
Investigation of Performance Mixtures Engineered 
Mix (PEM) Mix Design with Reduced Cement






Final Report
for
MLR-21-01







January 2021
Construction & Materials Bureau
	


Investigation of Performance Mixtures Engineered 
Mix (PEM) Mix Design with Reduced Cement



Final Report
for
MLR-21-01




By
Todd D. Hanson
Concrete Materials Engineer
todd.hanson@iowadot.us





Construction & Materials Bureau
Iowa Department of Transportation
Ames, Iowa 50010



June 2021


TECHNICAL REPORT DOCUMENTATION PAGE
General instructions: To add text, click inside the form field below (will appear as a blue highlighted or outlined box) and begin typing. The instructions will be replaced by the new text. If no text needs to be added, remove the form field and its instructions by clicking inside the field, then pressing the Delete key twice. 
Please remove this field before completing form.

1. Report No.	 MLR-21-01	2. Government Accession No.	3. Recipient’s Catalog No.
4. Title and Subtitle	Investigation of Performance Enhanced Mixtures (PEM) with Reduced Cement	5. Report Date	August 2020 to January 2021
	6. Performing Organization Code 	 
7. Author(s)	Todd Hanson, Concrete Materials Engineer,  https://orcid.org/0000-0002-4832-1124

	8. Performing Organization Report No. 	MLR-21-01
9. Performing Organization Name and Address	Iowa Department of Transportation
Construction & Materials Bureau
800 Lincoln Way
Ames, Iowa 50010	10. Work Unit No.	
	11. Contract or Grant No.	
12. Sponsoring Agency Name and Address	FHWA
1200 New Jersey Ave. SE
Washington, DC 20590-9898

https://www.pooledfund.org/Details/Study/620  80% FHWA, 20% Iowa DOT	13. Type of Report and Period Covered	Final Report (August 2020 to January 2021)
	14. Sponsoring Agency Code	FHWA Office of Preconstruction, Construction, and Pavements HICP-40
15. Supplementary Notes	Conducted in cooperation with the U.S. Department of Transportation, Federal Highway Administration.	 
16. Abstract	A performance engineered mix (PEM) design was utilized on I-29 in Harrison county in Iowa. In 2019, the standard quality management concrete (QMC) mix was used. In 2020, the PEM mix was used with a reduced cement content. Comparing testing  between the two mixes revealed similar to better results with the PEM mix design, including better smoothness.	
17. Key Words	PEM, performance engineered mixtures, SAM Number, resistivity, concrete pavement, calcium oxychloride potential, AASHTO PP-84	18. Distribution Statement	No restrictions. 
19. Security Classif. (of this report)	Unclassified	20. Security Classif. (of this page)	Unclassified	21. No. of Pages	45	22. Price	 
Form DOT F 1700.7 (8-72)	Reproduction of completed page authorized



	
		


Contents
Introduction	2
Project Location	2
Project Design	3
Materials and Mix Design	4
Project Data	9
w/c ratio	9
SAM Air Testing	11
Workability – Box Test	15
Resistivity	17
Pavement Smoothness	19
Other Testing	21
Summary and Conclusions	22
Recommendations	22
Acknowledgements	24
Appendix A – Average w/c and Moistures - QMC 2019	25
Appendix B -  Average w/c and Moistures - PEM 2020	27
Appendix C – SAM Air Content and SAM Number – QMC 2019	30
Appendix D – SAM Air Content and SAM Number – PEM 2020	32
Appendix E – Resistivity - QMC 2019	33
Appendix F – Resistivity – PEM 2020	34
Appendix G – Oregon State University Test Results	35




2



[bookmark: _Toc74118087]Introduction

Based on the success of the Performance Engineered Mixture (PEM) shoulder placement on US 20 in Woodbury County in 2018, Cedar Valley Corporation requested to perform a similar trial on the I-29 Harrison County project. In 2019, the mainline and inside 6-foot shoulder was placed with the traditional QMC mix design. The first 4.07 miles of the outside shoulder was placed with an A-6-C20 mix. The remaining 2.83 miles of the outside shoulder was placed with a mix with reduced cement content of 484 lbs/yd3. 
After the successful outside shoulder placement, utilizing the reduced cement mix in the fall of 2019, it was decided to investigate the use of a similar mix on the mainline placement in 2020. 

