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Executive Summary

This study of Recycled Ground-Glass Pozzolan (RGGP) for Use in Cement Concrete and
Comparison with Other Alternative Constituent Materials was undertaken as part of the
Massachusetts Department of Transportation (MassDOT) Research Program. This program is
funded with Federal Highway Administration (FHWA) State Planning and Research (SPR)
funds. Through this program, applied research is conducted on topics of importance to the
Commonwealth of Massachusetts transportation agencies.

As the most consumed man-made material with over 4 billion metric tons of annual
production, cement plays a crucial role in shaping our world by providing concrete structures
with strength, rigidity, and stability. The highly energy-intensive clinkering process,
however, renders cement production one of the largest industrial CO» emitters, responsible
for about 7-8% of global CO» emissions. Over 100 Gtons of CO» per year will be emitted in
the following 40 years to meet the cement demand for the estimated double-sized
infrastructure expansion. These challenges highlight the urgency of utilizing cement
alternatives so that future infrastructure can be built based on truly sustainable concrete with
low carbon footprints.

According to the 2018 data from the Environmental Protection Agency and Glass Packaging
Institute, only 31.3% of the 12.3 million tons of waste glass in the United States was
recycled, and the remainder is often buried in landfills or stockpiled, resulting in wasting
resources and environmental pollution. In light of the high silica content and amorphous
structure, recycled ground glass can trigger pozzolanic reactions in the matrix of cement,
making it suitable to be used as a pozzolan for high-quality concrete design, while its role in
cement modification and concrete performance remains unclear. To fill the knowledge gaps
in using other alternative constituent materials in concrete, natural pozzolan (metakaolin),
diatomaceous earth, and nano-silica chemical admixtures will also be investigated.

The overall research objective of this project is to evaluate the viability of RGGP and other

alternative constituent materials as suitable alternatives to traditional supplementary

cementitious materials (SCM) in replacing hydraulic cement, to decrease the carbon footprint

and increase the quality and long-term durability of cement concrete used in MassDOT

projects. Anticipated outcomes and deliverables include:

- A comprehensive literature review and fundamental understanding of the current state of
knowledge and existing knowledge gaps with the utilization of RGGP in concrete.

- A comprehensive understanding of the pozzolanic reactivity of RGGP and the
approaches to enhance its reactivity.

- Insights into the hydration behavior of Portland cement containing RGGP in terms of
hydration kinetics and phase evolutions.

- Development of cement concrete mix design formulations incorporating RGGP and other
alternative constituent materials.

- Evolutions of physical, mechanical, and durability properties of cement concrete
incorporating RGGP and other alternative constituent materials.

- Performance evaluation of RGGP-based cement concrete through mock-ups.
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This project report consists of 8 sections. Section 1 is a brief introduction to the problem

and a description of the scope of the research. Section 2 compiles a fundamental
understanding of the current state of knowledge and existing knowledge gaps in using RGGP
in concrete as a cement alternative based on a literature review. Section 3 presents the main
research methodologies used in this project. Section 4 reports the primary findings and
results, including the influence of the incorporation of RGGP, at a variety of substitution
levels, on the hydration behavior of cement, cement hydration kinetics, and the evolution of
hydration products, the development of concrete mix design formulations based on modified
cement using RGGP and other alternative materials, physical and mechanical properties of
mortar and concrete with RGGP and alternative materials, as well as the influences of RGGP
and alternative materials on the durability-related properties of concrete. Section 5 presents
the findings from field tests for the concrete containing RGGP.

viii



Table of Contents

Technical Report Document Page..........cccuviiiiiiiiiiiiiiiie ittt erree e e e e e srr e e e sserraeesennaee s i
ACKNOWIEAZEIMENLS .....eeeiiiiiieiiiiiieeciiee e ettt e e ettt e e et eeestbeeeessetbeeeesstreeeessssaaeessssseeeessssaeesssssseeessnses v
D ol 0y 4 1<) SRS v
EXECULIVE SUMIMATY ...eeiiiiviiiiiiiiieeeeiiieeeeiteeeestreeeeserteeesetaeeeesssraeeesssrsesesssssseessssssseessssseeessssseeeennes vii
1o (S0 A O0) 1173 LTSRS ix
5 Ao Gl I o) (SRS Xiii
LISt Of FIUIES ..vveiieiiiiie ittt e ettt e ettt e e ettt e e e eatbeeeessebaeeestraeeeessebeaeesssssaeessssaeesssssseesanes xiii
5 0 02 103 1) % 1 4 1SS Xvii
L 6313 (o TG o7 o) OSSPSR 1
1.1 OVErview Of the PrOJECT....cccuviiiiiiiiie e ciiee et ece ettt e et e e e sebr e e e s ttreeeesetraeeessenaeeeesssreeens 1
1.1.1. Task 1: Literature review on utilizing RGGP in concrete and material source identification
................................................................................................................................................. 1
1.1.2. Task 2: Characterization of pozzolanic reactivity of RGGP...........c.cccevvvviiviiiiiiiiniiiicn, 2
1.1.3. Task 3: Evaluation of cement hydration kinetics and phase evolutions ...............cc..cccu.ee. 2
1.1.4. Task 4: Cement concrete mix designs incorporating RGGP and other alternative constituent
10113 2 (ST 2
1.1.5. Task 5: Evaluation of cement concrete mix designs incorporating RGGP and other
alternative constituent materials via fresh and hardened property investigations......................... 2
1.1.6. Task 6: Evaluation of concrete durability.........ccc.cceevevviieiiiiiieeiiiiiee e e 2
1.1.7. Task 7: Mock-up reinforced concrete sidewalk panels ...........ccccevvveeeverieieeniiieeeeciiee e 3

1.2 Problem SEALEIMENT. .......cecuiieetieeiieeeitee et e eteeeetee et e e et eesateeesteeenbeeesnseeeanseeenneeeenseeesnseeennseeaas 3
1.3 ODJECIIVES uvvveeeeiiieeeeeiiee e e ettt e e eeit et e e ettt e e e eettbeeeesatbeeeeeerseaeessssaeeessebseeeasssaeeesssssaesasssaesenssreeens 4
1.4 Concrete strength target and applicable material specifications ............cccevveeeeveveeeeiiiveeeeennennn. 4
2.0 LAtTAtUIe REVIEW ..ccuutiiiiiiiiiieeiitt ettt ettt ettt e e et e e ettt e e e s bt e e e e s abb e e e s eabttee s sabeeeesnbes 7
2.1 Types Of Ground Glass .......cooouuiiieiiiiiie ettt ettt e e et e st e e e 8
2.2 Applications of glass N CONCTELE .......cceeiuuiiiiiiiiieieiiiiee et ee ettt et e et e e et e e et ee e e 9
2.2.1. Use Of RGGP @5 an SCM.....cooiiiiiiiiiiiiie ettt ettt e e et e e eieeee e 9
2.2.2. Combined use of RGGP as SCM and aggregate in CONCIete ............eeerrvuveeerrnieeeeeniiieeene 9
2.2.3. Effect of chemical composition in glass .........ccceviuvieiiiiiiiiiiiiiee et 10
2.2.4. Coarse Glass POWET ...........uiiiiiiiiiieie ettt et et 10
2.2.5. Reactivity of ground glass compared with other pozzolans............ccccceevieiiiniienennneen.. 10

2.3 Effect of glass powder on CONCIEte PrOPEItIeS .......ocuueeeerruiieeerriiieeeeeiieeeerieeeeeeieeeeeseeeee e 11

B BB R O (T 4 I 03 (0] 0 1S3 2 PP PRI 11

2.3 10 WOFKADIIIY ..ottt et ettt e e ettt e e e enteee s 11

2.3 1.2 SCHENG FITNE ...ttt ettt ettt e e ettt e e e e e ettt e e e e e e e e 13
2.3.2. Hardened PrOPeIties ........ccueiiiiiiiieeeiiiiee ettt e e et e e et e e e et e e e enaeeee s 13
2.3. 2.1 SHFIRKQZE ...ttt ettt ettt e eaaeee s 13
2.3.2.2 CFOP ettt ettt e e e ettt e e e e e e 14
2.3.2.3 COMPTESSIVE SIFEHGLN ..c...eeiiiiiiiieeee ettt ettt ettt ettt et e e 15
2.3.2.4 TNSTIE SIFENGN ..ottt ettt e e ettt e e sttt e e s snbe e e e e naeee s 16
2.3.2.5 FIeXUTQL STFONGN ..ottt ettt ettt e st e e e s eaeeee s 17
2.3.2.6 Young’s moOdulus Of @laStiCity..........ccccuuieeeiueiiiiiiiiieeeiieeeeetee ettt e s 18
2.3.3. TranSpOrtation PrOPETLICS. .....eeeerurieeeriurieeeeriieeeeaittteeeesteeeesasreeessnnreeeessnseeessanseeessanseeeens 18
2.3.3.1 WaLEF ADSOFDIION .......cceeeeieeeieee et eeee ettt ettt e e ettt e e sttt e e s snbeeesseneeee s 18
2.3.3.2 Permeability ANd POFe STZE.............ccceuiieereiieeeeiiiieeesieeeeeeieee s sieeeeseitteessnsaeessneaeee s 19



2.3.3.3 ChIOFide PEREITALION .........ovveeeeviieeeciieeeesieee e eeeee e evee e s sreee s s sstaeeessstraaessnstseeesnnseeens 20

B B 0 1o U RPN 22
2340 ACIA QUACK ..ottt e 22
2.3.4.2 SUIfALE QHHACK .......cccvveeeeiiiieeeiiee ettt e etee e e e e e s ere e e e sstaaeessstsaeesesssseeesnnssaeens 23
2.4 Challenges of using glass pOWdEr iN CONCIELE ........uvvireervrireeririieeerreeeerireeeesereeeeeeneeeeeennas 24
2.4.1. Size and amorphous silica supply (alkali-silica reaction)............cceevvereererveeeerinveeeernnennnn 24
2.4.2. ATKALL SUPPLY .cuvvrieeeiiiiieeeiiiee e ettt ee e ettt e e e str e e e e stbaeeeesttbeeessstraeeessssaaeesssssaeesassnseeesssssenens 26
2.4.3. Workability and SEtHNG tIME.........cceeevriireeriiieeeirieeeerireeeesirreeesserreeesssereeesssnseeesssnsenens 27
2,44, BIEEAING. ... .cceiiiiiiieeiiiiee ettt e e esire e e e et e e e e str e e e e sttraaeeeetreeessseraeeeessraaeessstraeeeesraeeeasrraeens 27
B TN 11 4111 <L SRR 28
2.4.6. MeChaniCal PrOPEITIES .....ccvvviieeriurieeeiirieeeeitreeeesireeeeeserreeeessereeessssrseeessssseeesssssseeessnsenens 29
2.4.7. Low resistance against acid attack .........ccccccviieiiiiiiiiiiiiie e 29
2.4.8. Risk Of SUIAte QttaCK .......ccueeeiiiieiiieeee ettt et 29
3.0 Research MethOdOIOZY .......ueiiiiviiieeiiiiie et et ee ettt e et e e e str et e e eatbt e e e estbreeeeseabeeeessssseeeessnnes 31
I LY 21 1<) o -1 PSP 31
3.1.1. Cementitious MALETIAlS .......oeeiuiieeiie ettt ettt e ee e eas 31
31,2, AGETCEALES ....vvvveeieeeeeeeiiiiiteeeeeeeesetrteeeeeeeeesssrareeeeaeeesassssssaateeeeeeasssssaaaeaeeeeeannsnraaaaeeeeenn 34
3.1.2.1 Particle size distribution and gradation ...................cccceeevuueeiieeeeiieciiiieeeeeeeeseenveeeaaeeens 34
3.1.2.2 Absorption capacity, specific gravity, unit weight, fineness MOAUIUS ................ccevveeen. 36
3.1.2.3 CREMICAL PTOPEFTIES ......uvvvveeeeeeeeeiiieeeeeeeeeeeciateeeeeeeesaaeeeeaeeeessssstraaeaaaessessssrsaeaaaeenas 37
3.1.3. Chemical admMiXtUIES ........c.eeeiiieeiiieeiieeriee et et e et e et e et e e etee e st eeeneeesseeesnseeeneeeens 40
3.2 Cement and mortar SPECIMEN PrEPATAtION ........eeeerrerrereerrreeeeriirreeeeirreeeesrereeeessrreeessssseessnnnes 41
3.3 Pozzolanic activity and hydration teStS ..........c..eeeiveuiiiiiriiiieeiiiiee et e e e e e e e e eerree e e 42
3.3.1 Isothermal CalOTIMELIY.........eviiiieeiiiiiiiiee e e e ettt e e e e et e e e e e e e esettrbeeeeeeeeesnsearaaeeeaeeeas 42
3.3.2 XRD and Rietveld refiInement..............coooiiuiiiiiiiiiiiiiiiie e 43
TG T8 TN € - USRS 43
3.3.4 FTIR SPECIIOSCOPY 1oeeeeeuerrrrrrreeeeeeiiiiritereeeeesasiarrreeeeeeesssssssssssseaeeesssssssssseeseessssssssssseaeenns 44
3.3.5 Thermodynamic MOAEING..........ccccuriiiiiieeeeeiiiiiee et e e e e e eirrr e e e e e e e e seearaaeeeaeeeas 44
3.4 PhySiCal PrOPEILY 1ESES . ..cciuutiiiiiiieeeeeeiiiiiiieeeeeeeeeeriite et e eeeeeesettbreeeeeeeeessssarsreaeeaeesessssssssneeeaeenns 45
3.4.1 FIOWADIIIEY T8ST.uueiiiiuiiiieeiiiiieeciieee e e et e e ettt e e eetve e e e satbeeeeetbbeeeesatbeeeesserseesesrseeeesnssaeeeanes 45
3.4.2 Early-age autogenous ShIrinKage ..........coooviuuiiiiiiiiiiieiiiie ettt 46
3.4.3 Chemical ShIINKAZE .......ccuuiiiiiiiiieiee ettt e et e e 47
3.4.4 Drying ShIINKAGE ........coiiiiiiiiiiiiiie ettt et e et e s st e e st ee e 47
3.5 Concrete mixture design and 1aboratory teStS.......oouuieiiiiiiiieiiiiiee et 48
T LY U (<] T s PP UPTURURPRN 48
3.5.2. Laboratory tESTINE .....ceeeiuiiieeiiiiee ettt ettt ettt e e ettt e e ettt e e ettt e e e et e e s st e e e eeabeeeeeeaas 49
3.5.2.1 Slump, air content, and density tests (Wet CONCrete properties)........c..ccccueeeeeeeevvvevveananns 50
3.5.2.2 CUFING MEINOM.........cooeiiieeiie ettt ettt et e e st e e e naeee e 50
3.5.2.3 COMPFOSSION FOSLS ..cceueiieeeeeeeeeetee et ettt e e e e ettt et e e e e ettt et e e e e s s aibbaeeeeeeeeas 50
3.5.2.4 SPLItting 1eNSIle tESLS «......ueeeeeiiieeeeeee ettt ettt e e e 51
3.5.2.5 Four-point BENAING 1ESLS ...........coooviuueiiiiiiiei ettt ettt ettt e 51
3.5.3 Field placement and tEStS........couuuiieiruiiieeeiiiee et e ettt e ettt e et e e e et e e e snaeee e 52
RO D21 o1 1 A 1T £ SRR 62
3.6.1. Bulk lectriCal T@SISTIVILY ....eeeerriireeiiiiieeeiiieeeeeitee e e ettt e e et e e ettt e e e st ee s enaeeeeesnaeeeeeans 62
3.6.2. Mortar bar test fOr ASR ......coooiiiiiiiie e 63
3.6.3. Accelerated concrete cylinder test (ACCT) ..coioiuiireiiiiiieeeeiieee ettt 63
3.6.4. Rapid chloride penetration tEST.........cuueiieriuiieeeeiiieeeeeiieeeeeieee e e eiteee e et e e e eeieeeeesneeeeeenes 65
3.7 Enforced carbonation for ASR.........ccooiiiiiiiiiiiiiee et 66
3.7.1. Enforced carbonation ProtoCOLS ..........eeeeeiuiiieeiiiiiieeeeiiiee e ettt e et e e e ieee e e eieeee e 66
3.7.2. Expansion and cracking behavior of mortars with reactive aggregates............cc.cccveeennnn. 67



3.7. 2.1 MOFEAE DAV TESES......oeeeeeeeeeeeeeeeeeeeeee ettt e e e et ee e e e e e e e e e s e e e eaeaaaaas 67

3.7.2.2 CracCKing QIALYSIS ........cccvvueeesciiieescieie e eeiee e eseiee e e steae s etaeeesstsaee s s ssaaesssssseeessnssaeeennns 68
3.7.3 In-situ characterizations of ASR products formed in mortars.............ccccvvveerrevveresreneeeenns 68
3.7.3.1 RAMNAN SPECIFOSCOPY ....vvvveeeeeeeeeiiieeeee e e e ettt ee e e e e e saee e e e e e e s e ntbtaeeeeeesennnssaeeeeeeeean 68
3.7.3.2 Energy diSpersive SPECIFOSCOPY .....cvveeeeverveeeererereesissesessisseeessssseesssssseesssssssssssssseesses 68
3.7.4 Characterizations of synthetic ASR gels in carbonation ..............cccceeevevieeeincieeeeneieeeennns 69
3.7.4.1 X-ray diffraction and Rietveld refinement ...............ccoceevveveieiveiiueeeiscieeesscveeeeseseee e 69
3.7.4.2 ThermogravimetricC QRALYSIS .........ccovueeeeieieeeeriieeeeseireeeessetveeeestseeesssreeesssssseeessssseeeennes 69
3.7.4.3 ATR-FTIR SPECITOSCOPY ....ceuveeeeeseuiieeeeeeeeeeeiirteeeaeesssssssseeeeasssessnssssaeeesessssssssssseeesens 69
3.7.4.4 DYNAMIC VAPOF SOVDEION ...coeeeeeeeiiieeeeeeeeeeeiieeeeaeeseesaseeeeseeseessssssseeeesessesssssseeeeeseens 69
L T 1 R 71
4.1 Pozzolanic reactivity 0f RGGP.........ccooooiiiiiiiiiiiiice e 71
4.2 Modifications in cement hydration in the presence of RGGP ..........cccccoovveiiiiiiciiiieiiiiiecee, 73
4.2.1. Influence of RGGP on cement hydration Kinetics.........cccveeevevveeeireriereenciieeesreeeeernnenenn 73
4.2.2. Evolution of hydration productS..........c..eeeervvieeeiiiiee e esreee e erreeeerireee e eerreeeeenveee s 74
4.2.3. Thermodynamic SIMUIALION ..........eeeiiiiiireeriiieeeciieeeerireeeesreeeeeirreeesseereeeesserseeessenrenens 77
4.3 Changes in the workability of cement mortar and the adjustment of superplasticizer.............. 78
4.4 Effect of RGGP on the development of compressive strength ..........ccccceoeevveieeiiiieeiiiiieee e, 79
4.5 The role of metakaolin as @ POZZOIAN ............ccvveiiiiiiiiiiiiiiee e e 81
4.5.1. Characterization of metakaolin ...........ceeeiiiiiiiiiiiie e 81
4.5.2. Pozzolanic reactivity of MK in metakaolin-based internal conditioning (MIC)............... 82
4.5.3. Moisture desorption and microstructural modification .............ccceevveveevciveeeeiniveeeennnennn. 83
4.5.4, SAMPIE PIrEPATALION......eeieirirriieeiiiieeeiirreeeeitreeeestrreeeestrreeesssrseeeassseeesssssseesssssseeesssrsenes 85
4.5.5. Influence of MIC on cement hydration .............ccoevveieiiiiiieiiiiiee e e 86
4.5.6. Influence of MIC on the mechanical strength of cement mortar ............cccccceovvveeeeennnen.. 88
4.5.7. Chemical SHITNKAZE .......ccoiviiiiiiiiiie ettt etv e e et e e e satr e e e e setreeeeeevreeeas 88
4.5.8. AUtOZenOUS SHITNKAZE .....ccvvviiiiiiiiie ettt e et e e e eitv e e e e satre e e e sebreeeeeevreeeas 91
4.5.9. DIyIng SNIINKAGE .......uvviiiiiiiiiiiciiiee et ee ettt e et e e eitr e e e sire e e e eebaeeeesttbeeeesaebseeeesnrreeeas 92
4.6 Concrete mix design and property evaluations.............ccceuveeeeiiieieeiiciieeeeeireeeesireeeeeeneeeeesennes 96
4.6.1. CoNCrete MIX AESIN . ..ccceiiiiriiiiiieeeeeiiiiiteeeeeeeeeeeitrreeeeeeeesssearrraeeeeeesassssrssseeeeeesssnsssssseees 96
4.6.2. Influence of RGGP on slump, air content, and density of concrete ...........ccceeeveeeernneeen.. 97
4.6.3. ComMPIesSion tESE TESUILS .....uuviiiiiieeeeiiiiiieeie e e e ettt e e e e e et e e e e e e e esettbreeeeeeeeeeseeraneeas 98
4.6.4. Splitting tensile teSt TESULLS .....coiuiiiiiiiiii e 99
4.6.5. Rupture strength teSt TeSUIS ........uiiiiiiiieiieee e 100
4.6.6. Influence of RGGP and alternative materials on the early-age autogenous shrinkage.... 101
A D 11153 U1 USRS 103
4.7.1. Influence of RGGP and alternative materials on concrete permeability ...........c............ 103
4.7.2. Influence of RGGP and alternative materials on chloride penetration in concrete ......... 105
4.7.3. Influence of RGGP and alternative materials on ASR resistance of concrete................. 111
4.7.3.1 Mortar bar teSHNG FESUILS .........coceeiueeieeiiiie ettt et e e st e e e s 111
G.7.3.2 ACCT FESUILS ..ottt ettt ettt ettt e ettt e e e st e e e eneeee s 112
4.8 The role of carbonation in ASR MitiZation ..........ccccviiiiiiiiiiiiiiiiee et 113
4.8.1. The role of early age enforced carbonation in ASR ........c..occoeiiiiiiiiiiniiieeee, 114
4.8.1.1 VOIUME @XPANSION .....eeoeeiaiieiiiiiiiiee ettt ettt s 114
4.8.1.2 Cracking BeRAVIOT ............ccocueevuiiiiiiiiiiiiiiie ettt 116
4.8.2. In-situ characterizations of ASR products.........c.ccceeriiiiniiiiiiiiiiiiinice e, 118
4.8.2.1 RATNAN SPECIFOSCOPY «.nveeeeeeeeeeteeee ettt ettt e e e e e ettt e e e e e e 118
4.8.2.2 Energy disSpersive X-ray SPECIFOSCOPY........cueeeeuueeeeieuiereesiiieessaiieeseeineeeessnsseeessnseeeens 119
4.8.3. ASR gels’ carbonation.........coeuiiiiiiiiiiiiiiiiieic e 120
4.8.3.1 Phase evolution in carbonated ASR GelS .............ccoocceemvuiiriiiiiniiiiniiiiiienec e 120

xi



4.8.3.2 Hygroscopicity and Water UPtake.............c....oeecueeeercvieeeieiriieessciieeeenereeesssssesssssseeens 124

O 2 1<) U I ] ST 129
5.1 Field test outcomes and comparison between lab and field results...........c.cccoocveeeivcnierennnee. 129
5.1.1. ComMPIESSION tESE TESUILS ....viieeririieeiiiiieeeriiieeeeiieeeerireeeestrreeseebeaeesstreeeesssraeeessssseeens 129
5.1.2. Splitting tenSile teSt TESUILS ....cvuvviieeiiiieeiiiiieeeciiee e eriree e e eeesrre e e e serreeesserreeeesnreeens 130
5.1.3 Rupture Strength teSt TESULLS.......vviieeiiiieeciiiieeecriee e eiree e e e e e st e e e e sere e e e serreeeeeereee s 131

R N 2 ] RSP SR 132
O 707 Te] 1313 ()4TSR 135
U 2 (55 (5 1 10T ST 141
B0 APPENAICES. ... uveieeieiiiiieeiiee e ettt ee e ettt eeertreeeestreeeeetbaeeeeerraeeasttbaeee s tbaeeeaerbaeeeastraeeeatraeeeesrees 161
8.1 Appendix A: Failure MOAES.......cuvviiiiiiiiieeiiiieeeciiee e erreee et e et e e e e erae e e eetraeesssereeeeenenns 161
8.2 Appendix B: Test results per DatCh ..........coocviiiiiiiiiieiie e 165
8.3 Appendix C: Key threshold of chloride penetration results............ccceeevevveeeercrveeeeniveeeeeenne, 172
8.4 Appendix D: Concrete mix design sheets used at Construction Service..........covveereeveeeennnnne. 172
8.5 Appendix E: Concrete mix design sheets used at Boston Concrete...........veeeevvveeeeniveeeennnnne. 174
8.6 Appendix F: 28-day testing results of concrete specimens cast at Boston Concrete .............. 178

xii



List of Tables

Table 1.1: Classification Of HP CONCIELE ......ccc.eiiiiiiiiiieeiie ettt e 4
Table 1.2: AQr CONTENE LATZEL.......eeeeririieeriirieeeeirieeeeiirreeeestreeeestreeeeserreeessssreeesssrseeesssnseeesssssseeenssnses 5
Table 3.1: Chemical and mineral compositions of the cements used in this project.............cceeeennene. 31
Table 3.2: Chemical and mineral compositions of the RGGP used in this project. ............ccccvverennne. 32
Table 3.3. Chemical compositions of the alternative materials (Wt.%0). .......ccceeevververeirciieeeeiiiee e 33
Table 3.4: Particle size distribution per tarantula curve recommended limits.............cccveeerevierennnne. 35
Table 3.5: Physical properties 0f QZIEZates. .........cccvvvieerririieeiririieerireeeesrreeesserreeessnreeessssnseeesssnnes 37
Table 3.6: Chemical properties of deleterious materials in coarse aggregate sample (finer than #8

N 1117 TP RPUU PR 38
Table 3.7: Weighed percentage of constituents in fine ag@regate..........covveevevvieeeiirieeeereieeeesveeeeenes 38
Table 3.8: Admixtures uSed N CONCTELE TNIXES ...eeeurrerrieeriieeeieeeeteeeateeeseeeesteeesneeeeneeesneeeseeeeneeas 41
Table 3.9: Mix design formulation............ccveieiiiiiiieeiiiiie e erreeeeereee et e e ertreee e serreeeeseabeeeesasreeeennes 49
Table 4.1: Adjusted superplasticizer dosage for flow CONSIStENCY ......ccvveieeririieeiiiieeeeriiieeerireee e 79
Table 4.2: Chemical and mineralogical compositions of cement and MK (Wt.%). .......cccccvveevereeeen. 82
Table 4.3: Mix proportions of CEMENt MIXIUIES. ........ccvreeeerirreeeeirireeeeerrreeeestreeeesrereeeessrseeeessnseeeaes 86
Table 4.4: Time and values of the main heat flow peak and cumulative heat at 50 hours. ................. 87
Table 4.5: Concrete formulations for the investigations of RGGP and other alternative materials on

CONCTELE PEITOTINANCE. .. .vevieeitieiieeiie et eette et et e st e et esteesateenteesaeeenseeseesseesnseenseessseenseenseeenseans 97
Table 4.6: Fresh CONCIEte PrOPETLIES ....veeeivuvrreeiiiiieeeiiirreeeeiireeeesireeeeeserreeeessrreeesserseeessssseeeesssseeeesnes 98
Table 4.7: Developments of bulk electrical resistivity of concrete with chloride ion penetrability

classification defined in AASHTO T 402 and ASTM C1202......cccuieeiiieiiieeiiee e 105
Table 5.1: Expansion rate for control mix according to ASTM C1567 ......ccooevvveevcivieeeicrieeeeennenn. 132
Table 5.2: Expansion rate for the mix with 25% RGGP according to ASTM C1567..........c.c......... 132

List of Figures

Figure 2.1: Distribution of annual number of publications for studies in RGPP (ACI: American
Concrete Institution, MDPI: Multidisciplinary Digital Publishing Institute, and ICE: Institution
OF CAVIL ENZINEETS). ...eeeiiiiiieieiiee ettt ettt ettt e e ettt e e e et e e e ettt e e e sneteeeennes 7

Figure 2.2: Ternary diagram showing the normalized weight percentages in (a) SiO,-Al,03;-CaO and
(b) Si0,-Na,O-CaO systems in different GP and SCMs (Class F: Class F fly ash, Class C: Class

C fly ash, MK- Metakaolin, and SF- Silica fume).............ccccceeiiiiiiiiniiiiie e 9
Figure 2.3: Effect of RGGP replacement level on the slump of fresh concrete. .........c.occceeveeiiiennnnn. 12
Figure 2.4: Effect of GP replacement level on the (a) creep strain and (b) creep coefficient of concrete

(50, ST ettt et et h et b e h e et b ettt eaeas 15
Figure 2.5: Evolution of Strength activity index (SAI) with (a) RGGP replacement level and time

(data collected from [18, 24, 27, 35, 43, 50, 54, 55, 57, 61-73]). c.eerveeeniiniiiieeiienieeeeeeeee 16
Figure 2.6: Relative tensile strength of mortars/concrete containing various dosages of RGGP (data

collected from [55, 69, 70, TO6-89]). ..ccccuurriiiiieeeeeeeteee et e e e ee e e 17
Figure 2.7: Relative flexural strength of mortars/concrete containing various dosages of RGGP (data

collected from [43, 69, 75, 90, 91, 93-95])...ceiiiieieeiee e 18
Figure 2.8: Variation of water absorption of concrete with (a) RGGP replacement level and (b) mean

particle S1Z€ dso [18, 28, 30 ...ieeeiiiiieeeiiiee ettt et et et e e e aaeee s 19

xiii



Figure 2.9: Effect of RGGP replacement level on the resistance to chloride penetration of concrete
[28, 72, 98, TOLT ettt st st 21

Figure 2.10. Effect of replacement level on ASR expansion of mortar containing RGGP with particle
size in the ranges of (a) 38-53 um, (b) 53-75 pm, (c) 75-150 um, (d) 150-300 um, (e) 300-

600um and (£) 600-900 LM [125]. c..eeeiieiieeiieiee ettt ettt ettt saaesnneens 26
Figure 3.1: (a) Particle size distribution and (b) XRD patterns of Type I/II cement and RGGPs used in

110 ) (0] [ F USSP PURUURPN 32
Figure 3.2: Particle size distributions of PC and MK by means of laser diffraction: (a) relative

frequency of particles; (b) volume of the particles smaller than a certain diameter. .................. 34
Figure 3.3: Sieve analysis of coarse aggregate (J S Lane)........ccccccvveeiivviiieeriiiie e eriieeeesiveee e 35
Figure 3.4: Sieve analysis of fine aggregate (Delta Sand and Gravel)...........cccceeeveviiieiicnieiecicnieeenns 35
Figure 3.5: Particle size distribution per tarantula curve recommended limitS.........c.ccoceevieeerieeennen. 36

Figure 3.6: Microstructure of fine aggregate (Delta Sand): (a),(b) schist particles from #30 sieve,
(¢),(d) quartz particles from #30 sieve, (e) meta-granite particle from #16 sieve, (f) sandstone
particles from #30 sieve, (g) clay-cemented siltstone particle from #16 sieve, (h) meta-igneous

PATtICIE TTOM H10 SIBVE...cciiuiiiiieeiiiiiecciieee et ee ettt e e ettt e e e eitr e e e e satreeeeettaeeeesstraeessssrseeeassnraeens 39
Figure 3.7: Microstructure of minus #200 particles of coarse aggregate (J S Lane)...........ccccceuvveeenes 40
Figure 3.8: Flowability test of RGGP-modified MOrtar............ccocvveiiiiiiiii e 46
Figure 3.9: Laser-based shrinkage cone for early-age shrinkage measurement. .............ccccccceeuveeenne. 47
Figure 3.10: Forney testing machine used for compression, splitting tensile tests, and four-point

DENAING TESES ..eutiiiiiiiiiiiee ettt e e ettt e e e ettt e e e ettt e e e esttreeeesstraeeeesttreeessstraeeessrseeesassraeesssrseeesssrranens 51
Figure 3.11: Pre-placement setup for sidewalk construction with 25% RGGP concrete .................... 53
Figure 3.12: Pre-placement setup for sidewalk construction with 100% hydraulic cement concrete .. 54
Figure 3.13: Truck mixer discharge into formwork ............ccccceeiiviiiiiiiiiiic e 55
Figure 3.14: Concrete beam and cylinders cast alongside slab placement.............ccceceevevvereenciineeens 55
Figure 3.15: 4 by 8-inch cylinder mold filling ProcCess ........cccveeevvvieeiiiiieee e 56
Figure 3.16: Casting 0f CONCIELE DEAMS .........cceiiiiiiiiiiiiiiiieeeeeeiiiieeeee e e e e eiiirreeeeeeeeeseetrraeeeeeeeessnnens 57
Figure 3.17: Initial finishing of concrete sidewalk with magnesium bullfloat ..............ccccveeeieiinenn. 57
Figure 3.18: Edging process for sidewalk slabs..........ccccccooviiiiiiiiiiiii it 57
Figure 3.19: Grooving operation for CONCIELE JOINLS .......ueviieeeeiiiiiiiiiieeeeeeiiiiireeeeeeeeesirrreeeeeeeeeesaeens 58
Figure 3.20: Magnesium troweling for surface finishing .............cccccooiiiiiiiiiiiiiii e, 58
Figure 3.21: Broom finish application for sidewalk teXture ............cccoeevieiiiniiiiiiiiii e, 59
Figure 3.22: Wet burlap and plastic covering for moisture retention.............ccceeeriieereriiieeeensieeeenne 60
Figure 3.23: STUMP tST ..ueeiiiiiiiiiie ettt ettt e ettt e e s st e e e st e e e eneeeeeeaes 61
Figure 3.24: Air content MEASUIEIMENT .........eeieiiiiieeeiiiieeeeiitee e ettt e e et e e e sebeeee s sabeeeesanbeeeessbeeeeeaans 61
Figure 3.25: Test setup for bulk electrical resistivity measurement.............oecveeeeeriiieeerniiieeeensieeeenane 62
Figure 3.26: (a) Structure of stainless steel container and lid [165], (b) and (c) ACCT testing

apparatus developed in this PrOJECt. ........cuuiiiiiiiiiiiiie e 64
Figure 3.27: Test setup for bulk electrical resistivity measurement (ASTM C1876) .....ccecevevuverennnn. 64
Figure 3.28: Fully assembled ACCT test setup inside an OVeN ............cceeeeeriieeeeniiiieeeeiiieeeeniieeeeenne 65
Figure 3.29: Laboratory test setup for the rapid chloride penetration test..........c..occeeeeriiereiniieenenns 66
Figure 3.30: Overview of the specimen groups and testing methods of this study............cccceecieeennnn. 67
Figure 4.1: TGA and DTG curves of RGGP-CH-CC blends for the R3 test after (a) 1, (b) 7, (c) 28,

ANA (d) 56 AAYS. 1.ttt e et e e st e e et e e e st eee e e ennees 72
Figure 4.2: Quantification of (a) CH consumption and (b) evolution of chemically bound water of the

RGGP blends according to ASTM C1897 for determining the pozzolanic activity................... 73
Figure 4.3: (a, b) Normalized specific heat flow and (c, d) cumulative heat release of the RGGP-

MOAIfIEd CEMENT PASLES. ....vveiieeiiiiieeeiiiiee et eee e ettt e e ettt e e e sttt e e ettt e e ettt eeesnbeeessnseeeessnnseeeeenns 74
Figure 4.4: TGA and DTG curves of (a, b, c) RGGP1 and (d, e, f) RGGP2 modified pastes after (a, d)

7, (b, ) 28, and (C, £) 90 daYS. ...eeeeeeiiiieeiiiie ettt et et e e e e 75

Figure 4.5: Evolution of CH contents of cement pastes modified with (a) RGGP1 and (b) RGGP2. .76

X1v



Figure 4.6: The degree of hydration (DOH) of cement and degree of reaction (DOR) of (a) RGGP1
and (b) RGGP2 in cement pastes at replacement levels of 30% and 50%. .........cccccveeverrerennnnen. 77
Figure 4.7: Thermodynamic modeling of (a, b) RGGP1 and (c, d) RGGP2 at replacement levels of
(a,c) 30% and (b, d) 50% with varying DOR of RGGP and a constant DOH of cement at 80%.78
Figure 4.8: Evolution in workability of RGGP modified mortar at different replacement levels........ 79
Figure 4.9: Evolution of compressive strength of mortars modified with different dosages of (a)

RGGP1 and (b) RGGP2 under limMe CUTING. ......ccuvviieeriiiieeiiiieeeeiieeeerireeeesreeeeserveeeesenaeeeenes 80
Figure 4.10: Evolution of compressive strength of mortars modified with 30% and 50% replacement
of (a) RGGP1 and (b) RGGP2 under Steam CUIING. .........ccvvvreerrrieeeririeeeernreeeeiereeesseneeeesrenns 81

Figure 4.11: (a) Particle size distributions and (b) XRD patterns of cement and MK (G: gypsum, A:
alite (tricalcium silicate), B: belite (dicalcium silicate), H: alite, tricalcium aluminate or
tetracalcium aluminoferrite, K: kaolinite, and Q: quAartz). ...........cccceeeevevieeeniiieee e eereee e 82

Figure 4.12: (a) TGA and DTG curves of PC and FMIC, and (b) development of CH contents. ....... 83

Figure 4.13: (a) Moisture release behavior in the dynamic vapor sorption tests and (b) desorption

isotherms of 0.5MK, FMK, and FMEKLI. .............cuuuviiiiiiiiiiiiiiiiiiiiieeeeeeeeeieeeeeeeeeeeseeeeeseseeeeennnnnns 84
Figure 4.14: (a) FTR and (b) XRD spectra of MK with different degrees of saturation levels (K:
Kaolinite; Q: QUATLZ). ..veeeeierreieeiiiieeeeitteeeesireeeeeerreeeestreeeesstreeesssenseesassssseesssssseesssssseeesssssseeennes 85
Figure 4.15: Normalized hydration heat of PC and FMIC. ..........ccccccooviiiiiiiiiiii e 87
Figure 4.16: Development of compressive strength of PC, DMKEW, and FMIC. ........................... 88
Figure 4.17: Chemical shrinkage of cement pastes containing (a) lithium nitrate and dry MK, and (b)
MIC and coupled MIC-Li. ......cuuiiiiiiieeeiiiieeeee ettt e e e e e e st e e e e e e e e sssttraareeaeesesssssssaseeaeenas 90
Figure 4.18: Correlation between normalized cumulative heat and chemical shrinkage of cement
O] 1< S PSPPI 91
Figure 4.19: Evolutions of (a) autogenous shrinkage and (b) temperature inside the cement pastes... 92
Figure 4.20: Drying shrinkage evolution under 50%RH and 23°C.........ccccoiviiiiiiieeee e, 94
Figure 4.21: Mass change evolution of specimens under 50% RH and 23°C.........c.c.cccceiviiieninennen. 95
Figure 4.22: Relationship between drying shrinkage and mass change. ............cccoccvveeiveiieieiiciieeenns 96
Figure 4.23: Variation in slump values of concrete with different RGGP replacement levels............ 98
Figure 4.24: Compressive strength of concrete with different RGGP replacement levels.................. 99
Figure 4.25: Variation in splitting tensile strength of concrete with different RGGP replacement levels
............................................................................................................................................. 100
Figure 4.26: Variation in rupture strength of concrete with different RGGP replacement levels...... 101
Figure 4.27: Early-age autogenous shrinkage of SCM-modified concrete mixes ............cccceeeuveeen.. 102
Figure 4.28: Developments of bulk electrical resistivity of concrete with chloride ion penetrability
classification defined in AASHTO T 402 and ASTM CI1202. ......cooiviiiiiiiniiieeeeiieeeeieeeene 104

Figure 4.29: Chloride penetration depth of (a) Control, (b) Slag 40, (¢) GGP-GS 30, (d) Nano silica,
(e) Slag/Nano silica, (f) NP-MET 15, (g) Slag/NP-MET, (h) NP-DE 30, (i) Slag/NP-DE....... 109
Figure 4.30: Recommended and experimental chloride penetration rate according to AASHTO T 357

(grade 3 has the lowest risk of chloride penetration, while grade 1 has the highest risk). ........ 111
Figure 4.31: ASR expansion based on the mortar bar test............ccceeeeeriiiieeniiiieeriiiee e 112
Figure 4.32: ACCT expansion of cylinders up to 45 days........cccoeoeeeemriiiieeeniiiiieeniiee e 113
Figure 4.33: (a) ASR expansion of the mortar bars cured at various CO, curing conditions in

carbonation (a) ECP-1, and (D) ECP-2........coooiiiiiiiieee et 115
Figure 4.34: Correlations between the reduction of ASR expansion and CO; uptake. ..................... 116
Figure 4.35: Representative filtered images showing the surface crack evolutions of (a) CO0, (b) C3,

ANA (C) CL1O OVET LITIE. .uvvvieeeiiiieeeeiiiee e ettt ee e ettt e e ettt ee s sttt e e e enbeeeessnneeeessnnseeessnnsaeeeesnnseeeennns 117
Figure 4.36: Evolutions of (a) crack density, (b) average crack width, and (c) maximum crack width.

