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EXECUTIVE SUMMARY 
 

This report includes the test results on aggregates from four taconite strata, from the Mesabi iron 
range of Minnesota, for concrete qualities including Los Angeles Rattler (LAR), absorption, 
flatness and elongation, magnesium sulfate, potential alkali reactivity of aggregates (mortar-bar 
method [ASTM C 1260]), and length change of concrete due to alkali-silica reaction (ASTM C 
1293).  The strata are identified as the LC-8 Bed from United Taconite, LC-5 Bed from Ispat 
Inland/Mittal Steel (Laurentian Pit), LS-2 Bed from Ispat Inland/Mittal Steel (Laurentian Pit), 
and LUC Bed from United Taconite.  A granite source, known to have moderately low 
expansion characteristics was also tested for comparison. 
 All strata had passing results for LAR, flatness and elongation, and magnesium sulfate.   
Each stratum was tested in accordance to ASTM C 1293 and ASTM C 1260.  Three mixes for 
each aggregate source were prepared for the ASTM C 1293 and ASTM C 1260 tests, one with 
cement only, one with cement and 30% fly ash (Coal Creek), and one with cement and 35% 
Ground Granulated Blast Furnace Slag (GGBFS). 
 The LC-5 failed the cement only and cement with slag mixes.  A lithological analysis 
showed that LC-5 has very high magnetite and silica contents.  The high magnetite content was 
reflected in its high specific gravity of 3.304.  Additionally, the high silica content likely 
contributed to its failure in the ASTM C 1260 and the ASTM C 1293 tests. Two additional tests, 
using cement only, were performed on the LC-5 strata, these also failed. 
 LS-2 had a very low magnetite rich percentage and a relatively average siliceous 
percentage and performed well in the ASTM C 1260 and ASTM C 1293 tests. 
 LC-8 had a moderately high magnetite rich content and an average to moderately high 
siliceous percentage and performed very well in the ASTM C 1260 and ASTM C 1293 tests. 
 LUC had moderately high magnetite content and a moderately low siliceous percentage 
and performed marginally in the ASTM C 1260 tests, but well in the ASTM C 1293 tests.  
 The granite source performed well in the cement only test, and had borderline results 
with the slag mix.  
 All four of the taconite aggregates performed well when a 30% replacement of cement 
with fly ash was used.
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CHAPTER 1 – BACKGROUND AND PURPOSE 
 
The Natural Resources Research Institute (NRRI) is investigating the potential use of taconite 
waste rock for use in building materials. This waste rock comes from two sources: waste ledges, 
which are composed of rock with low recoverable iron content and are removed to expose the 
iron rich taconite, and coarse tailings, which come from rock crushed down for taconite pellet 
production.  Minnesota taconite mines produce approximately 60 million tons of waste 
rock/year, of which about 60% is from waste ledges and 40% is from coarse tailings.  To put 
these numbers in perspective, the state of Minnesota uses approximately 55 million tons of 
aggregate/year for concrete, base, and bituminous.  Therefore, there is great potential use for this 
rock for base materials, bituminous mixes, and for concrete coarse aggregate. 

Many times in the past, Mn/DOT has used waste taconite rock as a base material and in 
bituminous pavement.  However, except for a recent experimental test section at the Mn/ROAD 
research site, taconite has not been used in concrete on any other Mn/DOT projects. 

A mineralogical analysis revealed that microcrystalline silica is present throughout much 
of the iron formations.  Microcrystalline silica within aggregates has the potential to react with 
cementitious materials and cause a premature failure of concrete.  Because of this, Mn/DOT is 
concerned that taconite aggregate may cause concrete failure.  The NRRI requested that selected 
ledges of taconite, which may have the potential to be used in concrete, should be tested for 
alkali silica reactivity according to ASTM C 1293, Standard Test Method for Determination of 
Length Change of Concrete Due to Alkali Silica Reaction and ASTM C 1260, Standard Test 
Method for Potential Alkali Reactivity of Aggregates (Mortar-Bar Method). 

The purpose of performing these laboratory tests was to evaluate specific taconite strata 
for use in concrete.  Because of the presence of microcrystalline silica within taconite, Mn/DOT 
is concerned that taconite has the potential for alkali silica reaction (ASR).  Positive tests results, 
especially for the ASTM C 1293 tests, should alleviate most concerns for these specific strata. 
Mn/DOT is testing three mixes per sample ledge to assess the use of waste taconite rock in 
concrete.  

The four ledges were: 
 

1. LC-8 Bed (111-05) from United Taconite 
2. LC-5 Bed (111-05) from Ispat Inland/Mittal Steel (Laurentian Pit) 
3. LS-2 Bed (100-05) from Ispat Inland/Mittal Steel (Laurentian Pit) 
4. LUC Bed (114-05) from United Taconite 

 
ASTM C 1293 testing was also performed on Meridian Granite from Saint Cloud as a 

comparison coarse aggregate.  This granite has a low to moderate history of expansion in the 
ASTM C 1293 test and no known history of deleterious expansion in the field.   
 
Tests for the Four-Taconite Rock Ledges 
As part of the ASR tests, Mn/DOT conducted a variety of preliminary tests to provide 
information either needed for the ASR testing or to better define the characteristics of taconite 
waste products.  These tests included: 
 

1. Specific gravity 
2. Absorption 
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3. Oven-dry-rodded unit volume 
4. Los Angeles Rattler (LAR) 
5. Magnesium sulfate soundness 
6. Flat and elongation analysis 
7. Lithological analysis 
8. ASTM C 1293 Tests: One test used cement only, one cement with 30% type F fly ash 

(Coal Creek), and one cement with 35% Holcim Grancem GGBFS.  Readings were taken 
at the following intervals: 1 day (initial), 7 days, 1 month, 2 months, 3 months, 6 months, 
12 months, 18 months and 2 years. 

9. Two ASTM C 1260 tests were performed per ledge on the crushed taconite using Holcim 
cement and Davenport Lafarge cement. 

 
Tests on Cement, Fly Ash, and Slag 
Mn/DOT performed testing on the cement, fly ash, and slag used for the ASTM C 1293 tests.  
 

A. Cement meeting the requirements of ASTM C 1293 was to be used for each mix.  Tests 
included: 

 
1. Vicat 
2. Gillmore 
3. Autoclave expansion 
4. Compressive strength 
5. Air content 
6. Blaine fineness 
7. 325 fineness 
8. Specific gravity test 
9. Chemical analysis 

 
B. Coal Creek, a fly ash that has many characteristics of a type F fly ash, was used for the 

concrete with fly ash.  Mn/DOT performed the following tests on the fly ash: 
 

1. Autoclave expansion 
2. Compressive strength 
3. 325 fineness test 
4. Specific gravity test 
5. Chemical analysis 

 
C. Mn/DOT performed the following tests on the slag used for the concrete. 

 
1. Autoclave expansion 
2. Compressive strength 
3. 325 fineness test 
4. Specific gravity test 
5. Chemical analysis 
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Tests on Sand Used in ASTM C 1293 Tests 
Mn/DOT used CanMET sand, standard sand used for ASTM C 1293.  Tests included: 
 

1. Specific gravity 
2. Absorption 
3. Gradation 
4. Color plate 
5. Lightweight pieces in aggregate 
6. Two ASTM C 1260 tests on this standard sand using Holcim and Davenport Lafarge 

cement 
 
Tests on Concrete 

1. One concrete slump test (ASTM C 143) for each mix, three per source 
2. One Air Test (ASTM C 231) for each mix, three per source 
3. Two 28-day Compression strength tests (ASTM C 39) from for each concrete mix, three 

per source 
4. One moisture determination test of the sand (AASHTO T 255), and one on each of the 

three coarse fractions (AASHTO T 255) for each mix 
5. One concrete beam flexural test (AASHTO T 97) broken at 28 days.  An additional beam 

was made and broken at 7 days for all mixes except the LC-8 ledge 
6. One unit weight test (ASTM C 138) of concrete per mix 
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CHAPTER 2 – TEST RESULTS 

 
Coarse Aggregate Properties 
Aggregate qualities were performed on each of the coarse aggregate and are presented in 
Appendix A.  Tests included: specific gravity, absorption, Los Angeles Rattler (LAR), 
Magnesium Sulfate (MgSO4), oven dry rodded unit weight, flat & elongated - concrete 
specification, and flat & elongated - bituminous specification. 

