST (%) COST/YR COST/TON COST/TON COST/TON COST/TON |COST/TON
[a] [b] [c] [d] [e] [f] [a] [h]
1 ton/hr $260,000 $26,000 $13.00 $9.00 (utilities) $30.30 $25.45 $92.15
2000 tfyr $14.40 (labor)
2 tons/hr $380,000 $38,000 $9.50 $7.00 (utilities) $30.30 $25.45 $79.45
4000 t/yr $7.20 (labor)
5 tons/hr $570,000 $57,000 $2.85 $5.00 (utilities) $30.30 $25.45 $66.60
20,000 t/yr $3.00 (labor)
* Based on patrticle size analysis of once-used abrasive sample
Case 2: Two reuses; 65% reclaimed first pass, 50% second pass™*
PROCESS CAPITAL CAPITAL CAPITAL OPERATION ABRASIVE DISPOSAL TOTAL
CAPACITY COST (%) COST/YR COST/TON COST/TON COST/TON COST/TON | COST/TON
[a] [b] [c] [d] [e] [f] [a] [h]
1 ton/hr $260,000 $26,000 $13.00 $9.00 (utilities) $25.25 $21.21 $82.86
2000 tfyr $14.40 (labor)
2 tons/hr $380,000 $38,000 $9.50 $7.00 (utilities) $25.25 $21.21 $70.16
4000 t/yr $7.20 (labor)
5 tons/hr $570,000 $57,000 $2.85 $5.00 (utilities) $25.25 $21.21 $57.31
20,000 tfyr $3.00 (labor)

** Based on particle size analysis of used abrasive test

Table 8. Economic Analysis for Reuse of Coal Slag - Non-Hazardous Waste Disposal
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NOTE:

Economic Analysis for Reuse of Coal Slag using Thermal Processing

HAZARDOUS WASTE DISPOSAL (FINES)

This analysis is based on the assumption that prior to processing for reuse, abrasive waste was non-hazardous and after

processing, only baghouse wastes, which make up about 5% by weight of the total waste stream, are hazardous.
[Initial disposal cost/ton = 0.95 x $42 + 0.05 x $600 = $70]

Case 1: One reuse; 65% reclaimed*

PROCESS CAPITAL CAPITAL CAPITAL OPERATION ABRASIVE DISPOSAL TOTAL
CAPACITY COST (%) COST/YR COST/TON COST/TON COST/TON COST/TON COST/TON
[a] [b] [c] [d] [e] [f] [a] [h]
1 ton/hr $260,000 $26,000 $13.00 $9.00 (utilities) $30.30 $42.42 $109.12
2000 tfyr $14.40 (labor)
2 tons/hr $380,000 $38,000 $9.50 $7.00 (utilities) $30.30 $42.42 $96.42
4000 t/yr $7.20 (labor)
5 tons/hr $570,000 $57,000 $2.85 $5.00 (utilities) $30.30 $42.42 $83.57
20,000 tfyr $3.00 (labor)
* Based on patrticle size analysis of once-used abrasive sample
Case 2: Two reuses; 65% reclaimed first pass, 50% second pass™*
PROCESS CAPITAL CAPITAL CAPITAL OPERATION ABRASIVE DISPOSAL TOTAL
CAPACITY COST (%) COST/YR COST/TON COST/TON COST/TON COST/TON COST/TON
[a] [b] [c] [d] [e] [f] [a] [h]
1 ton/hr $260,000 $26,000 $13.00 $9.00 (utilities) $25.25 $35.35 $97.00
2000 tfyr $14.40 (labor)
2 tons/hr $380,000 $38,000 $9.50 $7.00 (utilities) $25.25 $35.35 $84.30
4000 t/yr $7.20 (labor)
5 tons/hr $570,000 $57,000 $2.85 $5.00 (utilities) $25.25 $35.35 $71.45
20,000 t/yr $3.00 (labor)

** Based on particle size analysis of used abrasive test

Table 9. Economic Analysis for Reuse of Coal Slag - Hazardous Waste Disposal
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Notes and Calculations for Economic Analysis
of Thermal Reuse Process

a. Process capacities represent a sample of several system sizes available from the
manufacturer. (Other capacities are available.) Corresponding annual production
outputs are calculated as follows:

1 ton/hr x 8 hr/day X 250 days/yr = 2000 tons/yr (one shift)
2tons/hr X " " = 4000 tons/yr (one shift)
5tons/hr X 16 hr/day " = 20,000 tons/yr (two shifts)

b. Capital costs are supplied by manufacturers and include thermal processing unit and
installation. Costs do not include supplemental storage or material handling
equipment.

C. Cap cost/yr = Cap costs , 10 yrs (Assumed amortization period)

d. Cap cost/ton = Cap costs/yr , Process capacity (tons/yr)

e. Utility costs from manufacturer (projected).

Labor: 1 man @ 4 hr/shift X $30/hr , process rate (Assumes that equipment needs
to be attended for one half of each operational shift.)
Example, for 5 tons/hr: (4 hr/shift X 2 shifts X $30/hr) ,
(5 tons/hr X 16 hrs) = $3.00/ton

f. Abrasive cost/ton = New abrasive cost* | n (# of effective uses), where
n = 1+(1X0.8) = 1.8 for one reuse of copper slag
n = 1+(1X0.65) = 1.65 for one reuse of coal slag
n = 1+(1X0.8)+(0.8X0.5) = 2.20 for two reuses of copper slag
n = 1+(1X0.65)+(0.65X0.5) = 1.98 for two reuses of coal slag
* Assumed new abrasive cost = $50./ton for both slags

g. Disposal cost/ton = Initial disposal cost** | n
** |nitial disposal costs (from project surveys)
= $55./ton for copper slag, non-hazardous
= $42./ton for coal slag, non-hazardous
= $600/ton (nominal) for both slags, hazardous

h. Total cost/ton (including depreciation) = Capital cost/ton (d) + Operation cost/ton
(e) + Abrasive cost/ton (f) + Disposal cost/ton (g)

Figure 4. Notes and Calculations for Economic Analysis
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Payback Analysis for Reuse of Copper Slag using Thermal Processing

NON-HAZARDOUS WASTE DISPOSAL

Case 1: One reuse; 80% reclaimed™
PROCESS SAVINGS/ SAVINGS/ PAYBACK
CAPACITY TON YEAR PERIOD (yrs)

[A] [B] [C] [D]
2000 t/yr $44.44 $88.9k 54
4000 tlyr $44.44 $177.8k 3.0

20,000 t/yr $44.44 $888.8k 0.8

Case 2:

* Based on particle size analysis for project abrasive sample

Two reuses; 80% reclaimed first pass, 50% second pass™*
PROCESS SAVINGS/ SAVINGS/ PAYBACK
CAPACITY TON YEAR PERIOD (yrs)

[A] [B] [C] [D]
2000 t/yr $54.54 $109.1k 3.8
4000 tlyr $54.54 $218.2k 2.3

20,000 t/yr $54.54 $1,090.8k 0.6

** Based on particle size analysis of used abrasive test

See Figure 5 for notes and calculations for each column

Table 10. Payback Analysis for Reuse of Copper Slag




Payback Analysis for Reuse of Coal Slag using Thermal Processing

NON-HAZARDOUS WASTE DISPOSAL

Case 1: One reuse; 65% reclaimed* Case 2: Two reuses; 80% reclaimed first pass, 50%
second pass™*

PROCESS SAVINGS/ SAVINGS/ PAYBACK PROCESS SAVINGS/ SAVINGS/ PAYBACK
CAPACITY TON YEAR PERIOD (yrs) CAPACITY TON YEAR PERIOD (yrs)
[A] [B] [C] [D] [A] [B] [C] [D]

2000 t/yr $39.40 $78.8K 6.8 2000 t/yr $49.50 $99.0K 4.4
4000 t/yr $39.40 $157.6K 3.6 4000 t/yr $49.50 $198.0K 2.6
20,000 t/yr $39.40 $788.0K 0.9 20,000 t/yr $49.50 $990.0K 0.7

HAZARDOUS WASTE DISPOSAL (FINES)

PROCESS SAVINGS/ SAVINGS/ PAYBACK PROCESS SAVINGS/ SAVINGS/ PAYBACK
CAPACITY TON YEAR PERIOD (yrs) CAPACITY TON YEAR PERIOD (yrs)
[A] [B] [C] [D] [A] [B] [C] [D]
2000 tiyr $19.28 $38,560 n/a 2000 t/yr $31.40 $62,800 16.2
4000 t/yr $19.28 $77,120 18.7 4000 t/yr $31.40 $125,600 5.5
20,000 t/yr $19.28 $385,600 2.5 20,000 t/yr $31.40 $628,000 1.2

* Based on particle size analysis of abrasive sample

** Based on particle size analysis of project abrasive test

See Figure 5 for notes and calculations for each column

Table 11. Payback Analysis for Reuse of Coal Slag




Notes and Calculations for Payback Analysis
for Thermal Reuse Process

A. Process capacities represent a sample of several system sizes available from the
manufacturer. (Other capacities are available.) Corresponding annual production
outputs are calculated as follows:

1 ton/hr X 8 hr/day X 250 days/yr = 2000 tons/yr (one shift)

2tons/hr X " " = 4000 tons/yr (one shift)
5tons/hr X 16 hr/day " = 20,000 tons/yr (two shifts)
B. Savings/ton = [Abrasive + Disposal cost without reuse]

- [Abrasive + Disposal cost with reuse]*
Example for copper slag @ 2000 tons/yr with non-hazardous disposal for
one reuse:
[$50/ton + $55/ton] - [$27.78/ton + $30.56/ton] = $46.67/ton

C. Savings/year = Savings/ton (B) X tons processed/year (A)

D. Payback Period (in years) = Capital cost (b*) , [Savings/yr (C) - Operation
cost/yr (e X a)*]
Example for copper slag @ 2000 tons/yr with non-hazardous disposal for one
reuse:
$260,000 , [$93,340 - ($23.40/ton X 2000 tons/yr)] = 5.6 years

*from Economic Analysis, Tables 7 and 8

Figure 5. Notes and Calculations for Payback Analysis
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Feasibility and Economics Study of Spent Abrasives

5. CONCLUSIONS

Significant findings from the research conducted in this project can be summarized as
follows:

A survey of current practices related to used abrasive management methods at large
and small shipyards revealed that, due to availability, copper slag is the abrasive of
choice in the West, while coal slag is used almost exclusively in the East. Most large
yards use a variety of abrasives, depending on the application. Large yards generate
from 9,000 to 20,000 tons of abrasive waste a year and spend an average of $30 to $40
a ton to dispose or recycle the used abrasive. Recycling is the most common route for
used copper slag, while landfill disposal was common for coal and sand.

Based on survey results, several options were identified for managing abrasives under
the categories of recycling, reuse and disposal. For recycling, the primary options are
using ground-spent slag as an additive in cement production and incorporating into
concrete as an aggregate. Reuse options include thermal processing to bring reused
abrasive into industry specification and separation processing, which prepares the
material for reuse but not necessarily to specification conformance. Two disposal
options were identified: sanitary landfill disposal for non-hazardous materials and
hazardous or special landfill for hazardous materials.

Several potential options for both copper and coal slag were chosen for additional
feasibility evaluation and performance testing. Based on the test results for the sample
selected for the project, coal slag appears to be feasible for recycling into concrete (both
Portland cement and asphalt) and also appears viable for reuse (one time only). The
caveat for reuse is that the abrasive to be reused must be free of oil contamination to
meet the specification requirements of the Steel Structures Paint Council.

The copper slag sample selected for testing happened to contain a significant amount of
organic contamination (probably paint residue), which prevented the Portland cement
concrete (PCC) strength testing from being performed. However, the sample did
appear viable for recycling as a fine aggregate in asphalt concrete. (The testing
laboratory conjectured that a cleaner copper slag sample would have been suitable for
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Feasibility and Economics Study of Spent Abrasives

PCC recycling, although additional testing would have been required to confirm this
opinion.) Copper slag, like coal, appears viable for one reuse in blasting operations,
with the same caveat regarding oil contamination.

From an economic perspective, cost savings are achievable for copper and coal slag
abrasive for both the recycling and reuse options, when compared to the disposal
option. The sample analyses performed in the project show potential savings of up to
$34 per ton blasted for recycling and $50 per ton blasted for reuse. On-site thermal
processing for reuse requires capital investment and operation costs. The payback
period for a yard generating about 4,000 tons of coal slag waste per year would be
about two and a half years, assuming two reuse cycles. (If the waste generated is
considered hazardous, the economics change considerably.)

Although abrasive reuse has the potential for greater savings, most yards could benefit
from the less complex option of recycling non-hazardous waste abrasive into Portland
cement concrete or asphalt concrete. Recycling slag as a cement kiln additive or into
asphalt are established practices in some areas of the country. Where these options
are not available, shipyards may wish to contact local concrete manufacturers or
distributors and regulatory agencies to investigate the feasibility of the concrete
recycling method in their area.
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Feasibility and Economics Study of Spent Abrasives

APPENDIX A-1
SURVEY FORM

To: SHIPYARD
From: National Steel & Shipbuilding Company, Environmental Engineering

Subject: Shipyard Survey for National Shipbuilding Research Program (NSRP),
Panel SP-1, Project N1-93-1. Feasibility and Economics Study of the
Treatment, Recycling and Disposal of Spent Abrasives.

Enclosed is a survey form developed to support Phase 1 of the subject project. The
project goal is to evaluate options for managing spent abrasives generated by the
shipbuilding and ship repair industry. The project is being performed in two phases.
Phase 1, Preliminary Research, is in progress and is focusing on identification of spent
abrasive management practices throughout the industry. Phase 2, Testing and
Recommendations, will involve analysis of spent abrasive management options identified
during Phase 1. The project will conclude with a written report and a presentation of
findings at the NSRP Panel meeting.

Your participation in the "Spent Abrasives" project would be appreciated. Please assist
us by filling out the enclosed survey and returning the forms to NASSCO at your earliest
convenience. We have attempted to keep the survey simple so that it can be completed
quickly. An example of a completed survey form is also enclosed to help guide your
efforts. In some cases, your abrasive blasting operations may be performed offsite or by
subcontractors. Please include information from these operations in your survey to the
extent possible.

We are confident that, with your help, the "Spent Abrasives" study will yield beneficial
results for the shipbuilding industry and its supporting industries. Questions about the
survey or the project can be directed to Barry Graham at (619) 544-8882; FAX (619) 232-
6411.

Thanks again for your cooperation.

Barry Graham

Appendix A A-1



Feasibility and Economics Study of Spent Abrasives
NATIONAL SHIPBUILDING RESEARCH PROGRAM
SHIPYARD SURVEY FORM

Project N1-93-1: Feasibility and Economics Study of the Treatment, Recycling and Disposal of

Spent Abrasives (Phase 1, Preliminary Research)

INSTRUCTIONS: Please answer all survey questions. Fax or mail the completed survey

1.

Appendix A

to: NASSCO
ATTN: Barry Graham
Environmental Engineering, M/S 22-A
P.O. Box 85278
San Diego, California 92186-5278
FAX 619/232-6411

FACILITY IDENTIFICATION

Facility Name

Street Address

City, State

Zip Code

Contact Person
Title
Telephone
Fax

ENVIRONMENTAL REGULATION
Indicate the Environmental Regulation classification(s) assigned to your spent abrasive
wastes and the regulatory agency(ies) responsible for solid/hazardous waste enforcement.

£
£
£

Classification Agency

RCRA Hazardous Waste (Federal) EPA, Region
State Only Hazardous Waste (State, Regional)
Non-Hazardous Waste (Local, Other)

SPENT ABRASIVE PROFILE

a

Indicate which coating types might typically be found in any spent abrasives generated
by your operations. (Check applicable boxes and provide product names.)
Anti-Corrosive/Anti-Fouling Coatings

Epoxies

Enamels

Zinc-Rich Coatings

Urethanes

Others

th th th th th th

Are anaytica results (chemical/physical data) available for spent abrasives generated
by your operations? £ YES £NO

ABRASIVE BLASTING MANAGEMENT PRACTICES
Complete Table 1 - Spent Abrasive Management Practices, for al operation(s) that generate
spent abrasive blast media. Operations may be performed on-site or off-site by employees
and/or subcontractors. (Make additional copies of Table 1 as needed.)
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Feasibility and Economics Study of Spent Abrasives
(Make additional copies of this page as needed.)

TABLE 1 - SPENT ABRASIVE MANAGEMENT PRACTICES

FACILITY NAME

Blast Media Product Name
RECYCLING DISPOSAL
(YES) (NO) (YES) (NO)
On Site £ £ Hazardous Waste £ £
Method Quantity (Tons/YT)
Pre-Treatment Process Pre-Treatment Process
Processing Cost ($/Ton) Disposal Method
Disposal Cost ($/Ton)
(YES) (NO) (YES) (NO)
Off Site £ £ Non Hazardous Waste £ £
Quantity (Tons/YT) Quantity (Tons/YT)
Method Pre-Treatment Process
Pre-Treatment Process Disposal Method
Processing Cost ($/Ton) Disposal Cost ($/Ton)
Other Recycling Method Other Disposal Method
Quantity (Tons/YT) Quantity (Tons/YT)
Pre-Treatment Process Pre-Treatment Process
Processing Cost ($/Ton) Disposal Cost ($/Ton)

Please describe your spent abrasive management practices if other than recycling or disposal.