[bookmark: _Toc74118088]Project Location
The project is located on the southbound lanes of I-29 in Harrison County, Iowa. The following table includes the beginning and ending of project based on direction of travel by mileposts, stations, and lat./long. 
Table 1. Project Location
	
	Milepost
	Station
	Latitude
	Longitude

	BOP
	89.75
	1830+00
	41 33 52
	95 55 05

	EOP
	76.54
	1133+00
	41 43 50
	96 02 38



[image: ]
Figure 1. Project Location Map

[bookmark: _Toc74118089]Project Design
This grade and replace project IMX-029-5(345)77—02-43 was let March 19, 2019. Pavement was designed as a 11-inch plain jointed pavement on 6 inches of granular subbase and 12 inches of special backfill. Pavement section is 24-foot wide, with 10 foot outside and 6 foot inside full depth shoulders. Transverse joint spacing is 17 feet with dowel baskets.
During construction, the contractor elected to place the inside 6-foot shoulder with the 24-foot mainline. The outside 10-foot shoulder was placed in a separate operation. 

[image: ]
Figure 2. I-29 Pavement Cross Section

[bookmark: _Toc74118090]Materials and Mix Design 
The materials used in the mix for 2019 and 2020 remained the same, with the exception of the coarse aggregate. Cementitious materials include Ash Grove Type IP cement containing a 25% replacement with Class F fly ash and Nebraska City Class C fly ash at a 20% weight replacement of the cement. The fine/intermediate aggregate source was from North Valley. North Valley is a Class V gravel with material retained on the ½ inch sieve to the #100 sieve.  
[bookmark: _Hlk57030966]The only difference between each year was the coarse aggregate source. In 2019, the coarse aggregate was from Weeping Water Mine. In 2020, the coarse aggregate came from the Ft. Calhoun Mine. The fine/intermediate aggregate source was from North Valley. North Valley is a Class V gravel with material retained on the ½ inch sieve to the #100 sieve.  A closeup view of the aggregates may be found on Figures 3 and 4. 
The location of the various mix designs used may be found in Table 2. The batch weights for each mix used may be found in Tables 3 through Table 6.  The average coarseness and workability chart for the mainline may be found on Figures 5 and 6. The average combined grading on the Tarantula Curve may be found on Figures 7 and 8. 

[image: ]
Figure 3. Ft. Calhoun Coarse Aggregate (2020)

[image: ]
Figure 4. North Valley Sand-Gravel Aggregate (2020)

Table 2. Mix Type and Location
	Mix Design
	Begin Station
	End Station
	Date

	QMC
	1834+00
	1470+00
	8/13/19 to 9/27/19

	A-6-C20
	1834+00
	1619+30
	8/22/19 to 10/3/19

	PEM Shoulder
	1619_30
	1470+00
	10/3/19 to 10/8/19

	[bookmark: _Hlk57031203]QMPEM 
	1470+30
	1133+00
	8/18/20 to 9/1/20

	QMPEM (Shoulders)
	1470+30
	1133+00
	9/15/20 to 9/22/20



Table 3. QMC Mix Design 2019 
	Material
	Source
	Weight (lbs/yd3)

	Cement
	Ash Grove Type IP(25)
	426

	Fly Ash (20%)
	Nebraska City, Class C
	107

	Coarse Aggregate (45%)
	Weeping Water
	1427

	Fine Aggregate (55%)
	North Valley – Cl. V 
	1708

	Water (basic w/c=0.40) 0,42 max
	Willow Creek near Modale
	213



Table 4. A-6-C20 Shoulder Mix Design 2019
	Material
	Source
	Weight (lbs/yd3)

	Cement
	Ash Grove Type IP(25)
	463

	Fly Ash (20%)
	Nebraska City, Class C
	116

	Coarse Aggregate (40%)
	Weeping Water
	1188

	Fine Aggregate (60%)
	North Valley – Cl. V 
	1744

	Water (basic w/c =0.474, 0.532 max
	Willow Creek near Modale
	274



Table 5. PEM Shoulder Mix 2019
	Material
	Source
	Weight (lbs/yd3)

	Cement
	Ash Grove Type IP(25)
	387

	Fly Ash (20%)
	Nebraska City, Class C
	97

	Coarse Aggregate (45%)
	Weeping Water
	1476

	Fine Aggregate (55%)
	North Valley – Cl. V 
	1761

	Water basic w/c 0.40, max 0.42
	Willow Creek near Modale
	194



Table 6. PEM Mix Mainline & 10 ft. Outside Shoulders 2020
	[bookmark: _Hlk56150411]Material
	Source
	Weight (lbs/yd3)

	Cement
	Ash Grove Type IP(25)
	399

	Fly Ash (20%)
	Nebraska City, Class C
	100

	Coarse Aggregate (45%)
	Ft. Calhoun
	1441

	Fine Aggregate (55%)
	North Valley – Cl. V 
	1752

	Water (basic w/c 0.40, 0.42 max.
	Willow Creek near Modale
	200






[image: ]
Figure 5. Coarseness Workability Chart – QMC 2019

[image: ]
Figure 6. Coarseness Workability (Adjusted) Chart – PEM 2020
[image: ]
Figure 7. Tarantula Curve Combined Gradation – QMC 2019