• The LAR, MgSO4, flat & elongated - concrete specification, are quality tests which 
aggregates must meet to be used in concrete.  All of the coarse aggregates met the 
specification for these tests. 

• The flat & elongated - bituminous specification test was run on each sample to determine 
whether the aggregates would meet this specification. All of the coarse aggregates met 
that specification. 

• The specific gravity, absorption, and oven dry rodded unit weight tests were perform for 
mix design purposes.  There is no specification on these tests.  

 
Preliminary Testing for ASTM C 1293 
Preliminary tests were performed on the fine aggregate, cement, fly ash, and slag.  These are 
presented in Appendix B.  All tests met requirements for ASTM C 1293. 
 
ASTM C 1293 Concrete Mix Design, Expansions, and Concrete Properties 
ASTM C 1293 concrete mix design data, expansions, and concrete properties are presented in 
Appendix C.  Data include:  
 

1. Dry rodded unit weight of coarse aggregate 
2. Moisture content of fine aggregate 
3. Moisture content of coarse aggregate 
4. Concrete slump 
5. Air content of concrete 
6. Concrete temperature 
7. Room temperature 
8. Date and time of mix 
9. Unit weight of concrete 
10. Water/cement ratio 
11. 28-day concrete cylinder compression strength tests 
12. Flexural beam test at 28 and in most cases 7 days (The 7-day beam test was not required; 

however it was performed for all beams except the LC-8 mixes.) 
13. ASTM C 1293 Results - Average Expansion of Four Beams 

  
According to Smaoui, Bérubé, Fournier, and Bissonnette, beams that have been vibrated, will 
have a lower expansion than beams that are rodded.  All of the prism beams in this study were 
vibrated for uniformity. 
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ASTM C 1293 Graphic Results 
Graphs of the ASTM C 1293 tests are in Appendix D.  Included in these graphs are the failure 
criteria of 0.04%. All beams with the exception of LC-5 performed well.  LC-5 preformed very 
poorly for the cement only and slag mixes. The failure criterion of 0.04% expansion, is based on 
one-year results for mixes with cement only, and for two years results for mixes with cement and 
fly ash, or mixes with cement and slag. 

The LUC, LC-8, and LS-2 mixes passed both the one-year criteria for the cement only 
mixes, and the two-year results for the fly ash and slag mixes.  The LC-5 mix with cement only 
and the LC-5 mix with cement and slag both failed, while the LC-5 mix with fly ash passed. 

Mn/DOT performed additional ASTM C 1293 testing on the LC-5 strata using cement 
only.  All concrete came from one additional mix.  Half of the prism beams were rodded and the 
other half was vibrated.  The original mix was vibrated.  These tests have also failed and the 
results show that the vibrated mix had lower expansions as per the study by Smaoui et al.   

The granite mixes passed the ASTM C 1293 tests, but had higher expansions than the 
LUC, LC-8, and LS-2 mixes.  The granite slag mix result at two years was at the expansion limit 
of 0.04% 

Also of note is the lower expansion of the beams with fly ash in relation with the cement 
only mixes or the mixes with slag.  Even the LC-5 mix with fly ash passed at two years when fly 
ash was used. 
 
ASTM C 1260 Results 
ASTM C 1260 tests are presented in Appendix E.  Tests were performed on crushed samples of 
LUC, LC-8, LS-2, and LC-5, as well as the natural sand used in the ASTM C 1293 tests.  
Mn/DOT does not allow crushed sand to be used as a fine aggregate in concrete, because it 
drives up water demand, which is detrimental to concrete longevity.  However, this test is an 
indicator of whether the ASTM C 1293 test will pass and it takes only two and one half weeks to 
complete as opposed to the one to two years required for the ASTM C1293 test. 

Mn/DOT's ASTM C 1260 failure criteria for a natural sand based on the expansion at 
fourteen days is the following: "the higher expansion result of two cement and sand 
combinations shall determine what mitigation may be necessary.”  If the proposed fine aggregate 
results are: 
 
≤ 0.150% The fine aggregate is acceptable with or without a mitigator in the 

concrete mix.  
 
0.151 - 0.250% The fine aggregate shall be mitigated with 35% ground granulated blast 

furnace slag or a minimum of 20% fly ash. 
 
0.251 - 0.300% The fine aggregate shall be mitigated with 35% ground granulated blast 

furnace slag or 30% fly ash meeting Mn/DOT Spec 3115 modified with a 
minimum SiO2 + Fe2O3 + Al2O3 of 66.0% on a dry weight basis and a 
minimum SiO2 content of 38.0%. 

 
> 0.300%  The fine aggregate is rejected. 
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• As measured by this criterion, the LC-8 sand performed very well with 0.0363% and 
0.0440% expansions on two beams and did not require a mitigator. 
 

• The LS-2 also performed well with 0.1087% and 0.1070% expansion and also did not 
require a mitigator.   

 
• The LUC had expansions of 0.1891% and 0.1693% and required a mitigation with 35% 

ground granulated blast furnace slag or a minimum of 20% fly ash. 
 

• The LC-5 had expansions of 0.3957% and 0.3730%, which correlates well with its 
ASTM C 1293 failures. The fine aggregate shall be mitigated with 35% ground 
granulated blast furnace slag or 30% fly ash meeting Mn/DOT Spec 3115 modified with 
a minimum SiO2 + Fe2O3 + Al2O3 of 66.0% on a dry weight basis and a minimum SiO2 
content of 38.0%. 

 
• The sand used for the prism test performed well at 0.0507% expansion, and did not 

require the use of a mitigator.    
 
Slump, Air Content, Water/Cement Ratio, and Concrete Mix Data  
Slump, air content, w/c ratio, and concrete strength data are listed in Appendix C.  The major 
intent of this study was to evaluate taconite for ASR expansion; therefore the requirements of 
ASTM C 1293 were followed exactly.  This made for variations in slump, air content, and w/c 
ratio, which are not allowed in a normal Mn/DOT pavement mixes.  Strength data was adequate 
to excellent; however, normal mix designs were not used. 
 
Slump 
Slumps varied widely from a normal 1 - 2" paving mix, especially for mixes with fly ash.  The 
higher slumps would tend to lower concrete strength, as water would have been lowered in an 
actual mix lowering the w/c ratio. 
 

• The slumps for cement only mixes were 1.25", 1.75", 3.75" and 2.5" for the LC5, LC8, 
LUC, and LS-2 mixes respectively. 

 
• The slumps for cement and slag mixes were 3", 1.75", 3.75" and 3" for the LC5, LC8, 

LUC, and LS-2 mixes respectively.   
 

• The slumps for cement and slag mixes were 7.75", 6.5", 6.5" and 5.5" for the LC5, LC8, 
LUC, and LS-2 mixes respectively. 

 
Air Content 
Air content was less than the normal 6.5% paving mix, because no air admixture was added to 
the concrete.  These lower air contents would tend to increase concrete strength when compared 
to a normal pavement mix. 
 

• The air content for cement only mixes were 0.8%, 1.6%, 2.1%, and 1.0% for the LC5, 
LC8, LUC, and LS-2 mixes respectively. 
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• The air content for cement and slag mixes were 1.4%, 0.3%, 1.9%, and 1.1% for the LC5, 
LC8, LUC, and LS-2 mixes respectively. 

 
• The air content for cement and fly ash mixes were 1.7%, 0.8%, 2.2%, and 2.4% for the 

LC5, LC8, LUC, and LS-2 mixes respectively. 
 
W/CM Ratio 
The w/cm ratio for each mix was 0.435 (ASTM C 1293 requires 0.42 to 0.45).  Normal paving 
concrete w/cm ratios are under 0.40, and usually vary from 0.35 to 0.38.  These higher w/cm 
ratios would tend to decrease concrete strength. 
 
Concrete Strength 
28-day flexural and 28-day compression tests were performed on each mix.  As stated earlier, the 
low air content and higher water cement ratio of these mixes had an effect on concrete strength. 
 

• For the cement only mixes, the 28-day flexural results were 1000+, 960, 930, and 960 psi 
for the LC5, LC8, LUC, and LS-2 mixes respectively.   