Blast Media Product Name
RECYCLING DISPOSAL
(YES) (NO) (YES) (NO)
On Site £ £ Hazardous Waste £ £
Method Quantity (Tons/YT)
Pre-Treatment Process Pre-Treatment Process
Processing Cost ($/Ton) Disposal Method
Disposal Cost ($/Ton)
(YES) (NO) (YES) (NO)
Off Site £ £ Non Hazardous Waste £ £
Quantity (Tonsg/YT) Quantity (Tonsg/YT)
Method Pre-Treatment Process
Pre-Treatment Process Disposal Method
Processing Cost ($/Ton) Disposal Cost ($/Ton)
Other Recycling Method Other Disposal Method
Quantity (Tons/YT) Quantity (Tons/YT)
Pre-Treatment Process Pre-Treatment Process
Processing Cost ($/Ton) Disposal Cost ($/Ton)
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APPENDIX A-2
SURVEY RESULTS

Approximately 60 surveys were sent to new construction and repair shipyards of various
sizes across the country. 26 yards responded (about 50%) — six large yards and 20 small
and medium yards. (See List of Shipyards Responding to Survey at the end of this
Appendix. )

Responses to the shipyard survey are presented in table format on the following pages.
The responses are grouped by abrasive type used by each yard: copper slag, coal slag,
and other, which includes sand, aluminum oxide, steel grit or shot, garnet and nickel slag.
For anonymity, a code is used in place of the actual shipyard name. The code indicates
the geographic location of the shipyard as follows:

NE Northeast United States

SE  Southeast

NW  Northwest

SW  Southwest

M Midwest (Great Lakes)

Significant survey results can be summarized as follows:

The most commonly used abrasives are coal slag and copper slag. Coal slag is used
exclusively in the East by eleven yards; Copper slag is used exclusively in the West by
eleven yards.

Other abrasives such as sand, aluminum oxide and steel grit or shot are used in
various parts of the country. Most large yards use a variety of abrasives, depending
on the application.

The quantity of abrasive waste generated by large yards ranged from 9,000 to 20,000
tons/year. For small and medium yards the range was from several hundred to about
4,000 tons/year.

For coal slag, about 2/3 of the yards reported that a majority of their abrasive waste
was disposed into non-hazardous landfills at an average cost of about $40 per ton.
The other yards recycled most of their waste into asphalt or cement at an average cost
of under $10 per ton, with a small amount going to landfill.
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For copper slag, almost all yards reported that a majority of their abrasive waste was
sent to a cement company to be recycled as a cement kiln additive at an average cost
of about $30 per ton. One yard reported recycling their abrasive into a road bed
compound at no cost to them.

For yards using sand as abrasive, the most common disposal method was non-
hazardous landfill at an average cost of about $30 per ton. One yard recycles sand as
an asphalt additive at a cost of $60 per ton.

Eleven yards reported using steel grit or shot. In all cases, the abrasive was reused
several times and the resulting waste fines, which were usually considered hazardous
waste, were disposed in landfills at cost of from $200 to $500 per ton.

Aluminum oxide and garnet abrasives were used by six yards. About half reported
reusing the abrasives and the others recycled their abrasive waste into asphalt or
cement at an average cost of about $15 per ton.
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SHIPYARD SURVEY RESPONSES

Abrasive Media Type: @ COAL SLAG
Ship- Waste RECYCLING DISPOSAL
yard | Quantity
Code | (tonslyr) Method Cost Method Quantity | Cost
($/ton) (tonslyr) | ($/ton)
NE1 20,000 Asphalt additive 3 Non-Haz LandFill 200 40
NE2 1200 Asphalt additive not/ Haz LFE (Paint Dust) 5 940
reported | NHLF 50 n/r
NE3 348 Asphalt additive 9.40 'Special' LF n/r 56
NE4 n/r Not/Applicable N/A NHLF 1547 n/r
SE1 4500 Asph / Cem. kiln - 0-12 N/A N/A N/A
Conc. slurry (test) 0
SE2 10,000 N/A N/A NHLF 10,000 30
SE3 n/r N/A N/A HLF 20 350
NHLF 40 75
SE4 n/r N/A N/A NHLF 1800 10 -12
SE5 n/r N/A N/A NHLF 2800 40
SE6 n/r N/A N/A NHLF 5000 50 - 60
SE7 n/r N/A N/A NHLF 2579 30
Abrasive Media Type: COPPER SLAG
2500 Reuse 8-12 | HLF 25 600
NW1 (Classification)
3320 Cement Kiln 26 N/A N/A N/A
Additive (CKA)
NW2 600 CKA 20 N/A N/A N/A
NW3 960 CKA 16 N/A N/A N/A
Nw4 20,000 | Reuse 30 NHLF 10,000 20
NW5 n/r CKA 20 N/A N/A N/A
NW6 n/r CKA 59 N/A N/A N/A
SW1 2000 CKA 200* N/A N/A N/A
SW2 3000 CKA 19 N/A N/A N/A
SW3 n/r CKA 15 HLF 100 440
Sw4 188 Road Bed 0 N/A N/A N/A
SW5 9000 CKA 50 N/A N/A N/A
* includes environmental testing fees n/r = not reported N/A = Not
Applicable
NHLF = Non-hazardous Landfill HLF = Hazardous Landfill
Appendix A A-6




Feasibility and Economics Study of Spent Abrasives

Abrasive Media Type: @ OTHER
Ship- Waste RECYCLING DISPOSAL
Media yard | Quantity
Code | (tonslyr) Method Cost Method Quantity Cost
($/ton) (tonsl/yr) | ($/ton)
M1 n/r N/A N/A  |HLF 0.2 250
NHLF 50 35
SAND NES 64 N/A N/A  |HLF 5 500
NHLF 59 10
SE3 n/r N/A N/A  |HLF 40 300
NHLF 280 70
SE4 n/r N/A N/A  |NHLF 900 10
SE6 n/r N/A N/A  |NHLF 1000 50 - 60
SES8 350 Asphalt additive 60 NHLF 250 10
NE3 133 Reuse 30 Special LF n/r 56
ALUM- Swi 25 Reuse n/r HLF 10 400
INUM SW3 13 CKA 15 HLF 3 440
OXIDE SW5 200 Alum. smelting 0 HLF 100 100
SE6 n/r Reuse n/r NHLF 200 50 - 60
SE9 25 N/A N/A  |NHLF 25 600
NE3 234 Reuse 25 Special L/F 113 56
NwW1 1310 |Reuse 25 NHLF 1310 450
STEEL NW3 n/r Reuse n/r N/A N/A N/A
GRIT/ NW5 25 Reuse n/r HLF 50 200
SHOT Swi 50 Reuse n/r HLF 20 400
SW3 n/r Reuse n/r HLF 10 500
SW4 n/r Reuse n/r HLF 27 1040
NHLF 200 700
SW5 120 Reuse n/r N/A N/A N/A
CKA 50
SE2 n/r Reuse n/r NHLF 500 15
SE6 n/r Reuse n/r NHLF 600 50-60
SE7 n/r Reuse n/r NHLF 11 80
NE3 n/r Asphalt Additive 9.40 |Special LF n/r 56
NwW1 25 Reuse 5 NHLF 10 50
GARNET |[Sw1 10 N/A N/A  |HLF 10 400
SwW2 n/r Reuse n/r NHLF 10-15 100-150
SW3 7 CKA 20 HLF 2 440
Sw4 56 Road Bed n/r N/A N/A N/A
NICKEL |[SW1 400 CKA 200* |N/A N/A N/A
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List of Shipyards Responding to Survey

Northeast

NORSHIPCO

US Coast Guard Yard, Baltimore
Bath Iron Works
Philadelphia Naval Shipyard
General Ship Repair
Southeast

Atlantic Dry Dock, Jacksonville
Atlantic Marine, Mobile
Southwest Shipyard (Southwestern Barge)
Trinity Marine

Bollinger Quick Repair
Ingalls Shipyard

Avondale Shipyard

Newpark Shipbuilding
Textron Marine

Northwest

Cascade General

Tacoma Boat Building Co
Marco Shipyard

Sand Products

Trident Refit

Puget Sound Naval Shipyard
Southwest

Mare Island Naval Shipyard
Southwest Marine

Long Beach Naval Shipyard
Pearl Harbor Naval Shipyard
NASSCO

Midwest

Bay Shipbuilding Corp.

Appendix A

Norfolk, VA 23501
Curtis Bay, MD 21226
Bath, ME 04530
Philadelphia, PA 19112
Baltimore, MD 21230

Jacksonville, FL 32228
Mobile, AL 36601
Channelview, TX 77530
Port Allen, LA 70767
Harvey, LA 70059
Pascagoula, MS 39567
New Orleans, LA 70150
Houston, TX 77120
New Orleans, LA 70127

Portland, OR 97208
Tacoma, WA 98442
Seattle, WA 98199
Portland, OR

Bangor, WA
Bremerton, WA 98314

Vallejo, CA 94592

San Diego, CA 92113
Long Beach, CA 90822
Pearl Harbor, HI 96860
San Diego, CA 92113

Sturgeon Bay, WI 54235
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Law Crandall, Inc.

Report on Recycling Testing
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‘-_. LAW/CRANDALL, INC.