[image: ]
Figure 8. Tarantula Curve Combined Gradation – PEM 2020
[bookmark: _Toc74118091]Project Data

Standard mix for shoulders was A-6-C20. Average w/c ratio during production was 0.393. PEM shoulder mix with reduced cement content of 484 lbs per cubic yard.  Average w/c ratio was 0.413. Based on the 

[bookmark: _Toc74118092]w/c ratio
The w/c ratio is determined from batch weight at the plant. The average w/c ratio for the QMC mix in 2019 was 0.396. The average w/c ratio for the PEM mix in 2020 was ratio 0.390. Based on the control charts, it appears that the daily results for the w/c ratio for the PEM mix were lower than that of the QMC mix. The w/c ratio control chart for each year may be found on Figures 9 and 10.

[image: ]
Figure 9. w/c Ratio Control Chart – QMC 2019




[image: ]
Figure 10. w/c Ratio Control Chart – PEM 2020


[bookmark: _Toc74118093]SAM Air Testing

On the 2019 portion of the project, utilizing the QMC mix, Super Air Meter (SAM) number and SAM air content was tested at the plant. On the 2020 portion, utilizing the PEM mix, the SAM number and SAM air content was tested at the plant and the same truck was tested on the grade.  Two SAM air meters were used to accomplish testing at the plant and grade. 
Based on the control charts, it appears the SAM number for the PEM mix was lower overall, with more results less than 0.20, than the QMC mix. Control charts for the SAM number may be found on Figures 12 and 13. The SAM air content at the plant average was 9.5%, with a standard deviation of 0.76, while the SAM air content on the grade average was 8.9%, with a standard deviation of 0.86. The SAM number at the plant average was 0.13, with a standard deviation of 0.050, while the SAM number on the grade average was 0.18, with a standard deviation of 0.063. The plant versus grade results of the SAM air content and SAM number may be found on Figures 14 and 15. 
[image: ]
Figure 11.  SAM Testing on Grade – I-29 Harrison (2020)


[image: ]
Figure 12. SAM Number Before Paver – QMC 2019
[image: ]
Figure 13. SAM Number Before Paver – PEM 2020

[image: ]
Figure 14. SAM Meter % Air Content – Plant vs. Grade – PEM 2020

[image: ]
Figure 15. SAM Number Plant vs. Grade – PEM 2020

[bookmark: _Toc74118094]Workability – Box Test

The box test was performed once per day during normal production. In 2019, the box test was performed at the plant. In 2020, the box test was performed on the grade. All box test ratings were a “1”, with the exception of one test result with a “2” rating in 2019. Results may be found on Figures 17 and 18. 








[image: ]
Figure 16. Box Test on Grade – I-29 Harrison 2020

[image: ]
Figure 17. Box Test Workability Ranking – QMC 2019
[image: ]
Figure 18. Box Test Workability Ranking – PEM 2020



[bookmark: _Toc74118095]Resistivity

Cylinders were cast every day and placed in a 5-gallon bucket with a well-sealed lid, with 3.5 gallons of water and 102.6g NaOH, 143.90g KOH and 27g Ca(OH)2 into. Resistivity testing was performed by the contractor on the project at 3 and 7 days. The buckets were delivered to Iowa State University laboratory for testing at 28 and 56 days.  Overall, the resistivity for the PEM mix is higher at 56 days than the QMC mix. Results for the QMC mix in 2019 may be found in Figure 19 and results for the PEM mix in 2020 may be found in Figure 20.

[image: ]
Figure 19. Resistivity Test Results – QMC 2019

	
[image: ]
Figure 20. Resistivity Test Results – PEM I-29 Harrison 2020

[bookmark: _Toc74118096]Pavement Smoothness 

Pavement smoothness was performed by the contractor using zero blanking band, with verification performed by the Iowa DOT. In 2019, the average profile index was 24.87 inches per mile for the 6.69 miles of mainline paving. In 2020, the average profile index was 19.36 inches per mile for the 5.98 miles of mainline paving. 2019 QMC paving 142 segments achieved 58.45% of the maximum incentive. 2020 PEM paving 144 segments achieved 72.66% of the maximum incentive. Overall, the PEM mix with reduced cement content achieved better smoothness compared to the QMC mix. 
The mix placement went very well with no issues with workability and finishing. The pavement edge of the extruded slab was very sharp and clean. See Figures 21 and 22. 