............................................................................................................................................. 118

XV



Figure 4.38: (a) C-Ca-Si and (b) [Na+K]-Ca-Si ternary phase diagrams of ASR gels formed in
mortars with and without carbonation..............covcviieiriiiiireeriiee ettt erre e e s ereee s 120

Figure 4.39: XRD patterns of ASR gels carbonated under (a) 3% and (b)10% CO,, from 0 hours to 7
days. Note: A-ASH, C-Calcite, G-Galuskinite, N-Nahcolite, Ny-Nyerereite, Q-Quartz, T-
Tobermorite-type C-S-H, V-Vaterite. .........uceevriiiiiiiiiiieeriiie e errreeeeriree e sireee e serreeessseraeeeenes 121

Figure 4.40: Rietveld refinement of ASR gels cured at (a) 3% and (b)10% CO2, 50°C, and 75% RH
from 0 hours to 7 days. Note: Amor- Amorphous content, A-ASH, C-Calcite, N-Nahcolite, T-

Tobermorite-type C-S-H, V-Vaterite. .........ueeevriiiiiiriiiieeriiie et eriree e sreee e eserveeessseraeeeenes 122
Figure 4.41: (a) TGA and (b) DTG curves of ASR gels carbonated under 3% CO, for up to 7 days.
............................................................................................................................................. 123
Figure 4.42: (a) TGA and (b) DTG curves of ASR gels carbonated under 10% CO, for up to 7 days.
............................................................................................................................................. 124
Figure 4.43: ATR-FTIR spectra of ASR gels carbonated under (a) 3% and (b) 10% CO, from 0 hours
to 7 days. Note: A-Aragonite, C-Calcite, N-Nahcolite, and V-Vaterite...........c.cceceevveeeerennenn.. 124
Figure 4.44: (a) Dynamic vapor sorption behavior of ASR gels and the isotherms (b) the control ASR
gel and carbonated ASR gels under (c) 3% and (d) 10% COz. .cevvvveeviviieiirieeeeiieee e, 126
Figure 4.45: (a) Mass change curves, (b) drying rate (solid) and drying acceleration (dashed) curves,
and (c) WUC of the control and 7-day carbonated ASR gelS.........ccccoevviiivvriieeiiiiee e, 127
Figure 5.1: Average compressive strength of 25% RGGP concrete under burlap and lime curing at 7
ANA 28 QAYS ittt e e e e e e et —ra e e e e e e et ttbrraaaaaeeeaannrraaaaaaaeans 129
Figure 5.2:Compressive strength — lab vs. field samples ..........cccoocoieiiiiiiiiniiiee e 130
Figure 5.3: Splitting tensile strength — lab vs. field samples ..........cccoevoeeeiiiiiiiiiie e 131
Figure 5.4: Rupture strength — lab vs. field samples...........ccoeiiiriiiiiiinie e 131

Figure 5.5: Average expansion of mortar samples over time due to ASR, based on ASTM C1567 . 133

Xvi



List of Acronyms

Acronym Expansion

SCM Supplementary Cementitious Material
RGGP Recycled Ground Glass Pozzolan

ASR Alkali-Silica Reaction

ACCT Accelerated concrete cylinder test

MCPT Miniature concrete prism test

MassDOT Massachusetts Department of Transportation
FHWA Federal Highway Administration

UMASS Ambherst

University of Massachusetts Amherst

UMASS Lowell

University of Massachusetts Lowell

IEA

International Energy Agency

LCA Life-Cycle-Assessment

HP Concrete High-Performance Concrete

AASHTO American Association of State Highway and Transportation Officials
ASTM American Society for Testing and Materials
DE Diatomaceous earth

FA Fly Ash

MK Metakaolin

MIC Metakaolin-based internal conditioning
FMIC Fully saturated metakaolin-based internal conditioning
DMK Dry metakaolin

SF Silica Fume

RCA Rice Husk Ash

FRP Fiber Reinforced Polymer

SAI Strength Activity Index

CH Calcium Hydroxide

CSH Calcium Silicate Hydrate

DOS Degree of saturation

OPC Ordinary Portland Cement

PLC Portland Limestone Cement

Type IL Portland Limestone Cement

SSD Saturated Surface Dry

w/cm Water-to-cementitious ratio

TAT Truck Turn-Around Time

SCC Self-Consolidating Concrete

CI Corrosion Inhibitor

ACI American Concrete Institute

f'c Compressive Strength of Concrete at 28 days
ft Splitting tensile strength

fr Modulus of rupture

pH Pondus Hydrogenii

xvii




Acronym Expansion

TGA Thermogravimetric analysis

XRD X-ray diffraction (XRD).

ATR-FTIR Attenuated Total Reflectance-Fourier Transform Infrared
GEMs geochemical modeling program

xviii




1.0 Introduction

1.1 Overview of the project

This study of Recycled Ground-Glass Pozzolan (RGGP) for Use in Cement Concrete was
undertaken as part of the Massachusetts Department of Transportation (MassDOT) Research
Program. This program is funded with Federal Highway Administration (FHWA) State
Planning and Research (SPR) funds. Through this program, applied research is conducted on
topics of importance to the Commonwealth of Massachusetts transportation agencies.

Cement concrete is the most widely used building material in construction for infrastructure.
However, hydraulic cement, the key ingredient of cement concrete, produces an immense
amount of heat and carbon dioxide during the manufacturing process. According to the
International Energy Agency (IEA), manufacturing hydraulic cement accounts for 7% of
human-made carbon dioxide emissions. Additionally, other hydraulic cement replacement
materials used in today’s cement concrete, such as fly ash and slag, are the byproducts of
coal-fired power stations and steel manufacturing, respectively, which also increases our
carbon footprint. These materials are also becoming increasingly scarce, resulting in a
problematic supply crunch and increases in cost. It is clear that we must find environmentally
conscious alternatives to the way we produce concrete.

Recycled ground-glass pozzolan (ASTM C1866) is a potential hydraulic cement replacement
material, manufactured from recycled glass products, with the potential to greatly reduce the
amount of hydraulic cement (up to 50% reduction) in cement concrete. Other promising
alternative constituent materials for use in concrete, including performance-based cement
(ASTM C1157), Class N Natural Pozzolans (AASHTO M 295), and Type S Specific
Performing nano silica chemical admixtures (AASHTO M 194), also require investigations.
The objective of this research project is to validate the efficacy of recycled ground-glass
pozzolan (RGGP) and other low-carbon alternative constituent materials, to decrease our
carbon footprint and increase the quality and long-term durability of cement concrete used in
MassDOT projects. To accomplish the objectives of the project, the following six tasks were
conducted in this project:

1.1.1. Task 1: Literature review on utilizing RGGP in concrete and material source
identification

This project starts with a comprehensive literature review to obtain a fundamental
understanding of the current state of knowledge and existing knowledge gaps in using RGGP
in concrete as a cement alternative based on open sources, reports, literature, and related
projects. By collecting and synthesizing available research papers and reports, committee
documents, and testing protocols, comprehensive insights into (i) the types of waste glass for
RGGP, (ii) the challenges in using waste glass as pozzolan in concrete, (iii) the influence of
RGGP, metakaolin, and nano-silica admixtures on concrete performance, and (iv) the



applications of RGGP-modified concrete in civil infrastructure, were obtained. In addition, a
fundamental understanding of the processing, treatments, and applications of RGGP was
obtained and used to guide the concrete design in this project.

1.1.2. Task 2: Characterization of pozzolanic reactivity of RGGP

In Task 2, the pozzolanic reactivity of two RGGP materials was characterized. The research
efforts include (i) quantification of the chemical and mineral compositions and degree of
amorphousness of RGGP will be quantified, (ii) determination of the activation energy and
reaction kinetics between RGGP and calcium hydroxide (which triggers the formation of C-
S-H) will be determined, and (iii) investigation of the lime consumption capacity of RGGP as
a direct evaluation of the pozzolanic reactivity. The lime consumption capacity of RGGP was
determined via a lime consumption test after 1, 7, 28, and 56 days by quantifying the calcium
hydroxide consumption using thermogravimetric analysis (TGA) and X-ray diffraction
(XRD).

1.1.3. Task 3: Evaluation of cement hydration kinetics and phase evolutions

In Task 3, the research efforts were placed on understanding the influence of the
incorporation of RGGP, at a variety of substitution levels, on the hydration behavior of
cement, which is directly related to the properties of concrete. We started with
thermodynamic simulation based on a geochemical modeling program (GEMs) to predict the
phase assemblages of hydrated cement at different replacement levels and provide initial
insights into the mixture design. The experimental activities of this task include uncovering
the role of RGGP in modifying cement hydration and analyzing the influence of RGGP on
the evolution of hydration products.

1.1.4. Task 4: Cement concrete mix designs incorporating RGGP and other alternative
constituent materials

Based on the insights from Tasks 2 and 3, the emphasis of this task was placed on the
development of concrete mix design formulations based on the RGGP-modified cement.
Additionally, mix design formulations incorporating other alternative constituent materials
were designed per the high-performance concrete formulations of MassDOT RMS and the
recommendations from manufacturers of alternative constituent materials.

1.1.5. Task S: Evaluation of cement concrete mix designs incorporating RGGP and
other alternative constituent materials via fresh and hardened property investigations

In Task 5, the concrete formulations developed in Task 4 were evaluated based on the fresh
and hardened concrete performance by investigating (i) workability (flowability), (ii)
autogenous shrinkages of selected mixes, and (iii) mechanical strength. UMass Lowell and
UMass Amherst prepared the raw materials for lab tests, including concrete groups with
different dosages of RGGP and alternative materials other than the high-performance
concrete formulations.

1.1.6. Task 6: Evaluation of concrete durability



The durability of the concrete mixes developed through Tasks 4 and 5 was preliminarily
determined after their acceptable short-term performance was established. Concrete
durability is an important property to ensure acceptable long-term performance in
transportation infrastructure applications under extreme conditions. In Task 6, multiple
durability properties, including permeability of concrete will be determined by following
AASHTO T 358 (Standard Method of Test for Surface Resistivity Indication of Concrete’s
Ability to Resist Chloride Ion Penetration) and AASHTO TP 119 (Standard Method of Test
for Electrical Resistivity of a Concrete Cylinder Tested in a Uniaxial Resistance Test), mortar
bar test according to ASTM C1260 (Standard Test Method for Potential Alkali Reactivity of
Aggregates (Mortar-Bar Method)), AASHTO T 380 (Standard Method of Test for Potential
Alkali Reactivity of Aggregates and Effectiveness of ASR Mitigation Measures (Miniature
Concrete Prism Test, MCPT)), AASHTO TP 142 Provisional Standard Method of Test for
Accelerated Determination of Potentially Deleterious Expansion of Concrete Cylinder Due to
Alkali—Silica Reaction (Accelerated Concrete Cylinder Test, ACCT), and rapid chloride
penetration test per AASHTO T 357-22 (Predicting Chloride Penetration of Hydraulic
Cement Concrete by the Rapid Migration Procedure), were tested to understand the
influences of RGGP and alternative materials on the performance of concrete.

1.1.7. Task 7: Mock-up reinforced concrete sidewalk panels

In this task, sidewalk panels were fabricated and placed on the campus of UMass Ambherst to
evaluate the ease of placement, workability, and finishing in real-life settings for the concrete
containing RGGP.

1.2 Problem statement

Concrete, the most fundamental construction material in the world, contributes towards 8%
of global CO; emissions, in which the production of cement serves as the main governing
factor contributing to approximately 90% of concrete carbon intensity [1]. Replacing cement
with supplementary cementitious materials (SCMs), such as fly ash (FA) [2], silica fume
(SF) [3], rice husk ash (RHA) [4], and slag [5], has been proven an effective approach to
decrease the embodied carbon and improve sustainable and performance of concrete.
Upcycling solid wastes from industry and daily life into SCMs not only diverts waste from
landfills but also reduces the reliance on virgin materials, promoting resource efficiency,
aligning with circular economy principles, and lowering environmental impacts

Among the current waste resources, recycled glass is considered a practical option with
promising prospects owing to its abundant availability, wide distribution, and unique
amorphous silica nature, which renders pozzolanic reactions possible in cement systems.
Waste glass is a non-biodegradable material derived from waste streams like glass
containers, plate glass, and E-glass that occupies significant landfill space. Its extreme
underutilization is apparent as the United States reported disposal of 52.9% of the waste glass
to landfill, and only 26.6% of the waste glass was recycled in 2017 [6]. As a promising
avenue, upcycling waste glass into concrete pozzolans to partially replace cement has the
potential to offer dual benefits of reducing landfill waste and enhancing concrete properties.
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1.3 Objectives

The primary objective of this research project is to assess the viability of using RGGP in
concrete as an alternative to traditional SCMs. The anticipated outcomes and deliverables for
the tasks, either in whole or in part, are as follows:

e A comprehensive literature review and fundamental understanding of the current state
of knowledge and existing knowledge gaps with the utilization of RGGP in concrete.

e A comprehensive understanding of the pozzolanic reactivity of RGGP and the
approaches to enhance its reactivity.

e Insights into the hydration behavior of Portland cement containing RGGP in terms of
hydration kinetics and phase evolutions.

e Development of cement concrete mix design formulations incorporating RGGP and
other alternative constituent materials.

e Evolutions of physical, mechanical, and durability properties of cement concrete
incorporating RGGP and other alternative constituent materials.

e Performance evaluation of RGGP-based cement concrete through mock-ups.

1.4 Concrete strength target and applicable material specifications

The performance targets of the concrete for this research project are defined by the
Commonwealth of Massachusetts Department of Transportation Standard Specifications for
Highways and Bridges, Division III: Material Specifications (MassDOT Specification) [7]
for High Performance (HP) Concrete, specifically Section M4.06.2. HP Concrete should be
designed and produced with precise proportions of the constituents to exhibit a homogenous
composition. This composition should feature a well-distributed, spaced, and sized air void
system and quality concrete properties, and is described further below:

The nominal 28-day compressive strength target of the concrete selected is 5,000 psi based
on the Producer’s approved 5,000 psi high performance concrete mix design. This approved
mix was used as the control (refer to RMS 043 mix design sheed in the Appendices to this
report). This mix includes a nominal maximum coarse aggregate size of % in. and total
cementitious content of less than 685 1b/yd? as required by MassDOT Specification Section
M4 Cement Concrete and Related Materials. Relevant information from the Specification is
shown in Table 1.1.

Table 1.1: Classification of HP Concrete



Class 28-Day Compressive | Nominal Maximum Coarse Max1.rr.1 um Total
Strength (psi) Aggregate Size (in.) Cementitious Content
(Ib/yd*)
5,000 3/4 685
5,000 3/8 710
6,500 3/8,1/2,3/4 -
8,000 3/8,1/2,3/4 -

Admixtures must meet the standard specification for chemical admixture defined by
AASHTO M 194 [2]. Although there is no limit for RGGP content in concrete mixtures, the
total amount of SCM content is limited to 50 percent replacement of hydraulic cement. The
ratio of water to cementitious material is limited to 0.40. Based on the MassDOT
Specification, reinforced concrete or non-reinforced (plain concrete with nominal maximum
aggregate size (NMAS) of % in., should meet air content targets of 6% and 7.0%,
respectively, as listed in Table 1.2. Any air-entraining admixture used in the concrete mix
must meet the AASHTO M 154 [3] standard specification. A tolerance of £1.5% in
percentages is allowed. Moreover, a 1.0% reduction from the air content target is permitted
for £:>5000 psi.

Table 1.2: Air content target

NMAS (in.) Reinforced Concrete (%) \ Non-Reinforced Concrete (%)
3/8 7.5 7.5
1/2 7.0 7.0
3/4 6.0 7.0
1 6.0 6.5
11/2 5.5 6.5

Chemical admixture dosages are proportioned according to the admixture manufacturer
recommendations and the requirement so AASHTO M 194 to obtain the required properties
of HP Concrete. HP Concrete must also be formulated using 3.0 gallons of corrosion
inhibiting admixture per cubic yard of concrete to increase the active threshold to 9.9 lb. of
chloride per cubic yards of concrete at reinforcing bar level. Corrosion inhibiting admixture
must meet the requirements of ASTM C1582 standard specification.
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2.0 Literature Review

In an effort to improve the sustainability of the concrete industry, innovative approaches are
being explored towards enhancing its performance while reducing environmental impact.
The traditional approaches of replacing cement in concrete involve the use of supplementary
cementitious materials (SCM) such as fly ash (FA) [2], silica fume (SF) [3], rice husk ash
(RCA) [4], and slag [5]. Among these approaches, the addition of Recycled Ground Glass
Pozzolan (RGGP) is a promising prospect for replacing cement with existing waste materials
due to its abundant availability and favorable chemical composition that results in effects like
SCMs. Glass is a non-biodegradable material that occupies significant landfill space and
thereby warrants alternative recycling options. The underutilization of ground glass as a
sustainable material is apparent by the amount of landfilled waste container glass that is
almost three times the recycled quantity [8].

The United States reported a disposal of 52.9% of the waste glass to landfills and recycled
26.6% of the waste glass in 2017 [6]. An increased demand for landfill space, along with the
enhanced landfill taxes, has triggered an effort to find alternative methods for recycling waste
glass and decreasing disposal costs while increasing the prolonged existence and preservation
of the landfills. One of the most promising avenues for recycling waste glass is through the
construction industry, with the possibility of partial replacement of cement-based materials.
The feasibility of using RGGP as a pozzolan was first explored by Pattengil & Shutt (1973)
[9], where soda-lime container waste glass was crushed below a 45 um particle size. Since
then, the number of studies on GGP has steadily increased, and beyond 2005, there is an
exponential increase and a peak during the last 5 years, as shown in Figure 2.1.
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2.1 Types of ground glass

Ground glass, sourced from various waste streams such as containers, plates, and E-glass,
presents an opportunity to not only divert waste from landfills but also improve concrete
properties through its pozzolanic characteristics. Based on the source, waste glass can be
classified into container glass that is generally used in packaging, plate glass that is used in
glazing buildings or automobiles, and E-glass that is used in fiber reinforced polymer (FRP)
rebars.

Based on the distinctive oxide compositions (Si02, CaO, NayOeq, Fe203, Al203, etc.), both
container glass and plate glass can be classified into soda lime glass with Si0> and CaO
contents in the range of 70-73% and ~10% while the E-glass has a lower SiO> and higher
CaO contents around ~60% and ~21%, respectively [8]. Borosilicate glass, with highly
variable Si0; content ranging between 60-80% and devoid of CaO and extraordinary
chemical resistance and high temperature softening points, is unsuitable for use as a concrete
material due to the high Na>Oeq content of ~45%, which has the potential of triggering alkali-
silica reaction (ASR) by supplying alkali ions [10]. Conversely, the compositions of soda-
lime glass and E-glass, characterized by varying SiO> content and lower Na;Oeq of ~13% and
<1%, respectively, and with reactive properties, introduce a spectrum of possibilities for
enhancing concrete matrices. Notably, the reactivity of E-glass (also known as Type GE) in
mitigating ASR and the compatibility of Type GS glass (sourced from Bottle and Plate
Glass) in mixes without reactive aggregates merit detailed investigation.

The comparative composition of the two RGGPs and with traditional SCMs such as fly ash,
metakaolin, and silica fume is shown in Figure 2.2. Numerous studies have delved into the
effects of ground glass on concrete properties, exploring replacement ratios, particle sizes,
and their impact on fresh properties as well as early-age and long-term properties.
Investigations have revealed intriguing correlations between particle fineness, CaO content,
and compressive strength, delineating the nuances of glass pozzolans' influence on concrete
formulations. The pozzolanic activity of RGGP was found to be heavily dependent on the
particle size, where the particle size above 300 um did not display pozzolanic activity and the
pozzolanic properties were only achieved under a particle size of 45 um [11]. Similar studies
by Meyer et al. [12], Carpenter and Cramer [13] and Bazant et al. [14] showed that RGGP
with particle size below 75 um can be used to enhance the compressive strength of concrete
and act towards mitigating ASR via their pozzolanic behavior. Another study found that soda
lime RGGP crushed below 38 um can be used to substitute 30% of cement and achieve 90%
of the compressive strength at an early age and achieve 108% of the compressive strength
after 90 days, along with reducing the ASR expansion by half [15]. Shayan et al. [16] found
that the early-age strength is reduced with increased GGP content, whereas the strength
continued to grow in later ages due to the pozzolanic reaction but still fell short of the regular
concrete by around ~16.7% at a replacement level of 30% after 270 days.
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2.2 Applications of glass in concrete

2.2.1. Use of RGGP as an SCM

Omran et al. [17] summarized a suite of research studying the use of RGGP as an SCM and
concluded that it can improve workability, durability, structural properties, and lower
embodied carbon. Aliabdo et al. [18] justified up to 25% replacement based on cube
compressive strength across two grades of concrete, and identified the improvement of
compressive properties over time. Zidol [19] ndicated that these properties stabilize after a
year in concrete with 20 and 30% replacement levels, and that finer particles correlated with
higher strength. Niang et al. [20] performed structural column tests on reinforced concrete
columns and found that a 20% replacement performed comparably to the control specimen,
with test-to-control ratios between 0.89 and 1.07.

In a study conducted by Liang et al. [21] the feasibility of substituting microsilica with
RGGP in the preparation of MgO-SiO; formulation was explored with the aim of forming
magnesium-silicate-hydrate (M-S-H). The experimental design involved the creation of
several mixtures. Apart from the control sample, which consisted entirely of MgO, the other
mixtures were composed of 50% MgO by weight, serving as the primary binder, and 50% by
weight of microsilica and/or RGGP. The study found that a partial substitution of microsilica
with RGGP, specifically a half substitution, was not only feasible but also beneficial. This
substitution strategy was able to maintain the mechanical efficiency of the MgO-Si02
binders. Furthermore, it offered the advantages of reducing the pH value of the concrete and
achieving satisfactory hardening properties.

2.2.2. Combined use of RGGP as SCM and aggregate in concrete
9



Gebremichael et al. [22] studied the combined effects of waste glass utilized as cement
replacement and aggregate substitution. The study involved 14 trials, each varying in grain
size and replacement ration. The research posits that the substitution of cement, fine
aggregate, and coarse aggregate with crushed and ground waste glass is feasible and suggests
that the optimal replacement proportions are 10%, 15% and 20%, respectively. The
researchers reported that despite these substitutions, the resulting concrete maintained
acceptable properties in its fresh and hardened states and showed adequate durability.

2.2.3. Effect of chemical composition in glass

The performance of ground glass when used as pozzolan in portland cement concrete is
primarily influenced by three factors: (1) its chemical composition, (2) the particle size
distribution, and (3) the level of replacement. The study conducted by Christiansen et al.
specifically investigated the effect of the chemical composition of RGGP on its performance
in concrete. In this research, eighteen different waste glass streams from across the United
States were analyzed for composition. The results obtained over the course of six months
indicated that the composition of the glass mixtures tested had a significant effect on the
pozzolanicity of the glass. This was evident in the varying compressive strength results, with
the difference between the control and the lowest 90-day compressive strength being 33% for
the mortars made with 20% glass replacement, and 40% for those made with 30% glass
replacement. This suggests that not all glasses behave the same when used as a pozzolan. In
particular, mortars made with soda-lime container glasses typically reached lower
compressive strength than those made with plate and plate/container glasses. However, the E-
glass surpassed even the control at 90 days, reaching the highest compressive strength at both
20 and 30% replacement levels [23].

2.2.4. Coarse Glass Powder

As previously stated, the particle size of pulverized glass is one of the main factors affecting
the reactivity of RGGP in concrete. The research conducted by Kalakada et al. focused on the
performance of coarse ground glass with a size below 150 micrometers as a supplementary
cementitious material, highlighting the critical role of particle size in the reactivity of ground
glass. The strength activity index (SAI) of the mixes consistently surpassed the required 75%
at all curing ages and substitution levels, demonstrating the pozzolanic attribute of the
coarser RGGPs. The replacement of cement with coarse RGGP resulted in higher
compressive strength than the plain mix, with the highest strength improvement being 17%
for a 30% substitution. A 30% substitution of cement with coarse RGGP significantly
enhanced the resistance to chloride ion penetration by 32%, validating its use as a binder
replacement for structures susceptible to corrosion induced by chloride ions. Most ground
glass mixes exhibited greater shrinkage than the control mix, but all reported values of drying
shrinkage were within acceptable limits. As the RGGP replacement level increased, the heat
of hydration decreased, with the mix containing 30% glass replacement showing a maximum
reduction of 24%. This suggests the potential use of ground glass in areas where mass
concreting occurs to mitigate cracking arising from thermal stresses [24].

2.2.5. Reactivity of ground glass compared with other pozzolans
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Kasaniya et al. evaluated the reactivity of various pozzolanic supplementary cementitious
materials (SCMs). This research employed a range of test methods, encompassing the
modified lime-reactivity test, the modified ASTM C311/C618 test, the R? heat release test,
and the lime consumption test. In the context of supplementary cementitious materials, a
spectrum of reactivity was observed. RGGP and coal fly ash were characterized by low to
moderate reactivity. Limestone and ground quartz were distinguished by negligible or very
low reactivity. Blended pozzolans exhibited moderate reactivity, while ground bottom ash
was associated with high reactivity. Silica fume is notable for its very high reactivity. Natural
pozzolans present a broad range of reactivity, spanning from non-reactive to highly reactive
[25]. Suraneni et al. employed two distinct methodologies, namely the consumption of
calcium hydroxide and heat release, to ascertain the reactivity of various SCMs, and both
methodologies converged on the same conclusion, categorizing RGGP as a less reactive
pozzolan [26].

2.3 Effect of glass powder on concrete
properties

2.3.1. Fresh properties

2.3.1.1 Workability

The workability of concrete is considered a critical fresh property that can determine the
feasibility of use in specific applications. The addition of SCMs has been known to have
mixed effects on the workability. The variation of the slump of fresh concrete with the
addition of RGGP is shown in Figure 2.3. While most of the studies showed an increased
slump with glass powder replacement [18, 27-29], a few studies also showed the opposite
trend [30-32] when measured according to ASTM C143. While some researchers attribute
the increased slump to the low water absorption of the glass, which enhances concrete
flowability by reducing aggregate friction [29], others believe the slump decrease is due to
the non-spherical and rough geometry of milled waste glass particles [32].
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Figure 2.3: Effect of RGGP replacement level on the slump of fresh concrete.

A continuous increase of slump, measured using the same standard, was observed up to
RGGP dosage of 40% [28]. Wang et al. [33] studied the effect of grinding method on RGGP-
based concrete and found that the flow, at a w/cm ratio of 0.5 and RGGP replacement ratio of
10% and measured according to GB/T 8076-2008, increased by 5.6% and 14.8% when the
RGGP was dry ground and ground in deionized water, respectively, but reduced by 15%
when the grinding was carried out in ethyl alcohol. The slump flow of RGGP-modified
concrete, at a water-to-binder ratio of 0.45 and measured according to EN-1015-3, showed an
increasing trend with the RGGP dosage up to 20% replacement [34]. While Jiang et al. [35]
believe the reason for the enhanced workability with RGGP dosage was due to the smooth
surface of the RGGP particles, the authors suspect that the larger particle size might play a
critical role. The flowability of RGGP-modified mortar with a water-to-binder ratio of 0.5, a
mean particle size of 17.68 pum, and measured according to EN 1015-3, showed similar flow
diameters for 10% and 25% replacement levels, while the flow reduced by 1.7% and 5.6%
when the replacement levels were increased to 35% and 60%, respectively. Another study
using the Australian standard AS 1012.3.1 found an increase in slump up to a replacement
level of 30% followed by a reduction from 30% to 50% dosages for RGGP with mean
particle sizes below 75 pm and 150 pm [36].

The reason for the enhanced workability of mixes with RGGP is most likely because of the
lower water absorption of the RGGP compared to the cement, thereby causing an increase in
effective water-to-cement ratio in RGGP-modified concrete. Workability enhancement from
RGGP inclusion, which results in void micro-filling, becomes more effective with finer
particles[29]. In another study, RGGP passing through a 75 pm sieve was found to improve
the workability up to 83.3% for RGGP replacements up to 20% [37]. The flow of RGGP
concrete, performed according to ASTM C1437, increased by 6.5% after replacing 30% of
cement with RGGP with a mean particle size of 18.2 pm at a water-to-binder ratio of 0.45
and without the use of any chemical admixtures. SCMs like FA, SF, and RGGP all tend to
improve the workability of the concrete, but the RGGP was found to be more efficient in
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improving the workability than both FA and SF at a much lower superplasticizer content
[38].

It is apparent that the substitution of cement by RGGP has shown both reduced and enhanced
workability, and the effects are heavily dependent on the particle size and specific surface
area of the RGGP, as well as the mix design of the concrete or mortar and uses of
superplasticizer, as well as the method of flow or slump measurement.

2.3.1.2 Setting time

Setting time is a crucial property for cement that refers to the time it takes to convert the
freshly mixed cement paste, mortar, or concrete from a fluid state to a solid state. It is widely
reported that the setting time of cement can be changed by incorporating RGGPs into the
cement matrix. However, some controversial results were obtained from different studies. On
the one hand, the insignificant effect on both the initial and final setting times was found by
Aliabdo et al [39] when up to 25% of cement was replaced by the RGGPs. Only a 2.5%
increase in the final setting time of concrete was observed with a RGGP dosage increased to
30%, but since the additives of RGGPs can slow down the condensation of cement pastes at
the initial stage, an 18.9% increase in initial setting time was obtained [35]. This is due to the
relatively more water available for cement hydration due to the addition of RGGPs.

Compared with the native cement, the lower water absorption capability of RGGP leads to
the increased efficiency of water content in the cement mixtures; thereby, the prolonged
setting times were observed with the higher proportions of RGGP [40]. However, the
prolonged setting time due to the incorporation of RGGPs was also attributed to the lower
rate of hydration, as proposed by [41]. On the other hand, a few researchers [42] have
observed the shortened initial and final setting times with the higher dosage of RGGPs used
in the cement matrix. Moreover, the grinding process may impact the effect of RGGP on
setting time. For example, dry ground RGGP was found to increase the initial and final
setting time at 10% dosage and measured according to GB 13462011, by 5.2% and 1.8%,
while grinding in deionized water reduced both the initial and final setting times by 6.7% and
8.6%, respectively [43]. The lowest initial and final setting time was found for the RGGP
ground in ethyl alcohol, and it was 33.3% and 24.5% lower than the Ordinary Portland
Cement (OPC) samples.

2.3.2. Hardened Properties

2.3.2.1 Shrinkage

One of the critical hardened properties of the RGGP-modified concrete is the changes in
chemical and autogenous shrinkage behavior. The shrinkage behavior is directly related to
the hydration of concrete, which is altered after adding RGGP, and excessive shrinkage can
cause cracks, causing durability issues in concrete structures. After 48 hours of hydration, the
normalized chemical shrinkage of RGGP-modified mortars, measured according to the
gravimetric method, showed up to a two times increase when the RGGP dosage was
increased to 60% [43]. The reason for the enhanced shrinkage might be due to the greater
availability of water for cement hydration by increasing the effective water-to-cement ratio.
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Another reason for enhanced hydration and shrinkage might be the rapid reaction between
the C3A and the alkali supplied by the RGGP, as also observed by Yodsudjai and Wang [44].

Chemical shrinkage measurements according to ASTM C1608, in 20% RGGP-modified
concrete where the RGGP had a mean particle size of 8.4 um and the water-to-binder ratio
was fixed at 0.4, showed an enhanced chemical shrinkage of up to 14.7%. The chemical
shrinkage was higher for the RGGP with a greater CaO and AlO; and lower SiO: content.
Another study measured drying shrinkage of RGGP-modified mortar with 20% replacement
of different-sized RGGP using the BS ISO, Part 8: 1920, and found that the shrinkage after 7
days was reduced with increasing fineness. The reduction in shrinkage was attributed to the
dilution effect of the cement with the RGGP replacement that increased the effective water-
to-cement ratio [45]. The drying shrinkage was reduced by the addition of 10% RGGP. The
reduction was most prominent amongst the RGGP-modified concrete when compared to
other SCMs such as FA and SF, where the SF showed a greater shrinkage than the control
concrete specimens [46].

2.3.2.2 Creep

Apart from the strength and durability, another important property that determines the
serviceability of concrete structures is deformation. One of the major contributions to long-
term deformations is creep, that is, deformation under constant loading. The effect of replacing
cement with various SCMs such as slag, RCA, and metakaolin is known to have a significant
impact on the creep behavior of concrete. While ground granulated blast furnace slag (GGBFS)
can increase the creep strain due to slower hydration [47], RCA and MK were found to reduce
the creep strains [48, 49]. The evolution of creep strain and creep coefficient for different
studies and in different exposure conditions is summarized in Figure 2.4. A study by He et al.
showed that the creep strain and creep coefficient decreased with the addition of RGGP, and
the lowest creep strain was found to be 20% replacement [50]. Another study showed that after
60 days, the creep deformation was reduced with the addition of RGGP in the dry condition,
where desiccation in the air was allowed. At similar RGGP replacement, samples where the
water loss was prevented showed a higher creep. Again, in line with the other studies, the 20%
RGGP replacement showed the lowest creep rate than the 40% RGGP replacement [51]. RGGP
performed better in terms of lowering creep deformation in comparison to FA that increased
the creep and SF, which did not affect the creep significantly.

14



‘ 5.0 -

. : . . : . :

—=&— Sprince et al (Moist) - 1 b —®— Sprince et al (moist)

0.0011 4 —— Sprince etal (Dry) | 4.5 —e— Sprince etal (dry) |
—A—Heatal —4A—Heetal

-~ 0.0010 B 4.0 B

£

= E_»

£ 0.0009 B .g 3.5 B

E =

©

.S 0.0008 | B Q 3.0 B

© o

= 1 Q

» Q

o 0.0007 il © 2.5+ B

[}

O 0.0006 S~ S 2.0+ B
0.0005 - A B 1.5+ A i B
0.0004 — T T T T T T T T 1.0 - T T T T T T

0 10 20 30 40 0 10 20 30 40
GP replacement level (%) GP replacement level (%)

Figure 2.4: Effect of GP replacement level on the (a) creep strain and (b) creep

coefficient of concrete [50, 51].

2.3.2.3 Compressive strength

According to ASTM C618 [52], the 7-day and 28-day strength activity index (SAI),
computed by dividing the compressive strength of the sample containing pozzolans by the
compressive strength of the pure cement group, can be used to evaluate the pozzolanic
reactivity of pozzolans, which determines the impact of pozzolans on cementitious systems
[53]. For materials to pass the requirements of ASTM C618, either the 7-day or 28-day SAI

must be at least 75%.

Figure 2.5a summarizes the SAI of samples containing various dosages of RGGP. It can be
seen that most of the groups have an SAI higher than 75%, which meets the requirements of
ASTM C618. Moreover, the average SAI increased from 95.9% to 104.7% when the
replacement level of RGGP increased from 2.5% to 5%. When the replacement level further
increased, however, the SAI decreased, except for the dosage of 45%, showing an SAI value
of 104.2%, which might be due to the limited data available. When the replacement level
increased to 60%, the lowest averaged SAI value of 69.8% was obtained, which is lower than
75% as proposed by ASTM C618. Therefore, the higher dosage of RGGP can negatively
impact the compressive strength of concrete, and it was widely reported that the optimized
compressive strength of concrete can be reached when the RGGP replacement level is within
the range of 10%-25% [18, 54]. The higher dosage of RGGP in concrete can negatively
affect the physical properties of concrete, as the RGGP can dilute the cement and also the
pozzolanic reaction is restricted due to the limited resource of calcium hydroxide from
cement hydration when the filler effect dominates the role of RGGP in concrete [55, 56].

Figure 2.5b exhibits the evolution of SAI over time. It can be seen that the initial averaged
SAI after 1 day was only 66.1%, and then increased over time, eventually reaching 112.7%
after 365 days. It is also widely reported that the pozzolanic reaction of RGGP in concrete
mainly occurs in the long term, i.e., after 28 days [57]. Idir et al. [58] systematically
investigated the relationship between the relative strength of mortars and the fineness of
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RGGP. Firstly, the results from this study demonstrated that increasing RGGP dosage from
10% to 40% generally reduced the compressive strength. Then, the pozzolanic reaction of
RGGP can be observed after 28 days, which compensates for the strength loss caused by the
dilution effect. This compensation is due to the pozzolanic reaction of SiO2 in glass with CH,
forming an extra binding gel of CSH. This additional binder, resulting from the interaction of
RGGP with available lime, contributes to the development of strength over time [29].
Moreover, with the decrease in particle size, the pozzolanic reaction of RGGP can be
dramatically enhanced. In addition, based on the research conducted by Kasaniya et al.,
neither the low-alkali nor high-alkali RGGP mixes achieved 7-day strength parity with the
100% Portland cement control mix. These mixes, which utilized low-alkali and high-alkali
RGGP as their supplementary cementitious material (SCM) and were considered to have low
to moderate reactivity, demonstrated a significant increase in strength between the 28 and 91-
day marks. However, while the mix incorporating low-alkali RGGP exceeded the strength of
the control mortar at 91 days, the high-alkali mixes, despite showing a substantial strength
increase, still fell short of the 91-day strength of the control mix [59, 60].
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Figure 2.5: Evolution of Strength activity index (SAI) with (a) RGGP replacement level
and time (data collected from [18, 24, 27, 35, 43, 50, 54, 55, 57, 61-73)).

2.3.2.4 Tensile strength

Although concrete splitting tensile strength (fsy) is not considered in the design calculations
for structural elements, measuring it helps to determine the occurrence of concrete cracking.
Given that the cracks open when the internal strains in concrete overcome its tensile strength
value. Figure 2.6 summarizes the relative tensile strength (=tensile strength of the sample
containing RGGP/tensile strength of the control group x100%) collected from publications.
It can be seen that the relative tensile strength was generally decreased with the higher
dosage of RGGP incorporated into the samples. 5% of RGGP replacement showed the
highest averaged relative tensile strength of 110.0%, while it decreased to 98.8% and 83.4%
with higher RGGP dosages of 15% and 30%, respectively. The improved tensile strength at
the low replacement level (i.e., <10%) might be due to the pozzolanic reaction, filler effect,
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and the improved bonding between the cementitious matrix and aggregate [74]. However, the
dilute effect of RGGP with a higher replacement level dominates the tensile strength gain of
the concrete, which leads to decreased tensile strength [75]. However, it has also been
observed that the formation of hydration products and a decrease in the porosity of the
concrete containing glass, result in an optimal bond between the adjacent cement paste and
glass, leading to the attainment of the maximum split tensile strength for mixes containing a
20% glass mixture [29].
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Figure 2.6: Relative tensile strength of mortars/concrete containing various dosages of
RGGP (data collected from [55, 69, 70, 76-89]).

2.3.2.5 Flexural strength

The relative flexural strength of mortars/concrete containing different dosages of RGGP is
summarized in Figure 2.7. It can be seen that the flexural strengths of mortars/concrete
follow a similar trend to the compressive strengths, which is consistent with the observations
as reported in various publications [90-92]. With the addition of RGGP up to 25% of
replacement, the relative flexural strength of the samples is higher than 100%, indicating
better performance in flexural strength of the modified samples than the control one.
Especially, the highest average relative flexural strength, with the value of 125.5%, was
reached when 15% of RGGP was incorporated into the concrete. Therefore, the optimized
dosage of RGGP in terms of flexural strength is about 15%. However, when the RGGP
replacement level increased to 30%, the average relative flexural strength was lower than
100%, showing a value of 86%.

Another study indicates that the flexural strength of the concrete, like compressive strength,
initially decreases with RGGP addition. However, in the long term (28 and 56 days), it
improves with up to 20% glass substitution, then declines [29]. Therefore, it can be
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concluded that the flexural strength of concrete can be satisfied by the higher dosage of
RGGP. The increase of flexural strength in the low replacement level might be due to the
densification of microstructure by pozzolanic reaction and the filler effect of RGGP. On the
contrary, the dilution effect and limited pozzolanic reaction with the consumption of calcium
hydroxide in the system might contribute to the decreased flexural strength when a higher
dosage of RGGP was used. Again, the negative impact on the flexural strength of modified
concrete with a high dosage of RGGP is still a challenge to using RGGP in concrete
applications.
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Figure 2.7: Relative flexural strength of mortars/concrete containing various dosages of
RGGP (data collected from [43, 69, 75, 90, 91, 93-95]).

2.3.2.6 Young’s modulus of elasticity

The addition of RGGP also affected the value of Young’s modulus of elasticity (E) of
concrete. After 28 days of curing, Young’s modulus of elasticity increased with up to 20%
addition of RGGP and declined when more than 20% of RGGP was incorporated into the
concrete, as indicated by Ahmad et al [29].

2.3.3. Transportation properties

2.3.3.1 Water absorption

Water absorption is an important property that determines the durability of concrete and can
lead to major deterioration via freeze-thaw damage, chloride penetration, carbonation, and
sulfate attacks. Lowering the water absorption by adding SCMs can have a positive impact
on the long-term concrete performance in aggressive conditions. The variation of water
absorption in RGGP-modified concrete with replacement levels and mean particle size is
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shown in Figure 2.8. The water absorption test, according to ASTM C642, showed that 10%
replacement of RGGP can reduce the water absorption by 16.7% [38]. Using the same
methodology, continuous reduction in water absorption was observed up to 15% at a 40%
RGGP replacement level that is considered mainly due to the densification of the pore
structure via pozzolanic reactions [28] and is in line with observations from other studies that
show 34% and 15% reduction at a 20% RGGP replacement [18, 30]. The grade of mix had a
positive effect on reducing the water absorption at similar RGGP replacement levels.
Synergistic effects of RGGP with other SCMs such as FA and SF were also found to reduce
the water absorption than the control specimen, and the replacement level had a positive
impact. However, the GP alone could reduce the water absorption more efficiently than in
conjunction with FA and SF [38].
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Figure 2.8: Variation of water absorption of concrete with (a) RGGP replacement level
and (b) mean particle size dso [18, 28, 30].