 
• For the cement and slag mixes, the 28-day flexural results were 1000+, 1000+, 1000+, 

and 905 psi for the LC5, LC8, LUC, and LS-2 mixes respectively.   
 

• For the cement and fly ash mixes, the 28-day flexural results were 920, 825, 845, and 860 
psi for the LC5, LC8, LUC, and LS-2 mixes respectively. 

 
• For the cement only mixes, the 28-day compression average results were 6884, 6466, 

6290, and 6290 psi for the LC5, LC8, LUC, and LS-2 mixes respectively. 
 
• For the cement and slag mixes, the 28-day compression average results were 6072, 6780, 

5908, and 5837 psi for the LC5, LC8, LUC, and LS-2 mixes respectively. 
 
• For the cement and fly ash mixes, the 28-day compression average results were 5288, 

5602, 5376, and 5463 psi for the LC5, LC8, LUC, and LS-2 mixes respectively.   
 
Lithological Summary 
A lithological analysis performed is presented in Appendix F and includes tables for each of the 
taconite strata.  Appendix F also contains a mineralogical analysis of the taconite ledges. 
 

• LC-5 had a total siliceous percentage of 99.1%, and 70.9% of its aggregate was 
magnetite-rich which was reflected in LC-5's high specific gravity of 3.304.  Its high 
magnetic percentage would also make it likely to be crushed for iron pellets.  This 
stratum failed both the ASTM C 1260 and ASTM C 1293 tests. 

 
• LC-8 has a total siliceous percentage of 68.6% and a total CO3 rich percentage of 31.4%.  

26.2% of its aggregate is magnetite rich.  Its specific gravity was 3.089. 
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• LS-2 has a total siliceous percentage of 60.8% and a total CO3 rich percentage of 39.2%.  
2.1% of its aggregate is magnetite rich.  Its low magnetite percentage is reflected in its 
lower specific gravity, which was 2.868. 

 
• LUC had a total siliceous percentage of 46.5% and a total CO3 rich percentage of 53.5%.  

34.0% of its aggregate was magnetite rich.  Its specific gravity was 3.117. 
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CHAPTER 3 - CONCLUSION 

 
Waste taconite ledges have the potential of being used for concrete aggregate.  All ledges tested 
well for Los Angeles Rattler and magnesium sulfate soundness.  Ledges LS-2, LC-8, and LS-2 
had excellent results for ASTM C 1260 and ASTM C 1293 expansion, while the LC-5 ledge 
performed very poorly. 

The Coal Creek fly ash used in the ASTM C 1293 tests mitigated ASR expansions much 
better than the slag mixes.  It was even able to mitigate expansions of the most deleterious 
aggregate, LC-5.  It is recommended that a Type F fly ash, or proximate Type F fly ash be 
specified in lieu of a slag, or there should be an incentive of fly ash over slag, for strata with a 
slight to medium potential for ASR expansion. Even though expansion was mitigated by the fly 
ash, it is recommended that the LC-5 layer or other strata with similar specific gravity, ASTM C 
1260, and ASTM C 1293 results be excluded from use in concrete. 

As with any natural aggregate source, the physical and chemical properties of the taconite 
ledges vary.  Because of the high variation in expansion potential each potential concrete strata 
should be tested within a mine using ASTM C 1293.  A Quality Control plan should be 
developed for each source.  Specific gravity may be used to screen out potential deleterious 
strata, and should be performed frequently, perhaps on each blast. ASTM C 1260 tests should 
also be used on a frequent basis. 
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APPENDIX A - COARSE AGGREGATE PROPERTIES AND QUALITIES 



A-1 

Table A1. Coarse Aggregate Properties 

Test LC-5 LS-2 LC-8 LUC Meridian 
Granite 

Specific Gravity 3.304 2.868 3.089 3.117 2.634 
Absorption 0.54% 1.80% 1.23% 1.07% 0.74% 

LAR, Spec Max = 40% 14% 17% 17% 16% 20% 
MgSO4, Spec Max = 15% 0% 4% 2% 2% 0% 

Oven Dry Rodded Unit Weight 
(lbs/ft3) 107.7 92.0 100.1 101.9 95.4 

Flat & Elongation Concrete 
Spec Max = 15% 1% 3% 6% 1.7% 0% 

Flat & Elongation Bituminous 
Spec Max = 10% 1% 1.3% 6% 1.4% 0% 



 

APPENDIX B - BACKGROUND PROPERTIES REQUIRED FOR ASTM C 
1293 TESTS 

 



B-1 

Table B1. Fine Aggregate Properties 

 CANMET 
Sand 

Specific Gravity 2.693 

Absorption % 0.40 
% Passing #4, Spec 95 - 100 
Gradation (AASHTO T 27 - Mn/DOT modified) 100 

% Passing #8, Spec 80 - 100 
Gradation (AASHTO T 27 - Mn/DOT modified) 95 

% Passing #10 
Gradation (AASHTO T 27 - Mn/DOT modified) 93 

% Passing #16, Spec 55 - 85 
Gradation (AASHTO T 27 - Mn/DOT modified) 83 

% Passing #30, Spec 30 - 60 
Gradation (AASHTO T 27 - Mn/DOT modified) 54 

% Passing #40 
Gradation (AASHTO T 27 - Mn/DOT modified) 37 

% Passing #50, Spec 5 - 30 
Gradation (AASHTO T 27 - Mn/DOT modified) 21 

% Passing #100, Spec 0 – 10 
Gradation (AASHTO T 27 - Mn/DOT modified) 7 

% Passing #200, Spec 0 - 2.5 
Gradation (AASHTO T 27 - Mn/DOT modified) 2.2 

Color Plate (AASHTO T 21) Lighter than 
standard Pass 

Lightweight pieces in aggregate  
(AASHTO T 113 - Mn/DOT modified), % Spec 0.0 - 2.5 0 

 
 
 
Cement used was Saint Lawrence Cement Type I Boat 9 Duluth Boat loaded 10/16/2005 
Mississauga Plant, Company Testing was performed by Holcim - Report Date 11/18, 2005 by 
James P Johnson. 
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Table B2. Cement Testing 

Test Mn/DOT Test Holcim Test 

Vicat (AASHTO T 131) Initial Time of Set 
Spec. 45 minutes Min. 105 & 110  

Vicat (AASHTO T 131) Final Time of Set 
Spec 375 Minutes Max. 190 & 190  

Gillmore (AASHTO T 154) Initial Time of Set 
Spec. 60 minutes Min. 170 & 175  

Gillmore (AASHTO T 154) Final Time of Set 
Spec. 300 Minutes Max. 300 & 290  

Autoclave expansion (AASHTO T 107) 
Spec 0.80% Max 0.01 & 0.01% 0.03% 

1 Day Compressive strength, psi 
(AASHTO T 106)  2498 

3 Day Compressive strength, psi 
(AASHTO T 106), Spec. 1800 psi Min 3752 & 3818 4126 

7 Day Compressive strength, psi 
(AASHTO T 106), Spec. 2800 psi Min 4565 & 4632 4834 

28 Day Compressive strength, psi 
(AASHTO T 106)  5865 

Air content (AASHTO T 137) 
Spec 12% Max 8.4 & 8.5% 7.9% 

Blaine fineness (AASHTO T 153) 
Spec 3250 to 4200 cm2/gm 

4291, 4306, & 
4213 4100 

325 fineness test (AASHTO T 192) 5.1% 10.90% 

Specific gravity test (AASHTO T 133) 3.1496  

Chemical analysis (ASTM C 114) SO3 
Spec Max 3.00% 4.17 & 4.15% 4.26% 

Chemical analysis (ASTM C 114) MgO 
Spec Max 6.00% 3.35 & 3.39%, 2.52% 

Chemical analysis (ASTM C 114) CaO 61.44 & 61.35% 62.33% 

Chemical analysis (ASTM C 114) SiO2 19.89 & 19.72% 19.40% 

Chemical analysis (ASTM C 114) Fe2O3 2.56 & 2.56% 2.50% 

Chemical analysis (ASTM C 114) Al2O3 5.10 & 5.01% 5.50% 

Chemical analysis (ASTM C 114) NA2O 0.25 & 0.26%  
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Table B2. Cement Testing (Cont.) 