[image: ]
Figure 21. Overall View Pavement Slab Behind Paver – Harrison I-29 (2020)
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Figure 22. Closeup of Pavement Slab Edge – Harrison I-29 (2020)

[bookmark: _Toc74118097]Other Testing
Twelve cylinders were sent to Oregon State University for further testing. Results are included in the Appendix.









[bookmark: _Toc74118098]Summary and Conclusions

Overall, the PEM mix with a reduced cement content performed equal to or better than the QMC mix. The following conclusions were found.
· The average w/c ratio was slightly lower for the PEM mix at 0.390 versus the QMC mix at 0.396.
· Overall, the SAM number for the PEM mix had more test results less than 0.20, than the QMC mix
· The box test results were fairly equal for both, with one rating of a “2” for the QMC mix
· Overall, the smoothness based on zero blanking band for the pavement placed with the PEM mix was lower and achieved higher incentives for the contractor versus the pavement placed with QMC mix.

[bookmark: _Toc74118099]Recommendations

Based on the results of the testing and placement utilizing the PEM mix with a reduced cement content, the following recommendations 
· Get more contractors involved to get familiar with the PEM testing and mix designs 
· Investigate effect of other aggregate types and shapes on reduced cement mixes.
· Validate these mixes utilizing the PEM test protocols
· After investigation, recommend changes to the QMC Developmental Specification to include a reduced cement mix design mix validated with PEM testing
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[bookmark: _Toc74118102]Appendix B -  Average w/c and Moistures - PEM 2020
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Coarse Intermediate Fine Average

Date Test # (%) (%) (%) w/c

8/13 1 1.0 2.6 0.391

8/13 2 0.9 2.5 0.393

8/14 3 0.9 2.4 0.387

8/14 4 1.0 2.4 0.392

8/16 5 1.0 2.5 0.397

8/16 6 1.0 2.6 0.396

8/17 7 1.1 2.7 0.392

8/17 8 1.0 2.7 0.393

8/20 9 0.9 2.4 0.410

8/23 10 1.0 2.5 0.397

8/24 11 1.0 2.5 0.394

8/24 12 1.0 2.7 0.397

9/3 13 0.8 2.5 0.409

9/3 14 0.7 2.5 0.406

9/4 15 1.0 2.5 0.398

9/5 16 0.9 2.4 0.399

9/5 17 0.9 2.3 0.402

9/6 18 0.8 2.4 0.394

9/6 19 0.7 2.3 0.396

9/12 20 1.1 2.8 0.389

9/12 21 1.0 2.8 0.388

9/13 22 1.0 2.8 0.398

9/13 23 0.9 2.7 0.401

9/14 24 0.9 2.5 0.399

9/16 25 1.0 2.9 0.395

9/16 26 1.0 2.8 0.398

9/17 27 1.0 2.8 0.400

9/17 28 1.0 2.7 0.400

9/18 29 0.9 2.7 0.403

9/18 30 1.0 2.6 0.400

9/23 31 1.1 2.8 0.393

9/23 32 1.2 3.0 0.388

9/24 33 1.3 2.9 0.393

9/25 34 1.2 2.9 0.393

9/25 35 1.1 2.8 0.393

9/26 36 1.1 2.8 0.393

9/26 37 1.2 2.8 0.399

9/27 38 1.1 2.8 0.393

9/30 39 1.2 2.8 0.399

Avg. w/c ratio 0.396

Moisture Content

Harrison County I-29 - QMC Mix 2019
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Coarse Intermediate Fine Average