Although most studies showed that RGGP can decrease water absorption, one of the studies
showed an increase in water absorption with an increase in RGGP replacement from 20% to
25% [18]. Also, similar dosages of FA and SF were found to outperform the RGGP by
reducing water absorption by 55.6% and 43.5%, respectively [38]. Water absorption,
measured according to the RILEM recommendations, showed that at an early age (14 days)
the mortars made with 10% RGGP replacement show a higher and lower absorption than the
control samples and the sample with 10% FA. At a later age, the FA-modified concrete
outperforms the RGGP-modified concrete, indicating that initially the FA acts as a filler but
shows a better pozzolanic performance in the long term [54].

2.3.3.2 Permeability and pore size

Another measure of the permeability of concrete is usually measured according to ASTM
C642, which is an indirect method that measures the bulk density of concrete. The RGGP-
modified concrete showed a decreasing bulk resistivity with the increase in RGGP content
and reached the minimum values at 45% and 30% RGGP after 28 and 91 days, respectively.
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The increase in water absorption and permeable voids at later ages beyond a 30%
replacement level may be due to the dissolution of unstable hydrates at higher RGGP
replacement levels [96]. Similarly, another study showed a reduction in bulk density with
RGGP replacement level, while the water absorption was decreased. The RGGP with a
greater particle size (dso=1.96 pm) showed a greater bulk density and lower moisture
absorption at comparative replacement levels than the smaller-sized RGGP (ds50=0.75 pum)
[75]. Comparison with FA and SF showed that RGGP can improve the electrical resistivity,
an indirect measure of permeability, more significantly [97].

In a study by Du et al. [96], the pore-size distribution evaluated via mercury intrusion
porosimetry (MIP) becomes more refined with the increase in RGGP content, but the pore
volume stays the same, along with a reduction of median pore diameter. Similar findings
were reported by Lu et al. [45], where the pore structure was refined as the fineness of the
RGGP increased. The addition of RGGP reduced the overall porosity at 10% and 20%
replacements, whereas increasing the RGGP replacement to 30% increased the total porosity,
which may be due to the degradation of the microstructure [50].

2.3.3.3 Chloride penetration

An important transport property of concrete is the chloride diffusion that may cause
degradation via corrosion of reinforcements. It is desirable to have a low chloride penetration
rate in concrete that can enhance the long-term durability of concrete structures. The
resistance to chloride penetration, measured as the charge passed in the rapid chloride
penetration test (RCPT), is shown in Figure 2.9. RCPT, according to ASTM C1012, showed
that a replacement level of 20% was capable of reducing the chloride permeability of field
concrete by 62.2% and 64.9% after 56 days and 90 days, respectively, and the chloride
permeability decreased with increased dosage of RGGP up to 30% [98]. At an early age (14
days), the pore refinement by the addition of RGGP can lower the chloride penetration than
the control concrete, but FA shows a greater reduction. However, at a later age (91 days), the
RGGP outperformed the fly ash due to the enhanced pozzolanic reaction. The RCP value
also depends on the conductivity of the pore solution and may have influenced the results to
show a higher RCP value due to the greater supply of alkali ions by the RGGP as compared
to cement and fly ash [54]. Another comparative study between RGGP and FA showed that
both the SCMs are capable of reducing the RCP values compared to plain concrete, but the
RGGP showed a more efficient reduction in RCP values than FA, despite having a more
conductive pore solution due to the release of a greater amount of alkalis [99]. A high
replacement ratio of 40% RGGP was found to reduce the RCP by up to 37.5% due to the
synergistic effect of pozzolanic reaction that produces C-S-H to plug the pores and reduce
connectivity, as well as the ability to perform as a micro filler and provide optimum particle
packing [28]. These results are in agreement with field tests that showed resistance to
chloride ion penetration increases with RGGP replacement level by 65% after 90 days [100]
and laboratory tests that show that high-volume RGRGP replacement (60%) can reduce the
RCP by a remarkable 90% [72].
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Figure 2.9: Effect of RGGP replacement level on the resistance to chloride penetration
of concrete [28, 72, 98, 101].

The chloride migration coefficient according to NT BUILD 492 test was found to decrease
by up to 88.9% with the 45% replacement of soda-lime RGGP with a mean particle size of
3.4 um, along with a monotonous decrease of chloride diffusion up to a RGGP replacement
level of 60% [96]. Another study following the same method showed that RGGP was capable
of reducing the chloride migration coefficient more significantly than slag and FA after 28
days. RGGP performed similarly to SF after 180 days at both low and high replacement
ratios 25% and 50% [102]. Resistance to chloride penetration after 91 days, evaluated using
the Resipod method, which is in compliance with AASHTO TP 95, showed a reduction in
resistivity with the addition of RGGP (dso<150 pum) up to a dosage of 30% followed by an
increase from 30% to 50% [36]. The reason for the enhanced resistivity at 50% RGGP
replacement may be due to the synergistic effect of pozzolanic activity and filler effect that
causes a refinement of the concrete microstructure. The RGGP levels up to 30% replacement
showed chloride penetration resistance values that were classified as high risk, warranting
further research into concrete durability after adding RGGP. Curing under an elevated
temperature (40°C) had a positive impact on the chloride resistivity of RGGP-modified
concrete up to a replacement level of 30%, which is most likely due to the enhanced
hydration and pozzolanic activity at a higher temperature [36]. The study by Kasaniya et al.
corroborates the observation of resistivity increasing with age. Even though both low and
high-alkali RGGP demonstrated lower resistivity at the 7-day mark compared to the 100%
Portland cement control mix, they both exhibited an increase in resistivity at 28 days,
surpassing that of the control mix. Furthermore, at 91 days, a significant rise in resistivity
was observed for both types of RGGP used [60]. Chloride penetration was reduced by adding
the RGGP after 28 days and was comparatively higher and lower than the SF and FA,
respectively, indicating that SF has a better resistance to chloride penetration compared to
RGGP which may be due to the increased conductivity caused by the high amount alkali ions
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supplied by the RGGP as compared to FA, SF, and cement [46]. Another study showed that
the chloride diffusion coefficient, measured according to NT Build 443, can be reduced by
the addition of RGGP, but the reduction was lower than FA and SF, where SF can be the
most effective [97]. Similar findings also indicated that RGGP could lower the chloride
migration coefficient more efficiently than slag and FA at a later age, but not SF [102]. The
reason for this may be that the early-age pozzolanic activity of RGGP is slow, and the high
Na>O content in RGGP might increase the conductivity of the pore solution in concrete.

2.3.4. Durability

2.3.4.1 Acid attack

For concrete structures to last for their entire service life, durability parameters play a crucial
role, while resistance to deterioration of concrete when exposed to an acidic atmosphere (i.e.,
hydrochloric acid, HCI or sulfuric acid, H>SO4) is also an alarming concern. When exposed
to such a medium, concrete longevity reduces, which starts with acid damage [103]. This
damage normally indicates the growth of reaction products that strip out the concrete
surfaces, leading to changes in the mass, size, and shape of the concrete [104]. In the case of
HCI attack, the general process of corrosion for C-S-H and Ca(OH); is as follows [105]:

3Ca0-2Si0;-3h,0(s)+6HCl(aq) — 3CaCly(aq)+2Si02(s)+6H,0
Ca(OH),+HCl — CaCly+2H,0

Migration of sulfate ions into concrete has been reported to cause chemical reactions in that
acids can react aggressively with calcium hydroxide from cement hydration products and
lead to the production of highly soluble calcium sulfate and gypsum, as follows [106]:

Ca(OH)>+ H2SO4 — CaSO4+2H,0
CaSi0;-2H>O+ H2S0O4 — CaS04+Si(OH)4++H>0
3Ca0-AlO3-12H,0+3(CaS04:2H20)+14H>0 — 3Ca0-Al203-3CaS04-32H,0

The primary reaction product manifested on the concrete surface is gypsum, which is
associated with volume expansion (factor of 2.2 compared to the volume of reactants), which
can induce tensile stresses in concrete, resulting in cracking and spalling [107]. If not washed
out, the accumulation of gypsum on the surface of concrete may slow down the corrosion
rate due to surface sealing [108]. Further reaction of gypsum with calcium aluminate phases
in the cementitious matrix can form ettringite, which has a greater volume increase (up to a
factor of 7) than that of gypsum, thus leading to more micro- and macro-cracking. In
addition, sulfuric acid decomposes the cementitious matrix by decalcifying C—S—H, thus
contributing to strength loss [109].

ASTM C 267 [110] is normally used for evaluating the resistance of concrete to acid attack,
which immerses the samples in an acid solution (either HCI or H>SO4) with a pH value
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between 1 and 1.5. It was reported [103] that the mass of samples increased during the early-
age curing in an acid solution due to the absorption of the acid solution and leading to the
formation of products. In this stage, a lower mass increase was observed in the groups
containing RGGP. Then, in the long term (i.e., after 90 days), mass loss was found in the
concrete, while RGGP contributed to the lower mass loss, indicating that less mortar paste
was being lost on continued exposure [111]. The lower mass loss due to the incorporation of
RGGP indicates the reduced damage to concrete. As reviewed by Mansour et al. [112], the
optimum replacement level of RGGP in concrete for acid attack resistance is 10-20%, which
is consistent with the mechanical properties as summarized above. This explains that RGGP
incorporation reduces the calcium oxide content of the binder and leads to low production of
calcium hydroxide compared to the control mix. The pozzolanic reaction of RGGP consumes
part of the calcium hydroxide and clings to the aggregate surface, forming secondary C-S-H,
which enhances the density of cement paste around the aggregate [113]. However, values for
loss in compressive strength are observed at higher RGGP replacement levels (i.e., >20%) in
concrete [64], This may be because of the increased proportion of blends, due to which
enough bond strength is not achieved, resulting in lower compressive strength [103, 114].

2.3.4.2 Sulfate attack

Sulfate attack is a significant durability concern for cement-based materials that threaten
many concrete structures. External sulfate attack in concrete primarily includes the formation
of ettringite (3Ca0-Al>O3-CaSO4-32H,0) and gypsum (CaSO4-2H>0). Ettringite is a primary
hydration product associated with expansion, cracking, and spalling [115]. Sulfate comprises
different types, namely, calcium, sodium, magnesium, and potassium. The performance of
pozzolans in terms of controlling expansion due to sulfate exposure was not only influenced
by the pozzolanic reactivity of materials but also by the chemical composition and
substitution level. As reported, the utilization of ground glass fibers as a pozzolan to partially
replace 30% of cement reduced the expansion of mortar bars under sulfate attack by 88.9%
[116]. It is concluded that RGGP depleted the amount of calcium hydroxide, which is
vulnerable to sulfate attack, by reacting pozzolanically [97]. A refined and tortuous pore
network due to the formation of additional C-S-H in the incorporation of RGGP was
observed, which increased the resistance to sulfate ion penetration.

Another study performed by Durgun and Sevinc [117] also found that the optimal
replacement level for RGGP in compressive strength after sulfate attack was 5% for 28 days,
while it increased to 10% in 360 days. The increased optimal dosage in the long term again
revealed that the pozzolanic reaction of RGGP normally occurred in the long term. In
addition, based on the results of the research conducted by Kasaniya et al., RGGP was found
to be very efficient in improving sulfate resistance, with both low-alkali and high-alkali
glasses resulting in blended cements with a very high level of sulfate resistance (less than
0.10% expansion at 18 months) [59]. According to the findings of Esselami et al., when 20%
of High Sulfate Resistance Cement (HS) is substituted with RGGP, it results in a delay in
deterioration, a contrast to the effects observed with plain HS cement. On the other hand, the
replacement of 10% of the cement with limestone leads to an accelerated rate of damage
[118].
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2.4 Challenges of using glass powder in
concrete

2.4.1. Size and amorphous silica supply (alkali-silica reaction)

RGGP can be used to substitute natural sand as a fine aggregate [119, 120]. Additionally,
widespread use of glass powder as a binder substitute has been studied, where the glass
powder has been crushed to a fine powder and used to induce pozzolanic reactions and form
a dense matrix that can enhance strength [18, 121]. However, the most common concerning
factors regarding using RGGP as a construction material are its potential to initiate expansion
and cracking due to alkali-silica reaction (ASR), a deleterious reaction that is triggered by the
combination of amorphous silica from aggregates and alkali from the concrete pore solution,
resulting in the formation of a hygroscopic and expansive gel that causes internal stresses and
cracking in concrete [122].

Due to the high content of amorphous silica (~70% by wt.), the RGGP used as aggregate
might react with the alkali in cement. Mortar bars made with RGGP with a particle size less
than 300 um were found to have less than 0.1% expansion, which is considered below the
threshold of harmful ASR expansion according to ASTM C1260. However, the pessimum
size for innocuous behavior was found to be heavily dependent on the glass type and color,
which governs their reactivity.

The clear soda lime glass showed the maximum reactivity, followed by the amber glass,
while the green glass caused the maximum expansion [123]. The ASR was triggered when
coarse glass aggregates were above the pessimum quantity of 20%, but the ASR was
mitigated by substituting part of the cement with 25% of fly ash [124]. The evolution of ASR
expansion with the RGGP replacement level and the particle size at different ages is shown
in Figure 2.10 [125]. The RGGP with a particle size between 38 pm and 300 um showed a
decreasing ASR expansion with enhanced replacement levels (Figure 2.10a to 2.10d). For the
RGGP with particle size between 300 um and 900 pum, the trend reversed, and the ASR
expansion increased with replacement level (Figure 2.10d and 2.10e). Another study found
that glass aggregates smaller than 600 um were found to participate in pozzolanic reaction in
the presence of portlandite and thus does not participate in ASR [126]. Moreover, the ASR
was found to occur only within the cracks of the glass aggregates, while the interparticle zone
between the cement paste and glass aggregates is dominated by the pozzolanic reaction to
form C-S-H.

The critical size of the glass aggregates was further elucidated by Corinaldesi et al. [127],
who found that glass aggregates with a size between 36 um and 50 um can be used to replace
70% or regular aggregates without incurring ASR-related damage. Hence, glass aggregates
with surface cracks, microcracks, and pores were found to be more prone to ASR. In support
of the above evidence, RGGP with a mean size of 10 um was found to reduce the ASR
expansion with replacement level, where the maximum dosage of 30% was found to perform
better than slag and SF and reduce expansion below the criterion of ASTM C1260 [128].
Similarly, Afshinnia and Rangaraju [129] uncovered the pozzolanic behavior of the RGGP
with a mean size of 17 pm and 70 um that was capable of replacing glass and argillite
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reactive aggregates and reducing the expansion by 95% and 85%, respectively, at a dosage of
30%. Other studies using RGGP for ASR mitigation found 87.5% [130] and 95.8% [131]
reductions in expansion via 30% substitution of RGGP with particle size below 100 pum.
Another study showed that glass aggregates with a nominal size of 2.5 mm can be used to
replace up to 40% of natural aggregates without triggering ASR [132]. Therefore, the major
factors governing the ASR potential of the glass aggregates include the chemical properties
such as silica and alkali content, replacement level, the particle size, concrete mix design and
the water to binder ratio.

Based on the research conducted by Kasaniya et al., the low-alkali RGGP was efficient in
controlling ASR, reducing expansion by almost 75% compared to the control. On the other
hand, high-alkali RGGP was not effective in controlling expansion at a 25% level of
replacement. The mortar containing 25% high-alkali glass expanded slightly more than the
control at 56 days. However, increasing the level of replacement of high-alkali RGGP to 40%
resulted in a significant reduction in expansion, but neither of these combinations reduced
expansion by more than 75% compared with the control. The proportion of a pozzolan
required to prevent deleterious ASR expansion was highly dependent on the reactivity of that
pozzolan, and the extent to which ASR was suppressed was reliant on the equivalent alkali
content of the RGGP. Therefore, while RGGP can help mitigate ASR, their effectiveness
varies depending on their alkali content and the proportion used in the concrete mix [59].
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Figure 2.10. Effect of replacement level on ASR expansion of mortar containing RGGP
with particle size in the ranges of (a) 38-53 pm, (b) 53-75 pm, (¢) 75-150 pm, (d) 150-300
pm, (e) 300-600pm and (f) 600-900 pm [125].

2.4.2. Alkali supply

Soda lime glass, often referred to as container glass, is the most common type of glass and
contributes to almost 90% of the entire manufactured glass [133]. The main components of
the soda-lime glass, one of the most widely used types of RGRGP, are silica and soda lime
that supply a relatively high content of alkalis in terms of sodium and potassium oxide.
Recycled glass usually has Na;Oeq of ~14% which can supply a significant amount of alkali
ions and aggravate the ASR. Dhir et al [134] found that the alkalis can leach out from glass
to trigger ASR in the high pH environment of concrete. Compared with high-alkali fly ashes
with an NayOeq between 5% and 10%, RGGP was not able to control ASR when used to
replace 25% cement [135].

Glass with an alkali content lower than 3% and originating from low-emission glass,
fiberglass, and vitrified calcium aluminosilicate is known as low-alkali glass [136]. This type
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of glass can reduce the risk of ASR in concrete. However, one of the major limitations of this
type of glass is the low availability when compared to soda-lime glass. Moreover, the
separation of low-alkali glass and soda-lime glass from the waste stream results in a higher
cost, thus rendering the use of low-alkali RGGP impractical. In the research conducted by
Mejdi et al., the authors believe that in the process where silica is released from the
dissolution of glass, it interacts with calcium hydroxide, resulting in the formation of C-(N)-
S-H. The composition of this compound varies based on the system. In the specific binder
system of CH-GP that was examined, the fine quality of RGGP provides an extensive surface
area for the silica to react. This allows sufficient time for the pozzolanic reaction to occur.
However, even after all the calcium hydroxide has been consumed, the glass continues its
reaction. Over an extended period, this ongoing reaction could potentially result in the
formation of alkali-silica gels surrounding the particles [137]. In a different study that
investigates the role of alkalis in supplementary cementing materials and their impact on
controlling pore solution chemistry and alkali-silica reaction, it was found that, with the
exception of high-alkali RGGP and class C fly ash, the employment of all other reactive
SCMs notably reduces the concentration of alkali ions in the pore solution after 91 days. This
is presumably due to the encapsulation of available alkalis in hydration products.
Consequently, this leads to a mitigation of Alkali-Silica Reaction (ASR) and a decrease in
the associated expansion [138].

2.4.3. Workability and setting time

Although a significant number of studies found enhanced workability after RGGP, Patel et
al. [75] observed a reduction in slump with RGRGP replacement ratios of 10% and 20%
which may be due to the fineness of the glass powders with mean particle sizes of 0.75 um
and 1.96 um, resulting in a larger specific surface area and greater moisture demand. In this
study, contrary to expectations, a larger RGGP particle size caused a greater reduction in
workability. Field trials showed that the slump before using high-range water reducing
admixtures (HRWRA) was reduced by 7.1% and 30% at a replacement level of 20% at water
to binder ratios of 0.48 and 0.38, respectively. The slump was reduced with the RGGP
replacement level [98]. In another study, concrete modified with 10% RGGP can reduce the
initial slump (according to ASTM C143) by ~4.7% while in comparison to similar
replacement levels of SF and FA, the slump was higher and lower by 21.5% and 5.9%
respectively. The FA showed slightly higher workability than the control concrete, while the
irregular-shaped RGGP particles were considered the primary reason for the reduced
workability [46].

Setting time may vary depending on the specific application of RGGP, in terms of the
particle size, dosage, grinding process, etc. Therefore, it might be a practical challenge to
control the setting time of concrete incorporating RGGP to a preferred target.

2.4.4. Bleeding

Bleeding in concrete is a phenomenon that occurs during the early stages of the concrete mix
curing process. It involves the upward movement of water within the freshly placed and
compacted concrete mix. This water, often along with some fine particles of cement, rises to
the surface of the concrete and forms a thin layer of water on top. Excessive bleeding can
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lead to an increase in the w/cm ratio at the surface of the concrete, which can potentially
reduce the strength and durability of the concrete. The excess water at the surface can also
result in poor finishing and may lead to surface defects, such as scaling, dusting, or an
uneven appearance. Moreover, bleeding increases the risk of segregation, where the heavier
aggregates settle at the bottom of the concrete mix while the lighter cement particles and
water rise to the top, which results in a non-homogeneous distribution of materials. Yin et
al. [139] have tested the bleeding water of cement-based grouts with RGGP following the
procedure of ASTM C 940 [140] and recording the volume of excess water every 30 min
until 2 h. It was observed that the amount of bleeding water of grouts gradually decreased
with time, and this phenomenon was closely related to the particle size and the dosage of
RGGP, superplasticizer (SP), and viscosity-modifying admixtures (VMA). When keeping the
SP and VMA constant, the amount of bleeding water slowly decreased as the replacement
percentage of cement by WGP increased from 15 to 40%. Bleeding capacity was 6.8%,
4.9%, and 4.2% for reference grout, grouts with 15% RGGP, and grouts with 40% RGGP,
respectively. This phenomenon was ascribed to settlement capacity due to gravity, internal
friction, and the Van Der Waals force between particles. The results obtained by Yin et

al. [139] were registered after 2 h and benefited from the use of VMA, which increases the
stability of grouts and contributes to water retention, preventing bleeding. Mohammadi et. al
[141] also found that an increase of RGGP replacement percentage from 0% to 75% by the
weight of the total filler decreased the sand adhesion and bleeding potential of the micro
surfacing mixture. However, severe bleeding and segregation were observed in another study
[142] when the natural sand was replaced by recycled glass sand in concrete, which is due to
the smooth surface and non-absorbent nature of glass.

A decrease in strength because of the non-absorbent nature of the glass resulted in localized
bleeding of water around the glass cullet was also observed in [143]. In addition, Ahmad et.
al concluded that at a higher substitution level of 30% RGGP, bleeding is notable [29]. Glass
powder can affect the surface tension of the concrete mix, influencing the ability of water to
rise to the surface. This altered surface tension may lead to changes in bleeding
characteristics, making it challenging to predict and manage the bleeding behavior.

2.4.5. Shrinkage

Some studies have found that RGGP increases the shrinkage in concrete, which might cause
issues with cracking. In one study, the effective shrinkage measured according to IS 2185
was found to decrease by up to 35.78% at a replacement level of 40%, but it was found to be
within the acceptable limit of 0.06% as prescribed by the BIS [28]. One of the reasons is
considered to be the increased effective water to cement ratio that can increase the available
water for hydration and hence enhance drying shrinkage. Similar findings were also reported
by Patel et al. [30], where the drying shrinkage increased twice at an RGGP replacement of
20% but still stayed within the prescribed limit. Another reason may be due to the enhanced
accumulation of the fine RGGP particles on the cement-RGGP interface via the adherence of
the RGGP with cement, thereby reducing the water demand and increasing shrinkage. Field
applications also showed similar results of enhanced drying shrinkage due to the zero
moisture absorption of RGGP powder that enhances the effective water to cement ratio [100].
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2.4.6. Mechanical properties

The early strength of concrete containing RGGP is low due to the low pozzolanic reaction of
RGGP and the dilution effect. The optimum replacement level of RGGP is low due to the
low pozzolanic reactivity of RGGP and limited calcium resources from cement only. The
dilution effect and low reactivity of the RGGP limit its application in concrete, which may
induce decreased tensile strength. Depending on the RGGP content and reactivity, there may
be a reduction in the early-age strength of the concrete. RGGP often acts as an SCM, and if
not properly optimized in the mix design, it can affect the development of early strength,
including flexural strength. Proper curing is essential for the development of concrete
strength, including flexural strength. The use of RGGP may require adjustments to curing
practices to optimize the performance of the concrete over time.

2.4.7. Low resistance against acid attack

RGGP contains amorphous silica, and some glasses may react with acids, leading to the
formation of soluble silicate compounds. This reaction can weaken the concrete matrix and
compromise its structural integrity. Acid attack can result in the deterioration of the cement
matrix, causing the loss of strength and mass of the concrete. The durability of concrete with
RGGP is influenced by the reactivity of the glass and its susceptibility to acid-induced
degradation. The chemical resistance of the glass used in the powder can vary based on its
composition. Some glasses may be more resistant to acid attack than others. Understanding
the specific properties of the RGGP being used is crucial for predicting its performance in
acid exposure conditions. Achieving an optimal mix design is essential to minimize the
impact of acid attack. This involves carefully balancing the proportions of cement, RGGP,
and other additives to enhance the overall resistance of the concrete to acid aggression.

2.4.8. Risk of sulfate attack

Glass is susceptible to sulfate attack, especially if it contains alkalis or alkali-earth elements.
Sulfate ions can react with these elements in the glass, leading to the formation of sulfate
salts that may contribute to the deterioration of the concrete. The sulfate resistance of RGGP
may vary depending on its composition and source. Some types of glass may be more prone
to sulfate attack, which can affect the long-term durability of the concrete. Achieving an
appropriate mix design that accounts for the potential reactivity of RGGP with sulfates is
crucial. This involves balancing the proportions of cement, RGGP, and other supplementary
cementitious materials to mitigate the risk of sulfate attack. Conducting thorough testing of
the RGGP and the concrete mix, including assessments of sulfate resistance, can help in
identifying potential issues and implementing necessary adjustments to the mix design.
Quality control measures during production and construction are essential to ensure the long-
term performance of the concrete.

From the extensive study of the effect of RGGP on concrete, it is evident that although
RGGP has been found to improve concrete properties at dosages below 50%, careful
consideration must be given to the property of the RGGP used and the quality of cement,
aggregate, SCMs and admixtures that it is mixed with. Very few studies are available on the
high-volume replacement of cement with RGGP and the effect on the concrete properties.
Furthermore, the synergy between ground glass and cementitious materials like fly ash and
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slag has been explored to decipher optimal blends that maximize strength while reducing
cement content, thereby curbing carbon emissions. Insights gleaned from these studies
underscore the complex interplay between particle characteristics, replacement ratios, and the
resulting mechanical properties, offering a comprehensive understanding crucial for informed
concrete design and sustainable construction practices. Through a systematic review of
studies investigating the influence of waste glass composition, particle size distribution,
replacement levels, and their consequent effects on strength, durability, and other mechanical
properties, a cohesive understanding essential for leveraging ground glass as a viable and
eco-friendly constituent in concrete production can be achieved.
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3.1 Materials

3.0 Research Methodology

3.1.1. Cementitious materials

In this project, Type I/II ordinary Portland cement produced by Quikrete, complying with
ASTM C150 [144], was used to investigate the influence of RGGP and other alternative
materials, such as metakaolin (MK), on the hydration behavior of cement and mechanical
development of mortars. Type I/II ordinary Portland cement produced by Coastal

Cement, complying with ASTM C150 [144], was used to investigate the influence of RGGP
and other alternative materials on the mechanical development and durability of concrete at
UMass Lowell. Type IL cement produced by Holcim, which contributes to the sustainability
of the concrete mix design, was used in the fresh property and strength tests at UMass
Amherst. The chemical compositions of the are detailed in Table 3.1.

Table 3.1: Chemical and mineral compositions of the cements used in this project.

Type I/Il cement 1 | Type I/Il cement2 | Type IL cement
CaO 62.7 63.1 63.6
S102 20.1 20.1 19.3
" Al>O3 4.8 3.6 53
3 SO3 3.5 2.6 3.0
& Fe,0s 3.2 2.9 3.3
MgO 3.4 1.4 2.2
LS 1.2 0.9 9.4
Total alkalis Na;Ocq 0.6 0.6 0.5
® GsS 54 68.6 49.8
£ CsS 17 5.9 16.4
.8 GA 7 4.6 8.5
= C4AF 10 8.8 9.7

Two types of recycled ground glass pozzolans provided by Urban Mining and R.E.D. Industrial
Products (RGGP1 and RGGP2) were investigated in this project. The particle size distribution
of the Type I/Il cement 1 and RGGPs determined by laser diffraction is shown in Figure 3.1a.
RGGP1 has a median particle size of 13.48 pum (coarser than cement) while RGGP2 shows a
median particle size of 6.15 pm, which is coarser and finer than the cement, respectively. The
chemical compositions of RGGP materials are detailed in Table 3.2.
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Figure 3.1: (a) Particle size distribution and (b) XRD patterns of Type I/II cement and

RGGPs used in this project.

As shown in Table 3.2, the two RGGPs were found to have comparable composition, while
RGGP1 possesses slightly higher contents of CaO, Si0O, and Al>O3 and lower Fe;O3 content
than RGGP2. Compared with cement, both RGGPs showed significantly higher contents of
S102 (= 70%) and equivalent alkalis (Na2Oeq = ~13%). The XRD data shown in Fig. 3.1b
indicated that both RGGP1 and RGGP2 showed a high amorphous content of over 95%, and
low contents of crystal phases, such as calcite (0.7% and 0.9%), quartz (1.5% and 0.9%), and
wollastonite (2.6% and 2.9%), were also detected from the RGGPs. The compositions of
these two RGGPs conform to the specification for ground glass pozzolan detailed in ASTM
C1866 [145], indicating their high potential to trigger pozzolanic reactions in the matrix of

cement.

Table 3.2: Chemical and mineral compositions of the RGGP used in this project.

ASTM C1866 limits RGGP1 RGGP2

CaO 2.0-15.0 10.88 10.0

SiO 68.0-80.0 72.29 70.0

2 AL Os 0.3-5.0 1.89 1.0
2 SO; - 0.12 -

O FexOs 0.1-1.0 0.33 0.5

LS 0-0.5 0.42 0.2

Total alkalis Na;Oeq 7.0-15.0 13.03 13.0

» Amorphous - 95.2 95.3

£ Calcite - 0.7 0.9

R Quartz - 1.5 0.9

z Wollastonite - 2.6 2.9
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In addition to RGGP, other alternative materials, including slag, MK, and diatomaceous earth
(DE), were also investigated in this project. The slag provided by Boston Concrete and
produced by Dragon Products Company showed a specific surface of 493 m%/kg, an air
content of 0.2%, sulfide/sulfur content of 1.0%, and a specific gravity of 2.8 g/ml. The
PowerPozz MK was sourced from South Carolina with a specific density of 2.6 g/cm>. The
chemical compositions of cement and MK analyzed by X-ray fluorescence (XRF) are
summarized in Table 3.3. The content of silicate and aluminate phases (SiO2 + Al2O3) in MK
is higher than 94 wt.%. The particle size distributions (PSD) of Type I/II cement and MK
measured by laser diffraction are shown in Figure 3.2. Compared to PC, MK had a smaller
particle size of 3.79 pm for MK and a higher specific surface area, which is almost 1.8 times
that of cement. The DE was obtained from Dicalite Management Group. It has a moisture
content of less than 10%, a median particle diameter of 15-19 um, a water absorption of 180-
2201lbs/1001bs, and an ignition loss of 4.0-7.0%, respectively. The chemical compositions of
the alternative materials used in this project are summarized in Table 3.3.

Table 3.3. Chemical compositions of the alternative materials (wt.%).

MK DE
CaO 0.071 1.88
Si0» 51.8 81.28
ADLO3 42.2 4.39
SO3 0.11 -
FexO3 4.15 1.52
MgO - 0.47
K>O 0.218 0.73
Ti0, 1.1 0.20
71O, 0.088 -
SrO 0.04 0.01
Cl 0.046 -
5 ‘ S 100
a —PC b
— MK
= N1 [N 1 N R AEA T A - 80 o f e o b
VAR ISR ARH AL AR VL ——_—_l) I3 goddebbh L L L L L
5 =
T B R mha 4 § 4ottt AL L L L L
© 3
I N : 20 e A A LY
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Figure 3.2: Particle size distributions of PC and MK by means of laser diffraction: (a)
relative frequency of particles; (b) volume of the particles smaller than a certain
diameter.

3.1.2. Aggregates

All-purpose sand and 3/8-inch gravel were used for mortar and concrete specimens at UMass
Lowell. The specific gravity of the fine and coarse aggregates is 2.7, and 2.6, respectively. The
3/4” and 3/8” coarse aggregates used at Boston Concrete were obtained from Dracut, MA, and
Hudson, NH, respectively. The aggregates used in the concrete at UMass Amherst were
obtained from two of the major sources of aggregate in western Massachusetts. J S Lane
Amherst quarry as the source of coarse aggregate and Delta Sand and Gravel located at
Sunderland as the source of fine aggregate. For ASR-related tests, highly reactive sand from
El Paso, Texas, United States, with a relative density of 2.39 and a fineness modulus of 2.96,
was used.

3.1.2.1 Particle size distribution and gradation

To determine the particle size distribution of fine and coarse aggregates, sieve analysis was
performed per ASTM C136/C136. The process involves passing the aggregate sample
through a series of standard sieves (1 in., 3/4 in., 3/8 in., #4, #8, #16, #30, #50, and #100).
The material retained on each sieve is then weighed and compared with the acceptable range
proposed by a method of aggregate gradation.
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#4 #8 Pan

Figure 3.3: Sieve analysis of coarse aggregate (J S Lane)

#16 830

450 #100 #200 ' Pan

Figure 3.4: Sieve analysis of fine aggregate (Delta Sand and Gravel)

The Tarantula Curve Method is an established method for evaluating the proper gradation of
aggregate in concrete. This method compares the percentage of retained aggregate on each
sieve against the sieve size and establishes upper and lower bounds for acceptably gradated
aggregate. The coarse aggregates retained on sieves No. 8 to No. 30 should exceed 15% to
ensure cohesiveness of the concrete and its ability to resist segregation and edge slump. For
fine aggregates, the amount retained on Sieves No. 30 to No. 200 should be between 25%
and 40% for flowable concrete. This ensures the finishability of the concrete. Based on the
results presented in Table 3.4, the aggregates selected for this project are expected to yield
concrete with desirable workability, finishability, and cohesion. Figure 3.5 shows the

Tarantula Curves for the aggregates used by UMASS Ambherst for lab tests and by
Construction Service Company for field test concrete.

Table 3.4: Particle size distribution per tarantula curve recommended limits

Sieve Opening | Passing % by mass | Retained % by mass | Retained range % by mass
1 % in. 100.0 0.0 0
1 in. 100.0 0.0 0-16
3/4 in. 97.4 2.5 0-20
1/2 in. 77.3 20.1 4-20
3/8 in. 64.9 12.4 4-20
No. 4 45.2 19.6 4-20
No. 8 37.4 7.8 0-12
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No. 16 32.8 4.6 0-12
No. 30 17.6 15.1 4-20
No. 50 5.4 12.1 4-20
No. 100 1.9 3.4 0-10
No. 200 0.8 1.1 0-1
Pan 0.1 0.7 -
50
45 LA RN ERNERENENENNENHY.] Urvmss
40 ........................E E = Construction Services
E 25 E ....................... E :
& . -
20 .-l.itot.i. - otoooac,,.'
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Figure 3.5: Particle size distribution per tarantula curve recommended limits

3.1.2.2 Absorption capacity, specific gravity, unit weight, fineness modulus

To determine the physical properties of both fine and coarse aggregates, a series of tests was
conducted in accordance with ASTM standards. The reference standards for each test, along
with the corresponding results, are presented in Table 3.5. The absorption capacity of
aggregates, particularly in their saturated surface-dry (SSD) condition, is crucial because it
determines the amount of water the aggregate can absorb. This directly affects the water-
cement ratio and, consequently, the workability of the concrete mix. Specific gravity is
essential for calculating the volume occupied by the aggregate, ensuring proper proportioning
and achieving the desired strength and durability of the concrete. Additionally, unit weight
(bulk density) measures the mass of aggregate per unit volume, including voids, and is vital
for determining the concrete's density and weight, which influences mix design calculations.
The void content of aggregates, which measures the empty spaces between particles, is
important for achieving the desired concrete density and strength. Lastly, the fineness
modulus represents the average particle size of the aggregate, impacting the grading,
workability, strength, and durability of the concrete.
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Table 3.5: Physical properties of aggregates.

Type Reference Standard Description Quantity
ASTM Cl12 Absorption Capacity (%) 1.2
ASTM C29 Unit Weight (pcf) 108.7
ASTM C29 Void Content (%) 33.9
ASTM C128 Specific Gravity 2.64
ASTM C136 Percent by Mass Passing (%) — 1 in. 100
ASTM C136 Percent by Mass Passing (%) — 3/4 100
in.
ASTM C136 Percent by Mass Passing (%) — 3/8 100
Fine n.
Aggregate ASTM C136 Percent by Mass Passing (%) —#4 99.2
ASTM C136 Percent by Mass Passing (%) — #8 90.96
ASTM C136 Percent by Mass Passing (%) —#16 80.29
ASTM C136 Percent by Mass Passing (%) — #30 42.59
ASTM C136 Percent by Mass Passing (%) — #50 12.31
ASTM C136 Percent by Mass Passing (%) —#100 3.7
ASTM C136 Percent by Mass Passing (%) — #200 1.07
ASTM C136 Percent by Mass Passing (%) — Pan 0.13
ASTM C136 Fineness Modulus 2.7
ASTM C127 Absorption Capacity (%) 88
ASTM C29 Unit Weight (pcf) 111
ASTM C29 Void Content (%) 39
ASTM C127 Specific Gravity 2.92
ASTM C136 Percent by Mass Passing (%) — 1 in. 100
ASTM C136 Percent by Mass Passing (%) — 3/4 95 81
in.
ASTM C136 Percent by Mass Passing (%) — 3/8 415
Coarse n. )
Aggregate ASTM C136 Percent by Mass Passing (%) —#4 9.36
ASTM C136 Percent by Mass Passing (%) — #8 1.76
ASTM C136 Percent by Mass Passing (%) —#16 1.18
ASTM C136 Percent by Mass Passing (%) —#30 1.02
ASTM C136 Percent by Mass Passing (%) — #50 0.92
ASTM C136 Percent by Mass Passing (%) —#100 0.85
ASTM C136 Percent by Mass Passing (%) — #200 0.66
ASTM C136 Percent by Mass Passing (%) — Pan 0
ASTM C136 Fineness Modulus 6.47

3.1.2.3 Chemical properties

Following a series of tests conducted by CTL Group to evaluate the chemical properties of

aggregates for Construction Services Company, the key parameters have been summarized in

Tables 3.6 and 3.7.
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Table 3.6: Chemical properties of deleterious materials in coarse aggregate sample
(finer than #8 Sieve).

Reference Standard Description Delet(e): rious Materials
(% by mass)
ASTM C117 Materials Finer than #200 Sieve 1.0
ASTM C142 Clay Lumps and Friable Particles 0.1
Lightweight particles in aggregate,
ASTM C123 an€1 o (SgSpI.) Gr) gefee None Found
ASTM C123 and Chert and Cherty Stone (less than None Found
C295 2.4 Sp. Gr.)
ASTM C295 Shale None Found
ASTM C295 Clay Ironstone None Found
ASTM C295 Claystone, Mudstone, and None Found
Siltstone
ASTM C295 Shaly and Argillaceous Limestone None Found
COE CRD-C13 Other Soft Particles 0.3

Table 3.7: Weighed percentage of constituents in fine aggregate

Mineral Type Weighed (%)
Quartz grains 24
with little to no strain (20)
strained (4)
Meta-igneous rocks (excluding schist and quartzite) 23
with little to no strained quartz (13)
with strained quartz (10)
Schist 19
Quartzite 15
Feldspar 6
Clay-rich particles 4
Sandstone 3
with little to no strained quartz (1)
with strained quartz (2)
Mica 2
Other constituents 3
Passing #200 sieve 2
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Figure 3.6: Microstructure of fine aggregate (Delta Sand): (a),(b) schist particles from
#30 sieve, (¢),(d) quartz particles from #30 sieve, (¢) meta-granite particle from #16
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sieve, (f) sandstone particles from #30 sieve, (g) clay-cemented siltstone particle from
#16 sieve, (h) meta-igneous particle from #16 sieve

Figure 3.6 illustrates the microstructure of fine aggregates from Delta Sand Corporation.
Parts 3.6a and 3.6b depict subrounded and subangular schist particles from the #30 sieve.
Parts 3.6¢ and 3.6d show subangular and subrounded quartz particles from the #30 sieve. Part
3.6¢e presents an angular meta-granite particle from the #16 sieve. Part 3.6f displays a
subangular sandstone particle from the #30 sieve with strained quartz grains. Part 3.6g
features a subrounded clay-cemented siltstone particle from the #16 sieve, and part 3.6h
shows a subangular meta-igneous particle from the #16 sieve.

Figure 3.7 displays thin-section photomicrographs of the minus #200 materials from J S
Lane's coarse aggregate. The material is predominantly composed of angular to subangular
mineral fragments, including feldspar, green to brown silicate minerals such as pyroxene and
chlorite, and opaque minerals.

Figure 3.7: Microstructure of minus #200 particles of coarse aggregate (J S Lane)

3.1.3. Chemical admixtures

To improve the workability of RGGP-cement composites, a high-performance water-
reducing admixture (Optimum 380) was used. Calcium hydroxide (CH), calcium carbonate
(CC), potassium sulfate (K2SO4) and potassium hydroxide (KOH) with purity of 98%, 99%,
99% and 86%, respectively, were used in the rapid, relevant, and reliable (R?) test per ASTM
C 1897 [146] to provide a paste where the dissolved ions from the chemicals can simulate the
pore solution in Portland cement systems. According to the MassDOT “Standard
Specification for Highways and Bridges (27)” for high-performance concrete and adhering to
the specified water-to-cementitious material ratio and the manufacturer’s instructions for
admixtures, five types of admixtures were incorporated into the concrete mix to enhance the
performance of concrete. These admixtures are detailed in Table 3.8.
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Table 3.8: Admixtures used in concrete mixes

Specific

Item Source Commercial Name Description :
Gravity

Master
1 Builders MasterAir AE 200 Air Entraining 1.01
Solution

Master
2 Builders MasterSure Z 60 Workability Retaining 1.04

Solution

Master
3 Builders MasterGlenium 7500 | High Range Water Reducing 1.05
Solution

Master
4 Builders MasterSet R 100

Solution

Water Reducing and

Retarding 1.22

Master
5 Builders MasterLife CI 30 Corrosion Inhibiting 1.30
Solution

Master
6 Builders MasterROC MS 675 Viscosity Modifying 1.16
Solution

In addition, two ES Nano Silica admixtures, internal cure and liquid fly ash, were used in this
project as alternative materials. Detailed information on the concrete formulations
incorporating these admixtures is provided below.