Test Mn/DOT Test Holcim Test 

Chemical analysis (ASTM C 114) K2O 1.06 & 0.65%  

Chemical analysis (ASTM C 114) C3A 9.18 & 8.94% 10.35% 

Chemical analysis (ASTM C 114) C3S 49.14 & 50.73% 46.02% 

Chemical analysis (ASTM C 114) C2S 19.95 & 18.27% 20.91% 

Chemical analysis (ASTM C 114) C4AF 7.79 & 7.79% 7.61% 

Chemical analysis (ASTM C 114) Insoluble Residue 
Spec 0.75% Max 0.51 & 0.54% 0.54% 

Chemical analysis (ASTM C 114) Loss on Ignition 
Spec 3.00 % Max 2.14 & 2.19% 2.00% 

Chemical analysis (ASTM C 114) Available Alkali 0.95 & 0.69% 0.93% 

Chemical analysis (ASTM C 114) Free Lime  1.09% 

Chemical analysis (ASTM C 114) CO2  1.5% 

Chemical analysis (ASTM C 114) Limestone  3.7% 

Chemical analysis (ASTM C 114) CaCO3 in Limestone  89.3% 

Chemical analysis (ASTM C 114) Residue 45 mm  10.9% 

 
 
 
 
 
Coal Creek fly ash was used, Company Testing was performed by Headwaters Resources, The 
type of sample was 3200-ton rail, report date 11/2/2005, MTRF I.D. 1771CC. 
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Table B3. Fly Ash Properties 

Test Mn/DOT Tests Headwaters 
Resources Tests 

Autoclave Expansion 
(AASHTO T107), Spec 0.80% Max 0.03%, 0.05% 

7 Day Compressive strength 
AASHTO T 106, Spec 75%+ 94% 105% 

28 Day Compressive strength 
AASHTO T 106  105% 

325 Fineness Test 
(AASHTO T 192), Spec 30% Max 24.5% 23.29% 

Specific gravity test 
(AASHTO T 133), Spec 2.50 +/- 0.12 2.50 2.56 

Chemical analysis 
(ASTM C 311) SiO2 

54.20% 50.25% 

Chemical analysis 
(ASTM C 311) Al2O3 

17.90% 14.95% 

Chemical analysis 
(ASTM C 311) Fe2O3 

5.20% 6.06% 

Chemical analysis (ASTM C 311) 
Sum of SiO2, Al2O3,  &Fe2O3 
Spec 50% min. class C, 70% min class F 

77.3% 71.26% 

Chemical analysis 
(ASTM C 311) CaO, Spec. Max. 40% 10.7%, 16.11% 

Chemical analysis 
(ASTM C 311) MgO 4.70%  

Chemical analysis (ASTM C 311) SO3 
Spec. Max. 5.0% Class C & F 2.32%, 1.03% 

Chemical analysis (ASTM C 311) NA2O 0.40%  

Chemical analysis (ASTM C 311) K2O 0.40%  

Chemical analysis (ASTM C 311) 
Available Alkali, Spec Max. 3.0% 0.6% 1.16% 

Chemical analysis (ASTM C 311) 
Loss on Ignition, Spec. Max. 3.0% 0.1% 0.07% 

Chemical analysis (ASTM C 311) 
Moisture content, Spec Max 3.0%  0.07% 

Chemical analysis (ASTM C 311) 
Water requirement % Control, Spec Max 105%  94% 

 



B-5 

Slag used was Ground Granulated Blast Furnace Slag from Holcim Type 100 (ASTM C 989), 
Date Range 9/1-30/ 2005, Lot number: multiple lots. 
 

Table B4. Slag Properties 

Test Mn/DOT Holcim Results 
7 Day activity index 
Meets specs for Grade 100 95 88 

28 Day activity index 
Meets specs for Grade 100 120 109 

7 Day Standard compression strength, psi 3687 3920  
(monthly average) 

28 Day Standard compression strength, psi 5756 5080  
(monthly average) 

7 Day Compression strength, psi 3514 3342 (sample lot) 
3920 (monthly average) 

28 Day Compression strength, psi 
Spec 5000 psi 6926 5472 (sample lot) 

5080 (monthly average) 
Air Content, Spec 12% Max 6% 4.12% 

Spg 2.962 2.85  
(monthly average) 

% Retained, Spec 20% Max 2.617  

Blaine 6625 6410 
Chemical analysis SO3 
Spec 4.00% Max 0.93% 0.12% 

Chemical analysis Sulfide 
Spec 2.5% Max 1.00% 1.32% 

Chemical analysis 325 sieve 
Spec. 20% Max  1.42 

Chemical analysis Total Alkalis as Na2O 
Spec 0.60 - 0.90%  0.78%  

(monthly average) 

Chemical analysis C3S  53.93%  
(monthly average) 

Chemical analysis C2S  19.44%  
(monthly average) 

Chemical analysis C3A  7.86%  
(monthly average) 

Chemical analysis C4AF  8.89%  
(monthly average) 

 



 

APPENDIX C - ASTM C 1293 MIX DESIGN DATA  
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Mix: Meridian Granite with Cement Only 
Date of Mix: 7/12/2006 
Time of Mix: 12:38 PM 
Temperature at Time of Mixing: 740 F 
 

Table C1. Meridian Granite with Cement Only Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate Meridian 
Granite 2.634 0.74% 53.009 0.7110 

Fine Aggregate Cantley 2.693 0.40% 34.238 0.4492 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  20.815 0.2335 

Water  1  9.055 0.3199 

Air (2% assumed)     0.0350 

NaOH  2.13  0.085 0.0014 

Total Volume     1.7500 

 
Dry Rodded Unit Weight Coarse Aggregate: 95.4 lb/ft3 
Moisture of Fine Aggregate: 3.89% 
Moisture of Coarse Aggregate: 2.37% 
28-day Compression strength tests (ASTM C 39): 6454 & 6501, avg = 6478 psi 
Flexural test (AASHTO T 97) broken at 7 days: 790 psi 
Flexural test (AASHTO T 97) broken at 28 days: 915 psi 
Slump: 7.25" 
Air Content: 1.5% 
Unit Weight Concrete: 151.232 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 790 F 
 

Table C2.  Meridian Granite with Cement Only ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0075% -0.0006% 0.0024% 0.0055% 0.0133% 0.0228% 0.0325% 0.0596% 0.0883% 
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Mix: Meridian Granite with Cement and Slag 
Date of Mix: 7/12/2006 
Time of Mix: 1:12 PM 
Temperature at Time of Mixing: 740 F 
 

Table C3. Meridian Granite with Cement and Slag Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate Meridian 
Granite 2.634 0.74% 53.009 0.7110 

Fine Aggregate Cantley 2.693 0.40% 33.826 0.4438 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  13.530 0.1518 

Slag 
Holcim 

Grancem 
GR-100 

2.96  7.285 0.0869 

Water  1  9.055 0.3199 

Air (2% assumed)     0.0350 

NaOH  2.13  0.099 0.0016 

Total Volume     1.7500 

 
Dry Rodded Unit Weight Coarse Aggregate: 95.4 lb/ft3 
Moisture of Fine Aggregate: 3.89% 
Moisture of Coarse Aggregate: 2.49% 
28-day Compression strength tests (ASTM C 39): 5849 & 5857, avg = 5853 psi 
Flexural test (AASHTO T 97) broken at 7 days: 885 psi 
Flexural test (AASHTO T 97) broken at 28 days: 985 psi 
Slump: 7.25" 
Air Content: 1.3% 
Unit Weight Concrete: 150.512 (lbs/cubic foot) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 800 F 
 

Table C4. Meridian Granite with Cement and Slag ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0098% -0.0035% -0.0007% 0.0020% 0.0069% 0.0131% 0.0166% 0.0295% 0.0403% 
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Mix: Meridian Granite with Cement and Fly Ash 
Date of Mix: 7/12/2006 
Time of Mix: 1:39 PM 
Temperature at Time of Mixing: 740 F 
 

Table C5. Meridian Granite with Cement and Fly Ash Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Meridian 
Granite 2.634 0.74% 53.009 0.7110 