January 15 | 997

Mr. Lés Hanten

MASSCO Environmetital

Matiomal Steel & Shphuilding Co,
Harbor Drove & 28th Streat

PO Box #3270 MS-274

San Dizgo, Californis 92 186-4778

Subjeer Test Informution
Copper and Coal Slag Testing
Feasibility and Economic Study of the Treatment,
Recycling and Disposal of Spent Abrasives
Law/Crandall Job No, 70341-6-0175

[hear Mr Hansem

In accordance with aur proposal dated July 9, 1996 we have performed testing of the copper and
coal slig samples that were submitied W our laboratory. The copper slag was submimed by
NASSCO in San Diego, Californi on July 24, 1996 The coal slag was submutted by Marinere
Manne Corporation of Mannette, Wisconsin on Anguit |8, 1998 The purposs of our work wes o
provide laboratory testing to aid NASSCO in ther feacibility stady for 2 wse for the spent abrasives
Crar work included two phases, phase | material tharactanzation, and phase 2 performunce testing

The remules conmuned in this repont do not constiture or imply approval of the matérial for use in
construcilon malerials, the results are presented as (nformation otly. Cur professional serices have
been performed using that degree of care and skill ordinanly exercised, under smilar circumstances,
by reputable construction materials consu!tanty prachicing this or eimilar Ioealities  No othe:
Warrmney, express or implied, is made as to the profiessional sdvice included in this CEROHTL

We do not know the spexific chemical constituents of the adag matenal submuned 1o us for testing It
18 our dederstanding that the dlag matemal is wsed for abrasive blasting of painted surfaces and the
specific chemical construents may vary depending on the paint blasting residue  ‘We do nnot levow
horwe representative the test samples will be of wpent abmsive matenals from furure abrasive blasting
operations.

Further testing will be required 1o evaluats the duralulity of conerete and asphalr mixtures made with
beie materials
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Test Results
Phase | - Material f_1|g:rggl=|j:uiug

A sezies of Teits were performed to evaluate some general charactefistics af the sing matersal, The
tesults from the tests performed were intended 10 help provnde pn oitial indication az to whither or
ot it mught be feasibie to use the =lag mmenals in portland zement concrete of asphalt concrete
The following tests wete performed as past of the phase | testing

Organic Impunies - The purpose of this tes! % to evaluate the potentinl of a fine dggregate o
coTRa prgAnic compourids that could be tniunous to portland cement conerie

Gradation - The purpose of this test 1= to evaluate the particle size disiribution of the Agprogate
Pasticle suse dintrbution i important when determuning muix proporions and chursctenstics of the
final product and confrrmance with standand specifications

Sodiwm: Soundress - This test method covers the esting of pggregates to esnimale therr soundness
when subjected to weathering sction in Ganorete,

Sand Equivalent - The purpose of this test is to provide & measure of the relative progortions of
actnmental fing dum or ciav-like materal in fine BgErEEates

Dumability Index - This test provides a measure of the fine aggregates’ relative resistance 1o
producing clay size fines when subjected to prescribed methods of mterparticle abragion i the
presence of water

“artar strength relative to Ottawn sand- This test is for te purposs of determitung the compressive
strength developed by mortar using a given concrete sand i relabion o thar developed by mortar
uping Dttawa sand and indirectly measures the concrete-making properies of the sand belng tested

Test Results

Test Copper Slag Coal Slag

Organic Impurities *Ligheer than color Not Tested
{ASTM C40) standard #3

*If the color of the supermatant liquid {s darker than that of the séference standard #3, the fine
aggregate s considered to posssbly contain munous organic compounds,

The foliowing mble presents test regults from the copper and coal slags and compares the test results
to standards from the Amencan Seciery for Testing and Materials (ASTM), Standard Specifications
for Public Works Construcnon (SSPWC), and the State of Califamia Depanment of Transporation
(Calrans ).
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Test CopperSlag | CoalSlag | ASTM C-33 SSPWC | CALTRANS l
Gradotion |
FASTM C136) %% Passing "o Pasgng |
Sigve Size |
1"  fii] 040 10y 100 -
A0 j 1) 104 05-100 05100
4 i by 060 80-100 70-80 :
gl i ud §0-85 §575 i
CEI 8 12 256 30-30 3 i
430 3 Y] [0-30 025 F
1K I7 13 2ol -1 -
#3100 £3 n -5 F
Sodium _
Soundmess 5% 3% | 0% max. 1055 mmx;, -
{ASTM CREY
weahted " lost
Sand Equivalent
{CAL 21T 0 7% . 70 min 75 min
Durability Index
(CAL 229) A K4 - .
Mortor Strength
Relative (AL =M *63% . 100%% mum 5% mam,
F157) to CHEawa
Sand

* Comprzssve strength of copper slag morar cubes= 1630 pu
Compressive strength of coal slag martar cubes= 5740 psi
Compressive strength of referonce mortar cubes= 94040 psi.

MHseussinn

The standard test for potentinl aliali reactivity of aggregates [ASTH €| 260} was 1o B¢ run an the
copper slag, Thae test was started but results could not be obtamed bocause the test bary did not
up  Thes is discussed further m the porthand cement concrtte trial batch section of this reporT

The slag matenals contained a higher percentage of matenal pasging the: finer sweves (sieve mizes |6
and gmaller) than most specifications allow for concrete aggregate. This higher fines congent can
result i a small decrense in campressive strength and can sigrificantly increase the water demand
which will decresse the strength amd durability and inerease the shankage of conerete
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4 irice Testin

The purpose of the phase 2 testing was to measure specific properties of portland cement concreie
and asphalt cement concrete mixes made using the spent abrasives as the fiee aggregate and local
San Diego area crushed rock as the coarse aggregate

Portland Cement Concrete Testing
Twa ponland cement concrote trial batches wens moxed. One bateh contained copper slag as the fne
apgregate and one batch contained coal slag as the fine sggregate. The mix design weighes were

calculated based on the sbsolute volume method: The mix weights for a | cubic vard batch are ae
|

Copper Slag Baich

Vztonal e Fepbic v, ie
Coppar Slag {580 pounds

1™ X #4 coarse aggregate 1952 pounds

Cement 493 pounds

Water 323 pounds

*Admixture Master Builders 322N+ 19 72 cunces per cubic vard of concrete

Coal Slag Batch
Matenal Weight per cubi¢ vard of concrete
Coal slay 1474 pounds
17 X #4 coarse aggregate 1311 pounds
Cemant 493 pounds
Water 325 pounds

*Admixture Master Butlders 322N- 1972 ounces per cubic vard of concrete

* Master Bunlders 322N 15 a water reducng admisture conformmi to the
requireiments for ASTM C494 tvpe A water reducmg admictures. Water redusing
acmixtures are typically used in the majonty of concrete mixes to reduce the
required amount of water or to improve workabihity.

The teating of the tral baich concrete was performed to evaluate the genéral charscteristics of the
plastic {fresh) concrete and the hardened concrere. The trial batches wers 2§ cubig feet . The results
from the tests performed wete intended to belp provide an initial indication as o whether or ot it
might be feasihle to use the slag matenials in portiand cement conerete

The mix design that was used was based on a standard production mix desmgne The production mix
dosign wsed washed concrete sand ay the fine aggregate and did not contan slag. The compressive
strength data for the smndard production mix design is presented for general companion o the il

4
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hateh results. To more accurately evaluate the effects of slog on compressive streagth, a liberatory
reterenge batch not contanung slag should be muxed o compare to feture teial batches

The resulee of the trial batches are as follows: Appropmate Expected Values
' for Smmilar-Concrete Made with
Washed Concrete Sand (Mo~ |
Slag)® |
Cnal Slap Baich
Slump {ASTHM C 1430 &1z ™iga"
Unit Weight {ASTMM C138) |38 pef 130 2 145 pof
Temperature (ASTHM C1054) TEEF TO o BRI F
Setting Time (ASTM C401) Iitin! Sex Thove! 840 mrin 120 to 240 min
Compressive Strengrh Test Data (ASTM T80
T Day 1260 psi
18 Day (Test 1) 1100 psi )
1% Dy (Test 29 3020 psi *28 Day 3200 (o 3800 psi
% Day 1360 psi

Modulus of Efasiiiity al 28 dayvs (ASTM CaaD)
1,955,000 pi 2,500,000 103,000 000 psa

Dirying Shrinkage (ASTM CL57 *madifisd )

* A modified by the SEA repon “Supplementary
Recommenditions For Contral of Shrinkage of
Concrete, May Y978

T day expansion 0.003%
¥ day drying 11.022%
|4 day dryirg 000
31 day drring 003 5%
16 day drying 0 40 0.04%, to 0.03%

Flesural Strength [ASTM CT3) )
28 Day Flexural Strength- 430 psi 430 13 230 psi

*The 28 day compressive strength test data was obtamed from 2 statistical summary from 108
production baiches made with washed concrete zand (no slag), the cumulative average compressive
strength: was 3483 psi

Copper Slag Batch

The Copper Slag Batch did not set up for approximately | week after bawching  While the
plastc concrete had the same general propernes a: concrete mode with washed concrete
sund, approximately 24 hours afler barching the concrete was sull soft and had not obtamed
initinl se2 as determined by ASTM C403. The concrete samples were allowed to sit unal
they had hardened encugh to sinp. The samples were stopped 7 days afier baching.  Due
1o the time required before the samiples could be stnpped, the remainder of the testing was
nat perfarmed
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The properties of the plastie (fresh) consrete ars an follawy