3.2 Cement and mortar specimen
preparation

The paste samples for the R? test were prepared according to ASTM C1897 [146] by first
mixing the dry RGGPs with CH and CC powders in a ratio of 1:3 and 2:1, respectively. The
solid mixture was then mixed with a solution prepared by dissolving 4 g of KOH and 20 g of
K>SO41n 1 liter of DI water under 23°C at a solution-to-solid ratio of 1.2. The mixing was
performed in a high-shear blender at a speed of 1600 rpm for 3 minutes or until a
homogeneous mixture was obtained. The samples were cast in sealed plastic cylindrical
containers and cured at both 23°C and 40°C for 7, 28, and 90 days. At each age, samples
collected from the core of the cylinders were ground into fine powders, followed by vacuum
drying performed at 23°C for 30 minutes before the XRD and TGA characterizations.

The cement paste samples for hydration characterization tests were prepared by replacing
5%, 10%, 30% and 50% of the cement with each RGGP at a water-to-binder (w/b) ratio of
0.485. As per the recommendations in ASTM C109 [147], the superplasticizer amount was
adjusted for each RGGP dosage so that the flow was 110 £ 5% after 25 drops of the flow
table. After obtaining homogenous mixtures via the same mixing process presented above,
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the paste samples were cured in a sealed condition at 23°C for 7, 28, and 90 days until the
TGA, XRD, and FTIR tests.

Cubic mortar specimens of size 50x50x50 mm were cast by using a binder-to-sand ratio of
1:2.75 and a water-to-binder ratio of 0.485, according to the ASTM C109/C109M-20 [147].
As per the recommendations in ASTM C109/C109M-20 [147], the superplasticizer amount
was adjusted for each RGGP dosage so that the flow was 110 + 5% after 25 drops of the flow
table. The water absorption of the aggregates was considered to adjust the mixing water
volume. The mortar specimens were demolded after 24 hours, and half of the specimens were
cured in saturated lime solution, and the other half was cured in a steam chamber at 75°C for
48 hours and subsequently transferred to the saturated lime solution. Care was taken to raise
the temperature of the samples gradually at both the start and end of the steam curing process
to minimize the cracking from sudden temperature changes.

Prismatic mortar bars (25 mm x 25 mm x 250 mm) were prepared with the aggregate grading
defined in ASTM C1260 [148], where the water-to-cement and cement-to-sand ratios were
fixed at 0.47 and 2.03, respectively. Sodium hydroxide was added to the mixing water to
reach an equivalent alkali content of 1.5% in the mortar to accelerate ASR. The mortars were
cast by mixing cement, water containing sodium hydroxide, and sand using a mechanical
mortar mixer at 60 rpm for 2 minutes, followed by 1 minute of rest, and then another 3
minutes of mixing at 120 rpm. The well-mixed mortars were cast in 25 mmx25 mmx286 mm
stainless steel molds with pre-embedded studs to reach a 250 mm effective testing length.
Two repetitions for each group, with a total of 14 samples, were prepared. The mortar bar
samples were demolded after 24 hours, followed by a 24-hour pre-conditioning at 50°C, 95%
RH, and 0% CO; for moisture equilibrium.

To understand the ASR mitigation mechanisms at the ASR gel level, an ASR gel with Ca/Si,
K/Si, and Na/Si ratios of 0.3, 0.2, and 0.8, respectively, was synthesized and carbonated. The
composition was determined based on the ranges of Ca/Si (0.05-0.5), K/Si (0.0-0.3), and
Na/Si (0.1-1.0) ratios as reported in [149] based on 100 ASR gels collected from field
concretes. To avoid the generation of extreme heat and agglomeration during mixing, the
solid raw materials, including CH, NaOH, and KOH, were cooled at -20 °C for 3 hours, and
the colloidal nano-silica solution was cooled at 1 °C. Sodium hydroxide and potassium
hydroxide were first dissolved in deionized water, followed by the addition of CH and
colloidal silica solution during mixing. The overall water-to-solid ratio was kept at 1.0. After
being homogeneously mixed, the ASR gel was cast in a 25 mm x 25 mm x 25 mm cube and
cured at 23 + 2 °C in a sealed condition for 420 days to ensure the completion of reactions.

3.3 Pozzolanic activity and hydration tests

3.3.1 Isothermal calorimetry

Isothermal calorimetry was conducted using an [-Cal 2000 HPC High Precision Isothermal
Calorimeter at a constant temperature of 23°C to monitor the heat flow and cumulative heat
release during the first 50 hours of cement hydration and uncover the influences of different

42



dosages of RGGP on the hydration kinetics. Prior to mixing, the cement, RGGP, and DI
water at the desired amounts were conditioned inside the calorimetry chamber for 24 hours to
reach the target testing temperature. Approximately 50 grams of paste samples were
homogenously mixed at the testing temperature (23°C) within 1 minute, followed by
immediate sealing of samples into plastic containers and starting of hydration heat
measurements.

3.3.2 XRD and Rietveld refinement

The evolution of mineral phases formed in RGGP-modified cement paste samples after 7, 28,
and 90 days was studied using a benchtop XRD device manufactured by Proto
Manufacturing Inc. The powdered specimens were scanned from 10-70° 20 with a step size
of 0.02° 20 and a step time of 2 seconds using a CuKa X-ray tube (30 keV, 20 mA) with a
1.0 mm divergence slit and Ni filter. Highscore Plus software was employed for background
removal, peak identification, crystallinity calculation, and phase quantification via Rietveld
refinement. Reference powder diffraction files (ICDD database), encompassing the phases
like calcium silicate hydrate (PDF-01-081-9793), clintobermorite (PDF-04-012-1762),
kenotobermorite (PDF-04-017-1028), calcium hydroxide (PDF-01-089-2779), and calcite
(PDF-04-002-9082) were used for the quantification of the R* specimens. The RGGP-
modified cement paste samples were quantified using reference files of calcium hydroxide
(PDF-00-002-0969), hydrotalcite (PDF-00-014-0191), tobermorite (01-073-8502), jennite
(PDF-04-016-1684), hillebrandite (04-012-1668), okenite (PDF-04-011-6871), calcite (PDF-
00-01-0837), hydrogarnet (PDF-01-076-0557), gehlenite (PDF-00-009-0216), ettringite
(PDF-00-041-1451), gypsum (PDF-00-006-0046), alite (PDF-01-070-8632) and belite (PDF-
01-077-0388). A 100% crystalline LaBs crystal was used as an external standard for Rietveld
refinement in quantifying the amorphous content.

3.3.3TGA

TGA tests were performed after 7, 28, and 90 days of reaction using a Perkin Elmer TGA
4000 thermogravimetric analyzer. To ensure accurate quantifications, powdered R* and
cement paste samples weighing approximately 20 mg were heated from 30°C to 900°C at a
heating rate of 5°C/min and 10°C/min, respectively, under an inert atmosphere controlled by
N> gas at a flow rate of 20 mL/min. The weight losses in specific temperature ranges were
used to quantify the contents of chemically bound water and CH. The ignition and burnout
temperatures corresponding to the degradation of CH were considered in a range of 400-
510°C based on the modified tangent method [150]. However, it should be noted that the
degradation temperatures can vary slightly rather than a fixed temperature range, and the
exact temperatures were determined by the tangent to the minimum of derivative
thermogravimetric (DTG) curves. The contents of CH were determined using the following
equation [151]:

— | Wapo ~Weio Mey — | Wapo ~Wesg
cH, = | - ] X 3 X 100% = [—ws-_n | x 4.1 x 1000¢ (1)

Where W, is the mass at temperature #n°C, and Mcy and Mp20 are the molar mass of CH and
H:O, respectively.
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The chemically bound water content (#5) of the R blends and cement pastes was calculated
based on the weight loss between around 115°C and around 510°C on TGA curves by using
Eq. (2). Again, the temperature boundaries here are not fixed, which may slightly vary for
each sample based on the tangent method. It should be noted that the primary component of
the R3 blends, CH, contains chemically bound water even before the pozzolanic reactions.
Therefore, the CH consumption was taken into account for the determination of chemically
bound water content to elucidate the newly formed bond water due to the pozzolanic
reactions only.

W = [(Wis — Wayp)/Wayp — (Wago — Wayp)/Wsyp] X 100%
= (Wys — Wipp)/W5yp X 100% (2)

The degree of hydration (DOH) of cement and the degree of reaction (DOR) of the RGGPs
were calculated from Eqgs. 3 and 4, where CH and W,. are the calcium hydroxide and the
non-evaporable water from in the RGGP-modified cement pastes at different ages, f- and fcpr
are the parts of cement and RGGP in the binder, and CHpc (0.32 [152]) and Wpc (0.25 [153,
154]) are the calcium hydroxide and non-evaporable water produced by the hydration of 1
unit of fully reacted cement. Since RGGP has a pozzolanic reactivity and can consume CH to
form additional products like C-S-H, ettringite, and hydrogarnet, the CH content of RGGP-
modified cement is determined by subtracting the CH consumed by RGGP from the CH
produced via cement hydration. Similarly, the non-evaporable or chemically bound water
content in the RGGP-modified cement constitutes the non-evaporable water from the cement
hydration and the one formed from the pozzolanic reaction of RGGP. The CH consumption
(CHgp) and the non-evaporable water (Wgp) produced by 1 unit mass fully reacted RGGP
were determined from the analysis of the TGA results of the R? blends after 56 days of
reaction.

CH = CHp * f, * DOH — CH,p * f.p * DOR 3)

Wee = Wpc * f. * DOH + Wp * fop * DOR 4

T

3.3.4 FTIR spectroscopy

The chemical bonds and molecular structure of the hydration products in RGGP-modified
cement pastes after 7, 28, and 90 days were characterized based on FTIR spectra between
500-4000 cm™! collected using a Thermo Fisher Scientific Nicolet IS10 FTIR spectrometer.
The spectra with a resolution of 4 cm™ were collected in the ATR mode by capturing 128
scans with a scanning time of 270 seconds. Background removal was done using the OMNIC
software by Fischer Scientific.

3.3.5 Thermodynamic modeling

Thermodynamic modeling of the hydration of cement containing high-volume RGGP was
performed by using Gibbs Free Energy Minimization Software (GEMS3) Selektor [155, 156]
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employing the PSI/Nagra [157] and Cemdatal8 databases [158] for cementitious phases to
calculate the equilibrium phase assemblages and speciation precipitation in the systems. The
Gibbs free energy of the input system was minimized by using an aqueous electrolyte model
utilizing the Debye-Huckel equation, utilizing a common ion size parameter of 3.67 A and a
common third parameter (b,) of 0.123 for KOH solution at 25°C, and the activity coefficient
according to Helgeson’s extended equation (Eq. 4), where z; is the charge of the species i, [ is
the effective molal ionic strength, b, is the common third parameter, and 4, and B, are
constants dependent on temperature and pressure [158]. For simplicity, the main oxide
components of cement, including CaO, SiO,, Al,O3, Fe203, MgO, NayOcq, and SO3, and the
main oxides of RGGP, i.e., CaO, SiO,, Al>O3, Fe>03, SO;, and Na,Oq were selected as
inputs. A water content of 50% and RGGP dosages varied from 0 to 50% were considered.
To obtain a comprehensive understanding of the role of RGGP in cement hydration, two
simulations, one predicting phase assemblages over time, based on the calculated DOH of
cement and DOR of RGGP, and one predicting phase assemblages as a function of RGGP
reaction degree at an assumed cement DOH of 80%, were conducted.

— —Al-zf VT
log ; 148, apT +b,I )

3.4 Physical property tests

3.4.1 Flowability test

The flowability of the RGGP modified mixtures was determined using a flow table by
following the guidelines of ASTM C1437 [159]. A flow mold with a bottom diameter of 100
mm, a top diameter of 70 mm, and a height of 50 mm was positioned at the center of the
table. Figure 3.8 shows a typical flow table used during the flowability test. Initially, a layer
of freshly mixed mortar, approximately 25 mm thick, was placed into the mold and tamped
20 times using a standard tamper to ensure uniform filling. The mold was then filled to the
top with a second layer of mortar and tamped again in the same manner. Afterwards, the
excess mortar was struck off to make the surface flat with the top of the mold using a
straightedge with a sawing motion. After waiting for 1 minute from the completion of filling,
the mold was carefully lifted vertically. Immediately after that, the flow table was dropped 25
times within 15 seconds. The resulting spread of the mortar was measured along four lines
scribed on the table surface using a slide caliper, and the average of these four measurements
was recorded as the flow diameter for the mixture. The flow value was then calculated as a
percentage increase over the original mold base diameter using the following equation:

(Avg.of four readings in mm—Inside base dia.of mold)
100

Flow (%) = * 100% (6)

Where the inside base diameter of the mold is 100 mm. As per the recommendations from
ASTM C109/C109M [160], the superplasticizer amount was adjusted for each RGGP dosage
so that the flow was 110 + 5% after 25 drops of the flow table.
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Figure 3.8: Flowability test of RGGP-modified mortar

3.4.2 Early-age autogenous shrinkage

The early-age (initial) autogenous shrinkage during the first 3 days was measured by a
Schleibinger shrinkage cone [161]. As shown in Figure 3.9, Schleibinger shrinkage cone is a
precision laser-based apparatus capable of touchless measuring the height change of cement
samples. This system enables the immediate measurement of the initial autogenous shrinkage
right after the fresh cement paste is poured into the inverted circular cone-shaped container,
the unique geometry of which ensures that the recorded distance change between the laser
sensor and the sample surface corresponds to the isotropic volume change of the specimens.
In total, nine different mixtures were tested, which included one control group (Portland
cement) and eight mixtures that incorporated supplementary cementitious materials in
combination with Portland cement. Immediately after mixing, 300 g of fresh cement paste
was carefully poured into the inverted cone-shaped container. A thin, cone-shaped plastic bag
fitting the cone container was used to minimize the friction between the cement pastes and
the cone surface and ensure that smooth downward movements of the samples can occur
when they shrink. To minimize water evaporation, paraffin oil was used to form a thin
sealing layer on the top of the cement pastes after installing the laser reflector in the center of
the top surface. The laser sensor continuously recorded the vertical displacement, and the
measurement data with a resolution of <2 pm were automatically stored through a data
logger.
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Figure 3.9: Laser-based shrinkage cone for early-age shrinkage measurement.

3.4.3 Chemical shrinkage

The chemical shrinkage of cement pastes was measured through the dilatometry method
according to [162] at a temperature of 23 + 2°C with two repetitions. For each group, about
10g of the mixed fresh cement paste was put in a 50-ml rigid plastic vial, yielding a sample
thickness of approximately 10mm. Rubber stoppers equipped with graduated capillary
pipettes with graduations of 0.01mL in their center were used to seal the vials without air
bubbles and the reading of volume change. DI water was used to fill the vial and capillary
pipets to a certain level and paraffin oil was used on top of the water in the graduated
capillary pipets to minimize water evaporation. Reading of water level was carried out every
30 minutes during the first 4 hours, then every 1 hour up to 8 hours, followed by once a day
until 28 days.

3.4.4 Drying shrinkage

According to [163], mortar bars measuring 25mm x 25mm X 250mm were cast for the drying
shrinkage test. After a 24 h + 30 min period of moisture curing in molds covered with plastic
sheets, length comparator readings were promptly recorded upon demolding and served as
the initial measurement. The mortar bars were then placed in a curing box with an RH of 50
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+ 3% at 23 + 2°C, maintained by a saturated magnesium nitrate solution. Length comparator
readings were recorded daily throughout the initial week and subsequently on 9, 11, 14, 18,
25, and 32 days. Since water loss is the primary trigger of drying shrinkage, the mass change
of the mortar bars was closely monitored. The average values from two repetitions were
calculated and presented as representative results for each group.

3.5 Concrete mixture design and laboratory
tests

The main objective of this project was to develop a concrete mixture containing RGGP that
could be compared with the performance of pre-approved concrete mixtures used by
MassDOT. To accomplish this, the first step in the research project was to develop a mixture
design in the laboratory using locally sourced aggregates and RGGP in addition to
MassDOT-approved cement and admixtures. The mixture would have to be pre-approved so
that the only difference would consist of a percentage replacement of cement for RGGP. This
chapter describes the mix design and presents the nomenclature used for laboratory tests.
Finally, a description of field tests and alkali-silica reactivity (ASR) tests is presented.

For this part of the research, various strength tests were conducted using multiple samples. A
nomenclature was developed to identify each test by assigning a unique identifier (sample
ID) to each test as indicated below:

[Mix Design]-[Cement Type]-[SCM]-[Replacement %]-[Test Date]-[Test Type]-[Sample No.]

where: Mix Design: High Performance Concrete (HP)

Cement Type: Cement Type IL (1L)

SCMs: Ground Glass (GG)

Replacement Percentage: 5% (05), 10% (10), 15% (15), 20% (20), 25% (25), 30% (30)
Test Date: 7 Days (07), 28 Days (28), 91 Days (91)

Test Type: Compression Test (CT), Splitting Tensile Test (ST), Four-Point Bending Test
(BT)

Sample Number: 1, 2, and 3 for CT and ST, and 1, 2 for BT

This identification scheme will be used in the results section of the report.

3.5.1. Mix design

The concrete mix design is provided by Construction Service based on MassDOT-approved
mix design No.24-04-09-08-39-48-02, with varying replacement levels of ground glass to
determine an effective replacement level that would satisfy the specified strength. Properties
of wet concrete were also measured to determine if the mixtures were suitable for
workability. -The design is in full compliance with ACI 318 [19] and ACI 201 [20]
requirements and meets the target specifications outlined above.
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Table 3.9: Mix design formulation

Constituent _ ) .
Material Description Source Quantity Unit
Fine Aggregate | Normal Weight/M6 | Delta Sand and Gravel | 1,230.00 | (Ibs./yd?)
Normal 3
Coarse Aggregate Weight67/MS80 J S Lane 1,830.00 | (Ibs./yd’)
o Type IL Cement HOLCIM
Total Cementitious =577 Gy p Urban Mining 660.00 | (Ibs./yd)
Material )
Ground Glass Industries
Ambherst, MA 3
Water Potable Water Municipal Supply 264.00 | (Ibs./yd”)
Air Entraining . Master Builders 3
Admixture MasterAir AE 200 Solution 2.00 (oz./yd?)
Workability .
Retaining MasterSure Z 60 Master Builders 1320 | (oz/yd)
. Solution
Admixture
High Rangg Water MasterGlenium Master Builders 3
Reducing . 46.20 (oz./yd?)
. 7500 Solution
Admixture
Water Reducing .
and Retarding MasterSet R 100 Master B}nlders 29.70 (0oz./yd?)
. Solution
Admixture
Corrosion .
Inhibiting MasterLife CI 30 Master Builders 384.00 | (oz/yd®)
. Solution
Admixture

3.5.2. Laboratory testing

The laboratory testing for this study was conducted at the Boyle Lab at the University of
Massachusetts Amherst, where concrete specimens with varying replacement levels of
ground glass were prepared to evaluate their properties. Standard concrete cylinders
measuring 4 x 8 in. were cast for compressive strength testing (ASTM C39) [24] and split
tensile strength tests (ASTM C496) [25], while 6 x 6 x 21in. Beams were fabricated to
conduct a four-point bending test (modulus of rupture tests, ASTM C78) [26]. Fresh concrete
properties, including slump, air content, and unit weight, were also measured for each batch
of concrete to ensure all mixes satisfied the target wet concrete properties.

Before batches were developed to cast specimens for testing, several trial batches were
conducted to refine the dosage of air-entraining admixture. Through these trials, it became
evident that the relationship between batch volume and air-entraining admixture dosage was
non-linear, necessitating adjustments to ensure an appropriate amount of air-entraining

admixture.

Each batch made in the laboratory consisted of 2.7 cu ft of concrete to fabricate the necessary
samples for testing. Before each batch, all required materials were brought into the lab and
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stored in sealed buckets to preserve their existing moisture content. For each batch, a small
sample from each aggregate was oven-dried to determine its moisture content, to adjust the
water in the batch.

3.5.2.1 Slump, air content, and density tests (wet concrete properties)

Immediately after mixing, prior to casting the concrete into cylinder molds and beam forms,
slump tests were performed in the laboratory in accordance with ASTM C143/C143M
standard [21]. The results are presented in Section 3.2.3.1. Air content was measured in
accordance with ASTM C231 [22], and the results are presented in Section 7.2. The ASTM
C138 [23] test method is used to determine the unit weight (density) of freshly mixed
concrete and the results are presented in Section 7.2.

3.5.2.2 Curing method

Prior to mechanical testing, all cylindrical and beam specimens, including those for
compression, splitting tensile, and four-point bending tests were cured using lime water from
the date of casting through to their respective testing ages (7, 28, and 91 days). This method
ensured consistent moisture conditions to support proper hydration and strength
development. The curing solution was prepared by dissolving 5 grams of hydrated lime per
liter of water, forming a saturated lime water bath. This high-pH environment prevented the
leaching of calcium hydroxide and helped maintain stable curing conditions throughout the
testing period.

3.5.2.3 Compression tests

Compressive strength tests were carried out using standard 4 by 8-in. concrete cylinders. A
500-kip Forney testing machine was used to conduct the tests in accordance with ASTM C39
standard [24]. Each specimen was carefully aligned in the machine and then tested under
compression at a controlled rate of 35 psi per second. Testing was conducted at 7, 28, and 91
days after casting, and three specimens were examined at each interval.
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Figure 3.10: Forney testing machine used for compression, splitting tensile tests, and
four-point bending tests

3.5.2.4 Splitting tensile tests

The splitting tensile strength test using standard 4 by 8 in. concrete cylinders was conducted
using a Forney testing machine, in accordance with ASTM C496 [25]. Each specimen was
positioned horizontally, with a compressive load applied to the top through a stiff loading
strip. This induces indirect tensile stresses perpendicular to the applied force, eventually
causing the cylinder to split along its diameter. The peak load at failure was recorded to
determine the splitting tensile strength of the concrete. Tests were conducted at 7, 28, and 91
days after casting (three specimens evaluated at each age). The loading rate was maintained
at 8.0 psi per second, as recommended by ASTM C496. The splitting tensile strength (f7) was
calculated using the following formula:

2P
fi=mL (7)
Where:
i = Splitting tensile strength (psi)
P = Maximum applied load at failure (Ib)
D = Diameter of the cylinder (in.)
L = Length of the cylinder (in.)

3.5.2.5 Four-point bending tests

Four-point bending tests using beams with a 6 by 6 in. cross section and 21 in. length were
conducted in accordance with ASTM C78 [26] for determining the flexural strength
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(modulus of rupture) of concrete using a simple beam with third-point loading. Each beam
was placed on two support points, with two additional loading points positioned
symmetrically along an 18-inch span. A gradual load with a loading rate of 2.5 psi/sec was
applied to the top of the beam at these two points until failure occurred. As the fracture
initiated within the middle third of the span in all cases, the modulus of rupture (R) was
calculated using the following formula:

T =1az (8)

where:

fr=Modulus of rupture (psi)

P = Maximum applied load at failure (Ib)
L = Span length between supports (in.)

b = Width of the beam (in.)

d = Depth of the beam (in.)

Tests were conducted at 7, 28, and 91 days after casting (two beams at each age) for each
mix design.

3.5.3 Field placement and tests

Laboratory mixing and testing were compared with realistic field conditions by placing and
sampling two concrete sidewalk slab panels at a UMass Ambherst site. The same mix design
as used in the laboratory (Mix No. 24-04-09-08-39-48-02) was purchased from an approved
MassDOT concrete ready mix plant located in western Massachusetts. Because the objective
for this part of the project was to assess practicality and ease of batching under realistic
conditions, only one level of RGGP replacement was used. One sidewalk panel incorporated
25% RGGP cement replacement, which was the optimum replacement level based on
laboratory testing. The second sidewalk panel was placed using the same concrete mix
without RGGP replacement (control mix).

The quantities of concrete ordered for each mix design were 1.75 cubic yards for the mix
with 25% RGGP replacement and 7.5 cubic yards for the control mix containing 0% RGGP.
Each order volume was calculated based on its respective placement location, with
approximately 30% additional concrete included to compensate for potential losses during
transportation or pouring.

Before placing concrete for each sidewalk panel, the ground was excavated to the necessary
depth, and formwork was installed to shape the sidewalk properly following MassDOT
Construction Specifications. A reinforcing wire mesh was placed near the bottom of the
sidewalks approximately 2.0 in. from the ground level. A lower concrete cover than required
for concrete placed against the ground (3.0 in.) was not satisfied, but was not considered
critical for the intent of the field tests.

During the pouring of the concrete with 25% RGGP replacement, the temperature was 72°F
and the relative humidity was 38%. Sidewalks were cured using wet burlap under a plastic
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sheet for seven days. Burlap and plastic sheets were weighed down using heavy blocks that
were inspected periodically so that the sidewalks would not get uncovered.

To analyze the compressive performance of concrete, six cylindrical specimens (4x8 in.)
were cast for each mix design and time interval (7, 28, and 91 days). Half were cured in
saturated lime water, while the other half followed the same burlap curing method as the
sidewalk slabs to compare conditions. In addition, three specimens per time interval and mix
design were created for split tensile testing, along with two beams (6x6%21 in.) per time
interval and mix design for bending tests, and both were cured in saturated lime water until
testing. Additionally, based on instructions of MassDOT, nine concrete cylinders containing
25% RGGP replacement were cast and cured in saturated lime water for delivery to
MassDOT for further evaluation.

The sidewalk dimensions using the two different mixes (without and with RGGP
replacement) were not equal. The control mix sidewalk was 26 ft by 12 ft in plan and 6 in. in
thickness. The sidewalk containing 25% RGGP replacement was 14 ft by 4 ft in plan, by 6 in.
in thickness. The differences in dimensions were due to the availability of space at the
location.

LA R

Ay " T N
-3 ) i PR 3 P e 5 )

-~ ,.t‘;- ® " s WY )
o .‘.';.L'V‘;vz}*\ - -

A -
DY T S e K

- o
’ 7

Figure 3.11: Pre-placement setup for sidewalk construction with 25% RGGP concrete
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Figure 3.12: Pre-placement setup for sidewalk construction with 100% hydraulic
cement concrete

Finishing activities after placement of the 25% RGGP sidewalk were conducted as follows.
To ensure a uniform horizontal surface, excess concrete was screeded immediately after
filling the form. Thirty minutes after placement, bull floating was initiated to smooth the
surface and remove surface imperfections. Control joints were formed in and around the
sidewalk slab using an edger and groover 90 minutes after the concrete was first delivered
from the truck. A magnesium trowel was used 2.5 hrs after concrete delivery to finish the
surface. Wet burlap was placed over the sidewalk panel 3 hrs after placement initiation,
followed by plastic sheeting to retain moisture and facilitate proper curing.
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Figure 3.13: Truck mixer discharge into formwork

Figure 3.14: Concrete beam and cylinders cast alongside slab placement
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Figure 3.15: 4 by 8-inch cylinder mold filling process
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Figure 3.16: Casting of concrete beams

Figure 3.18: Edging process for sidewalk slabs
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Figure 3.20: Magnesium troweling for surface finishing
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Figure 3.21: Broom finish application for sidewalk texture
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Figure 3.22: Wet burlap and plastic covering for moisture retention

3.2.3.1 Slump, air content, and density tests

For the delivered concrete, the slump, air content, and density tests were conducted in
accordance with ASTM C143/C143M, ASTM C231, and ASTM C138. The results of these
tests are presented in Section 4.
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Figure 3.24: Air content measurement
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3.6 Durability tests

3.6.1. Bulk electrical resistivity

Using an RCON bulk resistivity meter from Giatec Scientific, the bulk electrical resistivity
measurements of concrete were conducted on 3-by-6-inch cylindrical specimens according to
AASHTO T402 and ASTM C1876 [164] to evaluate the influences of RGGP, alternative
materials, and their combinations on the permeability of the concrete. The specimens were
cured in saturated lime water for different ages, including 7 days, 14 days, 28 days, and 56
days. Before each test, the cured specimens were dried in the lab for three hours, followed by
a dry vacuum in a vacuum chamber at a vacuum pressure of 900-950 Pa for 2 hours, and then
saturated in a simulated concrete pore solution under the same vacuum condition for 1 hour.
The specimens were kept immersed in the pore solution after releasing the vacuum for 24
hours. The specimens were wiped using a paper towel to remove the excess water from their
surface. Figure 3.25 shows the testing setup used for the bulk resistivity measurement. By
placing the saturated surface-dry concrete cylinders between two end caps lined with the
conducting sponge pads, the bulk resistivity was measured by recording the resistance at a
frequency of 1 kHz.

N L 7 Electrode plates

Concrete Sample

Moist sponge

Electrode plates

Alternate Current Source

Figure 3.25: Test setup for bulk electrical resistivity measurement

The resistance (R) recorded from the device was used to calculate bulk resistivity using the
following equation:

pP= 7 (8)

Where, p is bulk electrical resistivity (2-m), R is measured resistance, A4 is the cross-sectional
area of the cylinder (m?), and L is the length of the cylinder in (m).
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3.6.2. Mortar bar test for ASR

According to ASTM C1260 [148], mortars with a water-to-binder ratio (w/b) of 0.47 and a
binder-to-sand ratio of 2.03 were used for the mortar bar test. For the mortar bar test, the
reactive sand was sieved and remixed to the particle size distribution suggested by ASTM
C1260 [148]. For each group, the cement binders were mixed with water and fine reactive
aggregate using a mechanical mortar mixer and then cast in 25 mm x 25 mm % 280 mm
stainless steel molds with pre-embedded studs, making a 10-in effective testing length. Two
repetitions for each group, with a total of 18 samples, were prepared. After casting, all the
specimens were covered with plastic sheets to keep moisture at 23.0 = 2 °C for 24 hours until
demolding, further conditioning, or testing.

After being demolded, the specimens were immersed in tap water at 23.0 £ 2 °C, then
conditioned at 80 C in a mechanical oven for 24 h, and the initial mortar bar length was
measured as zero reading. Then, the mortar bar samples were immersed in a 1 N NaOH
solution in sealed boxes at 80.0 + 2 C. The subsequent comparator readings were conducted
after 12 and 24 hours for the first day, once a day for the first week, and then at least two
readings per week up to 90 days.

3.6.3. Accelerated concrete cylinder test (ACCT)

As shown in Figure 3.26, an accelerated concrete cylinder test (ACCT) apparatus was
developed in this project per AASHTO TP 142 [165]. The containers and lids were
developed using stainless steel, and a rubber washer was used in each setup for sealing.
Spring-loaded linear variable differential transformers (LVDT) purchased from Harold G
Schaevitz Industries LLC and a universal data acquisition system with 16 input channels
were used to monitor the volume expansion of concrete cylinders. As shown in Figure 3.27,
before each test, the data acquisition system and LVDT were assembled and calibrated to
ensure the measurement accuracy.
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Figure 3.26: (a) Structure of stainless steel container and lid [165], (b) and (¢) ACCT
testing apparatus developed in this project.

Figure 3.27: Test setup for bulk electrical resistivity measurement (ASTM C1876)

Cylindrical specimens with a diameter of 3-by-6-inch concrete cylinders were cast and cured
for 7 days at a temperature of 23 + 2°C with a relative humidity greater than 95%. After
curing, the specimens were placed inside the steel containers (one specimen per container),
and the container was filled with the soak solution that matched the pore solution alkalinity
of the specimens. The pore solution alkalinity of the concrete mixtures was estimated from
the NIST pore solution calculator available at ( https://www.nist.gov/el/estimation-pore-
solution-conductivity ), where total equivalent alkali content from both cement and the
respective SCM was considered for the calculations. It is worth mentioning that, given the
age of concrete when starting the test (7 days), a 70% estimated degree of hydration and
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sealed curing conditions were chosen for the estimation. Following this, the LVDT was
inserted through the center hole of the base plate on the lid, and the steel container was
placed inside an oven at a temperature of 60°C for a period of 45 days (Figure 3.28). The
displacement due to ASR expansion was recorded automatically by the attached computer.

=~ 1nn\‘\\ \'\—

Figure 3.28: Fully assembled ACCT test setup inside an oven

3.6.4. Rapid chloride penetration test

As shown in Figure 3.29, a non-steady-state migration testing setup was developed in this
project according to AASHTO T357 [166] to evaluate the penetration resistance of the
concrete against chloride ions. 4-by-8-inch cylindrical concrete specimens were prepared and
cured in saturated lime water for 28 days, then they were cut into 50 + 2 mm thick discs
using a slow-speed diamond saw. Afterwards, the side surfaces of the samples were sealed
with epoxy to prevent side leakage or chloride migration. The specimens were then placed in
a vacuum chamber with both ends exposed and vacuumed under a pressure of 1 kPa for 3
hours. Subsequently, the vacuum chamber was filled with de-aired water, and the vacuum
was maintained for an additional hour. After releasing the vacuum, the specimens were kept
submerged in this condition for 18 2 hours until testing.

Before testing, each disc was mounted in a split-cell apparatus, with one side exposed to a
0.3N NaOH solution (anolyte) and the other end to a 10% NaCl solution (catholyte). The
negative and positive poles of the power supply were connected to the cathode and anode
separately and based on the initial current value, the voltage was adjusted between 10V, 30V,
or 60V according to AASHTO T357 [166] recommendations. The details of the experimental
setup are illustrated in Figures 3.29a-3.29¢c. After 18 hours, the test was stopped, and the
specimens were split axially. A 0.1M AgNO: solution was evenly sprayed on the freshly
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exposed split surfaces of the specimens. After 15 minutes, the chloride penetration depth was
measured from the extent of visible white silver chloride precipitate on the split surfaces. The
measurements were taken at every 10mm interval from the edge. The rate of penetration
(mm/V-h) was calculated by dividing the depth of average penetration (mm) by the product
of applied voltage (V) and the duration of the test (h). Two repetitions were conducted for
each mixture, and the average chloride penetration depth from both specimens was reported
as the penetration rate.

Figure 3.29: Laboratory test setup for the rapid chloride penetration test

3.7 Enforced carbonation for ASR

3.7.1. Enforced carbonation protocols

After the pre-conditioning, the mortar samples were cured under different CO>
concentrations to investigate the role of enforced carbonation in ASR. In addition to the
carbonation condition itself, the time that carbonation is applied to ASR-impacted concrete is
also crucial, as the extent of ASR can change the components, microstructure, and
permeability of concrete, thereby modifying the interaction with CO2. As shown in Figure
3.30, to investigate the efficacy of carbonation in ASR mitigation at different stages and ASR
extents, two enforced carbonation protocols (ECPs) were employed in this study. In ECP-1,
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carbonation starts after 24 hours of pre-conditioning (48 hours after casting). In ECP-2,
carbonation starts after 8 days of pre-conditioning (9 days after casting), when an ASR-
induced volume expansion of 0.2% was reached. The sample cured at 50°C, 95% RH, and
0% CO; throughout the whole testing period was studied as the control group (Co). In both
ECP-1 and ECP-2, 50°C, 95% RH, and three CO concentrations at 3%, 10%, and 20% were
investigated. The carbonation was stopped at 30 days and 23 days after the pre-conditioning
in ECP-1 and ECP-2, respectively.

The carbonation of ASR gels was conducted in a CO; incubator set at 50°C, 75%RH with
two CO; concentrations of 3% (G3) and 10% (G10) to elucidate the role and mechanisms of
enforced carbonation in modifying the composition, structure, and hygroscopicity of ASR
products. Phase and structural characterizations were carried out after carbonating for 3, 24,
and 168 hours, while the moisture uptake behavior was evaluated after 168 hours of
carbonation.
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Figure 3.30: Overview of the specimen groups and testing methods of this study.

3.7.2. Expansion and cracking behavior of mortars with reactive aggregates

3.7.2.1 Mortar bar tests

The ASR expansion was evaluated by monitoring the length change of mortar bars using a
digital comparator with a resolution of 0.0025 mm. For both ECP-1 and ECP-2, the initial
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mortar length after 24 hours of pre-conditioning was measured as zero reading. Subsequent
comparator readings were conducted after 12 and 24 hours for the first day, once a day for
the first week, and then two readings each week up to 30 days.

3.7.2.2 Cracking analysis

The surface cracking behavior of the mortar cubes of C0, C3, C10, and C20 was evaluated by
a digital microscope once the detectable crack was initiated (i.e., 10, 12, and 17 days for CO,
C3, and C10, respectively) and then at 15 (for CO and C3), 20, 25, and 30 days of curing. A
grayscale method with an image processing program in ImageJ and MATLAB [167, 168]
was applied to quantify the cracks formed on the sample surfaces. The original images were
transformed into binary ones to distinguish the cracks and background. After pixel denoising
and surface defects removal with a filter function built in Imagel, the crack area and the
maximum and average crack widths were quantified based on the identified pixels and
structures. A transparent scale was used for benchmarking. It also should be noted that the
physical size of the pixel is 0.009 mm. Therefore, cracks with a size smaller than that could
not be measured, which may underestimate the cracks formed in the mortar bars. The average
cracking density (p) was determined by dividing the crack area (A4.) by the surface area of the
mortar cube (4;) from three samples in each group, as shown in Eq. 9.

p=1(A4./4,) % 100% )
3.7.3 In-situ characterizations of ASR products formed in mortars

3.7.3.1 Raman spectroscopy

After 30 days of curing, the mortar bars of CO, C3, C10, and C20 were cut into thin disks
with a precise low-speed saw, which were then dried in a vacuum desiccator for 2 days. The
desiccator was equipped with soda lime to minimize carbonation. Raman spectroscopy was
conducted on the cutting surface of the disk samples using a Horiba LabRam HR Evolution
Raman Spectrometer-confocal Raman microscope over the range of 100 cm™ to 1800 cm™! at
a resolution of 0.5 cm™' by focusing on two different areas of interest: ASR products inside
the cracks of aggregate and the hydrated cement pastes. A 633 nm excitation laser with a
maximum power of 3.25 mW was used under a 50x objective lens with an acquisition time
of 10 s. Two accumulations were collected for each testing point to eliminate irregularities in
the spectra. The as-received data was processed with LabSpec 6 Spectroscopy Suite to
remove the background and fit the peaks with the Gaussian function.

3.7.3.2 Energy dispersive spectroscopy

The elemental compositions of ASR products formed in selected mortars after 30 days of
curing at 50°C, 95%RH, and various CO2 concentrations (C0, C3, C10, and C20) were
quantified on polished surfaces cut from mortar bars using a JEOL JSM 7401F FE-SEM
equipped with an EDS Genesis XM2 imaging system composed of a 10 mm? Si (Li) detector
with a SUTW window under an accelerating voltage of 10.0 kV. The mortar samples were
dried for 2 days in a vacuum desiccator with soda-lime to avoid carbonation. A gold coating
was applied to the samples with a vacuum sputter coater (Denton Vacuum Desk 1V). At least
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30 points were collected from the ASR products formed in cracks of each group to capture
the key elemental ratios.

3.7.4 Characterizations of synthetic ASR gels in carbonation

3.7.4.1 X-ray diffraction and Rietveld refinement

The XRD test was conducted using an AXRD powder X-ray diffractometer at 30 kV and 20
mA and the ASR gels were scanned on a rotary support between 5° and 65° 26 in a stepwise
mode at a step size of 0.1° (20) with a scanning time of 4 s per step before and after
carbonation for 3 hours, 3 days, and 7 days. Commercially available software Highscore
Plus, along with the International Centre for the Rietveld Diffraction Data (ICDD) database
for reference powder diffraction files (PDF) was used for background correction, peak
identification, and phase quantification via Rietveld refinement. The PDF cards used for the
Rietveld refinement include clintobermorite (PDF-04-009-2235), sodium (Na)-kanemite
(PDF-04-013-6127), and sodium (Na)-makatite (PDF-00-023-0703), constituting the ASR
phases, and calcite (PDF-00-002-0629), vaterite (PDF-00-002-0261), and nahcolite (PDF-00-
015-0700) as the carbonates. Lanthanum hexaboride (LaBs) with 100% crystallinity was used
as an external standard for the Rietveld refinement.

3.7.4.2 Thermogravimetric analysis

TGA was carried out on ASR gel samples after 0 hours, 3 hours, 3 days, and 7 days of
carbonation using a Perkin Elmer TGA 4000 thermogravimetric analyzer. For each sample,
approximately 30 mg ASR gels were used for the TGA test with an initial stage maintained at
30°C for 5 minutes, followed by a stage of temperature increase from 30°C to 900°C at a
heating rate of 10°C/minute under N, purge gas at a flow rate of 20 mL/minute.

3.7.4.3 ATR-FTIR spectroscopy

ATR-FTIR spectra were acquired for ASR gels before and after carbonation under 3% CO>
and 10% CO; for 3 hours, 3 days, and 7 days with a Thermo Fisher Scientific Nicolet iS10
FTIR spectrometer. A co-addition of 128 scans with a canning time of 190 seconds was
employed to acquire the spectra between 4000 to 400 cm™ with a resolution of 4 cm™. The
background of the spectra was removed by the OMINIC software.