Fine Aggregate Cantley 2.693 0.40% 32.873 0.4313 

Cement  
Saint 

Lawrence 
Mississauga 

3.15  14.570 0.1634 

Fly Ash Coal Creek 2.50  6.245 0.0883 

Water  1  9.055 0.3199 

Air (2% assumed)     0.0350 

NaOH  2.13  0.067 0.0011 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 95.4 lb/ft3 
Moisture of Fine Aggregate: 3.89% 
Moisture of Coarse Aggregate: 2.65% 
28-day Compression strength tests (ASTM C 39): 5419 & 5491, avg = 5455 psi 
Flexural test (AASHTO T 97) broken at 7 days: 580 psi 
Flexural test (AASHTO T 97) broken at 28 days: 910 psi 
Slump: 8.75" 
Air Content: 0.8% 
Unit Weight Concrete: 150.704 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 800 F 

 
Table C6. Meridian Granite with Cement and Fly Ash ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0074% -0.0064% -0.0063% -0.0053% -0.0026% 0.0009% 0.0004% 0.0052% 0.0085% 
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Mix: Taconite LC-5 with Cement Only 
Date of Mix: 6/28/2006 
Time of Mix: 7:23 AM 
Temperature at Time of Mixing: 750 F 
 

Table C7. Taconite LC-5 with Cement Only Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate Taconite 
LC-5 3.304 0.54% 59.844 0.6399 

Fine Aggregate Cantley 2.693 0.40% 39.658 0.5203 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  20.815 0.2335 

Water  1  9.055 0.3199 

Air (2% assumed)     0.0350 

NaOH  2.13  0.085 0.0014 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 107.7 lb/ft3 
Moisture of Fine Aggregate: 3.76% 
Moisture of Coarse Aggregate: 2.21% 
28-day Compression strength tests (ASTM C 39): 6780 & 6987, avg = 6884 psi 
Flexural test (AASHTO T 97) broken at 7 days: 955 psi 
Flexural test (AASHTO T 97) broken at 28 days: 1000+ psi 
Slump: 1.25" 
Air Content: 0.8% 
Unit Weight Concrete: 168.760 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 820 F 
 

Table C8. Taconite LC-5 with Cement Only ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0045% 0.0038% 0.0191% 0.0589% 0.1324% 0.1730% 0.1951% 0.2278% 0.2446% 
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Mix: Taconite LC-5 with Cement and Slag 
Date of Mix: 7/5/2006 
Time of Mix: 8:25 AM 
Temperature at Time of Mixing: 720 F 
 

Table C9. Taconite LC-5 with Cement and Slag Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate Taconite 
LC-5 3.304 0.54% 59.844 0.6399 

Fine Aggregate Cantley 2.693 0.40% 39.244 0.5149 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  13.530 0.1518 

Slag 
Holcim 

Grancem 
GR-100 

2.96  7.285 0.0869 

Water  1  9.055 0.3199 

Air (2% assumed)     0.0350 

NaOH  2.13  0.099 0.0016 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 107.7 lb/ft3 
Moisture of Fine Aggregate: 3.46% 
Moisture of Coarse Aggregate: 2.38% 
28-day Compression strength tests (ASTM C 39): 6064 & 6080, avg = 6072 psi 
Flexural test (AASHTO T 97) broken at 7 days: 925 psi 
Flexural test (AASHTO T 97) broken at 28 days: 1000+ psi 
Slump: 3.0" 
Air Content: 1.4% 
Unit Weight Concrete: 167.160 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 810 F 

 
Table C10. Taconite LC-5 with Cement and Slag ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0087% -0.0032% 0.0014% 0.0095% 0.0431% 0.0726% 0.0900% 0.1126% 0.1306% 
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Mix: Taconite LC-5 with Cement and Fly Ash 
Date of Mix: 7/5/2006 
Time of Mix: 9:02 AM 
Temperature at Time of Mixing: 720 F 
 

Table C11. Taconite LC-5 with Cement and Fly Ash Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate Taconite 
LC-5 3.304 0.54% 59.844 0.6399 

Fine Aggregate Cantley 2.693 0.40% 38.292 0.5024 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  14.570 0.1634 

Fly Ash Coal Creek 2.50  6.245 0.0883 

Water  1  9.055 0.3199 

Air (2% assumed)     0.0350 

NaOH  2.13  0.067 0.0011 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 107.7 lb/ft3 
Moisture of Fine Aggregate: 3.46% 
Moisture of Coarse Aggregate: 1.82% 
28-day Compression strength tests (ASTM C 39): 5308 & 5268, avg = 5288 psi 
Flexural test (AASHTO T 97) broken at 7 days: 645 psi 
Flexural test (AASHTO T 97) broken at 28 days: 920 psi 
Slump: 7.75" 
Air Content: 1.7% 
Unit Weight Concrete: 164.712 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 790 F 
 

Table C12. Taconite LC-5 with Cement and Fly Ash ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0074% -0.0050% -0.0048% -0.0020% 0.0030% 0.0079% 0.0106% 0.0195% 0.0270% 
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Mix: Taconite LC-8 with Cement Only 
Date of Mix: 5/24/2006 
Time of Mix: 8:13 AM 
Temperature at Time of Mixing: 720 F 
 

Table C13. Taconite LC-8 with Cement Only Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate Taconite 
LC-8 3.089 1.23% 55.637 0.6363 

Fine Aggregate Cantley 2.693 0.40% 39.932 0.5239 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  20.815 0.2335 

Water  1  9.055 0.3199 

Air (2% assumed)     0.0350 

NaOH  2.13  0.085 0.0014 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 100.13 lb/ft3 
Moisture of Fine Aggregate: 5.80% 
Moisture of Coarse Aggregate: 3.62% 
28-day Compression strength tests (ASTM C 39): 6287 & 6645, avg = 6466 psi 
Flexural test (AASHTO T 97) broken at 28 days: 960 psi 
Slump: 1.75" 
Air Content: 1.6% 
Unit Weight Concrete: 163.360 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 790 F 
 

Table C14. Taconite LC-8 with Cement Only ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

0.0001% 0.0088% 0.0105% 0.0146% 0.0190% 0.0213% 0.0218% 0.0258% 0.0279% 
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Mix: Taconite LC-8 with Cement and Slag 
Date of Mix: 5/31/2006 
Time of Mix: 9:08 AM 
Temperature at Time of Mixing: 740 F 
 

Table C15. Taconite LC-8 with Cement and Slag Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate Taconite 
LC-8 3.089 1.23% 55.637 0.6363 

Fine Aggregate Cantley 2.693 0.40% 39.518 0.5185 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  13.530 0.1518 

Slag 
Holcim 

Grancem 
GR-100 

2.96  7.285 0.0869 

Water  1  9.055 0.3199 

Air (2% assumed)     0.0350 

NaOH  2.13  0.099 0.0016 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 100.13 lb/ft3 
Moisture of Fine Aggregate: 7.03% 
Moisture of Coarse Aggregate: 3.13% 
28-day Compression strength tests (ASTM C 39): 6875 & 6685, avg = 6780 psi 
Flexural test (AASHTO T 97) broken at 28 days: 1000+ psi 
Slump: 1.75" 
Air Content: 0.3% 
Unit Weight Concrete: 163.232 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 820 F 
 

Table C16. Taconite with Cement and Slag ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0043% 0.0040% 0.0051% 0.0090% 0.0115% 0.0141% 0.0144% 0.0184% 0.0209% 
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Mix: Taconite LC-8 with Cement and Fly Ash 
Date of Mix: 5/31/2006 
Time of Mix: 8:23 AM 
Temperature at Time of Mixing: 740 F 
 

Table C17. Taconite LC-8 with Cement and Fly Ash Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Taconite 
LC-8 3.089 1.23% 55.637 0.6363 

Fine Aggregate Cantley 2.693 0.40% 38.564 0.5059 

Cement  
Saint 

Lawrence 
Mississauga 

3.15  14.570 0.1634 

Fly Ash Coal Creek 2.50  6.245 0.0883 

Water  1  9.055 0.3199 

Air 2% (assumed)     0.0350 

NaOH  2.13  0.067 0.0011 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 100.13 lb/ft3 
Moisture of Fine Aggregate: 7.03% 
Moisture of Coarse Aggregate: 3.38% 
28-day Compression strength tests (ASTM C 39): 5547 & 5658, avg = 5602 psi 
Flexural test (AASHTO T 97) broken at 28 days: 825 psi 
Slump: 6.5" 
Air Content: 0.8% 
Unit Weight Concrete: 161.416 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 780 F 
 