Date Test # (%) (%) (%) w/c

8/18 1 0.2 1.2 0.385

8/18 2 0.2 1.3 0.386

8/19 3 0.2 1.4 0.375

8/19 4 0.2 1.7 0.382

8/20 5 0.2 1.6 0.382

8/20 6 0.1 1.8 0.387

8/21 7 0.1 1.7 0.382

8/21 8 0.1 1.8 0.385

8/22 9 0.1 1.7 0.389

8/22 10 0.1 1.8 0.394

8/24 11 0.1 1.4 0.396

8/24 12 0.1 1.5 0.394

8/25 13 0.1 1.4 0.383

8/25 14 0.1 1.5 0.387

8/26 15 0.1 1.3 0.380

8/26 16 0.1 1.4 0.399

8/27 17 0.1 1.3 0.385

8/27 18 0.1 1.3 0.410

8/28 19 0.1 1.3 0.396

8/28 20 0.1 1.4 0.398

8/31 21 0.2 1.4 0.385

8/31 22 0.1 1.5 0.385

8/31 23 0.1 1.5 0.391

9/1 24 0.2 1.5 0.390

9/1 25 0.1 1.5 0.409

9/2 26 0.1 1.5 0.401

9/3 27 0.1 1.5 0.391

9/3 28 0.1 1.6 0.391

9/10 29 1.2 3.0 0.378

9/11 30 0.9 2.9 0.390

9/14 31 0.8 2.8 0.389

9/15 32 0.7 2.6 0.388

9/15 33 0.6 2.6 0.390

9/16 34 0.5 2.3 0.389

9/16 35 0.5 2.2 0.404

9/17 36 0.4 2.1 0.387

9/17 37 0.3 2.1 0.388

9/18 38 0.3 2.1 0.372

9/18 39 0.3 2.2 0.380

9/19 40 0.3 2.1 0.371

9/19 41 0.3 2.2 0.378

9/21 42 0.3 2.2 0.398

9/21 43 0.2 2.2 0.397

9/22 44 0.2 2.0 0.380

9/23 45 0.2 2.0 0.386

9/23 46 0.1 2.0 0.384

Avg w/c ratio 0.390

Moisture Content

Harrison County I-29 PEM Mix - 2020
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Plastic S.A.M.

Air Content Air Content

Before Paver % S.A.M.

Date Station (%) Before Paver Number

8/13 Plant 12.0 12.2 0.13

8/13 Plant 14.0 14.9 0.19

8/14 Plant 16.5 16.6 0.15

8/16 Plant 10.5 10.3 0.10

8/16 Plant 10.5 10.5 0.12

8/17 Plant 10.5 10.5 0.13

8/17 Plant 11.0 10.8 0.16

8/20 Plant 11.0 10.8 0.21

8/23 Plant 11.5 10.9 0.19

8/24 Plant 9.5 8.8 0.27

8/24 Plant 11.0 10.4 0.18

9/3 Plant 12.0 12.3 0.20

9/3 Plant 10.0 9.3 0.32

9/4 Plant 8.0 7.2 0.28

9/4 Plant 11.0 10.5 0.25

9/5 Plant 10.0 9.2 0.28

9/5 Plant 10.0 9.5 0.25

9/6 Plant 10.0 10.2 0.23

9/6 Plant 13.0 12.7 0.27

9/12 Plant 8.5 8.3 0.32

9/12 Plant 8.5 8.2 0.25

9/13 Plant 11.0 10.7 0.25

9/13 Plant 12.0 11.9 0.28

9/16 Plant 14.0 14.2 0.25

9/16 Plant 14.0 14.1 0.21

9/17 Plant 11.0 10.5 0.12

9/17 Plant 12.0 10.9 0.19

9/18 Plant 12.0 11.4 0.18

9/18 Plant 11.0 10.7 0.26

9/23 Plant 10.0 9.2 0.16

9/23 Plant 10.0 9.4 0.30

9/24 Plant 11.0 10.2 0.18

9/25 Plant 9.5 8.8 0.20

9/25 Plant 12.0 11.9 0.26

9/26 Plant 10.0 8.9 0.22

9/26 Plant 10.0 9.9 0.32

9/30 Plant 11.0 10.4 0.25
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Station SAM %AIR SAM %AIR SAM# SAM#

PLANT GRADE PLANT GRADE

1461+71 10 8.1 0.16 0.23

1443+00 9.7 9.7 0.19 0.13

1431+35 9.3 9.2 0.06 0.17

1406+50 10.8 7 0.18 0.16

1396+25 10.1 9.7 0.09 0.14

1376+00 8.4 10 0.09 0.31

1363+50 9.1 9.6 0.12 0.17

1354+00 10 9 0.15 0.27

1338+80 10.4 10 0.05 0.15

1331+50 9.7 10 0.05 0.16

1309+50 8.9 8.5 0.1 0.15

1300+50 7.5 7.8 0.14 0.17

1282+75 8.5 7.7 0.06 0.26

1269+50 9.1 9.6 0.12 0.15

1248+39 9.7 8.4 0.09 0.34

1237+75 9.3 8.9 0.15 0.14

1213+60 10.2 8.5 0.14 0.17

1203+25 9.3 9.9 0.2 0.21

1188+25 9.4 7.6 0.18 0.24

1172+25 8.9 8.9 0.17 0.16

1155+50 9.1 8.7 0.2 0.12

1144+00 10.8 7.9 0.19 0.13

1403+50 9.6 10 0.13 0.17

1294+00 9.8 9.2 0.21 0.17

1274+00 10.3 8.7 0.15 0.29

1468+50 9.9 0.12

1392+20 9.3 0.13

1314+25 7.8 0.24

1224+00 9 0.09
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Resisitivity Test Data - 2019 QMC