3.7.4.4 Dynamic vapor sorption

The dynamic absorption behavior under varying RH and water uptake capacity at a constant
condition of the control group and the carbonated ASR gels after 7 days of CO> curing at 3%
COz and 10% CO: were investigated using a DVS Intrinsic II system (Surface Measurement
System LTD, PA). Around 15 mg of ASR gels were tested under stepped RH between 0 %
and 95 % at 25 °C. In the drying (desorption) stage, the RH started from 95%, then decreased
to 90%, followed by a 10 % decrement until 0% RH. Upon mass equilibrium at 0% RH, the
wetting (absorption) stage was started via an inverse RH increase to 95 % with the same step
size intervals. Equilibrium was considered to be reached when the mass change rate became
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lower than 0.0015 %/min over 10 min. The temperature, humidity, and equilibrium mass at
each RH step were recorded with a 1-minute interval.

C

A modified drying rate method adapted from [169, 170] was applied to determine the water
uptake capacity (WUC) of the ASR gels to reach the saturated surface-dry (SSD) condition.
The mass change of around 15 mg of pre-saturated ASR gels was monitored at constant 40%
RH and 40°C using DVS. The data was recorded based on a 1-minute interval and the
equilibrium was assumed when the mass change was less than 0.001%/min for 10 minutes.
The dry weights of the samples were obtained based on the equilibrium mass at 0% RH. The
drying rate and drying acceleration were calculated based on the first and second derivatives
of the mass development over time, respectively. At the beginning of the drying process, the
extra free water on the surface of the gels evaporates at a high rate, which decreases
gradually. Then, the complete removal of the surface water can be indicated by an inflection
point from the drying acceleration curve, which suggests the SSD condition. After the
inflection point, internal water started to evaporate with a lower drying rate until an
equilibrium mass was reached, from where the WUC of the control and carbonated ASR gels
to reach their SSD conditions were determined.
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4.0 Results

4.1 Pozzolanic reactivity of RGGP

Previous studies have demonstrated the potential of RGGP as a sustainable supplementary
cementitious material (SCM) for partial cement replacement in concrete. However, achieving
high levels of cement substitution remains challenging due to reductions in the physical and
mechanical performance of concrete. Moreover, there are still significant knowledge gaps
regarding the pozzolanic reactivity of RGGP and its influence on hydration kinetics and the
development of hydration products. To address these gaps, this study investigates two types
of RGGP with varying particle size distributions and chemical compositions, focusing on
their pozzolanic characteristics and their effects on cement hydration processes.

Thermogravimetric (TGA) and derivative thermogravimetric (DTG) analyses of RGGP—CH-
CC blends, shown in Figures 4.1a to 4.1d, were conducted at 23°C and 40°C after 1, 7, 28,
and 56 days of curing. The results reveal that higher curing temperatures promote pozzolanic
reactions, as indicated by the reduced mass loss in the 350-500°C range associated with
calcium hydroxide (CH) decomposition. In contrast, the mass loss between 550-800°C
corresponds to the breakdown of calcium carbonate (CC), which may result from both the
added CC and carbonation of CH during testing, despite stringent efforts to limit carbonation.
RGGP2 consistently exhibited greater CH consumption and higher levels of chemically
bound water than RGGP1 at both temperatures, suggesting enhanced pozzolanic reactivity.
This improved performance is likely linked to RGGP2’s finer particle size and greater
amorphous content."
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Figure 4.1: TGA and DTG curves of RGGP-CH-CC blends for the R3 test after (a) 1,
(b) 7, (¢) 28, and (d) 56 days.

The pozzolanic performance of RGGP was assessed through CH consumption and
chemically bound water evolution, as shown in Figures 4.2a and 4.2b. Initially, both RGGP1
and RGGP2 consumed similar amounts of CH (~29 g/100 g) after 1 day at 23°C, and CH
consumption increased with time. From day 7 onward, RGGP2 exhibited higher CH
reactivity at both 23°C and 40°C. However, after 56 days at 40°C, RGGP1 slightly surpassed
RGGP2, consuming 150.5 g CH per 100 g, suggesting that temperature plays a key role in
enhancing late-stage reactivity. Bound water analysis indicated the ongoing formation of
hydration products, such as C-S-H. After 1 day, RGGP1 produced notably more bound water
at 40°C than RGGP2, likely due to rapid initial hydration. Yet between 1 and 7 days,
RGGP2’s bound water increased sharply by 93.6% eventually surpassing RGGP1. Overall,
RGGP2 showed stronger performance under both temperatures, while the observed gap
between CH consumption and bound water in RGGP1 at 40°C may reflect CH carbonation

rather than continued pozzolanic reaction.
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Figure 4.2: Quantification of (a) CH consumption and (b) evolution of chemically
bound water of the RGGP blends according to ASTM C1897 for determining the
pozzolanic activity.

4.2 Modifications in cement hydration in the
presence of RGGP

4.2.1. Influence of RGGP on cement hydration Kinetics

Figure 4.3 shows the heat flow and the cumulative heat release from the neat cement and
binary RGGP-modified cement blends normalized by the weight of cement for the first 72
hours of hydration. All the samples showed the classic five-stage heat flow behavior that is
observed in the hydration of cement: (i) the initial extreme exothermicity due to the rapid
hydration of C3A in cement in contact with water resulting in a high initial peak, (ii) the
induction period where the reaction slows down, (ii1) the acceleration period which was due
to the hydration of the C3S and resulted in the prominent peak, (iv) the deceleration period
which also includes a broad secondary peak most likely due to the transformation of
ettringite to monosulfate between 22 and 30 hours and (v) the steady state or the diffusion
controlled step which is very slow and depends on the opportunity for further hydration of
the cement. Both the control group with plain Portland cement (PC) and the RGGP-modified
groups show a secondary peak beside the main CsS peak on the deceleration side around 10
hours, which may be due to the secondary reaction of C;A.

Figure 4.3 illustrates the impact of RGGP1 and RGGP2 on cement hydration. For RGGP1,
increasing the replacement level delayed the main C3S hydration peak, likely due to a
prolonged induction period. Peak heat flow was highest at 5% replacement but declined at
higher levels, suggesting a balance between enhanced reactivity and dilution effects. The
secondary peak from C3A hydration increased with RGGP1 content, likely due to added
silica. In contrast, RGGP2 generally boosted the CsS peak across most dosages, aided by its
finer particles and larger surface area, which promote nucleation. Cumulative heat release
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was greater with RGGP2, especially in the early stages, and exceeded RGGP1 by up to 7%
after 72 hours, indicating stronger pozzolanic and hydration synergy.
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Figure 4.3: (a, b) Normalized specific heat flow and (c, d) cumulative heat release of the
RGGP-modified cement pastes.

4.2.2. Evolution of hydration products

Figure 4.4 displays TGA and DTG results of RGGP-modified and control cement pastes after
7, 28, and 90 days of sealed hydration. Hydration products were identified by weight loss in
defined temperature ranges using a modified tangent method [150]. The degree of hydration
can be determined by the reduction of bound water between 30°C and 105°C [171] and
between 105°C and 200°C [152]. The pozzolanic reaction can be determined by the change
in CH weight drop between 400°C and 500°C [170]. At 7 days, both materials showed
reduced free and loosely bound water, suggesting enhanced hydration, while the lower
chemically bound water—especially in RGGP1—implied a dilution effect due to partial
cement replacement. This also led to a reduction in CH formation, which became more
evident as RGGP content increased. From 7 to 28 days, a rise in chemically bound water and
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a drop in CH weight loss pointed to the activation of the pozzolanic reaction, particularly in

mixes with higher RGGP dosages. For RGGP1, the pozzolanic contribution became more
pronounced at 50% replacement by 90 days, while lower dosages showed minimal additional
reactivity. RGGP2 followed similar trends but showed stronger performance overall. At 7
days, higher chemically bound water and lower CH content in RGGP2-30 and RGGP2-50
indicated earlier and more effective pozzolanic activity than RGGP1. From 28 to 90 days,
RGGP2-50 exhibited near-complete CH consumption, with a corresponding increase in
bound water from C-S-H, suggesting highly efficient pozzolanic conversion. Overall,

RGGP2 demonstrated greater pozzolanic reactivity than RGGP1 across all ages and
replacement levels.
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Figure 4.4: TGA and DTG curves of (a, b, ¢) RGGP1 and (d, e, f) RGGP2 modified
pastes after (a, d) 7, (b, e) 28, and (c, f) 90 days.
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Figure 4.5 illustrates the CH content in RGGP-modified cement pastes over time. After 7 days,
5% RGGP1 slightly reduced CH by 1.6%, while 10% replacement unexpectedly increased CH
by 2.1%, likely due to insufficient pozzolanic activity to offset CH generation from cement
hydration. At higher dosages (30% and 50%), CH dropped significantly by 13.7% and 35.8%,
suggesting active pozzolanic reaction and dilution effects. From 7 to 28 days, CH levels rose
in low-dosage pastes due to continued cement hydration, while RGGP1-30 and RGGP1-50
showed minimal or significant CH reductions. Between 28 and 90 days, CH continued to
decrease in RGGP1-30 and RGGP1-50, confirming sustained pozzolanic activity. RGGP2
showed a slightly different trend. At 5% dosage, CH content increased by 10.3%, possibly due
to enhanced hydration from its higher fineness. However, at 30% and 50% replacement, CH
dropped by 18.6% and 37.8% at 7 days. Continued reductions from 28 to 90 days, 20.2% and
41% for 30% and 50% dosages, highlighted the superior long-term pozzolanic reactivity of

RGGP2 compared to RGGPI1. Even at lower dosages, RGGP2 still outperformed RGGP1 in
CH consumption over time.
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Figure 4.5: Evolution of CH contents of cement pastes modified with (a) RGGP1 and
(b) RGGP2.

Figure 4.6 illustrates the degree of hydration (DOH) of cement and the degree of reaction
(DOR) of RGGPs over time, based on the CH consumption and chemically bound water over
time. For RGGP1, DOH increased with dosage, reaching up to 95.1% by 90 days, indicating
continued hydration. In contrast, DOR decreased as RGGP1 dosage increased. As a result,
RGGP1-50 had a 50.6% lower DOR than RGGP1-30 at 7 days, and even at 90 days,
RGGP1-30 maintained a 47.1% higher DOR. Similarly, RGGP2 showed higher cement DOH
at 50% replacement after 7 days, but by 90 days, both 30% and 50% samples converged.
Like RGGP1, RGGP2’s DOR was inversely related to dosage. RGGP2-30 had 44.7% and
86.6% higher DOR than RGGP2-50 at 7 and 90 days, respectively, which indicates that
increased RGGP content doesn’t necessarily lead to higher pozzolanic reactivity.
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Figure 4.6: The degree of hydration (DOH) of cement and degree of reaction (DOR) of
(a) RGGP1 and (b) RGGP2 in cement pastes at replacement levels of 30% and 50%.

4.2.3. Thermodynamic simulation

Figure 4.7 shows how RGGP and its degree of reaction (DORgp) influence cement hydration
product formation, assuming 80% cement hydration. At 0% DORGP, typical hydration
phases like C-S-H, CH, ettringite, hydrogarnet, and hydrotalcite were present. CH initially
made up 18.6 g/100 g binder for RGGP1 but was fully consumed by ~51.6% DORGP, while
C-S-H nearly doubled. Beyond this point, C-S-H growth slowed, and phases like hydrogarnet
and natrolite (due to RGGP1’s high Na.Oeq) became more prominent. At 50% RGGP1,
dilution reduced early CH and C-S-H, but CH was consumed faster (~22% DORGP), and
phases like natrolite and M-S-H formed at higher DOR. Even after full RGGP1 reaction, C-
S-H gain was only 4.8% higher than at 30% replacement, suggesting CH availability limits
further C-S-H formation. For RGGP2, phase changes followed a similar trend, with CH
depletion occurring at similar DORGP ranges (52.9% at 30%, 22.1% at 50%). Differences in
Si0: content may explain the slightly delayed CH consumption compared to RGGP1.
Although RGGP2’s finer particles likely enhance reactivity, thermodynamic models don’t
capture this. Predicted CH contents at 90 days were 19.4% and 25.9% lower than
experimental results at 30% and 50% RGGP2, indicating model limitations in accounting for
particle size effects.
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Figure 4.7: Thermodynamic modeling of (a, b) RGGP1 and (¢, d) RGGP2 at
replacement levels of (a,c) 30% and (b, d) 50% with varying DOR of RGGP and a
constant DOH of cement at 80%.

4.3 Changes in the workability of cement
mortar and the adjustment of
superplasticizer

Figure 4.8 illustrates the impact of RGGP1 and RGGP2 on mortar workability across
different replacement levels. As RGGP1 content increased, flowability steadily declined
dropping by 22% at 10% replacement and reaching a 36.1% reduction at 50%. RGGP2
caused even sharper decreases, with flow reductions of 41.2% and 52.2% at the same
replacement levels. This greater loss in workability is attributed to RGGP2’s finer particles
and larger surface area, which increase water demand. Additionally, the angular shape and
high surface area of both glass powders contribute to reduced flow, consistent with prior
studies [172, 173]. To maintain adequate workability, flow values were controlled within
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+5% of the control mix by adjusting the high-range water reducer dosage. Table 4.1 lists the
required superplasticizer amounts for each RGGP1 and RGGP2 replacement level.
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Figure 4.8: Evolution in workability of RGGP modified mortar at different replacement
levels

Table 4.1: Adjusted superplasticizer dosage for flow consistency

Replacement percentage RGGPI RGGP2
Dosage of SP Flow (%) Dosage of SP Flow (%)
0 0% 105.58 0% 105.58
5 0.03% 105.62 0.06% 105.62
10 0.04% 105.33 0.08% 106.19
30 0.08% 105.97 0.10% 105.82
50 0.10% 108.14 0.15% 106.53

4.4 Effect of RGGP on the development of
compressive strength

Figure 4.9 illustrates the compressive strength development of RGGP-modified mortars
under lime water curing. The control mix (PC) reached 34.45 MPa at 7 days, with strength
increases tapering off after 56 days. With 5% RGGP1, strength dropped 28% at 7 days but
improved over time, remaining 13.5% below PC at 90 days. Strength increased with RGGP1
dosage up to 30%, likely due to pozzolanic activity, then declined at 50% due to dilution.
RGGP1-30 achieved near-PC strength (only 2.8% lower), while RGGP1-50 showed a 166%
strength gain from 7 to 90 days, highlighting delayed but substantial pozzolanic contribution.
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Per ASTM C618 [174], the pozzolanic strength activity index (SAI), defined as the strength
ratio to the PC mix, requires a minimum of 75% at 20—-25% replacement after 7 or 28 days.
RGGP1 meets this threshold up to 30% replacement at early ages, and all mixes exceed it by
90 days, confirming its potential for high-volume cement replacement.

As shown in Figure 4.9b, RGGP2 achieved higher early strength than RGGP1 across all
dosages. At 5% replacement, strength exceeded the PC mix by 3.8%, then declined with
higher dosages, reaching a 41.5% drop at 50%. Over time, strength improved significantly,
with RGGP2-10 and RGGP2-30 surpassing PC by over 13% at 90 days. The 75% SAI
threshold was met for all mixes by 90 days, and even the 50% group slightly exceeded PC
strength. These gains are attributed to RGGP2’s finer particles and greater surface area,
which enhanced pozzolanic reactivity, consistent with CH consumption and XRD analysis.
This is also in line with the enhanced long-term strength evolution under the influence of
pozzolanic fly ash [175].
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Figure 4.9: Evolution of compressive strength of mortars modified with different
dosages of (a) RGGP1 and (b) RGGP2 under lime curing.

Steam curing was used to improve the early-age compressive strength of mortars with high-
volume RGGP replacement. For RGGP1, samples with 30% and 50% replacement showed
14.4% and 28.4% lower strength, respectively, than the PC group under lime water curing
after 7 days (Figure 4.10a). Although RGGP1-30 gained 23% strength from 7 to 90 days, it
still remained 23.6% lower than the PC. RGGP1-50 showed little to no strength gain beyond
7 days, and even a slight drop at 56 days, aligning with prior studies noting that steam curing
above 80°C can negatively affect concrete microstructure [176]. However, when cured at
70°C, RGGP1-30 and RGGP1-50 showed 5.1% and 81.4% higher strength at 7 days
compared to their lime-cured counterparts, highlighting the benefit of steam curing in
accelerating early hydration and pozzolanic reaction in high-RGGP mixes. RGGP2 exhibited
a similar trend. After 7 days, RGGP2-30 showed 8% higher strength than the PC mix under
lime water, while RGGP2-50 was 8.9% lower. Under steam curing, both improved
significantly—RGGP2-30 and RGGP2-50 gained 26% and 55.7% more strength,
respectively, than those cured in lime water (Figure 4.10b). Despite minimal strength
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increase from 7 to 90 days under steam, both RGGP1 and RGGP2 mixes maintained stable
strength over time, unlike the steam-cured PC group, which showed strength reduction after
7 days. This suggests that RGGP incorporation may reduce the negative impact of steam
curing on long-term strength while effectively enhancing early-age performance.
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Figure 4.10: Evolution of compressive strength of mortars modified with 30% and 50%
replacement of (a) RGGP1 and (b) RGGP2 under steam curing.

4.5 The role of metakaolin as a pozzolan

4.5.1. Characterization of metakaolin

With the same purpose of incorporating RGGP in cement concrete, other alternative
materials, such as MK, also show promising pozzolanic roles, which can be leveraged to
reduce the amount of cement and improve the performance of concrete. In this study, MK
was investigated in an innovative way by utilizing its unique moiture absorption and
desorption behavior. Ordinary Portland cement (Type I/II) produced by Quikrete in
accordance with [177] and MK obtained from Fishstone Studio were used as cementitious
materials in this study. The particle size distributions of the cement and MK were measured
by laser diffraction. As shown in Figure 4.11a, the cement has a median particle size and
specific surface area of 13.8um and 1.66m?/g, respectively. Measured by means of laser
diffraction, the MK shows a finer particle size than cement with a median size of 3.79um and
a specific surface area of 2.93m?/g. Figure 4.11b shows the X-ray diffraction (XRD) patterns
of cement and MK. Cement shows peaks for gypsum and main clinker minerals, including
alite (tricalcium silicate), belite (dicalcium silicate), tricalcium aluminate, and tetracalcium
aluminoferrite. The broad hump indicates the amorphous feature of MK, while crystalline
peaks of kaolinite and quartz are also detected.

The chemical and mineralogical compositions of cement and MK were analyzed by X-ray

fluorescence and Bogue calculations. As summarized in Table 4.2, MK is an Al-rich material
with a combined aluminate and silicate content of over 94%. The water absorption of MK
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was measured according to [178], where a water-uptake capacity of 61.3% was obtained.
This value was used as a basis for the different degree of saturation (DOS) of MK in MIC.
Reagent-grade lithium nitrate powder with a density and purity of 2.38g/cm® and >99%,
respectively, was used as a lithium source after dissolving in deionized (DI) water before
mixing with the cement matrix. Extra pure magnesium nitrate hexahydrate
(Mg(NOs3)2-6H20) with a purity of 99% (Thermo Fisher Scientific) and DI water were used
for synthesizing saturated solutions to control the RH in the drying shrinkage test.
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Figure 4.11: (a) Particle size distributions and (b) XRD patterns of cement and MK (G:
gypsum, A: alite (tricalcium silicate), B: belite (dicalcium silicate), H: alite, tricalcium
aluminate or tetracalcium aluminoferrite, K: kaolinite, and Q: quartz).

Table 4.2: Chemical and mineralogical compositions of cement and MK (wt.%).

CaO SiOz A1203 SO3 F6203 MgO KzO NaZO TiOz ZI‘Oz SrO Cl
MK 0.07 51.80 | 42.40 | 0.11 | 4.15 - 0.22 - 1.1 0.09 | 0.04 | 0.05

Mineralogical compositions

Cement | 62.70 | 20.10 | 4.80 | 3.50 | 3.20 | 3.40 Na:Oq | LS CsS CoS | G3A | CL4AF
0.60 1.20 | 54.00 | 17.00 | 7.00 | 10.00
Note: C3S: tricalcium silicate; C,S: dicalcium silicate; C3A: tricalcium aluminate; C4AF:
tetra-calcium aluminoferrite; LS: limestone.

4.5.2. Pozzolanic reactivity of MK in metakaolin-based internal conditioning (MIC)

Figure 4.12a shows the TGA and DTG curves of PC and fully saturated metakaolin-based
internal conditioning (FMIC) after 28 days of hydration. The main hydration products of
cement can be identified from the weight losses from the TGA curves or the corresponding
peaks from the DTG curves in their specific thermal decomposition temperature ranges. The
first weight loss between 30°C and 200°C is due to the evaporation of free water and
dehydration of ettringite, calcium silicate hydrates (C-S-H), and strétlingite, which possess
loosely bound water. AFm, CH, and CC are decomposed in the range of 250-300°C, 400-
510°C, and 590-710°C, respectively. CH is formed from cement hydration, while it can be
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consumed by pozzolanic reactions in the presence of MK to form additional C-S-H or C-A-
S-H.

The development of CH contents that remained in the cement pastes is shown in Figure
4.12b. It can be seen that approximately 16.6% of CH was precipitated in PC at 7 days,
which increased to 17.8% after 90 days, indicating the progress of cement over time. Due to
the pozzolanic reaction, a dramatic decrease in CH content was observed from the dry MK
group (DMK), which was 40.4% lower than that of PC after 90 days. The MIC groups,
however, yielded higher CH contents than DMK during the investigated ages, while they are
still lower than that of PC. This might be due to the extra water introduced by MIC can
preferentially fuel the hydration of cement as the residual CH content is a result of a dynamic
balance between cement hydration (producing CH) and pozzolanic reactions (consuming
CH). It is seen that the CH contents in the MIC groups increased during the first 28 days.

It 1s interesting to find that the CH contents are positively correlated with the DOS of MK,
where FMIC showed the highest 28-day CH content of 13.7%, which is 21.7% lower than
that of PC but 6.2% and 4.6% higher than that of 0.5MIC and 0.75MIC, respectively. From
28 days to 90 days of hydration, decreasing trends are observed from the CH contents of
MIC groups, which are opposite to the increasing trends of PC and DMK. 0.5MIC, 0.75MIC,
and FMIC showed 4.2%, 6.9%, and 11.7% lower CH contents at 90 days than those at 28
days, respectively. These changes indicate the increasingly dominant role of pozzolanic
reaction over cement hydration at later ages and demonstrate the benefit of MIC in sustaining
the reactivity of MK particles in the matrix of cement.
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Figure 4.12: (a) TGA and DTG curves of PC and FMIC, and (b) development of CH
contents.

4.5.3. Moisture desorption and microstructural modification

Figure 4.13a shows the DVS results of 0.5MK, FMK, and FMKLi. It can be seen that 0.5MK
reached its equilibrium from 95% to 0% RH with an overall length of around 800 minutes,
while a longer time was taken for FMK. This is expected as more moisture was carried by
MK at a higher degree of saturation. In the presence of lithium nitrate, FMKLi took an even

&3



longer time to reach mass equilibrium at high RH steps, which might be due to the
hygroscopic nature of nitrate.

The moisture desorption isotherms for 0.5MK FMK, and FMKLi are shown in Figure 4.13b.
Approximately 40.9% and 53.7 of % water of 0.5MK was released at 95% RH and 90% RH,
respectively. Due to the higher amount of water, these two values of FMK were increased to
54.0% and 74.4%, respectively. As discussed above, the addition of lithium nitrate resulted in
less moisture loss from FMKLi at the high RH steps, showing only 26.5% and 59.8% of
water release at 95% RH and 90% RH, respectively. Again, this can be explained by the
water-retaining effect of nitrate. As defined in [179], an efficient LWA for internal curing
shall release more than 85% of its absorbed water when RH drops to 94%. However, it
should be noted that different from LWA with an inert nature, MK can play multiple roles in
the cement system by releasing moisture to fuel cement hydration and participating in
pozzolanic reactions. The gradual release of moisture from the saturated MK will favor both

the hydration and pozzolanic reactions, which have been investigated in the authors’ previous
study [180].
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Figure 4.13: (a) Moisture release behavior in the dynamic vapor sorption tests and (b)
desorption isotherms of 0.5SMK, FMK, and FMKL.i.

MK is produced from the dehydroxylation of kaolinite, which was considered irreversible
[181], while previous studies [182, 183] revealed that the dehydroxylation of kaolinite to MK
is reversible, probably due to (i) the dissolution of MK followed by crystallization, (ii) the
crystallization of small kaolinitic nuclei after local dissolution of MK micro-regions, and (iii)
rearrangement of chemical bonds in a purely solid-state process [184]. To investigate the
influence of the pre-saturation process on the structure of MK, ATR-TFIR, and XRD
analyses were conducted on dry MK and saturated MK under various degrees of saturation
(0.5MK, 0.75MK, and FMK). As shown from the FTIR spectra in Figure 4.14a,
characteristic OH-stretching vibrations at 3690, 3650, and 3620 cm™' are associated with
vALLOH in Al-kaolinite [185], which became sharper with higher intensity with increasing
degree of saturation. The ySi-O stretching vibrations at 1032 and 1007 cm™ [186], Al-Al-OH

at 911 cm™ and ySi-O-Al (octahedral) stretching at 534 cm™ [187] were found to increase
from MK to FMIC.

84



In line with the findings from FTIR, kaolinite-related peaks at 12.26° and 24.84° 20 [188]
along with peaks of quartz were observed from the XRD patterns of the dry and saturated
MK (Figure 4.14b). Therefore, Kaolinite (PDF-00-058-2006) and quartz (PDF-00-001-0649)
were used in the Rietveld refinement analysis. The results indicate that the dry MK contains
44.8% kaolinite, which might be due to insufficient calcination. After being saturated to
50%, 75%, and 100% DOS, the kaolinite content was found to decrease to 43.0%, 40.7%,
and 36.7%, respectively. The dry MK possesses an amorphous percentage of 54.3%,
revealing its highly amorphous nature, which explains the high pozzolanic reactivity. It is
interesting to see that 0.5MK, 0.75MK, and FMK exhibited 4.1%, 8.1%, and 15.3% higher
amorphousness than dry MK, which supports the finding in Section 3.1.
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Figure 4.14: (a) FTR and (b) XRD spectra of MK with different degrees of saturation
levels (K: kaolinite; Q: quartz).

4.5.4. Sample preparation

To investigate the effects of MIC, lithium nitrate, and their synergistic effect on the early-age
shrinkage behavior of the cement mixtures, in terms of chemical, autogenous, and drying
shrinkages, 9 groups summarized in Table 4.3 were prepared in this study. PC with a w/cm
ratio of 0.35 was prepared as the control group. Two mixtures containing lithium nitrate at
lithium-to-alkali (Li/[K+Na]) ratios of 0.28 and 0.74 were prepared as the low-lithium (LLi)
and high-lithtum (HLi) groups to understand the effect of lithium on the shrinkage behavior
of cement. Two cement mixtures with 30% substitution with dry MK, one with a w/b ratio of
0.35 and a high-performance water reducer admixture (ADVA Cast 555) at a dosage of
0.67% of the binder by weight to adjust the workability (DMK) and one with extra mixing
water (DMKEW) equal to the total water in the fully saturated MK group (the FMIC

discussed below) were prepared to gain insights into the role of dry MK in modifying
cement’s shrinkages.

In addition, three MIC groups with 30% replacement of cement by MK with DOS of 50%
(0.5MIC), 75% (0.75MIC), and 100% (FMIC) were prepared. The MK was first pre-
saturated with deionized (DI) water for 24 hours, followed by a drying process in an oven at
70°C until reaching the weight for the specific DOSs based on the measured water-uptake

85



capacity of MK. The MK samples at their desired DOSs were sealed for 12 hours for
moisture homogenization. The synergistic effect of MIC and lithium nitrate was studied by
adding lithium into FMIC at a lithium-to-alkali (Li/[K+Na]) ratio of 0.74 (FMIC-L1i).
Chemical shrinkage and autogenous shrinkage were studied based on cement paste
specimens, while drying shrinkage was investigated based on mortar bar specimens at a
binder-to-sand ratio of 1. The cement pastes for chemical shrinkage were mixed in a vacuum
mixer at 500 rpm for 3 minutes to ensure homogenous mixtures with no air bubbles, while
the fresh admixtures for both autogenous and drying shrinkage were mixed in a mechanical
mortar mixer at 60 rpm for 2 minutes, followed by a 1-minute rest, and then 3 minutes of
mixing at 120 rpm.

Table 4.3: Mix proportions of cement mixtures.

Group | Cement (g) | Mixing water Lithium nitrate | MK (g) | MIC water
(8) (g) (g)
PC 100.00 35.00 - - -
LLi 100.00 35.00 0.38 - -
HLi 100.00 35.00 0.99 - -
DMK 70.00 35.00 - 30.00 -
0.5MIC 70.00 35.00 - 30.00 9.14
0.75MIC 70.00 35.00 - 30.00 13.73
FMIC 70.00 35.00 - 30.00 18.24
DMKEW 70.00 53.00 - 30.00 -
FMIC-Li 70.00 35.00 0.69 30.00 18.24

For compressive strength investigations, mortars prepared based on the paste mixtures as
summarized in Table 4.3 with a water-to-binder ratio of 0.35 and binder-to-sand ratio of 1:1
for selected groups (PC, FMIC, FMIC-Li) were mixed with gradually added sand in a
mechanical mortar mixer at 60 rpm for 2 minutes, followed by a 1-minute rest and 3 minutes
of further mixing at 120 rpm. Then, three 50 mm by 50 mm by 50 mm cubic samples were
cast for each testing age. Right after casting, the specimens were covered with a plastic sheet
to avoid water loss for 24 hours and then demolded and cured in saturated CH solution at 23
+ 2°C until testing.

4.5.5. Influence of MIC on cement hydration

Figure 4.15 shows the evolution of normalized heat flow and cumulated hydration heat of PC
and FMIC during the first 50 hours of hydration. Five reaction stages can be identified from
the heat flow curves: (i) the pre-induction stage due to rapid hydration of C3A upon
contacting water, (i1) the induction stage with extremely low reaction heat flow, (iii) the
acceleration stage due to the reaction of CsS, (iv) the deceleration stage that covers the
secondary hydration of C3A and the conversion of ettringite to AFm, and (v) the diffusion
controlled stage. The high aluminate content and enhanced reactions triggered by FMIC
resulted in a substantial increase in the main peak of the heat flow curve, which combines the
heat from silicate and aluminate. The enhanced cement hydration in the presence of FMIC
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was also evidenced by the higher cumulative heat release. As shown in Table 4.4, the main
heat flow peak of PC appeared after 8.68 hours with a peak value of 4.9mW/g. It appeared
0.44 hours earlier in the presence of dry MK with a higher peak value of 6.47mW/g,
indicating accelerated and enhanced cement hydration.

Compared with DMK, the MIC groups exhibited comparable time to reach the main heat
flow peak, but the peak values were raised. After 50 hours of hydration, 0.5MIC, 0.75MIC,
and FMIC yielded normalized cumulative heat of 323.60J/g, 332.30J/g, and 325.50J/g, which
are 26.7%, 29.0%, 26.4% higher than that of PC, respectively. The higher heat flow peak and
cumulative heat released indicate the further enhancement of cement hydration triggered by
MIC. By directly introducing extra water into the system, DMKEW showed its main heat
flow peak 0.63 hours earlier and 29.3% higher, as well as a 7.4% higher 50-hour cumulative
heat release than FMIC. The more pronounced cement hydration enhancement and
acceleration were mainly due to the direct addition of extra mixing water in the system,
which was more readily accessible for the early-age hydration reactions than the gradually
released water from MIC.
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Figure 4.15: Normalized hydration heat of PC and FMIC.

Table 4.4: Time and values of the main heat flow peak and cumulative heat at 50 hours.

Group Time to reach the | Peak values of normalized Normalized cumu‘lative
main peak (h) heat flow (mW/g binder) heat at 50 h (J/g binder)
PC 8.68 4.90 257.50
DMK 8.24 6.47 293.20
0.5MIC 8.28 6.52 323.60
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0.75MIC 8.51 6.94 332.30
FMIC 8.56 6.28 325.50
DMKEW 7.93 8.12 349.50

4.5.6. Influence of MIC on the mechanical strength of cement mortar

Figure 4.16 shows the development of compressive strength of selected cement mortars. It
can be seen that the PC group yielded a compressive strength of 44.8MPa at 1 day, which
increased to 53.75MPa and 61.55MPa after 7 and 28 days, respectively. Due to the addition
of extra water, the 1-, 7-, and 28-day compressive strength of DMKEW was 69.4%, 64.9%,
and 41.3% lower than that of PC. Compared with DMKEW, FMIC yielded 2.3%, 24.5%, and
0.6% higher compressive strength after 1, 7, and 28 days, respectively. The higher
compressive strength of FMIC than DMKEW indicates the desired effect of MIC in
enhancing cement hydration, superior to the direct addition of extra mixing water.
Nevertheless, the compressive strength of FMIC is still lower than that of the PC group,
which might be due to multiple reasons, including the high volume of MK (30%) and
potentially uneven dispersion of MK particles in the cement matrix.
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Figure 4.16: Development of compressive strength of PC, DMKEW, and FMIC.

4.5.7. Chemical shrinkage

Figure 4.17 shows the influences of dry MK, lithium, and MIC on the chemical shrinkage of
cement. As shown in Figure 4.17a, PC yielded a chemical shrinkage of 0.029mL/g after 1
day of hydration and then increased to 0.059mL/g after 28 days. The presence of lithium led
to an elevated chemical shrinkage, which is positively correlated with the lithium dosage
during the first 12 hours. LLi and HLi yielded 8.8% and 9.3% higher 12-hour chemical
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shrinkage than PC. Thereafter, the LLi group showed a higher increasing rate than HLi. This
agrees well with the authors’ recent work [180] that lithium can accelerate early-age
hydration but retard the hydration of cement after 1 day. Due to its higher activity compared
to calcium ions, lithium can preferentially react with cement hydration products, resulting in
the formation of lithium aluminate hydrate (LiAlo(OH)7-2H>0) [189], which can serve as a
nucleation site for aluminum hydroxide precipitation [190, 191] and accelerate the hydration
of C3A during the first 24 hours. The 24-hour chemical shrinkages of LLi and HLi are 4.6%
and 2.3% higher than that of PC, respectively. After 24 hours, however, the cement setting
and hydration process slowed down due to the replacement of calcium with lithium in C-S-H
gels, reducing the overall reactivity of these gels [192] or the ion replacement induces a
change in the particle surface in the cement pastes, resulting in reductions in electrostatic
interactions [193]. This, in turn, hinders the growth and crystallization of hydrates, retards
the setting, delays the hardening process of cement, and results in a relatively lower
shrinkage in HLi1 than LLi. It should be noted that, since the cement pastes remain in contact
with water throughout the testing period, there is a potential leaching of lithium from the
cement pastes during the chemical shrinkage test, which may diminish its later-age retarding
effects on cement hydration. After 5 days, the chemical shrinkage of PC slowed down to a
nearly consistent and low rate, which yielded an ultimate shrinkage of 0.056mL/g at 28 days.
Compared with PC, LLi and HLi yielded 33.9% and 25.4% higher chemical shrinkage,
respectively. The incorporation of dry MK resulted in a decrease in chemical shrinkage
during the first 24 hours, which then exceeded that of PC at 2 days and yielded a 25.4%
higher 28-day shrinkage. This is not only due to the acceleration of the cement hydration
with extra nucleation sites provided by the fine MK particles, but also triggered by
pozzolanic reactions by forming a denser microstructure with tightly packed hydration
products [194]. As reported in previous studies [195, 196], even though a higher w/b ratio
could result in higher chemical shrinkage, such an effect on the ultimate cement chemical
shrinkage is insignificant. In this study, compared with DMK, DMKEW exhibited a lower
chemical shrinkage during the testing period, and similar final shrinkages (0.074mL/g vs.
0.073mL/g) were obtained at 28 days.

As exhibited in Figure 4.17b, in line with the hydration enhancement, more significant
increases in chemical shrinkage than the lithium groups were obtained from the specimens
with MIC. Similar to DMK, decreased chemical shrinkages were obtained from 0.5MIC and
0.75MIC during the first 7 and 3 days, respectively, and increased shrinkages thereafter.
Interestingly, the development of chemical shrinkage is positively correlated to the DOS of
the incorporated MK. Among the investigated groups, FMIC exhibited the highest shrinkage,
which reveals the significant role of MIC in enhancing the hydration of cement. Compared
with the calorimetry test, the development of chemical shrinkage provided an indication of
the benefits of gradually released water from the saturated MK. When comparing FMIC and
DMKEW, although the two groups shared the same total water amount, FMIC yielded a
21.9% higher 28-day chemical shrinkage than DMKEW. This indicates that the directly
added extra free water in DMKEW presented higher accessibility for the initial cement
hydration reactions, while the water introduced by MIC sustained its function more
persistently. Although the chemical shrinkage of FMIC-Li is lower than that of PC during the
first 1.5 hours, it exhibited a rapid increase and yielded a 28-day value of 0.083mL/g, which
is between FMIC and HLi.
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Figure 4.17: Chemical shrinkage of cement pastes containing (a) lithium nitrate and dry
MK, and (b) MIC and coupled MIC-Li.

As shown in Figure 4.18, the chemical shrinkage exhibits a linear relationship and the
normalized cumulative heat of cement hydration. A higher accumulated heat is typically
induced by an enhanced degree of cement hydration, which results in increased chemical
shrinkage [197]. At the same cumulative heat, LLi and HL1i yielded higher chemical
shrinkages than PC (see Figure 4.18a), which indicates the formation of more contracted
products or a more densified microstructure under the regulation of lithium nitrate. Due to
the enhanced cement hydration degree, decreased content of CH, and the formation of
aluminum-containing phases (strétlingite, hydrogarnet, zeolite, and C-A-S-H) in the presence
of fine MK particles as found in the authors’ previous study [180], DMK showed a much
higher chemical shrinkage than PC and lithium groups, when the same normalized
cumulative heat was measured.

Compared with DMK, by adding extra mixing water into the system directly, DMKEW
showed lower chemical shrinkage when the same normalized cumulative heat was measured
(Figure 4.18b). This might be due to the expansion of MK after absorbing moisture with
extra water added, leading to a decrease in chemical shrinkage. Since the samples for the
chemical shrinkage test were fully immersed in water, the role of the extra water in
enhancing the hydration of cement in DMKEW might be compromised. However, the extra
water might result in a less densified structure in the hydrated paste with additional capillary
pores. In the MIC groups, the gradually released water from the pre-saturated MK behaved
more effectively than the directly added extra mixing water in enhancing cement hydration
and pozzolanic reactions and triggering structural densification of the hydration products,
thereby leading to higher chemical shrinkages than DMKEW at the same heat release.
Interestingly, increased chemical shrinkage with the DOS of MK (from 0.5MIC to FMIC)
was observed at the same hydration heat, which indicates the formation of further densified
reaction products in the presence of MIC. As shown in Figure 4.18b, due to the addition of
lithium nitrate into FMIC, FMIC-Li exhibited lower chemical shrinkage than FMIC when the
same normalized cumulative heat was released.
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Figure 4.18: Correlation between normalized cumulative heat and chemical shrinkage
of cement pastes.

4.5.8. Autogenous shrinkage

Different from chemical shrinkage, autogenous shrinkage is a result of self-desiccation in the
pore system of the cement pastes during hardening, when water is consumed as the cement
hydration proceeds [198]. The measured initial autogenous shrinkages of the cement pastes
during the first 3 days are shown in Figure 4.19a, from which a four-stage development
process [170] as a function of time was observed: (i) an initial steep rising stage during the
first 1 hour, (i1) a fall-back stage between 1 and 4 hours, (ii1) a secondary increase stage after
4 hours, and (iv) the stable stage after 12 hours. Correlating the shrinkage and the hydration
heat flow results, the initial increasing stage might be a result of the immediate dissolution of
Cs3A and its fast hydration reaction upon contacting with water with a high ratio of shrinkage
[199], while the volume expansion in the fall-back stage might arise from the crystallization
pressure caused by the formation of CH [200] and elevated internal temperature induced by
the heat released from the exothermic cement hydration reactions [201]. As shown in Figure
4.19b, concurrent evolutions of internal temperature in the cement pastes and the secondary
increase stage were observed. It is believed that there exists a dynamic equilibrium process
between the self-desiccation-induced volume shrinkage and thermal/crystallization-induced
expansion. When the former exceeds the latter, the shrinkage increases again (i.e., the
secondary increase stage).

It can be seen that, in the presence of lithium, the autogenous shrinkage of cement was
enhanced with a higher increasing rate. After 3 days, LLi yielded an autogenous shrinkage of
341.3um, which is 12.5% higher than that of PC. This modification became more significant
when increasing the dosage of lithium from 0.28 to 0.74, in which a 3-day autogenous
shrinkage of 441.8 um was observed. The less densified microstructure with a higher volume
of large pores formed in the accelerated cement hydration is a possible reason [202]. The
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incorporation of dry MK, however, resulted in a 26.9% decrease in autogenous shrinkage
after 3 days. This might be due to the filler effect of MK particles that can result in a denser
internal structure that prevents water loss [203]. With a higher w/b ratio, DMKEW exhibited
a lower autogenous shrinkage, indicating that the extra mixing water helps to maintain the
inner humidity with reduced self-desiccation.