Slump (ASTM CI43) i

Unit Weight (ASTM CI138) 1486 pcf

Temperature (ASTM C1064) 73 depgrees F

Setting Time (ASTM C403)  Initlal Set Time: About | week

Thiscussion
Copper Slag

The conéreote made with copper slag didn’t obtain initial set for approscimately | week as defermined
B ASTM C403 which ¢valugtes timé of setting by mebserng the ability of the micriar o resist
penctration.  The setting and eventual hardening of conerete 15 due to s chemical reagtion between
the sement and water which s called bvdration.  Water must be present {or hedration to contmue
The indication of initial set cbtained after | week may be somewhat due to de-hydration, similar 1o 3
drying sl water {mud) mimture. The concrete samples did obtam enough strength to be removed
from their melds without losing their shape after approximately | week. A further chemical
investigation into the cause of the lack of set of the concrete made with copper siag would be
required to evalunte the impacts on lack of concrete set. Dunng our review of chemical dmta
supplied on the material safery data sheets and the report from Constrection Techoology
Laborarpnies, Ine, we could mot determine the cause of the lack of set

7

Coal Slag

Thie testing performed ns part of this project indicates that the concrets batch made with the coal slag
g5 4 fine aguregate had similar 28-day compressive and fexural strength, modulus, and shrinkage
charactenstics as concrets made with washed concrete sand. The 28-day compressive and flexural
wreneth and modulus results were lower than the approximate expected values for simiar concrete
made with wathed conorete sand {no-slag) To more accorately evaluate the test results a reforence
batch made with washed concrete sand (no slag) should be performed with future tril baches

The tutial setting tume was [onger than the approximale éxpected values for simular conerele mads
with washed concrete sand (no slag), Tncreased mutial yething tme can lead to problems duning
plocement of concrete such as increased lateral pressure on forms-and delayvs o finishing operations.
Further tosting may be warmanted to evalnaze the feasibality of wsing an accelerating admixture to
deareane the sefting time

The medulus result obtained 15 lower than the approumate sxpested values for simalar concrete
made with washed concrete sand (no slag). The modulus is an expression of a stress and strain
relationship. The modulus is very umportant in design of structural members and funher testing and
analysis weuld be required to evaluate the modulus and other stress-strain relationships . For non
structural items such as flat work (curbs, gutters, sidewalks, etc ) and gravity applications, where the
weight of concrele iz necded, such as concrete bamiers for vehicles and anchors or dead weighte, the
mcdislug 15 less impomant,

The shrinkije results sbtained ars within the approxmmate expected values for somilar conerete mads
with washed concrete sand (no slag)
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The results obuuned as: part of thus tesang may be considered an fnitial Rdiention that it meight be
fensible to use coal slag in coneretz. To more accumtaly evaluate the offeets of coal sfag on concrele,
# laboratory refesence bateh not contaiming sing should be mixed 1@ campare o future sl batches
The effects of coal slag en concrete fexural stength, modulus @nd shrinkage for & penod preater
thins 28 days and the effects of coal slag on conerite compressive strength for a penod greater tan
36 days and etfects on other properties of concrete have not been determingd and further teating may
be warranted

We suggest further fesung to evaluate the long térm performance of conercie mate with coal slag
One long term property of concrete made with slag that should be further evaluated is oxpansion
An autociave expanyion 1ea1 based on & varanim of 3 st sush as ASTM €151, Smndard Test
Method for Auwtoclave Expanson of portiand cement may provide a preliminary mdication of
possible expansion [t will probably be necessary to blead the coal slag with 2 matural sand bessugs
of the high fines content of the slag  The high fines content can significantly increase the wiiter
demand and decreass the strength and durabaiity

Asphaft Concrete Teating

Two asphalt conerete tnial batches were mixed  One batch contabbed copper slag as o partial
replacement of the fine ageresate and one batch contained coal slag as 2 partinl replacement of the
fine aggregate A partial replacement of fine aggregate with slag was used ‘to meet o standard
grading |t w0 expected that if o total replacement of fine aggregate with slag was uued the resulting
mix would have less desirable placement and compacton characteristics. The mit proportions
based on the dry weight of aggreeate are ng follows

Coal Slag Batch

Coal Slag- [2%
ook Dust- £8%5
JB"- 15%
I s FA%

Copper Slag Batch

Copper Slag- [1%
Rock Dust- 34%
I 0%

12" 24%

Motes Diiferont mox proportons were used far the copper and coal slag batche: becaass the
mix proporttons are based on 4 combined gradation of the aggregates. The copper and coal
slags had different gradations so the percentages used m the wo barches was differont

The wsphale concrete trial batches were batched in general accordance with the asphalt institute MS-
= procedures  The objective of the mix design procedures is to determine the combination of asphalt
cement and aggregate that wall give desirable performance charastenstics: The MS-2 procadures
inelude determining an sppropriate blend of aggtegates to produce 5 proper gradation, and selecting
the tvpe and amount of asphalt cement to be used as the binder for that gradation. Batches with
varying amounts of asphalt cement are batched and specific properties are evalinted, As described
in the MS-2 manual, the overall shjective for the dosign of asphal paving mixes is to detzrmmne a

7
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cost effective blend and gradanon of agereeates and asphait that vields a mx having the followang
[T rhes

Sufficienr asphali ve ensure a dyrable pavement

Sufficient mrx stabilsty o satisly the demands of traffic without distortion or dplacement
Sufficient vouds m the rotal compacted max to allow for a-shight amount of additional compaction
under traffic losdig and g alight amount of asphalt expansion due (o iemperature increases
without fushing, blecding, and loss of stability.

A maximum voul content to mit the peemeability of hasmful air and meisture into the mix

Sufficient workability 1o permil efficient placemen: of the mix without segregation znd withaut
saenficing stabiiny and performance

The mix design 15 based on a Standard Specifications for Public Works: Construchion  (SSPWE)
tvpe (11 cluss C3 The asphall contents used are in the ranige specified in the SSPWC and npical of

asphalt etmtents bsed in the San Diegs area.  This 1 the class that it the gradation wsmg a
percentage of the slag A standurd class could not be ohained usmg more slag

The proposed mux is run at different azphall conterits and the optimurn asphalt content i3 chosen
based on the results of the tests performed, The results for the mixes at different asphalt contents are

ag fallows

Coapper Slag

Aiphalt Content, %% af Total Mix 45 - . | 38 63
Mazimum Theoretical Unit Weight 162 | |60 8 159.5 1582
Vaids in Mineral Aggragate 208 21.4 213 20.7
Air Vigicls 1.1 10.6 93 T3
Carrected Marshall Stability 2250 | 00 400 | 360
Marshall Flow 15 13 16 17
Bulk Unit Weight 1440 1437 [34-5 146.3
Campaction Temperature 240 200 280 240
Coal Slag

Asphalt Content, %o of Total Mix 44 33 ad i3
Mpximum Theoretical Unit Weight 1393 581 13639 (356
Voids in Mineral Aggregate il l 123 212 195
Aor Voids 10.% 1o 7.6 49
Corrected Marshall Stability 2400 2200 2080 1 786
Marshall Flaw |3 [4 13 | 6
Bulk Unit Weight 420 14214 (25,0 148.0
Compaction Temperature 280 280 280 2R0
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The Voids in Mineral Agereeate (VMA) is the toral volume of vaids within the mase of the
compacted aggregale. [Fthe VLA 1o -too small the mix may have lower dumbility propertias. [F the

VA 15 100 large the mox. may have lowee stabiliy Typacal specificanons reguire a mindmum of
5% VAL

Marshall stability is basically & measure of sirength of the asphalt conerete mix. typical
specifications require a mimmum of 1800 fior o heavy traffic load

Marshall flow = banealiy 3 mesgare of the verucal defermntion of the mes under load  Mixes with
high flow may expenence permanent deformation under traffic foads. Mixes with Jow flow may be
foo bnttle ﬂ.mi grack  Typical specification reguire fow values beoween 8 and 16

Aur Vouds {vouds i totz] mux) are important for performance and pratection from detercration by mie
and water. Tymenl specification require vonds befween 3 and 4%

To evaluate the mowture susceptibility of the muxes made with the slay, ASTM D-1675, Sundard
Tedt Method for Effec: of Waizr on Cohesion of Compacted Binminous mictures was performed
Asphalt concrete can deferiorate dus to the influences of moisure.  ASTM D-1075 measures the
inciex of retaned strength. The typical required mimimum index of retsined strength s 73%  The
resulis aro ag follows

Index of Rewimned Strength
Copper Slag Batch A8 6%
Coal Slag Balch 52 6%

Note- Typical Sas Diego apuregates tequire the addition of an anti strpping additive 1o
meet an index of retaned strength of 73%.  The copper and coal slag batches that were
tested did not contam an ant: arpping sddinve and the results obtaned are in the tvpical
expetied range for San Diego area aggregates

Chscussion

(‘opper Slag

The copper slag batch appeared o attain typicallv specified stability and flow properties between 4 ¥
and 3.8% asphalt  The ar vonds-at 5 8% asphalt content were not within the tymically specified
range  The art vonds will decrease with increasing asphalt content. At 6 3% asphalt content the air
voiels were lower although sull not in the wpeeally specified range and the stability and flow were no
longer wn the specified mnge  Further testing would be warmanted to evaluate the use of copper slag
i paving asphalt concrete. Copper slag may be more suited fisr use i1 asphalt conerete sheet mixes
or berm maxes where hugher oil contents and jower strucural properties may be accepuable