Date 3 7 28 56

8/13/2019 6.24 6.86 11.4 11.7

8/16/2019 6.26 7.59 13.7 13.9

8/20/2019 6.28 7.69 11.6 11.8

9/5/2019 6.88 7.91 20.2

9/6/2019 6.00 8.38 18.2

9/13/2019 5.86 7.11 19.2

9/13/2019 5.71 6.95 15.1

9/16/2019 5.21 7.15 8.1 12.6

9/23/2019 4.64 5.25 17.6 20.3

9/25/2019 4.86 7.86 13.8 16.4
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Resisitivity Test Data - 2020 PEM

Date 3 7 28 56

08/18/20 6.5 8.4 18.2

30.6

08/19/20 6.7 8.2 17.2

28.3

08/20/20 7.9 9.9 21.0

31.1

08/21/20 7.1 9.3 21.6

31.9

08/22/20 6.6 10.4 20.5

31.2

08/24/20 6.3 8.0 15.8

26.5

08/25/20 5.7 7.6 14.8

24.6

08/26/20 6.0 7.6 15.4

26.7

08/27/20 7.3 8.2 15.1

29.6

08/28/20 6.8 11.9 16.5

29.3

08/31/20 6.8 10.9 17.9

30.4

09/01/20 6.7 9.8 16.8

29.5

09/03/20 6.6 11.0 18.2

30.6

09/10/20 7.1 8.1 17.5

34.2

09/11/20 6.3 7.1 15.1

27.6

09/15/20 7.2 7.4 19.8

28.5

09/17/20 6.6 7.0 18.4

28.8

09/18/20 6.2 7.2 17.7

28.9

09/19/20 6.3 7.0 17.2

26.0

09/21/20 6.3 8.2 20.0

32.4

09/23/20 8.6 8.2 18.8

28.9

09/24/20 8.6 8.9 18.9

29.4
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RE:  Investigation of Performance Mixtures Engineered Mix (PEM) Mix Design with Reduced
Cement

Date:  March 31, 2021

1. Materials received

Twelve concrete samples were prepared by IOWA DOT Harrison County I-29 on 8/25/2020. They had
8.5% air and 0.15 SAM. They were shipped to OSU in sealed four by 8 inches cylindrical molds immersed
in solution in sealed 5-gallon buckets. In each bucket, there were four samples.

All the samples were labeled “Harrison I-29 8-2520 10am SAM 0.15 air 8.5% Box 1-temp 83F”.

The photos of the samples received are illustrated in Figure 1.

Figure 1. Cylindrical molds shipped to OSU

In addition, Class C fly ash powder, as well as Ash grove cement IP25 (with 25% fly ash) powder, were
sent to OSU from IOWA DOT.
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2. Experimental Matrix

A total of 3 concrete samples were tested in this study (one concrete sample from each bucket).

Each concrete sample was sliced as illustrated in Figure 2(a) using a diamond saw that was water-lubricated
to cool the saw blade.

From each concrete cylinder, slices 1, 2, and 3 were used for porosity measurements, formation factor
calculations, and absorption tests. The experimental procedure for these measurements will be detailed in
the next section.

The lower half inch of the top slice from each concrete cylinder (dotted area in Figure 2(b)) was ground
using a profile grinding lathe. The first few millimeters of materials were removed as well as the edges of
the concrete sample were not ground to avoid carbonation and edge effects. The rest of the material was
ground and passed through a 75 pm sieve. Some pieces did not pass through the 75um sieve, and those
were ground using the mortar and pestle. The entire material was then homogenized and passed through
the 75pum sieve. These ground powders were directly tested to quantify their calcium hydroxide content and
calcium oxychloride content. The procedure for calcium oxychloride content and calcium hydroxide
content will be detailed in the next section.

A
v

i-top [} 1”

i-top ‘;1,5" 1.5” I

i-1 2”
8” | b A

(b)
Figure 2. Slicing of the concrete sample

Reactivity measurements were performed on the fly ash received. The details of this experiment will be
summarized in the next section.

Table 1 illustrates a summary of the measurements performed on each concrete sample and the fly ash
powder.
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Table 1. Summary of the experiments performed on each concrete sample and fly ash received

Number of | Porosity Formation Absorption | Calcium Calcium Reactivity
repeats factor test hydroxide oxychloride
content content

Concrete 3 3 3 3 4 0
samples #1
Concrete 3 3 3 2 4 0
samples #2
Concrete 3 3 3 0 0 0
samples #3
Fly ash 0 0 0 0 0 2
powder

Porosity

After cutting, the samples were dried at 105°C temperature until reaching a constant mass (mass difference
between two successive values is less than 0.1% of the lowest value obtained). Thereafter, the porosity of
these samples was measured according to AASHTO TP135-20 [1]. For porosity measurements, the samples
were then spaced out in a five-gallon bucket, and the bucket was placed in a vacuum saturator at the pressure
of 6 torr for four hours. During the third hour of vacuum saturation, standard pore solution (13250 g water,
102.6g NaOH, 143.9g KOH, and 27g Ca(OH)2) was introduced into the bucket via a tube. After the samples
had been exposed to the pore solution in the vacuum for an hour, they were removed from the saturator and
sealed in the bucket for three days.