Table C18. Taconite LC-8 with Cement and Fly Ash ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0033% 0.0016% 0.0036% 0.0041% 0.0076% 0.0096% 0.0095% 0.0139% 0.0168% 
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Mix: Taconite LUC with Cement Only 
Date of Mix: 6/7/2006 
Time of Mix: 8:27 AM 
Temperature at Time of Mixing: 740 F 
 

Table C19. Taconite LUC with Cement Only Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Taconite 
LUC 3.117 1.07% 56.621 0.6418 

Fine Aggregate Cantley 2.693 0.40% 39.516 0.5184 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  20.815 0.2335 

Water  1  9.055 0.3199 

Air 2% (assumed)     0.0350 

NaOH  2.13  0.085 0.0014 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 101.9 lb/ft3 
Moisture of Fine Aggregate: 3.69% 
Moisture of Coarse Aggregate: 3.20% 
28-day Compression strength tests (ASTM C 39): 6310 & 6271, avg = 6290 psi 
Flexural test (AASHTO T 97) broken at 7 days: 885 psi 
Flexural test (AASHTO T 97) broken at 28 days: 930 psi 
Slump: 3.75" 
Air Content: 2.1% 
Unit Weight Concrete: 161.488 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 780 F 
 

Table C20. Taconite LUC with Cement Only ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0020% 0.0064% 0.0115% 0.0148% 0.0214% 0.0273% 0.0286% 0.0336% 0.0364% 
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Mix: Taconite LUC with Cement and Slag 
Date of Mix: 6/7/2006 
Time of Mix: 9:02 AM 
Temperature at Time of Mixing: 700 F 
 

Table C21. Taconite LUC with Cement and Slag Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Taconite 
LUC 3.117 1.07% 56.621 0.6418 

Fine Aggregate Cantley 2.693 0.40% 39.103 0.5130 

Cement  
Saint 

Lawrence 
Mississauga 

3.15  13.530 0.1518 

Slag 
Holcim 

Grancem 
GR-100 

2.96  7.285 0.0869 

Water  1  9.055 0.3199 

Air 2% Assumed     0.0350 

NaOH  2.13  0.099 0.0016 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 101.9 lb/ft3 
Moisture of Fine Aggregate: 3.69% 
Moisture of Coarse Aggregate: 2.58% 
28-day Compression strength tests (ASTM C 39): 5968 & 5849, avg = 5908 psi 
Flexural test (AASHTO T 97) broken at 7 days: 850 psi 
Flexural test (AASHTO T 97) broken at 28 days: 1000+ psi 
Slump: 3.75" 
Air Content: 1.9% 
Unit Weight Concrete: 161.096 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 780 F 
 

Table C22. Taconite LUC with Cement and Slag ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0050% 0.0025% 0.0074% 0.0081% 0.0115% 0.0155% 0.0161% 0.0200% 0.0228% 
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Mix: Taconite LUC with Cement and Fly Ash 
Date of Mix: 6/14/2006 
Time of Mix: 8:25 AM 
Temperature at Time of Mixing: 720 F 
 

Table C23. Taconite LUC with Cement and Fly Ash Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Taconite 
LUC 3.117 1.07% 56.621 0.6418 

Fine Aggregate Cantley 2.693 0.40% 38.150 0.5005 

Cement  
Saint 

Lawrence 
Mississauga 

3.15  14.570 0.1634 

Fly Ash Coal Creek 2.50  6.245 0.0883 

Water  1  9.055 0.3199 

Air 2% (assumed)     0.0350 

NaOH  2.13  0.067 0.0011 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 101.9 lb/ft3 
Moisture of Fine Aggregate: 4.55% 
Moisture of Coarse Aggregate: 2.81% 
28-day Compression strength tests (ASTM C 39): 5260 & 5491, avg = 5376 psi 
Flexural test (AASHTO T 97) broken at 7 days: 625 psi 
Flexural test (AASHTO T 97) broken at 28 days: 845 psi 
Slump: 6.25" 
Air Content: 2.2% 
Unit Weight Concrete: 159.704 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 780 F 
 

Table C24. Taconite LUC with Cement and Fly Ash ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0031% -0.0009% 0.0011% 0.0017% 0.0045% 0.0076% 0.0076 0.0119% 0.0140% 
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Mix: Taconite LS-2 with Cement Only 
Date of Mix: 6/21/2006 
Time of Mix: 8:37 AM 
Temperature at Time of Mixing: 740 F 
 

Table C25. Taconite LS-2 with Cement Only Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Taconite 
LS-2 2.868 1.80% 51.120 0.6297 

Fine Aggregate Cantley 2.693 0.40% 40.434 0.5305 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  20.815 0.2335 

Water  1  9.055 0.3199 

Air 2% (assumed)     0.0350 

NaOH  2.13  0.085 0.0014 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 92.0 lb/ft3 
Moisture of Fine Aggregate: 2.98% 
Moisture of Coarse Aggregate: 4.13% 
28-day Compression strength tests (ASTM C 39): 6255 & 6326, avg = 6290 psi 
Flexural test (AASHTO T 97) broken at 7 days: 800 psi 
Flexural test (AASHTO T 97) broken at 28 days: 960 psi 
Slump: 2.5" 
Air Content: 1.0% 
Unit Weight Concrete: 157.424 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 810 F 
 

Table C26. Taconite LS-2 with Cement Only ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0048% 0.0054% 0.0114% 0.0150% 0.0189% 0.0229% 0.0234% 0.0269% 0.0291% 
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Mix: Taconite LS-2 with Cement and Slag 
Date of Mix: 6/212006 
Time of Mix: 9:17 AM 
Temperature at Time of Mixing: 740 F 
 

Table C27. Taconite LS-2 with Cement Only Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Taconite 
LS-2 2.868 1.80% 51.120 0.6297 

Fine Aggregate Cantley 2.693 0.40% 40.024 0.5251 

Cement  
Saint 

Lawrence 
Mississauga 

3.15  13.530 0.1518 

Slag 
Holcim 

Grancem 
GR-100 

2.96  7.285 0.0869 

Water  1  9.055 0.3199 

Air 2% (assumed)     0.0350 

NaOH  2.13  0.099 0.0016 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 92.0 lb/ft3 
Moisture of Fine Aggregate: 2.98% 
Moisture of Coarse Aggregate: 3.67% 
28-day Compression strength tests (ASTM C 39): 5825 & 5849, avg = 5837 psi 
Flexural test (AASHTO T 97) broken at 7 days: 800 psi 
Flexural test (AASHTO T 97) broken at 28 days: 905 psi 
Slump: 3.0" 
Air Content: 1.1% 
Unit Weight Concrete: 156.592 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 810 F 
 

Table C28. Taconite LS-2 with Cement and Slag ASTM C 1293 Results 

7  
Days 

28  
Days 

56  
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0066% 0.0011% 0.0071% 0.0105% 0.0149% 0.0188% 0.0193% 0.0243% 0.0269% 
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Mix: Taconite LS-2 with Cement and Fly Ash 
Date of Mix: 6/28/2006 
Time of Mix: 8:01 AM 
Temperature at Time of Mixing: 740 F 
 

Table C29. Taconite LS-2 with Cement and Fly Ash Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Taconite 
LS-2 2.868 1.80% 51.120 0.6297 

Fine Aggregate Cantley 2.693 0.40% 39.068 0.5125 

Cement  
Saint 

Lawrence 
Mississauga 

3.15  14.570 0.1634 

Fly Ash Coal Creek 2.50  6.245 0.0883 

Water  1  9.055 0.3199 

Air 2% (assumed)     0.0350 

NaOH  2.13  0.067 0.0011 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 92.0 lb/ft3 
Moisture of Fine Aggregate: 3.76% 
Moisture of Coarse Aggregate: 3.82% 
28-day Compression strength tests (ASTM C 39): 5435 & 5491, avg = 5463 psi 
Flexural test (AASHTO T 97) broken at 7 days: 630 psi 
Flexural test (AASHTO T 97) broken at 28 days: 860 psi 
Slump: 5.5" 
Air Content: 2.4% 
Unit Weight Concrete: 156.736 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 800 F 
 