C'oal Slag

The coal slag batch appeared to attain typically speaified stability and flow propermies between 4 §

and 3 8% asphalt The wir voids at §8% asphait content were not within the tvpically specified

range  The air vouds will decreass with increasing asphalt content At 6.3% zsphalt content the air

woids were lower but the stability was no lenger m the speafied moge  Furnher testung would be

wartanted to evalunte the use of coal shag in paving asphall conceete Coal slag may be more suned
L
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for usz v asphali concrete shest muxes or berm mixes white higher oil cortants and lswer struciural
propertics may be poceptahis

The asphalt testing performed a3 part of this progset indicate that the atphalt eoncrete batches made
with the coal and copper slags had similar stabilicy and flow as asphalt concrets made with natural
rack products.  The air voids were higher than the svpically expected range. The results should be
considersd an initial indicotion that it mught be feasible 10 use coal and copper slag m asphale
concrete. We recommend further testmg 1o evaluate the lang t=rm performance of aspball concreiz
made with coal and copper slag, paricularly since the sir voids and VMA arp higher than the memal
speiification bty

Expansion Index Testing

Expandion Index tests were performed following the Uniform Building Code Standard 293 This
fest 15 designed to mezsure the expansive properiies of compacted poil  Both the copper and coal
stag sumples had measured expansion (ndexes of zero Table No, 29-C of the Uniform Butlding
Code ¢lassifics soil having an expansicn indices of xéro 1o 20 as having & very Jow pofential
expanston. This test result should caly be comsidered an minal indication that further testing of the
slag materials may be warranted. Possible expansion of slag material depends on manv factors and
may not be indicated by an cxpansion Index test A comprehsnsive testing program including
autoclave tests would be necesiary to further evaluate the use of the slag matenal ps fill

Ficase lov un know if you have any questions regarding this repan
Sincerely,

LAWI/CRANDALL
A Divigion of Law Engineering and Environmentai Services, Inc

2 P

Dawvid C Wilsan, RCE 54734 Iohn B Theissen, RCE 28313
Project Engineer Principal and Chisf Enginser

¢y et P nazmal 40 Pl parr e s DA miay
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Fhatn 3: Marshall compachion hommor and mold assentbly wsed  for

compacting asphall specimens for the Marshall nsthog (ASTM
|

Photo 4; stabibiyy g Hews apparaius used for evaluatmg stabibive: and - i
of computied asphalt specimens
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INTRODUCTION

In accordance with the National Steel and Shipbuilding Company
(NASSCO) purchase order dated July 27, 1996, number MU300063-D, KTA-
Tator, Inc. (KTA) has completed the abrasive testing program. This report
contains the results of the abrasive evaluation.

The program encompasses the evaluation of two thermally processed
abrasives (coal slag and copper slag) in order to determine if the submitted
abrasive media conform with the Steel Structures Painting Council’'s Abrasive
Specification No. 1 (SSPC-AB1). A copy of this specification is attached.
Additionally, information concerning the breakdown rate, amount of dust
generated, and particle size distribution of the media was determined.

Photographs of the abrasive blasting process, equipment and abrasive
media are appended.



SUMMARY

The results of this evaluation are shown in Table 1. Descriptions of test
procedures are located in the section of this report entitled “Test Descriptions,
Results and Data Interpretation.”

Based on the laboratory results obtained, neither of the abrasive materials
submitted by NASSCO met the requirements of the SSPC-ABL1 specification.
The coals slag abrasive did not meet the requirement for oil content as outlined
in section 4.1.6 of the specification, but further testing of separate samples
submitted at a later time revealed results within the specification requirement.
The copper slag abrasive material did not meet the oil content criteria as
received. Additionally, the copper slag media displayed high water soluble
contaminants with conductivity levels 3.5 times higher than the maximum
allowable as outlined in section 4.1.4 of SSPC-AB 1. Additional samples of the
copper slag abrasive received in a separate shipment from NASSCO also did not
meet the requirements of SSPC-AB1 for oil content and water soluble
contaminants.

NASSCO was interested in learning the effect that washing the abrasive
samples in deionized water had on the water soluble contaminant and oil content
results. Since ASTM D-4940 “Test Method for Conductimetric Analysis of Water
Soluble lonic Contaminants of Blasting Abrasives” requires the abrasive /
deionized water mixture to be filtered and the filtrate tested, NASSCO requested
that an additional volume of deionized water be added to the filtered abrasive
and re-tested for water soluble contaminants and the presence of oil. This
“washing” reduced the water soluble contaminants to levels acceptable by
SSPC-AB1 (less than 1000 microsiemens). Additionally, non oil was found in the
copper slag abrasive after washing.

Both abrasive materials contained particles of debris ranging in size from
approximately ¥a inch to 7/8 inch in diameter. This debris consisted of what
appeared to be rust scale, masonry aggregate, pieces of wire and pieces of
plastic. This debris could pose a safety hazard to abrasive blast cleaning
operators and may damage abrasive blast cleaning equipment. This debris was
removed prior to processing, but this debris indicated a potential for
contamination of the samples. Both blast cleaning media exhibited high
breakdown rates indicating further recycling may not be practical.



Tabus 1 - Summary Tabk

A rasiye Bampiun Tasted thiatly
Abranive Madis| Avarsge Pre [Avseege Peet il st Frarcant Tt Cansraisd Turfuse Desdiln Hangs hewrugps Guriecs Prutis
Bimsl Pwrlicls Parlicie Siw AreaiLdaw "% [y {ridln i
Shim {mmj (]
i e
sl Singy IE] 0] sad 133 JHw40 IET]
Coppw Sag g7 pa? &34 1 354048 317
Airrant em Shwedin | Sy ific Gruvily | Bimm Specibs [Fomibees (¥ I Wisms Bulubbe | Maximum yakes Gl Comirne Muasmum oW
Chituingd | Clrmvity Ruguiied iMeska Hariiness Fsgquired) Cantsminmis Salubis O Contenl A llownd
by SEFC-AB 1 by BEPCAR Obtamed Coalanvmants by SHEBCAR 1
[ Micda| [TRiCT o TR s | Alownd by
SHACAD |
| milcrosbmans]
e caad iy 24 s .t i as 108 00l Framaed Fie
o Sy 27 s 2§ ii i 100 [l Frument Picne
Abaumive Watia]| Walsr Salobis il Contsnt Abanaivs Madls | Wlsr Sobubls 08 Commnt
Conteminanis O bawnied Corrimmimants O immaed
Delainail Cibkslnei
|TERRCT Cd  poats  | Lo lernss |
(==l g | Hom. ] me M
jLopons Bep c O Prosns Copoie Sing hores




TEST DESCRIPTIONS, RESULTS AND DATA INTERPRETATION

A description of the test protocol for each of the evaluations conducted
follows, along with a summarization and interpretation of test results.

Abrasive Sampling Procedure

The entire amount of each abrasive media was riffled separately three
times to insure homogeneity and provide a uniform distribution of particle sizes.
The riffling device was cleaned before and after use with clean, dry compressed
air to eliminate any cross contamination between the coal slag and copper slag
materials. Abrasive samples were collected from the homogenous mixture for all
testing. This procedure meets in general the requirements of ASTM D-75
“Method for Sampling Aggregates.”

Pre-Blast Size Distribution

Sieve analysis was performed for the test abrasive to establish the pre-
blast particle size distribution for each of the two abrasives. The information was
subsequently used to calculate breakdown characteristics of the abrasive
materials. Testing was performed in general accordance with ASTM C-136
“Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates.”
Briefly, the entire amount of each abrasive was riffled three times to obtain a
uniform mixture of particle sizes. Subsequently, a one-hundred (100) gram
sample of each abrasive was tamped through a series of thirteen sieves for
seven (7) minutes. The USA Standard sieve sizes used for the testing included
No.’s 10, 12, 16, 20, 30, 40, 50, 60 70, 100, 140, 200, 270 and a solid pan at the
base of the sieves. The abrasive retained on each sieve was weighed on a
balance capable of measuring to 0.1 gram. The percent abrasive retained on
each sieve was recorded. Data are found in Appendix 1.

Test Results

The results of the pre-blast particle size distribution for both the coal slag
abrasive and the copper slag abrasive are found in Appendix 1. The post-blast
analyses (for calculating breakdown characteristics) are also found in Appendix
1.