The positive role of the saturated MK in progressively and homogenously releasing moisture,
thereby enhancing the cement hydration and forming a well-densified microstructure [204],
was again indicated by the reduced autogenous shrinkage in the MIC groups. The previous
works revealed that the autogenous shrinkage of concrete decreases with the water content in
an internal curing agent, especially in low saturation levels, such as up to a 25% DOS of SAP
[205] or a 30% DOS of LWA [206]. In this study, the high DOS of MK in MIC resulted in an
interesting shrinkage behavior of cement: although it was lower than that of PC, the
autogenous shrinkage increased with the DOS of MK. FMIC, 0.75MIC, and 0.5MIC yielded
32.3%, 39.7%, and 54.8% lower 3-day autogenous shrinkage than PC, respectively.
Moreover, the coupled FMIC-Li resulted in the lowest autogenous shrinkage among the
studied mixtures, which again indicates the synergistic effect between lithium and saturated
MK on the property evolution of portland cement that could effectively suppress the adverse
effects of singly incorporated MK or lithium on autogenous shrinkage. The reduction in
autogenous shrinkage fortifies long-term concrete durability by minimizing the formation of
microcracks and improving resistance against chemical attacks.
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Figure 4.19: Evolutions of (a) autogenous shrinkage and (b) temperature inside the
cement pastes.

4.5.9. Drying shrinkage

Different from chemical and autogenous shrinkage tests, the drying shrinkage test was
performed by triggering water loss from the mortar specimens under an RH of 50 + 3% at
23°C. As presented in Figure 4.20a, PC showed a drying shrinkage of 0.062% and 0.133%
after 1 and 7 days, respectively, which then reached an equilibrium level of 0.159% after 32
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days. In contrast to the increased chemical and autogenous shrinkages, reduced drying
shrinkage was obtained in the presence of lithium. LLi exhibited a 13.5% and 10.1% lower
drying shrinkage than PC after 7 and 32 days, respectively, which is in line with the findings
by Shen et al. [207]. Another interesting finding is that no significant change in drying
shrinkage was induced by increasing the dosage of lithium to 0.74. It is believed that the
water retention capacity of NO3™ present in lithium nitrate plays a potential role in mitigating
water loss as it can interact with water molecules hygroscopically and restrain their
movement [208, 209]. The incorporation of dry MK, however, resulted in a significant
increase in drying shrinkage, which is consistent with the observation from Qin et al. [210].
The adverse effect of MK might be due to the redistribution of water within the cement-MK
system, especially at the 30% cement replacement level in this study, or the use of
superplasticizer in this group. As reported in the studies by Fu et al. [211] and Lai et al.
[212], superplasticizers can induce air entrainment in the matrix and increase the system’s
porosity. However, it is widely reported that the incorporation of MK is favorable to reducing
drying shrinkage of concrete to a certain extent by decreasing the capillary in concrete with a
more densified microstructure, thereby inhibiting the migration of water[213, 214]. It should
be noted that different from the previous studies, the drying process was initiated after only
24 hours. Although this is close to the real case with a short curing process, the drying at
such an early age, when cement was not fully hardened and hydrated, not only removed the
capillary water but also negatively impacted the hydration process of cement, as well as the
desired pozzolan interactions between cement and MK. This is evidenced by a further
increased drying shrinkage observed from DMKEW, in which more readily evaporable
mixing water was introduced (see Figure 4.20b). The drying shrinkage of DMKEW at 7 days
and 32 days is 48.9% and 52.8% higher than that of PC, and 51.5% and 44.9% higher than
those of DMK, respectively.

Compared with DMKEW, although extra water was also introduced into the system, lower
drying shrinkage was observed from the MIC groups. The 7-day and 32-day drying
shrinkages of 0.5MIC are 30.3% and 31.3% lower than those of DMKEW, while it is still
higher than those of PC. This indicates the unique advantage of the gradually released water
from the saturated MK, superior to extra mixing water in the system. It is interesting to see
that, although with a higher water amount in the system, 0.5MIC yielded 11.0% lower 32-day
drying shrinkage than the DMK group. The increase in DOS of MK, however, resulted in
increases in drying shrinkage due to the loss of a higher amount of water. FMIC-Li, with the
coexistence of MIC and lithium, presented comparable 32-day drying shrinkage with FMIC,
while the incorporation of lithium resulted in a lower shrinkage rate during the first 10 days.
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Figure 4.20: Drying shrinkage evolution under 50%RH and 23°C.

To explain the modified drying shrinkage behavior of cement in the presence of lithium, dry
MK, and MIC, the mass changes of the specimen due to the evaporation of water during the
drying shrinkage test were monitored. As shown in Figure 4.21a, PC yielded a mass loss of
approximately 1.09% and 2.06% after 1 and 6 days, respectively, which then reached almost
equilibrium at around 3.10% after 32 days. The incorporation of lithium nitrate, as seen from
both LLi and HLi, resulted in a 0.15% less mass loss. Again, this might be attributed to the
enhanced cement hydration during the first 24 hours, in which more water was chemically
bound, or the water retention capacity of NOs . In line with the enhanced drying shrinkage
discussed above, a higher mass loss (1.15% after 32 days) than that of PC was triggered in
the presence of 30% dry MK.

As anticipated, by adding extra mixing water directly to the system, DMKEW showed a mass
loss of 9.61% after 32 days, which is 200.3% and 120.9% higher than that of PC and DMK,
respectively. In the presence of MIC, however, lower mass losses than those of DMKEW
were observed. It should also be noted that, compared with DMK, 0.5MIC exhibited a lower
water loss, although it contained more water in the matrix, which explains its lower drying
shrinkage. The mass loss was found to positively correlate with the DOS of MK. More
interestingly, the coexistence of lithium and MIC showed a synergistic effect on moisture
evaporation: FMIC-Li showed a 23.3% and 21.0% lower mass loss than FMIC after 7 days
and 32 days, respectively, which is in line with the observation in drying shrinkage. What
also aligned with the drying shrinkage data is that FMIC-Li exhibited a comparable 32-day
mass loss with 0.75MIC but a lower rate during the first 10 days. These results further
confirm the water retention benefit triggered by the co-existence of MIC and lithium. The
promising results obtained from the previous and current studies covering the hydration of
cement, long-term durability, and early-age properties pave a path for the application of MIC
in developing sustainable and durable concrete.
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Figure 4.21: Mass change evolution of specimens under 50% RH and 23°C.

The linear correlation between the mass change and drying shrinkage shown in Figure 4.22
reveals that this volume contraction is mainly driven by capillary tension due to water
evaporation, which aligns with the previous findings [215, 216]. The modifications of cement
due to the addition of lithium nitrate, MK, or MIC resulted in changed slopes of the fitting
line, indicating the variation in the shrinkage kinetics. LLi and HLi, which showed
comparable slopes regardless of lithium dosage, experienced higher drying shrinkage than
PC at the same mass loss. The less drying shrinkage sensitivity of the lithium groups might
be due to the accelerated early-age cement hydration and the restrained movement of water
[202]. Compared with the lithium groups, a slight decrease in shrinkage sensitivity was
obtained in the presence of dry MK, i.e., a lower drying shrinkage at the same mass loss. It is
interesting to see that the drying shrinkage sensitivity of mortar was further decreased in the
groups with MIC. By increasing the DOS of MK, higher mass loss was obtained with the
same drying shrinkage, which is anticipated as more free water during the drying shrinkage
test was available for evaporation. Comparing with FMIC, FMIC-Li showed lower mass
change at the same drying shrinkage, which again indicates the synergistic effect between
lithium and MIC in enhancing the beneficial role of the gradually released water in the

cement matrix.
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4.6 Concrete mix design and property
evaluations

4.6.1. Concrete mix design

In this project, concrete mix design was developed with Boston Concrete to investigate the
influences of RGGP and other alternative materials on concrete performance based on the
MassDOT high-performance concrete formulations. The SCMs considered in this project
include slag, RGGP, DE, MK, and nano silica, as well as the combinations of slag with DE,
MK, and nano silica. Including the control group, which has no cement substitution, 9 groups
in total were developed and investigated. The concrete formulations adopted a consistent
water-to-cementitious material (w/cm) ratio of 0.40, except for the two groups with nano
silica. The group incorporated with nano silica has a w/cm ratio of 0.43, while the groups
containing slag and nano silica have a w/cm ratio of 0.44. All nine concrete groups were
designed with an anticipated strength of 5,000 psi, a slump of 4.5 inches, and an air content
of 6.0%. Detailed concrete mix design sheets can be found in appendix.

As summarized in Table 4.5, no cement substitution was considered in the control group. To
understand the influences of RGGP and other alternative materials on concrete performance,
the cement was partially replaced with single SCMs, such as 40% slag, 30% RGGP, 30%
DE, and 15% MK. In addition, three ternary groups containing the combinations of slag and
nano silica, slag and MK, as well as slag and DE, were also investigated to understand the
incorporation of two SCMs on concrete properties. These nice concrete groups were used for
investigating a variety of concrete properties, such as mechanical strength, including
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compressive strength and split tension strength, physical properties, including early-age
shrinkage behavior, and durability-related properties, including permeability, chloride
penetration, and resistance against ASR.

Table 4.5: Concrete formulations for the investigations of RGGP and other alternative
materials on concrete performance.

Groups Materials (1b/yd®)

Cement | Slag | RGGP | DE | MK | Nano silica | FA | CA-1 | CA-2
Control 685 0 0 0 0 0 1266 | 953 |702.2
Slag-40 411 274 0 0 0 0 1204 | 967 | 719
GGP-GS 30 480 0 205 0 0 0 1246 | 938 | 691.1
NP-MET 15 582 0 0 0 |103 0 1252 | 942 | 694.5
NP-DE 30 480 0 0 205| O 0 1236 | 931 | 686
Nano silica 620 0 0 0 0 74.4 1293 | 973.3 | 717.2
Slag/Nano 369 246 0 0 0 73.8 1239 | 955.1 | 739.9
Slag/NP-MET | 498 137 0 0 | 50 0 1204 | 967 | 719
Slag/NP-DE 445 137 0 103 0 0 1193 | 958.1 | 712.5

4.6.2. Influence of RGGP on slump, air content, and density of concrete

The average slump test results are shown in Figure 4.23. There is a clear positive increment
in slump as a function of RGGP replacement level. The mixture with no RGGP replacement
(control) had a 7-in. slump, while the mixture with the highest level of replacement (30%
RGGP replacement) reached a 9 in. slump for the mix with. This trend appears to indicate
that higher RGGP contents enhance workability, making placement and compaction easier.
This increase in slump could be attributed to a lower water absorption of ground glass, which
helps the concrete flow more easily by reducing friction between aggregates.
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Figure 4.23: Variation in slump values of concrete with different RGGP replacement

levels

Table 4.6 summarizes the slump value, entrained air content, and density for each concrete
batch with different percentage levels of RGGP.

Table 4.6: Fresh concrete properties

RGGP

Replacement, % Batch No. Slump (in.) Air Content, % | Density (Ib/ft?)

0 01 7.5 8.0 146.8
02 6.5 5.0 155.2

5 03 8.0 6.2 147.2
04 7.5 7.5 150.4

10 05 7.0 7.0 152.8
06 7.5 8.0 145.6

15 07 8 8.0 148.8
08 8 8.0 147.2

20 09 8 6.2 148.0
10 8.5 8.5 147.2

75 11 8.7 7.0 147.2
12 8.7 7.0 147.2

30 13 9 7.5 145.6
14 9 8 144.0

4.6.3. Compression test results

To evaluate the compressive strength of mixes with varying RGGP replacement levels, three
samples were tested at 7, 28, and 91-day ages for each replacement level. The average
strength test results for each age are summarized in Figure 4.24. In this figure, bars represent
the average strength of the three samples tested at each age, and the symbols in each bar
represent the results of separate samples. The type of hatching corresponds to the three ages
at testing. Pictures of all the cylinders after compression testing are included in Appendix A.
The 28-day surface resistance and compressive strength tests were conducted by the
MassDOT Research and Materials Section (RMS), and the results can be found in Appendix
F.
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Figure 4.24: Compressive strength of concrete with different RGGP replacement levels

At 7-day and 28-day test dates, an increase in strength was observed in mixes containing up
to 10% RGGP replacement compared to the control mix. This improvement is likely due to
the high fineness of RGGP used in this research (with just 0.7% retained on No.325 sieve),
which has been shown to enhance the filler effect in concrete. This effect is primarily
physical rather than chemical, as ultrafine RGGP particles fill voids in the cement matrix,
improving packing density and early-age strength. However, at higher RGGP replacement
levels, chemical interactions become more dominant, and the reduction in cement content
leads to lower early strength. RGGP is not a highly reactive pozzolan and thereby exhibits
lower short-term compressive strength at 7 and 27 days compared with the control mix.

Results for the 91-day strength tests were similar for all the RGGP replacement levels tested.
The pozzolanic reactions that take place over time allow RGGP to interact with calcium
hydroxide in the presence of water, forming additional calcium silicate hydrate (C-S-H),
which further strengthens the concrete. This effect is evident across all replacement levels,
leading to sustained strength gains over time. Given this trend, higher RGGP replacement
levels are, in general, expected to provide higher long-term strength gain. The strength of the
91-day samples remains on par with the control mix up to 25% replacement, with all cases
averaging around 8000 psi or higher. Considering the goal of maximizing RGGP
incorporation in concrete for sustainability, a 25% replacement level appears to be adequate.

4.6.4. Splitting tensile test results

Three splitting cylinder samples were prepared for each mix design and tested at 7, 28, and
91-day ages. These average results of three samples for each age are presented as bars in
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Figure 4.25. The symbols in the figure indicate each sample tested at each age. At 7 and 28
days, the average tensile strength remained relatively consistent for mixes with RGGP
replacement levels up to 15%. Beyond a 20% RGGP replacement level, however, a decline
in splitting tensile strength was observed. There was no apparent difference between low and
high RGGP replacement levels for the 91-day splitting tensile tests, as seen in the figure. The
effects of pozzolanic reactions led to a significant increase in tensile strength for mixes with
higher RGGP content (25% and 30%).

700

[ 7 Days
Il 25 Days
77191 Days
600 |- - - 6.7/fc

+ Sample 1
* Sample 2
© Sample 3

500

400 -

300

Split Tensile Stress (psi)

200 -

100 |

0 5 10 15 20 25 30
Ground Glass Replacement (%)

Figure 4.25: Variation in splitting tensile strength of concrete with different RGGP
replacement levels

4.6.5. Rupture strength test results

To examine the rupture strength of concrete mixes with varying RGGP replacement levels,
four-point bending tests were conducted on two beam samples at each curing age of 7, 28,
and 91 days for every RGGP replacement level. Rupture strength initially increased from 0%
to 10% RGGP replacement at the 7-day interval, followed by a gradual decline as
replacement levels extended to 30%. These results are shown in Figure 4.26. At 28 days, all
mixes, except the one with 30% RGGP replacement, exhibit higher rupture strength than the
control. At the 91-day interval, the pozzolanic reaction further enhances strength, and all
replacement levels from 5% to 30% achieve rupture strength comparable to or greater than
the control concrete.
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Figure 4.26: Variation in rupture strength of concrete with different RGGP
replacement levels

4.6.6. Influence of RGGP and alternative materials on the early-age autogenous
shrinkage

Figure 4.27 represents the early-age autogenous shrinkage behavior of concrete mixtures
measured over 48 hours using a high-resolution laser-based Schleibinger shrinkage cone
apparatus. Autogenous shrinkage is primarily driven by self-desiccation as water is
consumed during cement hydration, leading to internal capillary tension and volume
reduction [217]. From Figure 4.27, four distinct stages as a function of time were observed:
(1) a sharp initial increase within the first hour, (ii) a brief declining phase between 1-4 hours,
(ii1) a secondary increasing stage after 4 hours, when the self-desiccation exceeds the
thermal/crystallization induced expansion [218], and (iv) a stabilization phase that
commenced after approximately 10 hours.
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Figure 4.27: Early-age autogenous shrinkage of SCM-modified concrete mixes

From Figure 4.27, it can be seen that the presence of slag yielded the highest autogenous
shrinkage of ~865um, which is 53.7% higher than that of the control group. This is consistent
with previous works where slag-rich mixes exhibited more early age shrinkage up to 5 times
that of the control, primarily due to the capillary pressure generated during the self-
desiccation process [219, 220]. Additionally, studies conducted by Li et al. (2023) [221]
suggested that some commonly used admixtures lose their function when used in conjunction
with slag and internal curing is an effective approach in mitigating the autogenous shrinkage
of slag-based systems.

It is interesting to note that the combination of slag and MK resulted in a 44% decrease in
shrinkage compared to the slag group, likely the presence of metakaolin in the slag-based
system, which reduces the pore solution pH, delays the C-A-S-H gel formation, and relieves
pore pressure without notably affecting the stiffness [222]. In contrast, the NP-MET 15 and
NP-DE 30 mixes showed 32% and 14% lower shrinkage than the control group. This might
be due to the finer particle size and high pozzolanic reactivity of MK particles, which result
in a denser internal structure and prevent water loss [223], while DE contributes to shrinkage
mitigation through chemical reactivity, cement dilution and internal humidity regulation via
its porous microstructure [224]. However, when DE is used in combination with slag, a 30%
enhancement in shrinkage is observed compared to the DE-30 group, possibly because the
presence of slag contributes to the increased shrinkage as discussed above.

Furthermore, nano-silica and GGP-GS 30 showed a 1% and 19% increase in shrinkage
compared to the control group. Although RGGP is expected to reduce autogenous shrinkage,
this study observed the opposite phenomenon. The most probable reason behind this anomaly
could be that the incorporation of RGGP at high replacement levels raises chemical

shrinkage due to enhanced hydration driven by elevated alkalis from glass and C;A in the
cement, and this rise in chemical shrinkage [43] might contribute as a key factor to increase
the early-age autogenous shrinkage through intensified self-desiccation [225].
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4.7 Durability

4.7.1. Influence of RGGP and alternative materials on concrete permeability

Figure 4.28 and Table 4.7 show the evolution of the bulk electrical resistivity of the concrete
cylinders per AASHTO T402. The cylinder specimens were immersed in the pore solutions
at room temperature for up to 56 days. The control group exhibits a relatively low bulk
resistivity of 28.8 Q-m after 7 days, which indicates a “high” chloride penetration level
according to AASHTO T 402 and ASTM C1202. The bulk resistivity gradually increased to
60.22 Q-m at 56 days. This aligns well with the accelerated mortar bar expansion results,
where the control group exhibited the most significant expansion, which subsequently leads
to their low resistivity or higher permeability in the concrete matrix. However, among all
mixes, the nano silica group showed the lowest improvement over the control, which reached
a value of only 34.60 Q-m after 56 days. The reason behind this phenomenon could be the
highly conductive nature of the liquid fly ash and the absence of any other pozzolans in this
group, which reduced their resistivity. In contrast, the remaining SCM-based blends
demonstrated notably enhanced bulk resistivity due to their pozzolanic and micro-filler
effects, which helped to densify the matrix and reduce capillary porosity [226]. For instance,
the NP-MET 15 group demonstrated an increase of approximately 193%, while the GGP-GS
30 group exhibited a significant increase of 442% in resistivity compared to the control
group. This improvement is primarily attributed to the highly pozzolanic reactivity of the
metakaolin, which reacts with calcium hydroxide to produce additional C-S-H and leads to
significant pore structure refinement [227-230]. Similarly, the reduced permeability with the
incorporation of recycled glass powder could be due to the synergistic effects of long-term
pozzolanic activity and filler effects of glass pozzolan, which contributed to a tortuous
microstructure and restricted the flow of electricity or ions in the concrete [50, 90, 97, 231,
232]. Compared to the control group, the most notable improvement was observed in the NP-
DE 30 group, which showed a 10 times higher bulk resistivity than that of the control group
after 56 days.

From Figure 4.28, it is also evident that while all SCMs offered varying degrees of
enhancement over the control group, the type and combination of SCMs significantly
influenced their effectiveness in improving the durability of the concrete. Among all
mixtures, the diatomaceous earth-modified concrete showed the highest resistivity, with a
value reaching up to 630 Q-m at 56 days. According to a coulomb range to equivalent range
of bulk electrical resistivity level adapted from CSA A23.2-26C [233, 234], this resistivity
falls under a very low chloride penetrability/ permeability region, which suggests a highly
dense microstructure with the addition of diatomaceous earth. The reason behind this is the
electrovalent instability of the Si—O tetrahedra in diatomaceous earth which allows it to
readily bind with Ca** and facilitates the formation of additional C—S—H phases linked with
calcium hydroxide. This pozzolanic reaction reduces Ca(OH). content while increasing the
C-S-H production and leads to lower porosity and improved durability properties [235, 236].
Similarly, the combination of slag and diatomaceous earth also displayed a ~3.2 times higher
resistivity than slag alone. This suggests that the combination of slag and diatomaceous earth
likely benefited from a synergistic effect, where the delayed reaction of slag combined with
the rapid pozzolanic reactivity of diatomaceous earth led to a progressive densification. This
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latent behavior of slag is also evident from the slag 40 group, where the resistivity improved
by only 24% at 56 days compared to 28 days counterparts, due to the latent hydraulic
behavior of slag and the absence of any secondary pozzolans in the system. It is interesting to
note that the nano silica group alone resulted in very high permeability; however, the blend
of slag and nano silica exhibited a 72% and 70% improvement compared to nano silica at 28
and 56 days, respectively. This is likely due to the presence of slag, which offsets the highly
conductive nature of the liquid fly ash and results in a better resistivity or improved
permeability than the nano silica mixture. In comparison to slag, the addition of recycled
glass powder showed a 34% higher permeability at early ages, likely due to its slower
reaction kinetics. However, as time progresses, it shows a ~174% increase in resistivity at 56
days compared to slag, which provides an insight that glass powder initially delays the
reaction while significantly enhancing it in later periods [34, 237, 238]. These observations
indicate that while all SCMs improved the resistivity to an extent, the improvement largely
depends on their pozzolanic reactivity, particle size, and synergistic effects.
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Figure 4.28: Developments of bulk electrical resistivity of concrete with chloride ion
penetrability classification defined in AASHTO T 402 and ASTM C1202.
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Table 4.7: Developments of bulk electrical resistivity of concrete with chloride ion
penetrability classification defined in AASHTO T 402 and ASTM C1202

NP-

Cont | Slag | GGP- MET Nano | Slag/N | Slag/NP- | NP- Slag/N

rol | -40 | GS30 15 Silica ano MET DE 30 | P-DE
7
days | 28.8 | 40.7 | 334 30.0 17.3 21.0 22.4 136.0 96.7
14
days | 349 | 68.0 | 449 35.5 20.7 35.1 36.6 224.3 183.7
28
days | 46.4 | 95.9 | 1424 81.5 27.6 47.3 64.9 583.8 | 367.0
56 119.
days | 60.2 | 4 326.0 176.2 34.6 58.6 105.7 632.0 | 387.3

4.7.2. Influence of RGGP and alternative materials on chloride penetration in concrete

Chloride penetration is a critical transport property of concrete, as it can lead to
reinforcement corrosion and subsequent structural degradation. It is desirable to have a low
chloride penetration in concrete that can enhance the long-term durability of concrete
structures. Although the investigation of bulk electrical resistivity of concrete cylinders in
Section 4.7.1 can provide an indication of concrete permeability and the ability to resist a
chloride passage, it should be noted that the bulk resistivity of a concrete cylinder has a high
dependence on the flow of electrical current moving through the pores of the non-conductive
material. If conductive materials are incorporated into concrete, the values of bulk resistivity
cannot accurately reflect the porous network and interconnections in it, and therefore, cannot
be used as a sole measurement of concrete permeability. In this work, the rapid migration test
was conducted per AASHTO T 357, in which the extent of the chloride ingress was
measured by assessing the penetration rate and depth, as shown in Figure 4.29.

Figures 4.29a-4.291 show the observed penetration depth and measurement locations for each
mixture, along with their respective repetitions. From Figure 4.29a, the visual observation
confirms a relatively high level of chloride permeability in the control mix, consistent with
its classification as Grade 1 according to FHWA performance criteria. In contrast, Figure
4.29h shows a very negligible amount of silver chloride precipitation on the split surface for
the diatomaceous earth modified concrete. The lowest penetration observed for the DE could
be attributed to that the calcium hydroxide formed in cement hydration can react with the
alumina and amorphous silica present DE to promote the formation of additional C-S-H gel.
The increased C-S-H content helped to fill capillary pores within the concrete matrix and also
contributed to refining and densifying the interfacial transition zone (ITZ) between the
aggregate particles and the surrounding cement paste [239-241]. However, the combined use
of slag and DE resulted in a 67% higher penetration rate than that of the DE 30 group. This
increase is likely due to the simultaneous interaction between DE and slag, which led to
competing pozzolanic reactions and limited the efficient consumption of calcium hydroxide
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and reduced the formation of C-S-H. As a result, the pore-refining effects typically achieved
with DE alone were weakened in this group.

Except for DE, RGGP and metakaolin outperformed other alternative materials in inhibiting
the chloride ingress. Compared to slag, both RGGP and metakaolin showed 15%
improvement in mitigating chloride penetration. This might be attributed to the presence of
metakaolin, which increased the formation of chloride-binding phases, particularly Friedel’s
salt, due to its high alumina content and thereby reduced the concentration of free chlorides
available to penetrate deeper into the concrete [242-244]. Likewise, the enhancement in
resistivity with the replacement of glass powder might be due to the synergistic effect of
pozzolanic activity and filler effect. This observation agrees well with previous studies where
an improvement in chloride resistivity was observed with the incorporation of glass powder
[17, 28, 72, 245, 246]. Although all SCMs individually improved chloride resistance, their
combined use sometimes led to diminished performance, likely due to non-synergistic or
competing reactions between the materials.
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Figure 4.29: Chloride penetration depth of (a) Control, (b) Slag 40, (¢) GGP-GS 30, (d)
Nano silica, (e) Slag/Nano silica, (f) NP-MET 15, (g) Slag/NP-MET, (h) NP-DE 30, (i)
Slag/NP-DE.

From Figure 4.30, it is evident that all the SCM-modified mixtures displayed significantly
lower chloride penetration rates compared to the control group, which exhibited an average
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penetration rate of 0.034 mm/V-h. The chart of recommendations for chloride penetration
rate corresponding to FHWA HPC performance grade per AASHTO T 357 can be found in
Appendix C. In line with the bulk resistivity results, the control group shows a high risk of
chloride penetration. Compared to the control group, both the GGP-GS 30 and NP-MET 15
groups showed 65% better chloride resistance and fell under the low chloride penetration
region, which shows a good agreement with the 56-day bulk resistivity testing results. An
interesting finding lies in the penetration rate of the nano-silica group. The bulk resistivity
results after 7 to 56 days showed a high chloride penetration rate, while a 33% improvement
over the control group was observed from the rapid chloride migration testing results, which
puts it in the moderate penetration rate range. This mismatch between the bulk resistivity and
rapid chloride migration results might be due to the conductive nature of the nano-silica
admixture. More information should be acquired from the manufacturer of admixtures.

The chloride penetration rate results show good agreement with previous observations from
ASR expansion and bulk resistivity tests, particularly for GGP-GS 30, NP-MET 15, both of
which showed reduced expansion and improved microstructure with time. Although the nano
silica group showed the lowest resistivity due to their conductive nature, the reduction in
chloride ingress compared to the control groups indicates their efficacy in improving the
microstructure to a certain degree. However, the combined use of slag and liquid fly ash in
the slag/nano silica group might have benefited from the pozzolanic reaction of slag and
helped improve the chloride resistivity further by 13% compared to the nano silica group.
The DE-30 and Slag/DE groups exhibited similar trends, like their bulk resistivity, and
demonstrated a 92% and 85% reduction in chloride ingress compared to the control group,
respectively. Similar findings regarding the role of SCM in improving the chloride resistance
have been reported by Su et al. [247] and Papadakis [248], who mentioned that SCM can
reduce the concentration of chloride ions and diffusion rate in the concrete.
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Figure 4.30: Recommended and experimental chloride penetration rate according to
AASHTO T 357 (grade 3 has the lowest risk of chloride penetration, while grade 1 has
the highest risk).

4.7.3. Influence of RGGP and alternative materials on ASR resistance of concrete

Aroused by the interaction between the poorly crystallized (or amorphous) silica minerals in
aggregates and the alkali species in cement, the alkali-silica reaction (ASR), is one of the
most severe and complicated deteriorations of concrete, commonly known as a “concrete
virus” [168]. The formation and swelling of ASR products can induce deleterious pressure
inside the concrete matrix, leading to volume expansion and cracks, which serve as channels
for external salts and moisture to trigger multiple deteriorations and result in irreversible
damage to concrete structures. Since its identification in the 1940s [249], extensive efforts
have been invested to mitigate this complex physicochemical reaction including the use of
high-quality materials including low-alkali cement and non-reactive aggregates,
incorporation of supplementary cementitious materials (SCMs), such as fly [250], silica fume
[251], slag [252], waste glasses [253], natural pozzolan, and calcined clay [254, 255], and the
addition of lithium-based admixtures [256, 257]. Despite promising results, the inherent
limitations of these conventional approaches impeded their wide applications. The use of
low-alkali cement is insufficient to avoid ASR when highly reactive aggregates are used. The
lack of high-quality SCMs may impact the ASR mitigation efficiency [258, 259], and
compromised concrete performance can be caused when a high volume of SCMs that is
enough to mitigate ASR is incorporated. The low abundance, increasing demand in the field
of batteries, as well as the negative impact on cement hydration and shrinkage, have been
identified as drawbacks and limitations of using lithium admixtures in concrete [202].
Furthermore, the current ASR mitigating approaches are centered on the applications in new
concrete as they focus on using the modifications of the raw materials, and effective
approaches for existing concrete structures are scarce. These existing challenges motivate the
exploration of novel methods to suppress ASR in a more practical, cost-effective, and
sustainable way. In this project, the roles of RGGP and alternative materials in improving the
concrete resistance against ASR were studied by conducting two different tests: the mortar
bar test per ASTM C1260 [128] that provides an aggressive alkaline condition for rapid
measurements and the ACCT per AASHTO TP 142 [165] that comes with a relatively mild
condition while needs a longer testing period. It is anticipated that the findings from these
two tests will enable us to obtain a comprehensive understanding of the change in ASR
resistance in the concrete containing RGGP and other alternative materials.

4.7.3.1 Mortar bar testing results

As shown in Figure 4.31, without cement modification, the control group expanded severely
due to ASR and exhibited an expansion of >1% at 75 days. This indicates that the reactive
silica from aggregate and alkali from cement reacted to form an expansive ASR gel, which
led to a rapid and severe expansion due to the absence of mitigation mechanisms and resulted
in higher expansion among all the mixtures. Slag-40 and GGP-GS 30 showed a 30.70% and
40.35% reduction in ASR expansion compared to the control group at 75 days, indicating a
partial ASR mitigation. The limited mitigation potential of slag and RGGP might be due to
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their lower early-age reactivity, and the high alkali content of RGGP may offset its
mitigation role.

The incorporation of MK resulted in an effective decrease in ASR expansion, outperforming
Slag and GGP by ~20% and ~8%, respectively, even at a lower cement replacement level
(15% MK vs 40% slag and 30% RGGP). Replacing 30% cement with DE exhibited the
lowest expansion of (0.22%) at 75 days, which is ~81% lower than that of the control

group. This effective role of DE is likely due to its fine particle size and high pozzolanic
reactivity, which enhances the consumption of free calcium hydroxide and the formation of
additional C-S-H, refines the pore structure, reduces permeability, and improves the alkali
binding capacity.
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Figure 4.31: ASR expansion based on the mortar bar test.

4.7.3.2 ACCT results

Figure 4.32 illustrates the ASR-induced expansion of concrete cylinders in the ACCT tests
over 45 days. The control mixture exhibited a sharp increase in expansion after around 25
days and reached over 1% expansion by 45 days. This aligns well with our previous findings
from the accelerated mortar bar test, where the control group showed > 1% expansion after
75 days. In contrast, replacing 40% cement with slag was found to be effective in keeping the
expansion below the 0.04% limit and can be considered as a non-reactive system based on
the AASHTO TP 142-21 guidelines [260]. Replacing 30% cement with RGGP resulted in a
lower reduction of ASR-induced expansion, which reached 0.12%, the boarder line between
the slow and moderate reactivity levels. When changing RGGP to DE at the same cement
substitution level (30%), the ASR expansion was further reduced, which agrees well with the
permeability results and indicates the high pozzolanic reactivity of DE and the positive role
of the amorphous silica of DE in mitigating ASR in concrete.

The nano-silica mix reached 0.19% expansion and falls under the moderate reactivity range.
This indicates that the presence of liquid fly ash as an admixture in this mix helped to
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suppress alkali-silica reaction (ASR) to a certain extent. Conversely, the slag and nano-silica
blend showed only 0.09% expansion, similar to that of the DE group, which is 52% lower
than that of the nano-silica group. This might be due to the extra calcium and alumina
provided by slag, which work together with the liquid fly ash to reduce the alkalinity of the
pore solution and improve the concrete's internal structure. Overall, the trend highlights that
while nano-silica provides substantial ASR mitigation, pairing it with slag delivers a
synergistic improvement that approaches the non-reactive threshold and offers a more robust
defense against deleterious expansion. These results follow a similar trend observed in
previous studies [165, 261, 262], where the use of SCMs such as fly ash has been shown to
significantly reduce ASR-induced expansion.
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Figure 4.32: ACCT expansion of cylinders up to 45 days.

4.8 The role of carbonation in ASR
mitigation

Recently, carbonation curing has been validated as an effective approach to mitigate ASR,
which not only depresses the ASR-induced expansion but also permanently sequesters CO>
in cementitious composites. In 1997, Kihara [263] attempted to mitigate ASR by carbonation
curing and found that both the availability of calcium hydroxide (CH) and the porosity of
concrete can be reduced after carbonation. Moreover, as the essential trigger for ASR, OH
ions in the pore solution of concrete can be decreased by carbonation, resulting in suppressed
ASR [264]. This was confirmed in a study by Shoji et al. [265] that the pH of the system can
be lowered by carbonation and its integration with the addition of y-C.S, resulting in
controlled ASR expansion. chen and Yang [266] and Mohammad [267] reported that, with
reduced alkalis in the specimens, the ASR-induced expansion was decreased with the
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carbonation depth. In a recent work by Liu et al. [268], the ASR in concrete containing waste
glass aggregates was suppressed by enforced carbonation curing at early ages.

Based on the previous works, the suppressed ASR under carbonation can be attributed to the
decrease of CH content, reduction of pore solution pH, densified microstructure, and
decreased porosity in the concrete matrix. Although extensive efforts have been conducted,
the role of carbonation in ASR remain unclear and knowledge gaps still exist in this filed: (i)
the roles of CO; concentration, carbonation time and duration in ASR are rarely elucidated in
the simplex carbonation curing conditions, (ii) the interplay between carbonation curing and
ASR, as well as its influence on concrete cracking, phase evolution, and carbon profile in
new concrete mixes and ASR-impacted concrete are not fully understood, (iii) there exists a
critical gap in understanding the changes in ASR products under carbonation curing, such as
composition, mineralization, crystallization and moisture absorption, which determine the
stress extent and the degree of deterioration in concrete with ASR, and (iv) different from
early-age carbonation curing, weathering carbonation is considered a concrete deterioration
process as it can result in shrinkage and rebar corrosion in mature concrete structures by
converting CH and calcium silicate hydrate (C-S-H) into calcium carbonate (CC) with a
smaller volume and reducing the pH of concrete pore solution [269].

This task aims to fill the aforementioned critical knowledge gaps and investigate the role of
early-age enforced carbonation in ASR by answering three fundamental questions: (i) what is
the interaction between carbonation and ASR in concrete containing reactive aggregates in
terms of expansion, cracking, and evolution of ASR products? (ii) since ASR can change the
microstructure and permeability of concrete, how do the starting point and duration of
carbonation affect the efficacy? and (ii1) what are the influences of carbonation on the
components, structure, and hygroscopicity of ASR products that govern the destructivity to
concrete? Towards this end, the ASR expansion and cracking behavior of mortar specimens
containing highly reactive aggregates conditioned in enforced carbonation environments at
50°C and 95% RH with CO; concentrations of 3%, 10%, and 20% were investigated via two
carbonation protocols. In-situ characterizations of the changes in ASR products under
carbonation were performed via Raman spectroscopy and energy-dispersive X-ray
spectrometry (EDS). To further explain the underlying mechanisms at a lower scale, the
evolutions of molecular structures, hygroscopicity, and water uptake behavior of ASR gels
were analyzed through thermogravimetric analysis (TGA), X-ray diffraction (XRD), Rietveld
refinement, attenuated total reflectance—Fourier transform infrared (ATR-FTIR)
spectroscopy, and dynamic vapor sorption (DVS). It is expected that the findings from this
study can advance the knowledge in alternative ASR suppression approaches and the
understanding of mitigation mechanisms at a different scale.

4.8.1. The role of early age enforced carbonation in ASR

4.8.1.1 Volume expansion

The ASR-induced volume expansion quantified by linear length change of the mortar bars
cured in the two enforced carbonation protocols is shown in Figure 4.33. It should be noted
that the first expansion of the control group during the 7 days is an average value calculated
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from CO and the specimens in ECP-2, which were conditioned together without carbonation.
It can be seen that, without carbonation (i.e., 0% CO;), ASR resulted in a continuous volume
expansion in C0O, which reached 0.57% after 30 days, confirming the deterioration of ASR
attacks on the mortar samples under the current conditions. Substantial decreases in ASR-
induced expansion were observed under CO,. C3 showed a negative expansion of around -
0.003% during the first 4 days and a low expansion of 0.04% after 30 days, which is 93.0%
lower than that of C0. By increasing the CO> concentration to 10%, C10 started expanding
after 6 days, which was delayed for 2 days compared to C3. The 30-day expansion of 0.013%
was obtained from C10, which is 67.5% and 97.9% lower than C3 and CO, respectively. C20
showed a further delayed and suppressed expansion, which started expanding at 10 days and
yielded a negligible expansion of 0.006% after 21 days until the end of the test. The ASR-
induced expansion of the specimens conditioned in ECP-2, i.e., pre-treated in the same
condition as CO for 8 days, followed by carbonation at different CO, concentrations, is
shown in Figure 4.33b. In line with the results obtained from ECP-1, substantial suppressions
in ASR expansion were again observed from these ASR-impacted mortar specimens right
after being exposed to carbonation. C3-2 yielded an expansion of 0.23% after 30 days, which
indicates a 0.03% increase during the 23 days of carbonation, resulting in a 60% lower
expansion than C0. More interestingly, ceased expansion (0.01% and 0.02% lower than their
volume at 7 days, which is mainly due to the testing error) was observed from C10-2 and
C20-2. This effective volume suppression in ASR-attacked mortar specimens, even with an
existing expansion of 0.2% confirmed the promising efficacy of early-age enforced
carbonation in ASR mitigation.
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Figure 4.33: (a) ASR expansion of the mortar bars cured at various CO; curing
conditions in carbonation (a) ECP-1, and (b) ECP-2.

As shown in Figure 4.34, the reductions in ASR expansion are positively correlated with the
CO; uptakes by the mortars. A linear fitting shows R? values higher than 0.85 for all three
groups. It is interesting to see that no significant ASR expansion reduction was observed
when an initial CO» uptake was detected. As discussed above, a higher CO; uptake rate can
be triggered in the presence of more concentrated CO». As a result, suppressed ASR
expansion was not detected until the CO» uptake was beyond 0.5%, 0.8%, and 1.4% for C3,
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C10, and C20, respectively. The final CO, uptake of C3 after 30 days of carbonation curing
(1.58%) resulted in a 93.0% decrease in ASR expansion, while the same ASR expansion
reduction was yielded at a CO» uptake of 2.65% and 4.00% in C10 and C20, respectively. A
higher ASR expansion reduction was reached under a higher CO> concentration at the same
period of curing.
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Figure 4.34: Correlations between the reduction of ASR expansion and CO; uptake.

4.8.1.2 Cracking behavior

The surface cracking behavior of representative cubic samples of C0, C3, and C10 at selected
ages filtered with ImagelJ is shown in Figure 4.35a to 4.35c. It should be noted that no
detectable cracks can be observed on the surfaces of C20 even after 30 days, which is in line
with the negligible length change and indicates the effective ASR suppression under 20%
COo. From the investigated surfaces of C0, with the proceeded ASR, the number and size of
cracks increased with time. When the mortar samples were cured in the CO> atmosphere,
fewer and narrower surface cracks than those of the control group were observed. The
number and size of the cracks were negatively correlated with the CO» concentration.
Moreover, the time of initial observation of detectable cracks was delayed from 10 days for
CO0 to 12 days and 17 days for C3 and C10, respectively. To obtain a comprehensive
understanding of the ASR-induced surface cracking of the mortar specimens and the role of
COz curing in suppressing ASR, the evolutions of crack density, average crack width, and
maximum crack width over time were quantified via MATLAB based on the filtered images.
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Figure 4.35: Representative filtered images showing the surface crack evolutions of (a)
C0, (b) C3, and (c) C10 over time.

As shown in Figure 4.36a, CO showed a crack density of 0.03% at 10 days of curing (12 days
of casting), which increased to 0.78% and 1.37% after 20 and 30 days, respectively. Under
3% CO; concentration, C3 exhibited a crack density of 0.03% after 12 days (the initial
observation of cracks). Then, the crack density of C3 increased to 0.13% and 0.45% after 20
and 30 days, respectively, which were 83.3% and 67.2% lower than that of CO at the same
ages. When the CO; concentration was increased to 10%, an initial crack density of 0.03%
was observed from the surface of C10 at 17 days, which is 7 and 5 days later than C0O and C3,
respectively. The 30-day crack density of 0.25% was yielded by C10, which is 81.8% and
44.4% lower than that of CO and C3, respectively.