Table C30. Taconite LS-2 with Cement and Fly Ash ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0058% -0.0034% -0.0009% 0.0025% 0.0051% 0.0081% 0.0079% 0.0134% 0.0166% 
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Mix: Taconite LC-5 Redo with Cement Only, Vibrated Beams 
Date of Mix: 1/4/2007 
Time of Mix: 10:15 AM 
Temperature at Time of Mixing: 680 F 
 

Table C31. Taconite LC-5 with Cement Only, Vibrated Beams Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Taconite 
LC-5 3.304 0.54% 34.196 0.3657 

Fine Aggregate Cantley 2.693 0.40% 22.662 0.2973 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  11.894 0.1334 

Water  1  5.174 0.1828 

Air 2% (assumed)     0.0200 

NaOH  2.13  0.049 0.0008 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 107.7 lb/ft3 
Moisture of Fine Aggregate: 3.30% 
Moisture of Coarse Aggregate: 1.96% 
28-day Compression strength tests (ASTM C 39): 6000 & 6008, avg = 6004 psi 
Slump: 4" 
Air Content: 3.2% 
Unit Weight Concrete: 163.384 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 700 F 
 

Table C32. Taconite LC-5 with Cement Only, Vibrated Beams ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-0.0059% 0.0030% 0.0155% 0.0399% 0.1126% 0.1607% 0.1916% 0.2270% Reading 
1/2009 
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Mix: Taconite LC-5 Redo with Cement Only, Rodded Beams 
Date of Mix: 1/4/2007 
Time of Mix: 10:15 AM 
Temperature at Time of Mixing: 680 F 
 

Table C33. Taconite LC-5 Redo with Cement Only, Rodded Beams Mix Design 

 Component Specific 
Gravity Absorption Mass (kg) Volume (ft3) 

Coarse Aggregate  Taconite 
LC-5 3.304 0.54% 34.196 0.3657 

Fine Aggregate Cantley 2.693 0.40% 22.662 0.2973 

Cement 
Saint 

Lawrence 
Mississauga 

3.15  11.894 0.1334 

Water  1  5.174 0.1828 

Air 2% (assumed)     0.0200 

NaOH  2.13  0.049 0.0008 

Total Volume     1.7500 
 
Dry Rodded Unit Weight Coarse Aggregate: 107.7 lb/ft3 
Moisture of Fine Aggregate: 3.30% 
Moisture of Coarse Aggregate: 1.96% 
28-day Compression strength tests (ASTM C 39): 6000 & 6008, avg = 6004 psi 
Slump: 4" 
Air Content: 3.2% 
Unit Weight Concrete: 163.384 (lbs/ft3) 
Water/Cement Ratio: 0.435 
Concrete Temperature: 700 F 
 

Table C34. Taconite LC-5 Redo with Cement Only, Rodded ASTM C 1293 Results 

7  
Days 

28 
Days 

56 
Days 

3 
Months 

6 
Months 

9 
Months 

1  
Year 

1.5 
Years 

2  
Years 

-
0.0055% 0.0038% 0.0180% 0.0551% 0.1810% 0.2514% 0.2933% 0.3413% Reading 

1/2009 



 

APPENDIX D - ASTM C 1293 ONE-YEAR RESULTS 
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Figure D1. ASTM C 1293 Cement Only Test Results 

 
 
 
Note: LC5RV is a redo mix of LC5 and was vibrated; LC5RR is a redo mix of LC5 and was rodded.  G is 
for granite. Failure is based on a one-year reading of greater than 0.04%.  LC5 mixes failed, all 
others passed. 
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Figure D2. ASTM C 1293 Cement plus Fly Ash Test Results 

 
 
 
Note: Failure is based on a two-year reading of greater than 0.04%.  All mixes passed.   
F indicates fly ash.  G indicates granite.   
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Figure D3. ASTM C 1293 Cement plus Slag Test Results 

 
 
 

Note: Failure is based on a two-year reading of greater than 0.04%.  LC5-S failed, and G-S was 
borderline, all other mixes passed.  S indicates slag.  G indicates granite. 
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Figure D4. ASTM C 1293 All Expansion Test Results 

 
 
 
Note: Failure is based on a one-year reading of greater than 0.04% for cement only mixes.  
Failure is based on a two-year reading of greater than 0.04% for slag and fly ash mixes.  LC5RV 
is a redo mix of LC5 and was vibrated; LC5RR is a redo mix of LC5 and was rodded.  F 
indicates fly ash, S indicates slag. G indicates granite. 



 

APPENDIX E - ASTM C 1260 MORTAR BAR TESTS
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Table E1. ASTM C 1260 Test Results for CANMET Sand 

Test Result 

ASTM C 1260 Mortar Bar CANMET Holcim Cement  
14 day, % Spec 0.165 max  0.0507% 

ASTM C 1260 Mortar Bar CANMET Holcim Cement + Fly ash 
14 day, % Spec 0.165 Max 0.0393% 

ASTM C 1260 Mortar Bar CANMET Holcim Cement + Slag 
14 day, % Spec 0.165 Max 0.0463% 

 
 
 

Table E2. ASTM C 1260 Test Results for LC-5 Sand 

Test Result 

ASTM C 1260 Mortar Bar Holcim Cement 
14 day, % Spec 0.165 Max 0.3957% 

ASTM C 1260 Mortar Bar Lafarge Cement  
14 day, % Spec 0.165 Max 0.3730% 

 
 
 

Table E3. ASTM C 1260 Test Results for LS-2 Sand 

Test Result 

ASTM C 1260 Mortar Bar Holcim Cement  
14 day, % Spec 0.165 Max 0.1087% 

ASTM C 1260 Mortar Bar Lafarge Cement  
14 day, % Spec 0.165 Max 0.1070% 

 
 
 

Table E4. ASTM C 1260 Test Results for LC-8 Sand 

Test Result 

ASTM C 1260 Mortar Bar Holcim Cement  
14 day, % Spec 0.165 Max 0.0363% 

ASTM C 1260 Mortar Bar Lafarge Cement  
14 day, % Spec 0.165 Max 0.0440% 
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Table E5. ASTM C 1260 Test Results for LUC Sand 

Test Result

ASTM C 1260 Mortar Bar Holcim Cement  
14 day, % Spec 0.165 Max 0.1891% 

ASTM C 1260 Mortar Bar Lafarge Cement 
14 day, % Spec 0.165 Max 0.1693% 
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Figure E1. ASTM C 1260 Mortar Bar Expansions 

 
 
 
ASTM C 1260 Mortar Bar Data showing expansion of four taconite rock strata.  The "H" 
signifies Holcim cement, and the "L" signifies Lafarge cement.   
 
Manufactured sand (sand produced by crushing coarse aggregate) is not allowed in concrete by 
Mn/DOT Specification, however, the ASTM C 1260 test is a good indicator of potential 
expansion of coarse aggregate used in concrete.   
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The Mn/DOT ASTM C 1260 failure criteria for a natural sand based on the expansion at fourteen 
days is the following:  
 
"The higher expansion result of two cement and sand combinations shall determine what 
mitigation may be necessary.  If the proposed fine aggregate results are: 
 
(1) < or = to 0.150% The fine aggregate is acceptable with or without a mitigator in the 

concrete mix.  
(2) 0.151 - 0.250% The fine aggregate shall be mitigated with 35% ground granulated blast 

furnace slag or a minimum of 20% fly ash. 
(3) 0.251 - 0.300% The fine aggregate shall be mitigated with 35% ground granulated blast 

furnace slag or 30% fly ash meeting Mn/DOT Spec 3115 modified with a 
minimum SiO2 + Fe2O3 + Al2O3 of 66.0% on a dry weight basis and a 
minimum SiO2 content of 38.0%. 

(4) > 0.300%  The fine aggregate is rejected. 
 



 

APPENDIX F – RESULTS OF MINERALOGICAL ANALYSIS OF 
TACONITE AGGREGATES 
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Table F1. LC-5 Bed (111-05) Ispat Inland/Mittal Steel (Laurentian Pit) Lithological 
Summary for Canadian Prism Test Samples 3/4"(-) to 1/2"(+) Jan-07 

Siliceous/'Cherty' Mass (g) Total (%) 
Type I/II 1524.5 28.2% 
FeO/Hematite Rich 29.8 0.6% 
FeS2 Rich 15.8 0.3% 
Total 1570.1 29.1% 

 
 Mass (g) Total (%) 
CO3-Rich/'Slatey' 0 0.0% 
Total 0 0.0% 

 
Magnetite Rich Mass (g) Total (%) 
Siliceous/'Cherty' 3783.3 69.9% 
Siliceous/Hema/FeO Rich 7.0 0.1% 
CO3-Rich/'Slatey'? 50.5 0.9% 
Total 3840.8 70.9% 

 
 Mass (g) Total (%) 
Grand Total 5410.9 100% 

 
 Mass (g) Total (%) 
% Siliceous/'Cherty' 5360.4 99.1% 
%CO3- Rich/'Slatey' 50.5 0.9%? 