Percentage Breakdown / Dust Generation

Percentage breakdown /dust generation testing was performed to
determine post-blast cleaning particle size distribution and the quantity of dust
generated by the test abrasives. Abrasive breakdown was calculated based on
the comparison of the pre-blast versus the post-blast particle size distribution of
the abrasive mixture. Percentage breakdown was determined by finding the
percent change in average patrticle size of each abrasive. A specially designed
blast chamber equipped with an impact plate and a dust reclamation bag was
used for the testing. Figure 1. is a drawing of the blast reclamation chamber.
Using a %2 inch diameter abrasive metering orifice (located at the base of the
blast pot) and a 3/8 inch venturi blast nozzle, a 100 pound quantity of each
abrasive was propelled into the chamber at an air pressure of 100 psi against a
3/16 inch steel plate at a distance of 18 inches from the nozzle to the steel plate.
The dust accumulated in the reclamation bag was weighed to determine the
amount of dust generated (percentage of total sample weight). The dust was
then combined with the settled abrasive, and the resulting mixture was riffled two
times to obtain a uniform mixture of particle sizes. A sieve analysis was
performed on the riffled abrasive to determine the post-blast cleaning particle
size distribution and resulting percentage breakdown (see method described in
the “pre-blast particle size distribution”).

Test Results

The percentage breakdown for the coal slag abrasive was determined to
be 52.8%. The copper slag abrasive material revealed a percentage breakdown
of 42.6%. The amount of dust generated by the coal slag abrasive was 12.2%.
The amount of dust generated by the copper slag abrasive was 9.0%

Data Interpretation

Abrasive breakdown data is useful in assessing the recyclability of an
abrasive. It refers to the percentage of the original particle size distribution that
“shifted out” (decreased) as a result of surface impingement during abrasive blast
cleaning. The test results yielded the following conclusions:

Both the coal slag and the copper slag abrasives tested possessed a high
percentage particle breakdown compared to abrasive materials that are typically
recycled (steel shot, steel grit, aluminum oxide, garnet); consequently, they are
not deemed good candidates for further recycling unless provisions are made to
remove the fine particle sizes (greater than 70 mesh). Typical values of
percentage breakdown for steel grit and steel shot abrasives range from less
than 1% to 3%. Typical percentage breakdown values range from 10% to 20%
for aluminum oxide abrasives, and 15% to 30% for garnet abrasives.



Figure 1. KTA-TATOR ABRASIVE BREAKDOWN CHAMBER
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Surface Profile Generation

Surtace protie genaration testing was performead in accordance with
saction 4 3 of S5PC-AB 1. Abrasive biast cleaning with both tha coal stag and
the copper slag was performed with 2 3/8 inch (Mo B) ventur nozzle with a
nozzle pressure of 100 psi at a distance of 18 inches from the steel surface ai an
angle ol 30 cagreas. Five surface proflle measurements were taken, at
randomly sedactad locatons on the test panels, in accordance with Mathod C ot
ASTM D-4417 "Tast Method for Field Measurement of Surfaca Profile of Blas!
Cleansd Steal’

Test Results

The surface profile genaration results are shown in the following table:

Abrasive Surface Average
Profile Surface
imils) Profile
{mils)
Coal Slag 4.0 4.0 4.0 38 4.0 3.98
Copper Siag 4 3.9 3.8 3.6 4.0 372

Data interpretation

Both the coal slag and the copper slag abrasive met the reguirements of
SSPC-AB 1 and both would be deemed Type || - Slag Abrasives. Grade 4 by the
specification.

Abrasive Specific Gravity

The specific gravity of each abrasive was determined in accordance with
ASTM C-128 “Test Method lor Specific Gravity and Absorplion of Fine
Aggregates” as outlined by SSPC-AB 1 saction 4.1.1,

Test Hesults

The results of this testing are shown the table that follows. Also shown is
the calculated approximate bulk density of the matarials. This was oatarminad
by multiplying the specific gravity by the density of water (52.4 Ibift")

Abrasive Specific Gravity Bulk Density ﬂh.."‘lt"}
Coal Slag 2,89 180
Copper Slag 2.74 171




Dara Intetgretation

The minmmum specilic grayity required by SSPL-AB 1 is 2.5, thamaforg
both abrasive media mel this requirament. Generally, copper slag abrasives
have higher specfic gravity vaiues than coal slag abrasives. The resulls
abtainad for 1his project were determined from only ang randamly salected
sample of sach abrasive. Averaging the results of multiple testing may provide
mare significant ragults. Abrasive having higher densities tend to deveiop higher
impact engrgy under the same operating conditions. which in turn increase the
effectivaness of the abrasive.

Abrasive Hardness

Hardness of each abrasive was determined in accordance with sectian
4 1.2 of S5PC-AB 1

Tast Aesulls

The coal siag abrasive and the copper slag abrasive exhibited hardress
values greater than 6 on the Mohs scale.

Cata Interpretation

The hardness of both abrasve media exceaded the minimum reguirement
dictated by the specification,

Water Soluble Contaminants

The conductivity of the abrasive was defermined in accordance with
ASTM D-4940 "Test Method for Conductimetric Analysis of Water Soluble lomc
Contaminants of Blasting Abrasives”. Briefly, this method involvad mixing a
known amount of abrasive with 8 known amount ol watar, mixing for a stateg
perod of ime, fitering, and then analyzing the solution with a conductivity

meter.

Test Results

The resufts are shown in the foilowing iable:

Abrasive Conductivity (microsiemens)
Coal 3lag 235
Copper Slag 3500




Data Intepretation

SSPC-AB 1 requires that the conductivitiy of mineral and slag abrasives
be less than 1000 microsiemens. The copper slag material did not meet this
requirement and subsequently does not meet the requirements of SSPC-AB 1
specification. KTA did not test samples of the abrasive media prior to thermal
processing, therefore no information exists concerning the water soluble
contaminants of the virgin material. Industrial methods may be available to
reduce the amount of water soluble contaminants.

Qil Content

The oil content of the abrasive was determined in accordance with SSPC-
AB 1. Briefly, this method involved mixing abrasive with an equal volume of
deionized water, letting it stand for 30 minutes, and then evaluating the water for
the presence of oil.

Test Results

The coal slag abrasive and the copper slag abrasive revealed the
presence of oll.

Data Interpretation

No amount of oil is permitted by the SSPC-AB 1 specification. Therefore
the two abrasives samples submitted to KTA did not meet the specification
requirements as received. Since the SSPC-AB 1 specification does not require
that the type, quantity, color, or physical characteristics of the oil be identified,
this information was not determined.

Water Soluble Contaminants / Oil Content of Additional Abrasive Samples

Additional samples of both the thermally recycled coal slag and copper
slag media were tested to verify the water soluble contaminant and oil content
results. These tests were preformed as described previously. The conductivity
of the coal slag abrasive was determined to be 220 microsiemens. The
conductivity of the copper slag abrasive was determined to be 4200
microsiemens. No oil was observed in the coal slag media. The copper slag
abrasive contained a trace amount of oil in a thin film floating just beneath the
surface of the water. The oil was a reddish-brown reflective color and had an
approximate circular size of 1/8 inch diameter.



Water Soluble Contaminants / Oil Content of Washed Abrasives

Since ASTM D-4940 “Test Method for Conductimetric Analysis of Water
Soluble lonic Contaminants of Blasting Abrasives” requires the abrasive /
deionized water mixture to be filtered and the filtrate tested, NASSCO requested
that an additional volume of deionized water be added to the filtered abrasive
and re-tested for water soluble contaminants and the presence of oil. This was
done to determine what effect washing the abrasives with deionized water has on
the results. Test results obtained after this “washing” were:

A 45% decrease in conductivity for the coal slag abrasive
(220 microsiemens to 120 microsiemens)

An 80% decrease in conductivity for the copper slag abrasive
(4200 microsiemens to 840 microsiemens)

No oil was observed in either the coal slag or the copper slag media.
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|KTA Sieve Analysis Report Form MATF 100M.2

|Revision No, 2 sanpn /109
KTA-Tator, Inc.
MATS Group
Sieve Analysis
Sample famber MIATS 14035 Clatte b ]
Waight of Sample 150 grams Techniclan  Standgro Galoway
Sammple Dessriplion Coul Slag Abrative Jdub MTOOET2WASECO
Fre-Blast Abrasiva
Cum % of| 5:0.5* | Pariicle
Save & | Cup and Gat]  Cup G | % of Totoi| Total inmm | Sae Avg
10 12.8 125 0.3 2. 50% .30~ 2000 0.&u
] 3.7 1285 0e 0.BO%. 110% 700 138
15 0.0 a5 5.5 GE0% | J60% | 1180 | 767
a1} 28.8 18T 16.1 T8I0 | Za70 0 B0 1368
30 34 5 EEE] 217 | 21.70% | 4640 | o600 | 1a.02
41 | 1?.'3' 19.4 15400 | &4.80% 0425 B.28
50 30 4 125 17.5 17.50% | B200% | DJ00 525
B8 184 2.8 5.6 b Bl 87 90 Q250 140
70 175 28 45 460°% | 92500 | G20 0ary_|
103 183 18 =% 530 a7 B B150 0&0
140, 14.5 125 1.6 t 60 EEE a1 018
200 129 124 3.5 050% | o000 | 0075 0.04
270 127 2.7 2] 0. 0drn s2.80k 0063 .00
Pan 129 2.8 2.1 ﬁ.i-:r_f-_a P00 0.&oaa 0.0
Tt 100 TO0. 00 Some= | 502!
" Rpprximatad s & #4400 Seve AvaTap o pamicle =lEe = Sum Tokal WL fnmmp = 053