At the end of the saturation process, the apparent and saturated masses were determined, and the porosity
values of each concrete sample were calculated using the equation below.
Q _ MSAT - Mdry

Msat - Mapparent

where @ is the porosity, M is the saturated mass, Muy is the dry mass, and My, is the apparent mass of
each concrete sample.

Formation factor

After porosity measurements, the uniaxial resistance, phase angle, and temperature of cach sample were
measured according to AASHTO TP 119 [2]. The resistivity of the concrete sample (p;) was calculated
using the equation below according to the procedure detailed in [3]

ps = R.

[

A is the surface of the sample, and L is it's height.
A temperature correction and phase angle correction was applied as described in detail in [3].
The resistivity of the simulated pore solution (py) is 0.127 Qm according to AASHTO PP84 [4].

The formation factor was then calculated according to the equation below.
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Absorption test

After porosity and formation factor measurements, the concrete slices were left out in the atmosphere to
reach a 50% degree of saturation. They were then sealed in double plastic bags for two wecks at 23 + one
°C and 50 +2% relative humidity environment to allow for moisture equilibrium throughout the sample's
depth. Thereafter, the rate of water absorption was then tested according to ASTM C1585-20 [5]. During
this ASTM C1585-20 test, the samples are exposed to 1D water absorption. They are weighted at specific
time intervals which allows determining water absorption, initial rate of absorption as well as secondary
rate of absorption.

Calcium oxychloride quantification

From ecach mixture, a portion of the ground and sieved powder was tested to quantify the calcium
oxychloride using low-temperature differential scanning calorimetry (LTDSC) in accordance with the
modified procedure of AASHTO T-365-20 (using 20% calcium chloride (CaCly) solution, which was
prepared by dissolving the calcium chloride in deionized water). AASHTO T-365-20 [6] is for the
quantification of calcium oxychloride in cement paste samples where the mass of ground powder is equal
to the mass of 20% CaCl, solution. For this study, since the samples are concrete, the solid to liquid ratio
is 4:1, as recommended in Prannoy et al. study [7]. 20 mg of ground powder was mixed with 5 mg of 20%
calcium chloride solution, sealed in a high volume stainless steel pan, and tested immediately in the LTDSC.

The stainless steel pan is exposed to the following temperature cycle: isothermal at 25 °C for one hour;
3°C/min cooling until — 90 °C; low-temperature loop from — 90 °C to — 70 °C and back to — 90 °C at 3
C/min; 0.25 °C/min heating until 50 °C [8]. The duration of the test is 11 hours. The calcium oxychloride
phase transformation temperature can be identified (typically 25 °C to 50 °C for a 20% CaCl, solution). For
calcium oxychloride quantification, the heat release curve can be integrated to find the amount of calcium
oxychloride formed by comparing the heat released on melting with the value for pure calcium oxychloride
(186 J/g) [8].

Calcium hydroxide content

Thermogravimetric analysis (TGA) was performed to determine the amount of Ca(OH), using the mass
loss of the sample between 400°C and 500°C. A small powder sample (35-50 mg) was placed in a platinum
crucible and loaded into the TGA instrument. The sample is first kept at an isothermal condition (i.e., 23°C)
for 3 min and then heated up to 990°C at ten °C/min under a nitrogen purge. The thermal analysis was
performed in a nitrogen gas atmosphere, with a temperature range of 23°C to 990°C and a heating rate of
10°C/min [9, 10].

The start and endpoints of Ca(OH), decomposition were determined based on the second derivative of the
sample's weight loss with respect to temperature using the following equation

74.1 x M.gmrt — Mgnd
18 M,

Ca(OH), =
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where M3,q., and M, are the sample masses (g) recorded at the start point and the end point of
decomposition of Ca(OH),, respectively, and M, is the initial mass of the cement (g) in the TGA sample.