As shown in Figure 4.36b and Figure 4.36¢, in line with the evolution of crack density, both
the average and maximum crack width of the mortars increased over time but exhibited
reverse correlations with the CO» concentration. After 10, 20, and 30 days of curing, the
maximum crack width of CO reached 43.64 pm, 237.14 pm, and 337.78 pm, respectively,
with a corresponding average crack width of 21.26 um, 63.27 pm, and 96.11 um. When the
mortar samples were carbonated under 3% and 10% CO> concentrations, although the initial
crack density was comparable, the initial average crack widths of C3 (12 days) and C10 (17
days) were 7.56 pum and 5.36 um, respectively, which were 64.4% and 74.8% lower than that
of CO (10 days). After 30 days of carbonation, C3 and C10 exhibited 54.6% and 31.2% lower
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maximum crack widths than C0O. Given the brittle nature of cement-based materials, the
direct result of volume expansion in ASR-attacked concrete is cracking. The formation of
cracks not only compromises the mechanical properties but also increases the permeability of
concrete by providing pathways for external moisture and aggressive salts, resulting in
secondary deteriorations and substantially shortened service life. The reduced crack density
and crack width on the surface of mortar samples under CO: are in good agreement with the
substantial decreases in ASR-induced expansion as shown in Figure 4.33, which again
indicates the effective role of the enforced carbonation in suppressing ASR. It should be
noted that, although the cracks detected on the specimen surface provide a solid indication of
ASR under carbonation, the technique has its own limitations in identifying microcracks. The
physical size of each pixel is 0.009 mm, rendering unfeasible the detection and measurement
of cracks with a size smaller than 0.009 mm, which might underestimate the crack density
results of the mortar specimens.
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Figure 4.36: Evolutions of (a) crack density, (b) average crack width, and (¢c) maximum
crack width.

4.8.2. In-situ characterizations of ASR products

4.8.2.1 Raman spectroscopy

The Raman spectra focusing on the ASR products located in aggregate cracks and cement
pastes in the mortar samples after 30 days of carbonation curing are shown in Figure 4.37a
and 4.36b, respectively. The peak at around ~1578 cm™! is related to the stretching vibration
of -OH from CH, which decreased in both ASR products inside aggregate cracks and cement
pastes under carbonation curing and disappeared under 10% CO.. Similarly, the peak
attributed to the vibration of Q? Si-O-Si bonds in C-S-H (280 cm™') was found to decrease
with increasing CO; concentration. Decreases were also observed from the peaks correlated
with Q? sites of Si-O bonds in ASR-related products located at 615 cm’'. It should be noted
that the peak at 1185 cm! is shared by both Q® Si-O sites and CC. Given the decreased Q?
sites under carbonation curing, it is believed that the high peak at 1185 cm™ obtained from
the surface layer of the carbonated mortar is mainly due to the formation of CC, which was
evidenced by the increased CC-related peaks at around 204 cm™, 692 cm™!, and 1175 cm™.
The peak at 464 cm™ detected from the aggregate cracks is likely caused by the Q' Si of
quartz. From Figure 4.37b, an increased C-S-H peak was found in all layers of C10-1 and the
surface of C20-1 in the area of cement pastes. This might be due to the enhanced cement
hydration, as the production of CC can act as a filler, providing more nucleation sites for C-
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S-H phases [270]. The evolutions of the related chemical bonds indicate the conversion of
hydration and ASR products into carbonates under the enforced early-age carbonation.
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Figure 4.37: Raman spectra of (a) ASR products formed inside aggregate cracks and
(b) cement pastes.

4.8.2.2 Energy dispersive X-ray spectroscopy

Figure 4.38a and 4.38b show the normalized molar percentages of the ASR gels obtained
from EDS analysis in ternary phase diagrams of C-Ca-Si and [Na+K]-Ca-Si, respectively.
One limitation of the EDS analysis lies in the focused elemental ratios from separate testing
sites, which might be able to represent the overall composition of ASR products. To mitigate
the impact of this limitation, testing results were collected from at least 30 points for each
specimen. The ASR gels formed in CO exhibited an averaged C/Si ratio of 0.64 and a Ca/Si
molar ratio of 0.13, which falls in the typical Ca/Si range of 0.05-0.5 observed from ASR
gels in concrete [149]. As expected, the C/Si ratio of ASR products was found to increase in
the carbonated mortar, which reached 1.5 and 2.1 in C3 and C10, respectively. Under the
highest CO; concentration of 20%, however, the microstructure of C20 may be densified due
to the rapid carbonation of the mortar surface in the presence of highly concentrated CO-,
which might mitigate the diffusion of COx to the center of the mortar samples and result in a
C/Si ratio of 0.65. At the same time, the Ca/Si ratio of ASR products increased to 0.22, 0.30,
and 0.45 in C3, C10, and C20, and the [Na+K]/Si ratio decreased from 0.44 in CO to 0.08,
0.07, and 0.05 in C3, C10, and C20, respectively. The increases in the Ca/Si ratio and
decreases in [Na+K]/Si ratio are favorable to obtaining ASR products with reduced water
absorption and decreased swelling potential [271, 272], which possibly contributed to the
suppressed ASR expansion and cracking under carbonation.
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Figure 4.38: (a) C-Ca-Si and (b) [Na+K]-Ca-Si ternary phase diagrams of ASR gels
formed in mortars with and without carbonation.

4.8.3. ASR gels’ carbonation

4.8.3.1 Phase evolution in carbonated ASR gels

Figure 4.39 shows the XRD patterns of synthetic ASR gel with a calcium-silica (Ca/Si) ratio
of 0.3 and an alkali-silica (Na+K/Si) ratio of 1.0 after being cured in a sealed condition for
420 days, followed by up to 7 days of enforced carbonation. Without carbonation, the control
ASR gel (G0) showed semi-crystalline peaks at 29.4°, 31.9°, and 49.9° 26, which are
characteristic of tobermorite-type C-S-H with a layered silicate structure [149, 273]. The
amorphous part of the peak centered at 29.4° 20 signifies the presence of the alkali silicate
hydrates (ASH) comparable to kanemite, makatite, magadiite, kenyaite, and octosilicate
[149, 274-276]. After 3 hours of carbonation under 3% CO., 75% RH, and 50°C, the
reduction of full width at half measurement (FWHM) from the characteristic peaks suggested
the enhanced crystallization of the ASR phases along with the appearance of crystalline
peaks at 29.9°20 and 24.8° due to calcite and at 24.5°, 49.9° and 55.41° due to vaterite
(Figure 4.39a). A metastable calcium-silicate carbonate phase known as galuskinite
(Ca7(S104)3(CO3)) was also detected at 9.1° and 16.3° 26. Due to the high Na/Si ratio (0.8) of
the synthetic ASR gel, one of the major products formed after 3 hours of carbonation was
sodium bicarbonate or nahcolite (NaHCO3) indicated by the peaks at 18.3°, 28°,35.8°, 36.9
©,40.8°, 44°, and 52.8 ° 20 and metastable sodium-calcium carbonate or nyerereite
(NaxCa(CO:s)2) signified by the peaks at 16.3° and 29.3° 20. After 24 hours of carbonation,
the absence of tobermorite-type C-S-H and ASH suggested complete conversion of the ASR
phases into carbonates. Although no new phases were formed, the vaterite (34.1° 20) was
reduced and galuskinite was completely converted into more stable calcite or nahcolite after
24 hours. After 7 days of carbonation, further enhancement of nahcolite and reduced vaterite
was observed without the formation of any new phases. As shown in Figure 4.39b, increasing
the CO> concentration from 3% to 10% resulted in accelerated conversion of ASR phases in
just 3 hours as indicated by the disappearance of the tobermorite-type C-S-H and ASH peaks.
After 24 hours, the galuskinite was further converted to alkali-based carbonation products as
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well as vaterite and calcite with no new phase formed after 3 days and 7 days. However, after
7 days of carbonation, G10 showed lower nahcolite intensity than G3, which indicates the
preferential formation of CC over nahcolite under high CO: concentration.
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Figure 4.39: XRD patterns of ASR gels carbonated under (a) 3% and (b)10% COa,
from 0 hours to 7 days. Note: A-ASH, C-Calcite, G-Galuskinite, N-Nahcolite, Ny-
Nyerereite, Q-Quartz, T-Tobermorite-type C-S-H, V-Vaterite.

Figure 4.40 shows the weight percentages of the crystalline phases and the amorphous
portion in the ASR gels carbonated after 0, 3, 24 and 167 hours. Without carbonation, the
control ASR gel showed a 89.6% amorphous content. The crystalline tobermorite-type C-S-
H and ASH showed contents of 4.4% and 6.1%, respectively. As shown in Figure 4.40a,
under 3% CO; for 3 hours, the amorphousness was found to decrease by 20.7%, which is
supported by the reduced FWHM of the peaks. It is worth noting that the main ASR
products, tobermorite-type C-S-H and ASH, contain a large portion of amorphous phases,
and the amorphous ASR products are typically considered more swellable than crystalline
phases. The decrease in amorphousness indicates the conversion of ASR products into
crystalline components, like carbonates. This change was accompanied by steady decreases
in the crystalline ASR products as the carbonation progressed. After 7 days of carbonation
under 3% COz, the contents of crystalline tobermorite-type C-S-H and ASH decreased by
70.5% and 65.6%, respectively. As a result, nahcolite was formed and dominated the
products with a content of 24.9%. It is interesting to see that the content of calcium
carbonates (calcite and vaterite) increased during the first 3 days followed by a reduction
with further carbonation. As shown in Figure 4.40b, increasing the CO> concentration from
3% to 10% resulted in an enhanced reduction of amorphousness by 24.1% after 3 hours. Due
to the rapid carbonation under this high CO> concentration, no significant further decrease in
amorphousness was obtained over time. The enhanced carbonation in G10 was also evident
from the more remarkable reductions of crystalline tobermorite-type C-S-H and ASH. After
7 days, the contents of tobermorite-type C-S-H and ASH were found to decrease by 86.3%
and 93.4%, respectively. Similar to the finding under 3% CQO?2, the content of calcium
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carbonates was found to increase during the first 3 hours, which became less with further
carbonation accompanied by a slight increase in the nahcolite content. Although a 15.2%
increase in the 7-day calcium carbonate content was obtained when increasing the CO-
concentration from 3% to 10%, the relative contents of carbonate polymorphs were modified
with a higher content of vaterite and less calcite.
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Figure 4.40: Rietveld refinement of ASR gels cured at (a) 3% and (b)10% CO2, 50°C,
and 75% RH from 0 hours to 7 days. Note: Amor- Amorphous content, A-ASH, C-
Calcite, N-Nahcolite, T-Tobermorite-type C-S-H, V-Vaterite.

Figure 4.41 shows the TGA and DTG curves of the ASR gel before carbonation and
conditioned under the 3% CO- concentration after 3 hours, 1 day and 7 days. The weight loss
between 30°C and 105°C is attributed to the evaporation of free or the loss of loosely bound
water, while the additional weight losses between 105°C and 250°C are due to the loss of
chemically bound water in the ASR products such as tobermorite-type C-S-H [277] and
ASH (might include kanemite, magadiite and kenyaite) [274, 276]. The control gel also
shows a distinct compound weight loss between 250°C and 360°C where the first weight loss
between 250°C and 288°C is attributed to the dehydration of Na-kanemite and the second
weight loss between 288°C and 360°C is most likely due to the dehydration of Na-magadiite
[276]. After carbonation under 3% CO: for 3 hours, the ASR gel showed a reduction in
weight drop of free and loosely bound water by 11.3% due to drying and carbonation of the
ASR gel. The amount of ASR phases was reduced by 82.7%. A distinct weight loss and DTG
peak due to the decomposition of nahcolite was observed from the carbonated ASR gels
between 100°C and 225°C [278]. The formation of CC, including aragonite, vaterite, and
calcite was evidenced by the newly formed DTG peaks in the range between 450°C and
900°C. Aragonite and vaterite, the metastable polymorphs of CC, decompose in a range of
500-650°C, while the more thermally stable calcite decomposes between 680°C and 900°C
[279]. After 24 hours of carbonation, the ASR-related components were completely
converted. The weight drop due to free and loosely bound water was found to decrease by
69.1% and 87.7% after 24 hours and 7 days, respectively, which is in line with the FTIR
results (see Figure 4.43 below) and suggests the mitigation of the moisture uptake capacity of
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the ASR gel. Although nahcolite and vaterite were found to increase by up to 14.9% and
19.6% from 24 hours to 7 days, respectively, the amount of calcite reduced by 28.5%, which

supports the XRD results.
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Figure 4.41: (a) TGA and (b) DTG curves of ASR gels carbonated under 3% CO; for
up to 7 days.

As shown in Figure 4.42, under 10% CO., complete conversion of the ASR phases was
reached after just 3 hours, along with a 14.3% lower weight drop due to free and loosely
bound water. While the overall carbonation products (CC and nahcolite) were greater under
10% CO2, 22.8% less nahcolite was formed when compared to G3 at 3 hours, which
indicates that calcium-based carbonation products can be formed more rapidly under a higher
CO; concentration. However, the content of nahcolite was found to increase by 102.2% from
3 to 24 hours, along with 21% and 14.2% reductions in vaterite and calcite, respectively.
After 7 days of carbonation, G10 yielded 6.5% more overall carbonates than G3, indicating a
higher degree of carbonation in the system.

100 e
\'v \\,\‘ a
\ Ky
904 :\ Y
B \‘
v\ow
80 1 "1 \'\‘:‘1‘lf~\\ -
S R T g
- ~ > '\\5 X
f,) 70 - S <
(5} Tl STl E
= R TSITIog e
60 - R -
—Go )
504 - = G10-3h
--=-Gl10-1d
- --G10-7d
40 T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)

123

-0.6

P T
—G0
-=-G10-3h
--=--G10-1d
- --G10-7d
T T T T T T T T
100 200 300 400 500 600 700 800 900

Temperature (°C)



Figure 4.42: (a) TGA and (b) DTG curves of ASR gels carbonated under 10% CO: for
up to 7 days.

From the FTIR spectra in Figure 4.43, characteristic peaks of Si-O-Si bending between 600
and 800 cm™! and Si-O stretching between 900 and 1100 cm™ were observed from the control
ASR gel, indicating the presence of Q? and Q’ silicate polymerization sites in the ASR gel
[280]Fig. The peak at ~966 cm™ is characteristic of the Q? structures in tobermorite-type C-
S-H [281], whereas the peaks at 900 cm™ and the shoulder at 1065 cm™ suggest the co-
existence of Q? and Q° sites in ASH (Na-kanemite) [209, 282]. The presence of the layered
Q? sites is a unique feature of ASR gels and is considered to be the main reason for moisture
uptake and swelling [283]. Under 3% CO- concentration, the Si-O and Si-O-Si peaks still
existed but with lower intensities, indicating the partial carbonation of the ASR phases
(Figure 4.43a). After 24 hours, the Si-O-Si and Si-O peaks are absent indicating the complete
conversion of ASR gel to carbonates, which can be evidenced by the new peaks at 850 cm!
and 1395-1450 cm™ due to the out-of-plane bending (v2) and symmetrical stretching (v3) of
carbonate (CO3>") group and C=0 bond, respectively, in CC (calcite, vaterite, and aragonite)
[284]. The appearance of peaks at 680 cm™, 1029 cm™, and 1055 cm™! indicates the
formation of nahcolite [285, 286]. The appearance of the Q* peak of free silica at ~1175 cm’!
indicates the decalcification of the ASR phases under carbonation [287, 288]. The broad
band between 2500 and 3750 cm™' due to the vibration of the -OH in free or loosely bound
water was found to decrease after 3 hours and disappear after 24 hours and 7 days of
carbonation, which indicates the decreased hygroscopicity of the system. Similar carbonation
products were observed under 10% CO», while the rapid carbonation resulted in the complete
disappearance of ASR phases after only 3 hours. In line with the XRD and TGA data, less
nahcolite, greater Q* sites due to decalcification, and further decreased vibration of -OH were
observed under the higher CO» concentration after 24 hours and 7 days, indicating a more
comprehensive carbonation and conversion of the ASR phases into non-expansive
carbonates.
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Figure 4.43: ATR-FTIR spectra of ASR gels carbonated under (a) 3% and (b) 10%
CO: from 0 hours to 7 days. Note: A-Aragonite, C-Calcite, N-Nahcolite, and V-Vaterite.

4.8.3.2 Hygroscopicity and water uptake
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The moisture sorption and desorption behavior, one of the most important characteristics of
ASR gel governing its volumetric swelling, was studied via dynamic vapor sorption (DVS)
after carbonating the gel under 3% and 10% COx for 7 days. The control ASR gel shows
overall moisture desorption and absorption of 125.7% and 124.5%, respectively, about 83%
of which occurs in the high RH range of 70-95% (Figure 4.44a). Under 3%, the overall
moisture absorption reduced by 10.65%, while no significant change was observed from the
one carbonated under 10% COs. In addition, G3 and G10 showed 93% and 93.4% of their
total absorption between 70% and 95% RH, respectively, which are higher than that of the
control ASR gel. The reason for this may be the formation of the hygroscopic calcite, as well
as silica gel from the decalcification of ASR products, which shows high moisture absorption
at RH above 70% [289]. It should be noted that, although the formed calcite and silica gel
can capture moisture, they do not exhibit significant volume expansion [290, 291] and hence
no detrimental stress to the surrounding concrete matrix can be generated, which is contrary
to the intrinsic swelling nature of ASR gels.

The DVS isotherms of the control and carbonated ASR gels are shown in Figure 4.44b,
4.43c, and 4.43d. According to Sing [292] and Thommes [293], the control ASR gel
exhibited a Type III isotherm showing multilayer adsorption with weak adsorbate-adsorbent
interactions. The negligible hysteresis between the desorption and absorption isotherms
indicates the absence of ink-bottle shaped pores in the ASR gel. After carbonation in 3% CO»
for 7 days, G3 yielded an isotherm shape similar to a Type II isotherm, indicating a
monolayer or multilayer adsorption behavior in a non-porous or microporous structure. A
distinct inflection point (B) was observed at 10% RH in both G3 and G10, indicating the
monolayer and multilayer adsorption behavior of the ASR gels at different RH levels. Such a
Point B can be signified by the sudden slope change, beyond which the dominant moisture
uptake behavior converts from monolayer adsorption into multilayer adsorption. Different
from Type II isotherms, a significant hysteresis was observed in the isotherms of G3 and
G10. When the CO; concentration increased to 10% (G10), the isotherm changed to Type IV,
indicating mesoporous adsorbents such as silica gel, where the adsorbate-adsorbent
interaction initially follows the same monolayer-multilayer path as Type II isotherm,
followed by pore condensation [293] (Figure 4.44d). The carbonated ASR gels exhibited an
increase in hysteresis with RH, indicating the presence of ink-bottle-shaped pores with
smaller pore necks that can entrap moisture and inhibit its drying by forming a meniscus in
the pore neck [294]. G3 shows a maximum hysteresis width of 29.1% at 80% RH, while G10
shows a maximum hysteresis width of 31.4% at 70% RH, which is similar to the hysteresis
behavior of silica gel [289]. The hysteresis in G3 and G10 is mainly due to the decreased
moisture absorption capacity at RH below 80% indicating the decreased hygroscopicity of
the ASR gel after carbonation.
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Figure 4.44: (a) Dynamic vapor sorption behavior of ASR gels and the isotherms (b) the
control ASR gel and carbonated ASR gels under (c¢) 3% and (d) 10% COa:.

The mass change curves, as well as the drying rate and drying acceleration curves obtained
from wet ASR gels G0, G3, and G10 to equilibrium at 40 % RH and 40 °C, are shown in
Figures 4.45a to 4.44c, respectively. Based on the mass development, WUC of the ASR gels
before and after carbonation at CO; concentrations of 3% and 10% was determined and
shown in Figure 4.45c. From the mass drops of the pre-saturated ASR gels shown in Fig.
4.45a, G3 and G10 showed 43% and 35% mass loss, respectively, which are 25.9% and
39.7% lower than that of the control ASR gel. The reductions in both moisture desorption
and equilibrium time indicate lower WUC of the carbonated ASR gels. As shown in Figure
4.45c, the control ASR gel yielded a WUC of 41.4%, which decreased to 15.4% and 11.1%
in G3 and G10, respectively. In line with the DVS results above, the substantial decrease in
water absorption behavior in the carbonated ASR gels provided an additional mechanism for
the suppressed ASR expansion and cracking and confirmed the promising efficacy of early-
age enforced carbonation as a potential ASR mitigation approach at a lower length scale.
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5.0 Field Tests

5.1 Field test outcomes and comparison
between lab and field results

To evaluate field performance and to scale up the concrete mix, the same laboratory-tested
mix with 25% RGGP was ordered from a MassDOT-approved ready-mix plant for casting
sidewalk slabs. Detailed concrete mix design sheets can be found in the appendix. The
delivered concrete had a slump of 7 inches and an air content of 7.5%.

5.1.1. Compression test results

To evaluate the compressive strength of concrete in a field setting, the mix with 25% RGGP
was used to make a sidewalk slab. The slab was cured using wet burlap for 7 days. Strength
was measured at 7 and 28 days. To study the effect of burlap curing, which is less ideal than
curing in saturated lime water until the testing date, additional samples were prepared. For
every test date, 3 samples were cured in lime water until testing, and three samples were
cured with burlap for seven days outdoors in an environment similar to sidewalk slab. Figure
5.1 shows the average strength for each age. In the figure, bar heights represent the average
of three samples, symbols in the bars show the results of each sample, and the different
colors identifies the testing age.
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Figure 5.1: Average compressive strength of 25% RGGP concrete under burlap and
lime curing at 7 and 28 days
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As shown in Figure 5.1, the burlap-cured samples showed slightly higher strength at 7 days,
and the 28-day strength was nearly equivalent between both curing methods. This outcome is
likely due to the higher ambient temperature during summer outdoor curing, which
accelerated the hydration and early strength gain in the burlap-cured specimens. Similarity of
the strength at 28 days also suggests that the absence of curing beyond 7 days did not
significantly impact the long-term strength development of the concrete with 25% RGGP.

In addition, a comparison was made between the compressive strength of the 25% RGGP
concrete specimens, prepared in the lab and cured in lime water and the concrete samples
made using the ready-mix concrete. As shown in Figure 5.2, the results indicate that the
laboratory-prepared concrete samples exhibited higher compressive strength than their ready-
mix counterpart.
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Figure 5.2:Compressive strength — lab vs. field samples

5.1.2. Splitting tensile test results

For each testing age of 7 and 28 days, three cylinders with 25% RGGP were prepared. The
average splitting tensile strength results are presented in Figure 5.3. At both ages, the lab-
prepared concrete showed slightly higher tensile strength compared to the field samples.
However, the difference was less noticeable than the variation observed in compressive
strength.
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Figure 5.3: Splitting tensile strength — lab vs. field samples

5.1.3 Rupture strength test results

For further evaluation of the rupture strength of the concrete with 25% RGGP, four-point
bending tests were performed. Two samples were tested at each curing age (7 and 28 days).
As shown in Figure 5.4, the plant-sourced concrete outperformed the laboratory mix at both
time intervals.
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Figure 5.4: Rupture strength — lab vs. field samples
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5.2 ASR Test

As shown in Figure 5.5 and Tables 5.1 and 5.2, the ASR reactivity test was conducted
according to ASTM C1567. After 14 days of exposure, the average mortar expansion for the
specimens containing 25% RGGP was 0.043%. This value is slightly lower than the
expansion observed in the control specimens without RGGP, which was 0.056%. The results
demonstrate that the replacement of 25% of RGGP sourced from Urban Mining not only
does not increase the risk of ASR expansion for the used concrete mix, but also contributes to
a slight improvement in performance compared to the control specimens. Furthermore, both
expansion values remain below the 0.1% threshold.

Table 5.1: Expansion rate for control mix according to ASTM C1567

Control (0% RGGP Replacement)
Reading Sample 1 Sample 2 Sample 3 Average
Time | Length | Expansion | Length | Expansion | Length | Expansion | Expansion
(in) (%) (in) (%) (in) (%) (%)
Initial "} 11 6076 0 11.5242 0 11.5674 0 0
Reading
Zero
. 11.6102 0.02 11.5282 0.03 11.5718 0.03 0.026
Reading
3-day | 11.6104 0.02 11.5295 0.04 11.5721 0.04 0.033
6-day | 11.6110 0.03 11.5298 0.04 11.5732 0.05 0.04
9-day |11.6114 0.03 11.5302 0.05 11.5743 0.06 0.046
14-day | 11.6142 0.05 11.5310 0.06 11.5752 0.06 0.056

Table 5.2: Expansion rate for the mix with 25% RGGP according to ASTM C1567

25% RGGP Replacement
Reading Sample 1 Sample 2 Sample 3 Average
Time | Length | Expansion | Length | Expansion | Length | Expansion | Expansion
(in) (%) (in) (%) (in) (%) (%)
Initial |1y 5g9g 0 11.5346 0 11.5605 0 0
Reading
Zero
. 11.5921 0.01 11.5366 0.01 11.5625 0.01 0.01
Reading
3-day | 11.5937 0.03 11.537 0.02 11.5632 0.02 0.023
6-day | 11.5950 0.04 11.5377 0.02 11.5644 0.03 0.03
9-day | 11.5954 0.04 11.5387 0.03 11.566 0.04 0.036
14-day | 11.5966 0.05 11.5402 0.04 11.5662 0.04 0.043
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6.0 Conclusions

This study involved a series of laboratory and field tests to examine how RGGP and other
alternative materials affect concrete performance at different replacement levels. The
investigations over the current state and challenges in applying RGGP into concrete,
experimental characterizations of RGGP, evaluations of cement hydration in the presence of
RGGP, assessment of fresh and hardened properties of mortar and concrete, and field tests.
The following key conclusions can be drawn from this project:

(1)

(i)

(iii)

Although the unique amorphous nature and the high silicate contents in glass highlight
the promising potential of RGGP in modifying cement and concrete as a sustainable
supplementary cementitious material, particularly at replacement levels below 50%.
Based on the literature review, while RGGP can contribute to long-term strength
development and mitigate some durability concerns when properly formulated,
challenges such as variations in chemical compositions, types of glass, high alkali
content, reduced early-age strength, workability loss, increased shrinkage, and
vulnerability to acid and sulfate attacks must be carefully managed. The performance
of RGGP-modified concrete is highly dependent on the glass composition, fineness,
and interaction with other mix components like cement, aggregates, and SCMs.
Though low-alkali glasses offer better ASR resistance, their limited availability and
high processing costs hinder widespread use. Ultimately, optimizing particle
characteristics and blend proportions—especially in combination with materials like
fly ash or slag—can help unlock the full potential of RGGP in low-carbon, durable
concrete, paving the way for more sustainable construction practices.

This study confirms the high pozzolanic reactivity of RGGP, with its performance
strongly influenced by particle size, chemical composition, and curing temperature.
RGGP2, characterized by finer particles and higher amorphous content, consistently
outperformed RGGP1, consuming up to 150.5 g CH/100 g RGGP at 40°C and
showing a 93.6% increase in bound water between days 1 and 7. Elevated curing
temperatures accelerated pozzolanic reactions, particularly in RGGP2, which
maintained higher CH consumption and hydration product formation at both 23°C and
40°C. These results underscore the importance of material optimization to achieve
effective high-volume cement replacement.

This study provides a comprehensive evaluation of how recycled ground glass powder
(RGGP) influences cement hydration kinetics, phase evolution, and pozzolanic
reactivity. Both RGGP1 and RGGP2 modified cement pastes followed the expected
five-stage hydration behavior, but RGGP2 demonstrated superior performance due to
its finer particle size and higher amorphous content. RGGP2 consistently exhibited
higher early cumulative heat release, up to 7% greater than RGGP1, and more
effective CH consumption, with up to 41% reduction in CH from 28 to 90 days at 50%
replacement. TGA and DTG results confirmed that pozzolanic reactivity was more
pronounced in RGGP2, especially at higher dosages. Although higher RGGP contents
reduced the degree of reaction (DOR), RGGP2-30 maintained up to 86.6% greater
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(iv)

)

(vi)

DOR than RGGP2-50 at 90 days. Thermodynamic modeling showed that hydration
product development—particularly C-S-H formation—plateaus once CH is depleted,
with natrolite and M-S-H emerging at higher reaction levels. Overall, the findings
highlight the potential of finely ground RGGP for enhancing pozzolanic activity,
supporting its use in higher-volume cement replacement strategies when particle
characteristics and curing conditions are optimized.

The impacts of RGGP on mortar workability across different replacement levels were
quantified. As RGGP1 content increased, flowability steadily dropped by 22% at 10%
replacement and reached a 36.1% reduction at 50%. RGGP2 caused more decreases,
with flow reductions of 41.2% and 52.2% at the same replacement levels. This greater
loss in workability is attributed to RGGP2’s finer particles and larger surface area,
which increase water demand. To maintain adequate workability, flow values were
controlled within +£5% of the control mix by adjusting the high-range water reducer
dosage and up to 0.15% of superplasticizer based on the weight of cementitious binder
is needed to obtain enough flowability from the fresh mortar containing 50% RGGP.

The compressive strength results demonstrate the promising potential of RGGP,
particularly RGGP2, as a supplementary cementitious material. Under lime water
curing, RGGP1 exhibited delayed strength development, with RGGP1-30% achieving
90-day strength only 2.8% lower than the control mix and showing a 166% increase
from 7 to 90 days. In contrast, RGGP2 enhanced both early and long-term strength due
to its finer particle size and higher reactivity. RGGP2-5% exceeded the control by
3.8% at 7 days, while RGGP2-10% and RGGP2-30% surpassed it by 13.3% and
13.2%, respectively, at 90 days. Both types of RGGP satistied the ASTM C618
pozzolanic strength activity index requirement by 90 days, even at high replacement
levels. Steam curing at 70°C further improved early-age strength. RGGP1-50% and
RGGP2-50% gained 81.4% and 55.7% more strength, respectively, compared to their
lime-cured counterparts at 7 days, and it helped mitigate the long-term strength loss
typically observed in steam-cured control mixes. These findings confirm that RGGP,
particularly RGGP2, can effectively replace a significant portion of cement while
maintaining or enhancing strength development, making it a viable candidate for
sustainable high-volume cement substitution in mortar systems.

The role of Class N (MK) in modifying cement and the effects of MIC were
investigated. The incorporation of dry MK resulted in a 17.8% decrease in the 90-day
CH contents of the cement matrix, indicating the high pozzolanic reactivity of this
calcined clay mineral. In the presence of MIC, enhancement of cement hydration
played a dominant role in the early age (before 28 days), which is positively correlated
to the DOS of MK. Different from dry MK, a decreasing trend of CH content was
triggered by MIC after 28 days, indicating the increasingly dominant role of
pozzolanic reaction over cement hydration at later ages, the benefit of the gradually
released water from MIC in sustaining the reactivity of MK particles in the matrix of
cement. Accelerated and enhanced cement hydration, confirmed by the higher heat
release and earlier heat flow peaks, was triggered by MIC with increasing DOS of
MK.
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(viii)

The effects of MK and MIC on the chemical, autogenous, and drying shrinkage
behavior of cement and concrete were studied by focusing on its comparison with
lithium nitrate, dry MK, as well as the coupled MIC and lithium, on the early-age
shrinkage behavior of cement mixtures were investigated. Increases in the chemical
shrinkage of cement pastes positively correlated with the DOS of MK were observed
in the presence of MIC. FMIC exhibited the highest shrinkage of 0.09% at 28 days,
which is 50%, 12.5%, and 28.6% higher than those of PC, LLi, and DMKEW,
respectively, indicating the enhanced structural densification of cement during
hydration. This is further confirmed by the linear correlation between chemical
shrinkage and normalized cumulative heat, where increased chemical shrinkage with
the DOS of MK was observed at the same hydration heat. Compared with dry MK,
further decreases in early-age autogenous shrinkage of cement were triggered by MIC,
the efficacy of which was found to decrease with the MK’s degree of saturation. A
synergistic effect between MIC and lithium in mitigating the self-desiccation of
cement and offsetting the negative effect of lithium was obtained from FMIC-Li,
which yielded the lowest autogenous shrinkage. A 17.6% increase in drying shrinkage
of cement was induced by the incorporation of dry MK. A further increased drying
shrinkage was observed in DMKEW. With the same total amount of water, FMIC
showed a 28.0% lower drying shrinkage than DMKEW. 0.5MIC yielded a 32-day
drying shrinkage of 0.167%, which is 11.0% and 31.3% lower than that of DMKEW
and DMK, respectively. The superior water retention benefits of MIC and its coupling
with lithium were further confirmed by the linearly positive correlations between
drying shrinkage and water loss, from which decreased drying shrinkage sensitivity
(lower drying shrinkage at the same water loss) was obtained.

Various cement replacement levels with RGGP were tested in a controlled lab setting,
where both fresh and hardened concrete properties were evaluated at 7, 28, and 91-day
intervals. To validate these findings on a larger scale, the most viable replacement mix
was used to construct full-sized sidewalk slabs, with the concrete prepared by an
approved MassDOT contractor. This allowed for a direct comparison between lab
results and real-world performance. Additionally, a series of tests were conducted to
assess the ASR reactivity of the concrete with the recommended RGGP replacement
level. Higher RGGP replacement levels increase concrete workability, with slump
values increasing from 7 in the control mix to 9 at 30% replacement.

e Compression strength testing at different time intervals revealed that:

o At 7 days, strength increased up to 10% RGGP replacement but declined
beyond this replacement level. All mixes with up to 20% RGGP replacement
exceeded the strength of 5000 psi.

o At 28 days, the trend remained similar to the 7-day results, with strength
increasing up to 10% RGGP replacement and declining beyond this level. All
mixes exceeded the compressive strength of 5000 psi. The 30% replacement
mix remained above 5000 psi but showed a lower SAI than 75%, which is not
acceptable.

o At 91 days, strength continued to increase, with mixes up to 25% RGGP
replacement performing on par with or better than the control.
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e Splitting tensile strength testing at different time intervals revealed that:

o

(@]

o

At 7 days, tensile strength remained relatively consistent for mixes with up to
15% RGGP replacement but showed a decline beyond 20%.

At 28 days, the trend was similar to the 7-day results, with tensile strength
remaining steady up to 15% RGGP replacement and declining beyond 20%.
At 91 days, tensile strength significantly increased across higher RGGP
replacement levels, and all mixes exceeded the control tensile strength.

e Rupture strength testing at different time intervals revealed that:

o

o

At 7 days, rupture strength increased up to 10% RGGP replacement, then
gradually declined as replacement levels extended to 30%.

At 28 days, all mixes, except the one with 30% RGGP replacement, showed
higher rupture strength than the control.

At 91 days, all replacement levels from 5% to 30% performed on par with or

better than the control concrete.

The early-age autogenous shrinkage results reveal that different supplementary
cementitious materials (SCMs) significantly influence shrinkage behavior within the
first 48 hours. Slag exhibited the highest shrinkage (~865 um), 53.7% greater than the
control, due to intensified self-desiccation. However, combining slag with metakaolin
(MK) reduced shrinkage by 44% compared to slag alone, likely due to MK’s effect on
pore pressure and gel formation. NP-MET15 and NP-DE30 mixes reduced shrinkage
by 32% and 14%, respectively, relative to the control, attributed to MK’s densifying
effect and DE’s internal humidity regulation. In contrast, nano-silica and GGP-GS30
slightly increased shrinkage by 1% and 19%, respectively. Notably, RGGP
unexpectedly increased shrinkage, potentially due to elevated chemical shrinkage from
alkali-induced hydration acceleration. These findings highlight the critical role of
SCM type and interactions in governing early-age autogenous shrinkage behavior.

The permeability results, assessed via bulk electrical resistivity, show that all SCMs
improved concrete durability to varying degrees. The control mix had low resistivity
(28.8 Q-m at 7 days, 60.22 Q-m at 56 days), indicating high permeability. In contrast,
NP-MET15 and GGP-GS30 showed significant improvements, with resistivity
increases of ~193% and 442% over the control, respectively. The NP-DE30 mix
achieved the highest resistivity, reaching 630 Q-m at 56 days, which is ten times
higher than the control, indicating very low chloride penetrability. Notably, while nano
silica alone showed minimal improvement, its combination with slag enhanced
resistivity by up to 72%. RGGP also contributed to long-term permeability reduction,
with a 174% higher resistivity than slag at 56 days. These findings underscore that
SCM effectiveness depends on reactivity, particle characteristics, and synergy, with
diatomaceous earth and glass powder showing particularly strong long-term benefits.

The results show that all SCMs significantly reduced chloride penetration compared to
the control mix, which had an average rate of 0.034 mm/V-h. The mixture with 30%
cement replacement with DE achieved the greatest improvement, with a 92%
reduction in chloride ingress, attributed to its ability to densify the matrix through
additional C-S-H formation. Replacing cement with 20% RGGP or 15% MK also
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performed well, each reducing chloride penetration by 65%, placing them in the low
permeability category. These findings confirm that DE, RGGP, and MK are effective
in enhancing concrete durability against chloride-induced deterioration.

The results from both the mortar bar test and the ACCT test demonstrate the
effectiveness of various SCMs in mitigating ASR expansion. In the accelerated mortar
bar test, the control mix showed severe expansion (>1% at 75 days), indicating high
ASR susceptibility. Among the SCMs, the group replacing 30% cement with DE
performed best, reducing expansion by ~81% to just 0.22%, followed by 15% MK,
which outperformed 40% slag and 30% RGGP. Replacing 40% cement with slag and
30% cement with RGGP reduced expansion by 30.7% and 40.35%, respectively,
though their lower early reactivity and high alkali content may have limited their
effectiveness. In the ACCT test, which provides longer-term insight under milder
conditions, the control again showed >1% expansion by 45 days, while the
incorporation of 40% slag effectively kept expansion below the 0.04% threshold for
non-reactivity. Nano-silica reached 0.19%, indicating moderate reactivity, but when
combined with slag, expansion dropped to 0.09%, which is a 52% reduction,
suggesting a synergistic effect. Together, these tests confirm that DE, MK, and slag-
based blends are particularly effective in enhancing concrete’s resistance to ASR,
offering both short- and long-term mitigation benefits.

Under enforced carbonation, substantial decreases in ASR-induced volume expansion
(based on linear length change of mortar bars) from 0.57% to 0.006% were obtained.
Under 10% and 20% CO: concentrations, decreased expansion was observed from
ASR-attacked mortar specimens, even with an existing expansion of 0.2% indicating
the promising role of carbonation curing in suppressing ASR. Under 3% and 10% CO>
concentrations, the 30-day surface crack density of the ASR-attacked mortars
decreased by 67.2% and 81.8%, respectively, along with substantial decreases in the
maximum and average crack widths. In line with the negligible volume expansion, no
detectable surface cracks can be observed in the mortar under 20% CO,. Significant
reductions in Q? polymerization sites, increases in C/Si and Ca/Si ratios, and decreases
in alkali/Si ratios were obtained from the in-situ characterizations of ASR products in
carbonated mortars, which reveal the decreased formation of ASR gels and explain the
suppressed expansion and cracking behavior. The evolution of phases and chemical
bonds of synthetic ASR gels under carbonation confirmed the promising efficacy of
early-age enforced carbonation in suppressing ASR at a lower length scale. The ASR
gels exhibited quick and complete conversions of the characteristic tobermorite and
ASH phases into calcium carbonate and nahcolite in the presence of 3% and 10% COo.
The disappearance of the -OH vibration indicates the decreased hygroscopicity of the
carbonated ASR gels. The decreased dynamic vapor absorption at RH below 80%, the
changes in hysteresis between isotherms, and the lower water uptake capacity of the
ASR gels after carbonation evidence the reduced hygroscopicity of the ASR products,
which is typically considered as one of the triggers for swelling. These results indicate
that carbonation is an effective approach to mitigate ASR in addition to the
incorporation of RGGP or other alternative materials.
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(xiv) This research confirms MassDOT’s current adoption of recycled ground-glass

(xv)

pozzolan and other alternative constituent materials in standard specifications is
acceptable.

Implementation Recommendations
Based on the outcomes of this research project, the following recommendations are
provided to support implementation:

Promote RGGP as a sustainable material and partner with local suppliers and
recycling facilities to establish reliable supply chains for high-quality, finely
ground glass powders suitable for concrete production.

Develop guidance for mix proportioning and admixture use by refining
superplasticizer dosage adjustments and curing protocols to maintain workability
and early-age strength in field mixes containing RGGP.

Encourage blending RGGP with other SCMs, such as slag, fly ash, and MK, to
balance workability, strength gain, shrinkage, permeability, and durability for
different applications.

Implement field trials on sidewalks, pavements, and bridge deck overlays with
MassDOT contractors to confirm constructability and performance under local
conditions.

Develop performance-based acceptance criteria (e.g., compressive strength,
resistivity, ASR expansion limits) for concrete containing RGGP.