 
 
 
Notes:  

1. Virtually all of aggregates are Siliceous/'Cherty' as noted 
2. Both Siliceous and Magnetite Rich varieties appear to be of the Type I Siliceous variety 

as referenced in mineralogical analysis of LC-8 bed (Embacher report) 
a) The aggregate texture is sometimes obscured by disseminated magnetite which also 

commonly occurs in bands (hence, the '?' next to CO3-Rich); consequently, some 
CO3-Rich aggregates may have been misclassified due to the textural similarites 
between CO3-Rich and Siliceous Magnetite-Rich aggregates 

b) Chert content, as opposed to recrystallized quartz, may be in fair to high amounts 
given the presence of a white weathering product (typically found on weathered 
cherts) found on several aggregate surfaces 

c) Greenalite, as opposed to minnesotaite, appears to be quite common in voids and 
matrix (greenalite was commonly found associated w/ magnetite in thin sections 
prepared for the Embacher report) 
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Table F2. LC-8 Bed (111-05) United Taconite Lithological Summary for Canadian Prism 
Test Samples 3/4"(-) to 1/2"(+) Jan-07 

Siliceous/'Cherty' Mass (g) Total (%) 
Type I/II 2208.8 44.3% 
Chert 68.9 1.4% 
Wx Type I/II/Chert 98.6 2.0% 
MNite Rich Chert 42.9 0.9% 
FeO/Hema. Rich Chert 26.4 0.5% 
Total 2445.6 49.1% 

 
CO3-Rich/'Slatey' Mass (g) Total (%) 
Siderite-Rich 685.2 13.8% 
Cherty Sid.-Rich 69.9 1.3% 
MetaSid-Rich 27.2 0.5% 
CO3-Rich Aggregate? 63.4 1.3% 
Total 845.7 17.0% 

 
Magnetite Rich Mass (g) Total (%) 
Siliceous/'Cherty' 779.6 15.6% 
CO3-Rich/'Slatey' 526.5 10.6% 
Total 1306.1 26.2% 

 
Miscellaneous Mass (g) Total (%) 
Interblended 'Cherty' & 'Slatey' 384.1 7.7% 
Total 384.1 7.7% 

 
 Mass (g) Total (%) 
Grand Total 4981.5 100% 

 
 Mass (g) Total (%) 
% Siliceous/'Cherty' 3417.3 68.6% 
%CO3- Rich/'Slatey' 1494.4 31.4% 

 
Notes:  

1. Siliceous fraction is mostly composed of Type I and II (clarified in report to Embacher)  
a) Some Cherty Sid.-Rich aggregates may have been considered siliceous given 

characteristics deceptively similar to Cherty Type I aggregates  
b) Several weathered forms of Type I/II were considered unweathered in order to 

expedite the summary (this does not affect the siliceous %'s); additionally, it is likely 
that not all cherts were delineated from Type I/II's 

2. 'CO3-Rich aggregate?' may be a weathered form of Cherty Sid.-Rich 
3. Since 'Interbedded 'Cherty' and 'Slatey' aggregates are comprised of both material types, 

the mass of this material was divided in two and distributed evenly between the total 
percent for Siliceous material and CO3-Rich material 
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Table F3. LS-2 Bed (100-05) Ispat Inland/Mittal Steel (Laurentian Pit) Lithological 
Summary for Canadian Prism Test Samples 3/4"(-) to 1/2"(+) Jan-07 

Siliceous/'Cherty' Mass (g) Total (%) 
Type I/II 2815.9 55.0% 
Chert 181.2 3.5% 
Wx Type I/II/Chert 6.7 0.1% 
FeO/Hematite Rich 2.2 0.1% 
Total 3003.0 58.6% 

 
CO3-Rich/'Slatey' Mass (g) Total (%) 
Siderite-Rich 1856.1 36.3% 
Wx Sid.-Rich 20.9 0.4% 
Total 1877.0 36.7% 

 
Magnetite Rich Mass (g) Total (%) 
Siliceous 44.1 0.9% 
CO3-Rich 62.3 1.2% 
Total 106.4 2.1% 

 
Miscellaneous Mass (g) Total (%) 
CO3-Rich/'Slatey Mottled w/ Quartz 130.0 2.5% 
Total 130.0 2.5% 

 
 Mass (g) Total (%) 
Grand Total 5116.4 100% 

 
 Mass (g) Total (%) 
% Siliceous/'Cherty' 3112.1 60.8% 
%CO3- Rich/'Slatey'? 2004.3 39.2% 

 
Notes:  

1. Siliceous fraction is mostly composed of Type I and II (clarified in report to Embacher) 
a) Some Cherty Sid.-Rich aggregates may have been considered siliceous given 

characteristics deceptively similar to Type I aggregates; Chert is recognizable by its 
lack of surface texture; It is possible that not all cherts were distinguished from Type 
I/II's (this does not affect the Sil. %'s)  

b) The mostly greenish hue of the Siliceous fraction may be indicative of a high 
minnesotaite concentration 

2. The CO3-Rich/'Slatey' fraction contains several aggregates which would likely fail 
MnDOT's 'flat and elongated' specification 

3. Since 'CO3-Rich/'Slatey' Mottled w/ Quartz' aggregates are comprised of carbonate and 
silica, the mass of this material was divided in two and distributed evenly between the 
total percents for Siliceous material and CO3-Rich 



F-4 

Table F4. LUC Bed (114-05) United Taconite Lithological Summary for Canadian Prism 
Test Samples 3/4"(-) to 1/2"(+) Jan-07 

Siliceous/'Cherty' Mass (g) Total (%) 
Crystalline/Hematitic 1526.6 29.7% 
Weathered/Unsound variety of above 106.1 2.0% 
Chert-Rich variety 361.6 7.0% 
Weathered/Unsound Chert-Rich variety 14.8 0.3% 
Total 2009.1 39.0% 

 
 Mass (g) Total (%) 
CO3-Rich/'Slatey' 1148.8 22.3% 
Total 1148.8 22.3% 

 
Magnetite Rich Mass (g) Total (%) 
Siliceous/'Cherty' 232.7 4.5% 
CO3-Rich/'Slatey' 1266.1 24.6% 
Interbedded 'Cherty' & 'Slatey' 112.9 2.2% 
Weathered CO3 Rich/'Slatey' or Ashflow 141.0 2.7% 
Total 1752.7 34.0% 

 
Misc. Mass (g) Total (%) 
Interbedded 'Cherty' & 'Slatey' 188.2 3.7% 
Weathered CO3 Rich/'Slatey' or Ashflow 49.4 1.0% 
TOTAL 5148.2 100% 

 
 Mass (g) Total (%) 
Grand Total 5148.2 100% 

 
 Mass (g) Total (%) 
% Siliceous/'Cherty' 2392.4 46.5% 
%CO3- Rich/'Slatey'? 2755.8 53.5% 

 
Notes:  

1. Siliceous/'Cherty' fraction displays varying concentrations of hematite (creates a vivid 
color distinction when compared to the green to black LS-2, LC-5 and LC-8 samples 

2. Siliceous/'Cherty' fraction displays varying degrees of chemical weathering in cherty 
ooids found in the Crystalline/Hematitic variety 

3. Many of the 'Cherty variety' of the Siliceous/'Cherty' fraction may have appreciable 
carbonate contents within the cherty matrix based on similar color observations 
documented in the report to Embacher and verified petrographically 

4. Since 'Interbedded Cherty & Slatey' aggregates are comprised of both material types, the 
mass of this material was divided in two and distributed evenly between the total percent 
for Siliceous material and CO3-Rich material5.) Since petrographic work was not 
performed, material identified as 'Ashflow' will be considered Weathered 'Slatey' material 
for statistical purposes.  
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