Reactivity

The reactivity of the fly ash was tested using an isothermal calorimetry and a thermogravimetric analysis
according to [11]. The test method uses a combination of experimentally determined calcium hydroxide
consumption and heat release values to predict the degree of reactivity of the materials. The degree of
reactivity of a supplementary cementitious material is estimated using a plot that has been developed by
interpolating between the pure SiO, and Al,Os reactions. The reference lines are theoretically determined
by computing the thermodynamic reactions associated with pure SiO,, and Al,Os systems reacted from 0%
to 100% in thermodynamic simulations.

The SCM is dry mixed with reagent grade calcium hydroxide (CH) at a ratio of 1:3 (SCM: CH) by mass.
The dry blend is then thoroughly mixed with 0.5 M potassium hydroxide (KOH) solution (liquid to powder
mass ratio 0of 0.9). The wet paste is immediately transferred to an isothermal calorimeter (IC) that has been
preconditioned at 50°C £ two °C, and the heat release values are recorded for 240 hours from mixing. The
cumulative heat released value at the end of 240 hours is extrapolated to obtain the heat released after
infinite reaction time. The reacted paste from the IC is subsequently tested for CH consumption using a
Thermo-Gravimetric Analyzer (TGA) [9, 12].

This specific procedure is for the reaction between an SCM and CH in a 1:3 mass ratio with an alkaline
pore solution composed of 0.5 M potassium hydroxide (KOH) solution.
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3. Experimental results

Porosity measurements

The porosity values for all samples tested are illustrated in Table 2 and are consistent between all samples
with an average value of 16.6 + 0.7 %.

Table 2. Porosity values of the concrete samples

Concrete sample # Slice # Porosity (%) Average porosity
values (%)

1 17.7

1 2 16.2 16.9£0.8
3 16.7
1 15.8

2 2 16.6 16.7+0.9
3 17.7
1 15.8

3 2 16.8 16.3+£0.5
3 16.4

Formation factor values

The saturated formation factor values for all samples tested are illustrated in Table 3 and are comparable
between all samples with an average value of 159.4 + 14.

Table 3. Saturated formation factor values of the concrete samples

Concrete sample # Slice # Formation factor Average formation
factor values

1 140.2

1 2 170.7 1559 +153
3 156.9
1 162.9

2 2 160.9 1519+ 173
3 132.1
1 171.8

3 2 166.3 1704 £ 3.6
3 173.0

Sorptivity values

Figure 3 illustrates the sorptivity data for all the concrete samples. The initial and secondary
sorptivity for all the concrete slices tested are illustrated in Table 4 and Table 5, respectively.
There is no statistical difference between all the slices.
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Figure 3. Water penetration depth of the concrete samples (a) for concrete sample #1, (b) for concrete
sample #2, (c) for concrete sample #3

Table 4. Initial sorptivity values for all concrete samples

Concrete sample | Slice # Initial sorptivity R? Average values
# values (mm/\s) for initial
sorptivity
1 0.0038 0.90
1 2 0.0033 0.94 0.0032 £ 0.0006
3 0.0025 0.93
1 0.0034 0.94
2 2 0.0027 0.94 0.0029 £ 0.0004
3 0.0027 0.91
1 0.0039 0.95
3 2 0.0029 0.92 0.0031 £ 0.0007
3 0.0025 0.92
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Table 5. Secondary sorptivity values for all concrete samples

Concrete sample | Slice # Secondary R? Average values
# sorptivity values for secondary
(mm/\s) sorptivity
1 0.001 0.97
1 2 0.001 0.98 0.001
3 0.001 0.96
1 0.001 0.98
2 2 0.001 0.99 0.001
3 0.001 0.98
1 0.001 0.97
3 2 0.001 0.98 0.001
3 0.001 0.99

Calcium oxychloride content

The calcium oxychloride values on all the concrete samples are illustrated in Table 6.

Table 6. Calcium oxychloride content

Concrete sample | Slice # CaOxy content Average values
# (goxv/gconcrete | (goxv/gconcrete
powder) powder)
1 0.017
2 0.019
; + 0.
1 3 0.013 0.015 +0.004
4 0.011
1 0.015
2 0.007
2 3 0.009 0.010 +0.003
4 0.010

Calcium hydroxide content

Calcium hydroxide contents for all the concrete samples are shown in Table 7.

Table 7. Calcium hydroxide content

Concrete sample | Slice # Ca(OH), content | Average values
# (%) of Ca(OH), (%)
1 0.84
1 2 0.97 1.01
3 1.21
1 0.87
2 3 110 0.98
IOWA DOT March 31% 2021
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Reactivity of the fly ash

Table 8 illustrates the degree of reactivity of the Class C fly ash powder
Table 8. Fly ash degree of reactivity

Material Repeat Reactivity (%) Average
number reactivity (%)
1 27.55
Fly ash 3 3401 31.23
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