" R0E s Serean Opening Slze

Pecentage on Screen Cumulative Percentage on Screen

55

I
|
1

RRSS82BYPES
o

Sowve Numbes HevE b




KTA Sieve Analysis Report Form MATF 100R.2

Hevision Ng, 2 Issued 312/96
KTA-Tator, Inc.
MATS Group
Sieve Analysis
Sample Mumizes MATS 1447 Ciate 4756
Weght of Sample 10 grams Tachnician __Stanford Gallowsy
Sampde Descnption Coal Slag Abrasve Job MTODI T2 MABSCD

Fosi-Hiast Abrasive

Cumel| 5.C8" | Paricle

Sieve # |Cupand Gat]  Cup Grit )% ol Total] Tota! | inmm | Sizwévg
'IE 12,6 iE.E 0 0.00% .00 2000 0.00
2 13.0 128 0.1 010% | 010% | 1700 07
16 142 135 0.7 070% | 0.80% | 1180 D.83

20 158 127 29 291% | 3.72% | 0850 [ 947
30 19.3 28 6.8 653% | 1025% | 0600 | 300
4d 28 127 11 | 1i6% | 141% | Dées | 47d
50 294 129 16.5 TE58% | d47.09% | 0.300 405
50 204 1 764% | 4583% | 0.250 1.50
70 24 125 BS5 B53% 5477w | 0210 1.78
100 216 128 147 | 1477% [ 6884% | 0180 | 221
a0 | 27 129 | 102 | 1025% | 79.20% | 0110 112
200 214 124 ] 905% | 88.24% | 0075 | o0ee
270 17 127 4 44, | 92.66% | 0053 i
Pan’ 201 128 7.3 7.34% | 100.00% | 0.038 028

~ Tota 565 | J00 0o Sum= | 2523 |

Y Approvmated asa @400 Sieve Average pancle size = Sum/ Total WY {inmm) = 028
™ 505, 5 8orpen Opening Sie

Pecantage on Scroen Cumulative Percentage on Screen
10, 100 00
1. 00% 2300
1 0% 0.
13 90 $$
10, =0 O
iea &0 0,
LECe 30,00,
4 A = Sl
=% 4 10 00
0 fom, J (i,

Appandix 1 - Fage 2




KTA Sieve Analysis Report Form

MATF 100R.2

Revision Mo. 2

ls=ed - 301 2588

KTA-Tator, Inc.
MATS Group
Steve Analysis
Samps Number MATS 1406 100 Meésh Hedaimed Siag

Weaht of Sample |00 grams

Sample Description 100 Mesh Coppor Blag Abeasie

Pre-Blast Abrasve

Clai=

Technrian

B3/ GE

Staniord Gakoway

Job MTOCTTE NASSCO

Lum % ol 8.0.5.° | Parecie
Sove # |Cupand G| Cup Gm_ |%otTatal]l Tolsl | inmm | SaeA
10 125 (3 0 D00% | 000% | 2000 | 000
12 134 29 0.5 D50% | 0.50% | 1700 085
15 188 135 5.3 E31% | 581% | 1180 6.25
24 26 | 127 108 | 1091% | 1672 | 0850 9.27
30 311 128 183 | 1@30% | 3504% | ose0 | 1008
40 5 127 | 188 | i8g2% | 53065 | 0425 | 803
=] 33.7 129 | 208 | 2082% | 7477% | 0300 | 6.4
B0 20.7 128 78 701% | 8260% | 0.250 168
70 20.0 1239 71 TA1% | 2979m | 0210 1.48
100 20.7 128 7.8 781% | 9r60% | 0.150 117
40 148 25 E- 1.90% | 9950% | 0110 0.21
200 128 124 0.4 040~ | ®980% | 0075 | 0.C3
20 128 127 0.1 0.10% | 100.00% | 0053 0.01
Fan” 28 128 0 J00% | j00.00% | 0038 | 000 |
Toi) Ba0 | 100.00% Som = |_46.50
" Approximated as s #400 Siave Avarage paricie gize = Sum /! Tolal Wi, [inmm) «  0.47

5405 s Seroon Opening Sze

Pecentage on Screen

Cumulative Porcenlage on Screen

Appendix | - Paged



KTA Sieve Analysis Report Form MATF 100R, 2

Hevision Ng. 2 fssued 37276
KTA-Tator, Inc.
MATS Group
sieve Analysis
Sampla Mumbor MATE 1408 100 Mesh Baclaimad Slag Dato 9EES
Wiight af Sample 100 grams Techmcmn  Staniorm Galkoway
Samgle Descnption 100 Mesh Coppar Slag Absasive Job MTO01 78 NASSCD

Poet-Blast Abvasive

| Cum%of] 50.5* [ Paricle
Sieve B | Cup and Grit| Cop Grit - | % of Total|  Total inmm | Size Avg
10 138 126 i) 0.00% 0.00% 2,000 {1,010
12 126 126 1] 0. 00%. 0.00% 1.700 £.00
16 14 4 135 0.8 0 B0%. 0.50% 1180 1.05
20 15.3 18.7 3.6 361% 4.52% 0 854 3.08
a0 2048 128 7.5 T53% | 1205% | 0.600 4,50
[ 24 4 127 1.7 11.75% | 23.80% | 0.425 4.97
&0 23.4 125 15.4 16.4™ | 40.26% | 0300 R
&0 202 128 74 743% | 47.89% | 0250 .85
T 212 1.5 8.3 B33% | 5502% | 0210 1.74
100 27 5 129 14.6 14.66% | 70.68% | 0150 218
140 22.7 125 X GBa% | E052% | 0110 108 |
200 £1.3 T4 7.8 T H3% B 45%, 0075 .58
270 15 1 Te.7 34 341% | G16/% | 0053 018
van 206 128 B1 B10% | 10000% | 0.038 0.1
= Total GaE | 100.00% Sum = | 2646
" Approsmatad as 4 8400 Seve Avarage paricle slze = Sum / Total Wt (inmm) = 0.27
" 505 & Soreen Dpening Sife
Fecentage on Screen Cumulative Percantage on Screen
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Apperdix 1 - Fage 4



Pre and Post Blast Cleaning Analysis
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Fre and Posl Blasl Cieaning Analysis

Copper Siag
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Steal Structures Painting Council
ABRASIVE SPECIFICATION NO. 1

Mineral and Slag Abrasives

1. - Scope

L This soeciicabarn defires he Fenarements o0 aeldel.
m antd evElulLng fuferi and Giag steaseees ustd o Dlas
Sggrung sival and siher siefases 4 painling §nd ather ol
pEEEd
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2. Description

21 The abrasives aee catpgorged nio two hipes, tires
clapaen ang free greces as deaortaed Baicw, Manmaily the ugse
shall 3pegify M pes, classes and grades regured, i po abns-
e Trpe I8 zeciied, hen-siber Type L or Tyoe 1 3 consigared
acegtable | oo ibrazive clans @ speched, nan any cass wil
ke considernd acceptabie Il fo Bhiassve profis preds & speg
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five grades linted

2.3 The iolipwing ahredive yYoes are Aoiuoed

Type |+ Ngtyral Mimerzl Abresives
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rolile, aAd siane

Tupa Il - Hag Abrasives
Trewe are sleg By-oeodust of coaldired powas
afausion ool metal (eh as copper or nicke|
smeliing

23 Thelohipwing sbrasive classes ase inejsaed

Claws A - Cryghalline siiice loss than or egual o 1,0%

Claps B~ Drystaleg 3ilice jess than o egual i 5.0%
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Tne defifinion and requirements far Clagsss & 5 and © are
S it Sacken 4 D
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Grage 1 - Sbrasrves which produce guiscs orodiles of 05
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&7
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Geclon sl
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Grade § - &brasives whsoh proouse susace profilss af £0
(B0 rmis {102 %5 152 mongna) when {esied o 300ersancs e
Saghona]

O seafile fanges may be desgaaled by Ihe pursade’

d. Relerence Standards
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cupanong! Exposwe 1o Duare Dusl

Eri3d

4. Heguwremanis

i1 GENERAL PHYSICAL ANMD CHEMICAL PROPER-

TiES

Trw ahrasivs ahall maai all  ihe requimAienTs = pare-
grachs 4 1.1 throegn £ 1 & Thide are summanted o Tagle

4.01 Specihs Gravity
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d4Z Hardness
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Water Spauble Conamnantt

The soaduchvity ol the abrasive shall ntl eccend 7008 mi
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Mede 73 )

4.5 Mpisire Conimht

The mawmum moitlue cortanl shall be 05% By weighl
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ell zpphcobly Federal Saale, a0d Locel regulations (Eas Maols

".-'I

2532 Tne merulnciurer shell provide ihe gerchaser. with
BMCHINTY Aflding Chamcal anetyses o aliow the user 1o aro-
vede the piOiECHVE Sndingenng and sdfmmEsirative coneais ot
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Appendix A, Optional Test To Datarmine
Rates of Surface Cleaning by Abrasives and of

Abrasive Consumption®

Al TEST PAOCEDIUHE
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