Engage with national standard-setting bodies, including ASTM and AASHTO, to
align state-level specifications with evolving best practices.
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8.0 Appendices

8.1 Appendix A: Failure modes

HP-1L-GG-00-07-CT-01 HP-1L-GG-00-07-CT-02 HP-1L-GG-00-07-CT-03

HP-1L-GG-05-07-CT-01 HP-1L-GG-05-07-CT-02 HP-1L-GG-05-07-CT-03

HP-1L-GG-10-07-CT-01 HP-1L-GG-10-07-CT-02 HP-1L-GG-10-07-CT-03

161



HP-1L-GG-15-07-CT-01 HP-1L-GG-15-07-CT-02 HP-1L-GG-15-07-CT-03

HP-1L-GG-20-07-CT-01 HP-1L-GG-20-07-CT-02 HP-1L-GG-20-07-CT-03

HP-1L-GG-25-07-CT-01 HP-1L-GG-25-07-CT-02 HP-1L-GG-25-07-CT-03
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HP-1L-GG-30-07-CT-01 HP-1L-GG-30-07-CT-02 HP-1L-GG-30-07-CT-02

HP-1L-GG-00-28-CT-01 HP-1L-GG-00-28-CT-02 HP-1L-GG-00-28-CT-03

HP-1L-GG-05-28-CT-01 HP-1L-GG-05-28-CT-02 HP-1L-GG-05-28-CT-03
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HP-1L-GG-10-28-CT-01 HP-1L-GG-10-28-CT-02 HP-1L-GG-10-28-CT-03

HP-1L-GG-15-28-CT-01 HP-1L-GG-15-28-CT-02 HP-1L-GG-15-28-CT-03

HP-1L-GG-20-28-CT-01 HP-1L-GG-20-28-CT-02 HP-1L-GG-20-28-CT-03
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HP-1L-GG-25-28-CT-01

HP-1L-GG-30-28-CT-01

HP-1L-GG-25-28-CT-02

HP-1L-GG-30-28-CT-02

8.2 Appendix B: Test results per batch

HP-1L-GG-25-28-CT-03

HP-1L-GG-30-28-CT-03

Batch 01

Slump Air Content Density
(in.) (%) (1b./ft3)

7.5 8.0 146.8

Sample ID Weight Stress

# (Ib.) (psi)
HP-1L-GG-00-07-CT-01 8.9 5,457.0
HP-1L-GG-00-07-CT-02 8.9 5,691.0
HP-1L-GG-00-07-CT-03 8.9 5,720.0

HP-1L-GG-00-07-ST-01 8.9 425.0

HP-1L-GG-00-07-ST-02 8.9 316.0
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HP-1L-GG-00-07-ST-03 8.9 336.0
HP-1L-GG-00-07-BT-01 65.0 398.0
HP-1L-GG-00-07-BT-02 65.0 485.0
HP-1L-GG-00-28-CT-01 8.8 6,706.0
HP-1L-GG-00-28-CT-02 8.8 6,638.0
HP-1L-GG-00-28-ST-01 8.8 442.0
HP-1L-GG-00-28-BT-01 65.0 428.0
Batch 02
Slump Air Content Density
(in.) (%) (Ib./1t3)
6.5 5.0 155.2
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-00-28-CT-03 9.0 7,796.0
HP-1L-GG-00-28-ST-02 9.0 378.0
HP-1L-GG-00-28-ST-03 9.0 516.0
HP-1L-GG-00-28-BT-02 70.4 542.0
HP-1L-GG-00-91-CT-01 9.1 8,404.0
HP-1L-GG-00-91-CT-02 9.1 8,742.0
HP-1L-GG-00-91-CT-03 9.1 8,471.0
HP-1L-GG-00-91-ST-01 9.1 498.0
HP-1L-GG-00-91-ST-02 9.1 435.0
HP-1L-GG-00-91-ST-03 9.1 439.0
HP-1L-GG-00-91-BT-01 71.2 844.0
HP-1L-GG-00-91-BT-02 69.8 781.0
Batch 03
Slump Air Content Density
(in.) (%) (Ib./1t3)
8.0 6.2 147.2
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-05-07-CT-01 8.9 6,037.0
HP-1L-GG-05-07-CT-02 8.9 5,824.0
HP-1L-GG-05-07-CT-03 8.9 6,271.0
HP-1L-GG-05-07-ST-01 8.9 325.0
HP-1L-GG-05-07-ST-02 8.9 434.0
HP-1L-GG-05-07-ST-03 8.9 321.0
HP-1L-GG-05-07-BT-01 65.0 484.0
HP-1L-GG-05-07-BT-02 65.0 455.0
HP-1L-GG-05-28-CT-01 8.9 7,188.0
HP-1L-GG-05-28-CT-02 8.9 7,033.0
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HP-1L-GG-05-28-ST-01 8.9 508.0
HP-1L-GG-05-28-BT-01 67.6 493.0
Batch 04
Slump Air Content Density
(in.) (%) (Ib./ft3)
7.5 7.5 150.4
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-05-28-CT-03 8.9 7,526.0
HP-1L-GG-05-28-ST-02 8.9 386.0
HP-1L-GG-05-28-ST-03 8.9 434.0
HP-1L-GG-05-28-BT-02 67.4 616.0
HP-1L-GG-05-91-CT-01 9.0 8,362.0
HP-1L-GG-05-91-CT-02 9.0 8,428.0
HP-1L-GG-05-91-CT-03 9.0 8,337.0
HP-1L-GG-05-91-ST-01 9.0 439.0
HP-1L-GG-05-91-ST-02 9.0 523.0
HP-1L-GG-05-91-ST-03 9.0 635.0
HP-1L-GG-05-91-BT-01 68.8 834.0
HP-1L-GG-05-91-BT-02 69 852.0
Batch 05
Slump Air Content Density
(in.) (%) (Ib./ft3)
7.0 7.0 152.8
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-10-07-CT-01 8.9 7,044.0
HP-1L-GG-10-07-CT-02 8.9 6,747.0
HP-1L-GG-10-07-CT-03 8.9 6,861.0
HP-1L-GG-10-07-ST-01 8.9 448.0
HP-1L-GG-10-07-ST-02 8.9 330.0
HP-1L-GG-10-07-ST-03 8.9 404.0
HP-1L-GG-10-07-BT-01 68.0 470.0
HP-1L-GG-10-07-BT-02 68.0 476.0
HP-1L-GG-10-28-CT-01 9.0 8,506.0
HP-1L-GG-10-28-CT-02 9.0 8,278.0
HP-1L-GG-10-28-ST-01 9.0 428.0
HP-1L-GG-10-28-BT-01 69.6 570.0
Batch 06
Slump Air Content Density
(in.) (%) (Ib./1t3)
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7.5 8.0 145.6
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-10-28-CT-03 8.7 6,211.0
HP-1L-GG-10-28-ST-02 8.7 449.0
HP-1L-GG-10-28-ST-03 8.7 410.0
HP-1L-GG-10-28-BT-02 65.4 500.0
HP-1L-GG-10-91-CT-01 8.7 7,482.0
HP-1L-GG-10-91-CT-02 8.7 7,194.0
HP-1L-GG-10-91-CT-03 8.7 7,040.0
HP-1L-GG-10-91-ST-01 8.7 411.0
HP-1L-GG-10-91-ST-02 8.7 574.0
HP-1L-GG-10-91-ST-03 8.7 478.0
HP-1L-GG-10-91-BT-01 66.2 757.0
HP-1L-GG-10-91-BT-02 66.4 699.9
Batch 07
Slump Air Content Density
(in.) (%) (Ib./ft3)
8.0 8.0 148.8
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-15-07-CT-01 8.8 5,546.0
HP-1L-GG-15-07-CT-02 8.8 5,639.0
HP-1L-GG-15-07-CT-03 8.8 5,616.0
HP-1L-GG-15-07-ST-01 8.8 383.0
HP-1L-GG-15-07-ST-02 8.8 316.0
HP-1L-GG-15-07-ST-03 8.8 313.0
HP-1L-GG-15-07-BT-01 66.2 410.0
HP-1L-GG-15-07-BT-02 66.2 412.0
HP-1L-GG-15-28-CT-01 8.8 7,068.0
HP-1L-GG-15-28-CT-02 8.8 6,933.0
HP-1L-GG-15-28-ST-01 8.8 489.0
HP-1L-GG-15-28-BT-01 66.6 596.0
Batch 08
Slump Air Content Density
(in.) (%) (Ib./1t3)
8.0 8.0 147.2
Sample ID Weight Stress
# (1b.) (psi)
HP-1L-GG-15-28-CT-03 8.7 6,472.0
HP-1L-GG-15-28-ST-02 8.7 310.0
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HP-1L-GG-15-28-ST-03 8.7 559.0
HP-1L-GG-15-28-BT-02 66.8 518.0
HP-1L-GG-15-91-CT-01 8.8 8,430.0
HP-1L-GG-15-91-CT-02 8.8 8,218.0
HP-1L-GG-15-91-CT-03 8.8 8,317.0
HP-1L-GG-15-91-ST-01 8.8 502.0
HP-1L-GG-15-91-ST-02 8.8 433.0
HP-1L-GG-15-91-ST-03 8.8 530.0
HP-1L-GG-15-91-BT-01 65.6 865.0
HP-1L-GG-15-91-BT-02 66.4 783.0
Batch 09
Slump Air Content Density
(in.) (%) (Ib./ft3)
8.0 6.2 148.0
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-20-07-CT-01 8.8 5,142.0
HP-1L-GG-20-07-CT-02 8.8 5,478.0
HP-1L-GG-20-07-CT-03 8.8 5,272.0
HP-1L-GG-20-07-ST-01 8.8 432.0
HP-1L-GG-20-07-ST-02 8.8 321.0
HP-1L-GG-20-07-ST-03 8.8 320.0
HP-1L-GG-20-07-BT-01 67.0 434.0
HP-1L-GG-20-07-BT-02 67.0 448.0
HP-1L-GG-20-28-CT-01 8.9 6,715.0
HP-1L-GG-20-28-CT-02 8.9 6,730.0
HP-1L-GG-20-28-ST-01 8.9 470.0
HP-1L-GG-20-28-BT-01 65.2 545.0
Batch 10
Slump Air Content Density
(in.) (%) (Ib./1t3)
8.5 8.5 147.2
Sample ID Weight Stress
# (1b.) (psi)
HP-1L-GG-20-28-CT-03 8.8 6,685.0
HP-1L-GG-20-28-ST-02 8.8 273.0
HP-1L-GG-20-28-ST-03 8.8 390.0
HP-1L-GG-20-28-BT-02 65.8 550.0
HP-1L-GG-20-91-CT-01 8.8 8,329.0
HP-1L-GG-20-91-CT-02 8.8 8,294.0
HP-1L-GG-20-91-CT-03 8.8 8,456.0

169




HP-1L-GG-20-91-ST-01 8.8 750.0
HP-1L-GG-20-91-ST-02 8.8 325.0
HP-1L-GG-20-91-ST-03 8.8 424.0
HP-1L-GG-20-91-BT-01 66.2 917.0
HP-1L-GG-20-91-BT-02 65.0 912.0
Batch 11
Slump Air Content Density
(in.) (%) (Ib./ft3)
8.7 7.0 147.2
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-25-07-CT-01 8.7 4,896.0
HP-1L-GG-25-07-CT-02 8.7 4,869.0
HP-1L-GG-25-07-CT-03 8.7 4,879.0
HP-1L-GG-25-07-ST-01 8.7 267.0
HP-1L-GG-25-07-ST-02 8.7 303.0
HP-1L-GG-25-07-ST-03 8.7 234.0
HP-1L-GG-25-07-BT-01 66.4 384.0
HP-1L-GG-25-07-BT-02 66.4 379.0
HP-1L-GG-25-28-CT-01 8.8 6,274.0
HP-1L-GG-25-28-CT-02 8.8 6,357.0
HP-1L-GG-25-28-ST-01 8.8 278.0
HP-1L-GG-25-28-BT-01 66.8 566.0
Batch 12
Slump Air Content Density
(in.) (%) (Ib./ft3)
8.7 7.0 147.2
Sample ID Weight Stress
# (1b.) (psi)
HP-1L-GG-25-28-CT-03 8.7 6,291.0
HP-1L-GG-25-28-ST-02 8.7 379.0
HP-1L-GG-25-28-ST-03 8.7 269.0
HP-1L-GG-25-28-BT-02 65.8 508.0
HP-1L-GG-25-91-CT-01 8.8 8,346.0
HP-1L-GG-25-91-CT-02 8.8 8,054.0
HP-1L-GG-25-91-CT-03 8.8 8,516.0
HP-1L-GG-25-91-ST-01 8.8 574.0
HP-1L-GG-25-91-ST-02 8.8 539.0
HP-1L-GG-25-91-ST-03 8.8 416.0
HP-1L-GG-25-91-BT-01 65.2 889.0
HP-1L-GG-25-91-BT-02 65.8 867.0
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Batch 13

Slump Air Content Density
(in.) (%) (1b./ft3)
9.0 7.5 145.6
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-30-07-CT-01 8.6 3,917.0
HP-1L-GG-30-07-CT-02 8.6 3,962.0
HP-1L-GG-30-07-CT-03 8.6 3,773.0
HP-1L-GG-30-07-ST-01 8.6 247.0
HP-1L-GG-30-07-ST-02 8.6 287.0
HP-1L-GG-30-07-ST-03 8.6 298.0
HP-1L-GG-30-07-BT-01 65.2 339.0
HP-1L-GG-30-07-BT-02 65.2 304.0
HP-1L-GG-30-28-CT-01 8.6 5,197.0
HP-1L-GG-30-28-CT-02 8.6 5,640.0
HP-1L-GG-30-28-ST-01 8.6 463.0
HP-1L-GG-30-28-BT-01 65.0 506.0
Batch 14
Slump Air Content Density
(in.) (%) (Ib./ft3)
9.0 8.0 144.0
Sample ID Weight Stress
# (Ib.) (psi)
HP-1L-GG-30-28-CT-03 8.4 4,364.0
HP-1L-GG-30-28-ST-02 8.4 245.0
HP-1L-GG-30-28-ST-03 8.4 308.0
HP-1L-GG-30-28-BT-02 62.6 421.0
HP-1L-GG-30-91-CT-01 8.4 6,328.0
HP-1L-GG-30-91-CT-02 8.4 6,373.0
HP-1L-GG-30-91-CT-03 8.4 6,596.0
HP-1L-GG-30-91-ST-01 8.4 472.0
HP-1L-GG-30-91-ST-02 8.4 588.0
HP-1L-GG-30-91-ST-03 8.4 540.0
HP-1L-GG-30-91-BT-01 64.2 947.0
HP-1L-GG-30-91-BT-02 64.2 886.0
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8.3 Appendix C: Key threshold of chloride
penetration results

Recommendations for chloride penetration rate corresponding to FHWA HPC performance
grade per AASHTO T 357

FHWA HPC Performance Grade

Rate of penetration 1 2 3

(mm/V-h) 0.034>x>0.024 | 0.024>x>0.012 0.012>x

8.4 Appendix D: Concrete mix design sheets
used at Construction Service
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7zasspor 2025 CEMENT CONCRETE MIX DESIGN SHEET RMS 043

Rev. 08/22/2025

PLANT INFORMATION 1 MAILING ADDRESS 1 MIX DESIGN SHEET IDENTIFICATION
PLANT NAME | LOCATION 1 STREET NO. & ADDRESS | CITYITOWN | EMAIL ADDRESS | CONTRACT | SHEET IDENTIFICATION NO.
CONSTRUCTION SERVICE SPRINGFIELD, MA 1 2420 Boston Road Wilbraham, MA 01095 rolds@cs-ma.us 1 ALT MAT-D 25-09-15-08-25-48
CONSTITUENT MATERIALS
AGGREGATE UWpr | VC PERCENT PASSING BY MASS (%)

ID SOURCE LOCATION NMAS DESCRIPTION SPEC.! SG | (PCR)| (%) | 2IN. [112IN] 1IN, | 3/4IN.| 12IN.| 358 IN.| #4 #8 | #16 | #30 | #50 | #100 | #200 | FM
FINE | DELTA SAND AND GRAVEL SUNDERLAND, MA FINE NORMAL WEIGHT M6 1 264 | 106.8 [ 351 | 100.0 | 100.0 [ 100.0 | 100.0 | 100.0 [ 1000 ] 96.7 | 89.4 [ 732 | 421 | 143 | 21 13 | 282
CA1 J 'S LANE AMHERST, MA 3/4IN. NORMAL WEIGHT - 67 M80 y 2.92 | 1104 | 39.3 | 100.0 | 100.0 [ 1000 981 | 643 | 324 | 52 | 26 | 22 [ 190 [ 15 | 12 | 09 [ 655
CA2 H
CA3 1

CEMENT; SUPPLEMENTARY CEMENTITIOUS MATERIALS; PACKAGED; FIBERS | CHEMICAL ADMIXTURES Vs

ID SOURCE LOCATION / PRODUCT TYPE DESCRIPTION SPEC.] SG ID SOURCE PRODUCT TYPE DESCRIPTION SPEC.| (%)
CEM AMRIZE (HOLCIM) ST CONSTANT, QC (IL(11)MS) JL(11)MJ 11% LIMESTONE BLEND (MS) | M 240 _3.10 | AD1 [ GCP APPLIED TECHNOLOGIES AIRALON 7000 AEA AIR ENTTRAINING M 154 | 6.62
SCM1 URBAN MINING POZZOTIVE GGP-Gd SODA-LIME-SILICA GLASS (GS)| c18e6] 2.90 | AD2 CHRYSO INC CHRYSO QUAD 842 F_HIGH RANGE WATER REDUCING M 194 | 17.05
SCM2 | AD3 | GCP APPLIED TECHNOLOGIES RECOVER D |ATER REDUCING AND RETARDI| M 194 | 1553
ScM3 | AD4 | GCP APPLIED TECHNOLOGIES DCl CICIA [T'YPE C / CORROSION INHIBITINd194/C18 20.69
PKG 1 AD5 |MASTER BUILDERS SOLUTIONS MASTERSURE 1390 S-ADA AIR DETRAINING M1941 551
FIBER I AD6 I

IX DESIGN FORMULATION
MIX DESIGN c |[Nmas| s aAc [wiem| pc AGGREGATE (LBS.) CEMENTITIOUS; PACKAGED; FIBER (LBS.) ; WATER (GAL.) ADMIXTURES (FL. 0Z.) YIELD] UW

ID | PRODUCERID] mixpESIGNTYPE | PSD [ (N) | (N) | (%) |RATIO| (%) ! FINE | CA1 | cA2 | ca3 ! CEM | ScM1| ScM2 | SCM3 | PKG FIBER! Wy WADM.X! AD1 | AD2 | AD3 | AD4 | AD5 | AD6 ! (CF) !(PCF)
01 | GGP-GS (25%); HPC 5000 | 3/4 | 6.00 [ 6.0 | 040 | 285 ;1185.0]1890.0 } 495.0 | 165.0 1 315 | 29 y 50 | 561 | 23.1 | 384.0 } 27.00 y 1485
01 [ACTUAL BATCH HPC 5000 | 3/4 | 6.00 | 75 | 039 | 27.8 y1257.1[ 18057 1 495.0 [ 165.0 1 308 | 31 § 46 | 451 [ 223 [ 4023 ] 200 | 27.29 1 1463

| | ] ] | | |
1 | | | | | 1
| | ] ] | ] |
| | I I | I |
I 1 I I 1 1 I
| | | | | | |
i i i i i i i
i i i i i i i
} I t t I } t
} } } } } } }
! ! ! ! ! ! !
COMBINED AGGREGATE AND PASTE SYSTEM
MIX DESIGN 1 PERCENT BY MASS PASSING (%) | GRADATION OPTIMIZATION | VOID CONTENT (%) | PCal | PCal | SCM (%) | TCM | ECC | THICK

ID |PRODUCERID| 2IN. [11/2IN] 1IN. | 3/4IN.| 1/2IN.| 3/8IN.| #4 #8 | #16 | #30 | #50 | #100 | #200 | TARANTULA | SHILSTONE | VC, | VCou | VCc | VCcm | VCom | VCcw | SCM1 | SCM2 | SCM3 | (LBS.)| (LBS.)| (FT.)
01 | GGP-GS (25%)] 100.0 | 100.0 [ 100.0 | 98.8 | 781 | 585 | 405 [ 360 | 296 | 174 | 64 | 15 [ 1.4 OUTSIDE Il 3/4-2IN. | 376 | 245 1.41 250 | 0.0 | 00 | 660.0] 5775 15
01 |ACTUAL BATCH 100.0 | 100.0 | 100.0 | 989 | 79.0 | 601 | 428 | 382 | 313 | 184 | 68 | 16 | 11 WITHIN IV:TOO FINE | 375 | 241 1.46 250 | 00 | 00 | 6600]| 5775] 15

We agree to produce cement concrete mix designs per the precise proportions, quantities, types, and sources of constituent materials identified on the approved RMS 043 Cement Concrete Mix Design Sheet for MassDOT construction contracts.

Mr. Ralph Olds Quality Control Coordinator 9/15/2025
NAME TITLE AUTHORIZED SIGNATURE DATE
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8.5 Appendix E: Concrete mix design sheets
used at Boston Concrete
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7masspor 2025 CEMENT CONCRETE MIX DESIGN SHEET RMS 043

Rev. 04/18/2025

PLANT INFORMATION ] MAILING ADDRESS ] MIX DESIGN SHEET IDENTIFICATION
PLANT NAME | LOCATION | STREET NO. & ADDRESS | CITY/TOWN | EMAIL ADDRESS | CONTRACT | SHEET IDENTIFICATION NO.
BOSTON CONCRETE CORPORATION LOWELL, MA 1 706 Broadway Street Lowell, MA 01854 kstiean@bostonconcrete.com 1 ALT MAT-A 25-07-14-11-14-34
CONSTITUENT MATERIALS
AGGREGATE UWpr vC PERCENT PASSING BY MASS (%)

ID SOURCE LOCATION NMAS DESCRIPTION SPEC.! SG (PCF) (%) 2IN. [11/2IN{ 1IN. | 3/4IN.| 1/2IN.| 3/8 IN. #4 #8 #16 #30 #50 #100 | #200 FM
FINE GMI BOSCAWEN GRAVEL BOSCAWEN, NH FINE NORMAL WEIGHT M6 : 266 | 102.1 [ 384 | 100.0 | 100.0 | 100.0 [ 100.0 | 100.0 | 100.0 | 98.0 | 80.0 | 65.0 | 53.0 | 30.0 9.0 2.1 2.65
CA1 BROX INDUSTRIES HUDSON, NH 3/4 IN. NORMAL WEIGHT - 6 M 80 : 2.61 91.1 44.0 100.0 [ 100.0 | 100.0 | 90.0 30.0 7.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0 7.00
CA2 BROX INDUSTRIES HUDSON, NH 3/8 IN. NORMAL WEIGHT - 8 M 80 : 255 | 90.5 [ 43.0 | 100.0 | 100.0 | 100.0 [ 100.0 | 100.0 | 99.0 | 29.0 7.0 4.0 0.0 0.0 0.0 0.0 5.61
CA3 1

CEMENT; SUPPLEMENTARY CEMENTITIOUS MATERIALS; PACKAGED; FIBERS 1 CHEMICAL ADMIXTURES Vs

ID SOURCE LOCATION / PRODUCT TYPE DESCRIPTION SPEC.] SG ID SOURCE PRODUCT TYPE DESCRIPTION SPEC.| (%)

CEM DRAGON PRODUCTS MONJOS, SPAIN (I/11) 1/ GENERAL / MOD. SULFATE M85 | 3.15 | AD1 SIKA SIKA VISCOCRETE-1000 F__HIGH RANGE WATER REDUCING M 194 |_20.61
SCM1 URBAN MINING POZZOTIVE IGGP-GS| SODA-LIME-SILICA GLASS (GS) c1866| 2.50 AD2 SIKA SIKA AIR 360 AEA AIR ENTRAINING M154 | 6.19
SCM2 DICALITE BASALT, NV NP-DE| DIATOMACEOUS EARTH (NP) c1945] 225 | AD3 SIKA SIKA PLASTIMENT D |ATER REDUCING AND RETARDI] M 194 | 23.72
SCM3 SIKA SIKACRETE M-100 NP-MET| METAKAOLIN (N) M295 1 2.60 AD4 SIKA SIKA-CNI C/CIA ACCELERATING 194/c19 21.38
PKG 1 AD5 E5 LIQUID FLY ASH S-NSA NANO SILICA M 1941 21,60
FIBER I AD6 E5 INTERNAL CURE S-NSA NANO SILICA M 194 I 47.99

IX DESIGN FORMULATION

MIX DESIGN c |Nmas| s AC |wicm| Pc AGGREGATE (LBS.) CEMENTITIOUS; PACKAGED; FIBER (LBS.) 1 WATER (GAL.) ADMIXTURES (FL. 0Z.) YIELD! uw
ID |PRODUCERID} mixpEsicNTYPE | PSV | (N) | (N) | (%) |RATIO| (%) ! FINE | cA1 | cA2 | cA3 ! CEM | scm1| scmz2 | scm3 | PKG FIBER! Wy WADM.X! AD1 | AD2 | AD3 | AD4 | AD5 | AD6 ! (CF) !(PCF)
01_| GGP-GS (30%); _____HPC 5000 | 3/4 | 600 | 6.0 | 040 [ 302 ,1142.0] 1180.0] 475.0 y 480.0 [ 205.0 y 328 | 26 y 240 | 35 | 137 | 384.0 1 27.00 y 139.5
01 |ACTUAL BATCH HPC 5000 | 3/4 | 950 | 7.7 | 0.40 [ 29.7 y1142.0] 1180.0] 475.0 } 480.0 | 205.0 y 328 | 26 3 240 | 35 | 137 | 384.0 | 2746 137.2
02 | NP-DE (10%) | HPC 5000 | 3/4 | 6.00 | 6.0 | 0.40 | 297 y1154.0[ 1190.0] 475.0 ] 617.0 68.0 ] 328 | 26 § 240 | 35 | 13.7 [ 3840 | 27.00 | 1403
02 [ACTUAL BATCH HPC 5000 | 3/4 | 175 | 2.8 | 0.40 | 306 j1154.0[ 1190.0] 4750 ] 617.0 68.0 ] 328 | 30 | 884 [ 70 [ 137 [ 3840 | 26.15 | 144.9
03 | NP-MET (15%) | HPC 5000 | 3/4 | 6.00 | 6.0 | 0.40 | 296 |1154.0] 1190.0] 480.0 | 582.0 103.0 | 328 | 26 | 240 | 35 | 137 [ 3840 | 27.00 | 1405
03 [ACTUAL BATCH HPC 5000 | 3/4 | 350 [ 36 | 0.40 | 303 |1154.0[ 1190.0] 4750 582.0 103.0 328 | 27 | 336 | 35 | 137 | 384.0 26.33 |_143.9
04 | NANO SILICA HPC 5000 | 3/4 | 6.00 | 6.0 | 044 | 27.7 11258.0] 1190.0] 455.0 615.0 326 | 30 | 215 | 31 | 123 [ 384.0] 49.2 [ 246 | 27.00 | 140.8
04 |ACTUAL BATCH HPC 5000 | 3/4 | 650 | 7.6 | 044 | 27.7 T1154.0[ 1200.0] 480.0 615.0 326 | 30 | 215 [ 35 [ 123 [ 3840 492 [ 246 | 27.03 1 13822
05 1/11(100%) | HPC 5000 | 3/4 | 6.00 | 6.0 | 040 [ 29.2 T1161.0] 1200.0] 480.0 I 685.0 I 328 | 26 | 240 ] 35 | 137 [ 384.0 I 27.00 1 1411
05 [ACTUAL BATCHI HPC 5000 | 3/4 | 7.00 [ 62 [ 040 [ 29.1 :1161.0 1205.0[ 480.0 :685.0 : 328 | 26 : 240 | 35 [ 137 [ 3840 :27.08: 140.9
i t i i t t i
i i i i i i i
} I I I I I }
} } } } } } }
! ! J J ! ! !
COMBINED AGGREGATE AND PASTE SYSTEM
MIXDESIGN | PERCENT BY MASS PASSING (%) | GRADATION OPTIMIZATION | VOID CONTENT (%) | PCal | PCAI| SCM (%) | TCM | ECC | THICK
ID | PRODUCERID| 2IN. |[11/2IN] 1IN. | 3/4IN.| 1/2IN.| 3/8IN.| #4 | #8 | #16 | #30 | #50 | #100 | #200 | TARANTULA | SHILSTONE | VC, | VCon | VCc | VCcu | VCom | VCen | SCM1 | SCM2 | SCM3 | (LBS.)| (LBS.)| (FT.)
01 | GGP-GS (30%)| 100.0 | 100.0 | 100.0 | 95.8 | 705 | 60.6 | 454 | 343 | 276 | 216 | 122 | 37 | 09 OUTSIDE I 3/4-2IN. | 416 | 264 1.37 299 | 00 | 00 | 6850 5825 15
01 |ACTUAL BATCH 100.0 | 100.0 | 1000 | 95.8 | 705 | 606 | 454 | 343 | 276 | 216 | 122 | 37 | 09 OUTSIDE I 34-2IN. | 416 | 260 144 299 | 00 | 00 |6850] 58251 15
02 | NP-DE (10%) | 100.0 | 100.0 [ 1000 | 958 | 705 | 606 | 454 | 344 [ 277 [ 217 | 123 | 37 [ 09 OUTSIDE - 34-2IN. | 416 | 266 I 134 00 | 99 | 00 lessole9se6l 10
02 |ACTUAL BATCH 100.0 | 100.0 | 1000 | 95.8 | 705 | 606 | 454 | 344 | 277 | 217 | 123 | 37 | 09 OUTSIDE =34-2IN. | 416 | 275 T 121 00 | 99 | 00 Tessoleesel 10
03 | NP-MET (15%) | 100.0 | 100.0 [ 1000 | 958 | 705 | 606 | 454 | 343 [ 277 [ 217 | 123 | 37 | 09 OUTSIDE I 3/4-2IN. V416 | 267 T 133 00 | 00 | 150 l'essol 70561 05
03 |ACTUAL BATCH 100.0 | 100.0 | 100.0 | 95.8 | 70.5 | 606 | 454 | 344 | 277 | 217 | 123 | 37 | 09 OUTSIDE - 34-2IN. ¥ 416 | 273 24 00 | 00 | 150 lessol 70561 05
04 | NANOSILICA } 100.0 | 1000 [ 1000 | 959 | 713 | 617 | 474 | 362 | 202 | 230 | 130 | 39 [ 09 OUTSIDE I 3/4-2IN. 414 | 273 1.23 00 | 00 | 00 Vo150 61508 15
04 |ACTUAL BATCH 100.0 | 100.0 | 100.0 | 95.8 | 704 | 605 | 452 | 342 | 276 | 216 | 122 | 37 | 09 OUTSIDE I 34-2IN. ¥ 416 | 267 132 00 | 00 | 00 61501 6150% 15
05 1/11(100%) 4 100.0 | 100.0 [ 100.0 | 958 | 704 | 605 | 454 | 343 | 277 [ 217 | 123 | 37 | 09 OUTSIDE I 3/4-2IN. y 416 | 268 1.31 00 | 00 | 00 , 6850, 6850, 1.0
05 |ACTUAL BATCH 100.0 | 100.0 | 100.0 | 958 | 704 | 605 | 453 | 342 | 276 | 216 | 122 | 37 | 09 OUTSIDE I 3/4-2IN. | 416 | 268 132

I
1
T
i
3
T
]
T
]
00 [ 00 | 00 ;6850,68.0; 10
1
1
|
|
|
|

We agree to produce cement concrete mix designs per the precise proportions, quantities, types, and sources of constituent materials identified on the approved RMS 043 Cement Concrete Mix Design Sheet for MassDOT construction contracts.

Mr. Keith St. Jean Quality Control Manager 9/15/2025
NAME TITLE AUTHORIZED SIGNATURE DATE

175




7masspor 2025 CEMENT CONCRETE MIX DESIGN SHEET RMS 043

Rev. 05/14/2025

PLANT INFORMATION 1 MAILING ADDRESS |  MIXDESIGN SHEET IDENTIFICATION
PLANT NAME | LOCATION 1 STREET NO. & ADDRESS | CITYITOWN | EMAIL ADDRESS | CONTRACT | SHEET IDENTIFICATION NO.
BOSTON CONCRETE CORPORATION LOWELL, MA 1 706 Broadway Street Lowell, MA 01854 kstiean@bostonconcrete.com 1 ALTMAT-B 25-07-14-10-50-41
CONSTITUENT MATERIALS
AGGREGATE UWpr | VC PERCENT PASSING BY MASS (%)
ID SOURCE LOCATION NMAS DESCRIPTION SPEC.! SG | (PCA)| (%) | 2IN. [112IN] 1IN |34 IN. |12 IN.| 358IN.| #4 | #8 | #16 | #30 | #50 | #100 | #200 [ Fm
FINE | GMI BOSCAWEN GRAVEL BOSCAWEN, NH FINE NORMAL WEIGHT M6 1 266 | 102.1 | 38.4 | 100.0 | 100.0 [ 100.0 | 100.0 | 100.0 [ 100.0 | 98.0 | 80.0 [ 650 | 53.0 | 300 [ 90 | 21 [ 265
CA1 BROX INDUSTRIES HUDSON, NH 3/4IN. NORMAL WEIGHT - 6 M80 y 261 | 911 | 44.0 | 100.0 ] 100.0 [ 1000 ] 90.0 [ 300 | 70 [ 10 | 10 | 10 [ 00 [ 00 | 00 [ 00 [ 700
CA2 BROX INDUSTRIES HUDSON, NH 3/8 IN. NORMAL WEIGHT - 8 M80 y 255 | 905 | 43.0 [ 100.0 | 100.0 | 100.0 | 100.0 [ 1000 ] 99.0 [ 290 [ 70 [ 40 | 00 [ 00 [ 00 | 00 | 561
CA3 1
CEMENT; SUPPLEMENTARY CEMENTITIOUS MATERIALS; PACKAGED; FIBERS | CHEMICAL ADMIXTURES | Vs
ID SOURCE LOCATION / PRODUCT TYPE DESCRIPTION SPEC.] SG | ID SOURCE PRODUCT TYPE DESCRIPTION SPEC.| (%)
CEM DRAGON PRODUCTS MONJOS, SPAIN (I/11) 1/1l_| GENERAL/MOD.SULFATE | M85 |_3.15 | AD1 SIKA SIKA VISCOCRETE-1000 F__HIGH RANGE WATER REDUCING M 194 | 20.61
ScM1| HEIDELBERG MATERIALS FLEETWOOD, PA $-120 HIGH ACTIVITY (120) m302| 288 | Ap2 SIKA SIKA AIR 360 AEA AIR ENTRAINING M154 | 6.19
SCM2 DICALITE BASALT, NV NP-DE | DIATOMACEOUS EARTH (NP) | c19451 2.25 | AD3 SIKA SIKA PLASTIMENT D |ATER REDUCING AND RETARDI| M 194 | 23.72
ScM3 SIKA SIKACRETE M-100 NP-MET METAKAOLIN (N) m2951 260 | ADa SIKA SIKA-CNI CICIA ACCELERATING 194/c19 21.38
PKG 1 AD5 E5 LIQUID FLY ASH S-NSA NANO SILICA M 1941 21,60
FIBER 1 AD6 E5 INTERNAL CURE S-NSA NANO SILICA M194 1 47.99
IX DESIGN FORMULATION
MIX DESIGN c |[Nmas| s aAc [wiem| pc AGGREGATE (LBS.) CEMENTITIOUS; PACKAGED; FIBER (LBS.) ; WATER (GAL.) ADMIXTURES (FL. 0Z.) YIELD] UW
ID | PRODUCERID] mixpEsIGNTYPE | PS) [ (N) | (N) | (%) |RATIO| (%) ! FINE | CA1 | cA2 | ca3 ! CEM | ScM1| ScM2 | SCM3 | PKG FIBER! Wy WADM.X! AD1 | AD2 | AD3 | AD4 | AD5 | AD6 ! (CF) !(PCF)
01 S-120 (40%) § _____ HPC 5000 | 3/4 | 600 | 6.0 | 040 [ 29.7 ;1150.0] 1190.0] 480.0 y 411.0 [ 2740 y 328 | 26 y 240 | 35 | 137 | 384.0 } 27.00 y 140.3
01 |ACTUAL BATCH HPC 5000 | 3/4 | 875 | 65 | 0.40 | 29.5 y1150.0] 1190.0] 480.0 y 411.0 | 274.0 y 328 | 26 3 240 | 35 | 137 | 384.0 | 2714y 139.7
02 | S-120/NANO | HPC 5000 | 3/4 | 6.00 | 6.0 | 044 | 28.2 y1249.0] 1185.0] 450.0 ] 369.0 | 246.0 1 326 | 30 y 215 | 34 | 123 [ 384.0] 492 [ 246 y 27.00 140.1
02 |ACTUAL BATCH HPC 5000 | 3/4 | 875 | 80 | 044 [ 27.6 |1249.0] 1185.0] 450.0 ] 369.0 | 246.0 ] 326 | 30 | 215 | 35 | 123 [ 384.0| 492 | 246 | 27.54 | 1374
03 | S-120/NP-DE | HPC 5000 | 3/4 | 6.00 [ 6.0 | 040 [ 297 J1154.0] 1190.0] 475.0 | 514.0 | 1370 [ 34.0 | 328 | 26 | 240 | 35 | 137 [ 384.0 ] 27.00 | 140.3
03 |ACTUAL BATCH HPC 5000 | 3/4 | 500 | 44 | 040 [ 30.1 |1154.0] 1190.0] 475.0 514.0 | 137.0 | 34.0 328 | 28 | 473 | 55 | 137 | 3840 26.57 | 142.6
04 [S-120/NP-MET] HPC 5000 | 3/4 | 6.00 [ 6.0 | 040 [ 29.6 11157.0] 1190.0] 475.0 498.0 | 137.0 50.0 328 | 26 | 240 [ 35 | 137 | 3840 27.00 | 1404
04 |ACTUAL BATCH HPC 5000 | 3/4 | 425 | 46 | 040 [ 300 11157.0] 1190.0] 475.0 498.0 | 137.0 50.0 328 | 26 | 240 [ 60 | 137 | 3840 26.62 | 1424
I I I I I I I
I 1 I I 1 1 I
| | | | | | |
i i i i i i i
i i i i i i i
} I t t I i t
} } } } } } }
! ! ! ! ! ! !
COMBINED AGGREGATE AND PASTE SYSTEM
MIXDESIGN | PERCENT BY MASS PASSING (%) | GRADATION OPTIMIZATION | VOID CONTENT (%) | PCal| PCal | SCM (%) | TCM | ECC | THICK
ID |PRODUCERID| 2IN. [11/2IN] 1IN. | 3/4IN.| 1/2IN.| 3/8IN.| #4 #8 | #16 | #30 | #50 | #100 | #200 | TARANTULA | SHILSTONE | VC, | VCoy | VCc | VCon | VCom | VCcy | SCM1 | SCM2 | SCM3 | (LBS.)| (LBS.)| (FT.)
01 | S-120(40%) | 100.0 | 100.0 [ 1000 | 958 | 705 [ 606 | 453 [ 342 | 276 | 216 [ 122 | 37 | 09 OUTSIDE Il 3/4-2IN. | 416 | 26.6 1.34 40.0 | 00 | 00 | 6850] 6850 1.0
01 |ACTUAL BATCH 100.0 | 100.0 | 1000 | 95.8 | 705 | 60.6 | 453 | 342 | 276 | 216 | 122 | 37 | 09 OUTSIDE - 3/4-2IN. | 416 | 265 1.36 400 | 00 | 00 | 6850] 6850 1.0
02 | s-120/NANO | 100.0 | 100.0 [ 1000 959 | 712 [ 616 | 474 [ 361 [ 202 ] 230 [ 130 [ 39 | 09 OUTSIDE I 3/4-2IN. | 414 | 271 1 1.26 400 | 00 [ 00 let50l 61501 15
02 |ACTUAL BATCH 100.0 | 100.0 | 1000 | 959 | 712 | 616 | 474 | 361 | 292 | 230 | 130 | 39 | 09 OUTSIDE I-34-2IN. 1 414 | 265 T 134 400 | 00 | 00 Tet50l61501 15
03 | s-120/NP-DE T 100.0 | 100.0 [ 1000 958 | 705 [ 606 | 454 | 344 [ 277 ] 217 [ 123 37 | 09 OUTSIDE I 3/4-2IN. T 416 [ 266 I 134 200 | 50 | 00 Tessoleorsl 10
03 |ACTUAL BATCH 100.0 | 100.0 | 100.0 | 958 | 705 | 60.6 | 454 | 344 | 27.7 | 21.7 | 123 | 37 | 09 OUTSIDE I 34-2IN. T 416 | 270 1728 200 | 50 | 00 lessoleotsl 10
04 [s-120/NP-METY 100.0 | 100.0 [ 1000 958 | 705 [ 606 | 455 | 344 [ 277 ] 217 [ 123 37 | 09 OUTSIDE I 3/4-2IN. ¥ 416 | 266 1.34 200 | 00 | 73 Tess0l 6950t 10
04 |ACTUAL BATCH; 100.0 | 100.0 | 100.0 | 958 | 70.5 | 60.6 | 455 | 344 | 27.7 | 21.7 | 123 | 37 | 09 OUTSIDE - 3/4-2IN. ¥ 416 | 27.0 1.28 200 | 00 | 7.3 16850 6950 1.0

We agree to produce cement concrete mix designs per the precise proportions, quantities, types, and sources of constituent materials identified on the approved RMS 043 Cement Concrete Mix Design Sheet for MassDOT construction contracts.

Mr. Keith St. Jean Quality Control Manager 9/15/2025
NAME TITLE AUTHORIZED SIGNATURE DATE
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7masspor 2025 CEMENT CONCRETE MIX DESIGN SHEET RMS 043

Rev. 04/18/2025

PLANT INFORMATION ] MAILING ADDRESS ] MIX DESIGN SHEET IDENTIFICATION
PLANT NAME | LOCATION | STREET NO. & ADDRESS | CITY/TOWN | EMAIL ADDRESS | CONTRACT | SHEET IDENTIFICATION NO.
BOSTON CONCRETE CORPORATION LOWELL, MA 1 706 Broadway Street Lowell, MA 01854 kstiean@bostonconcrete.com 1 ALTMAT-C 25-08-08-08-19-04
CONSTITUENT MATERIALS
AGGREGATE UWpr vC PERCENT PASSING BY MASS (%)
ID SOURCE LOCATION NMAS DESCRIPTION SPEC.! SG (PCF) (%) 2IN. [11/2IN{ 1IN. | 3/4IN.| 1/2IN.| 3/8 IN. #4 #8 #16 #30 #50 #100 | #200 FM
FINE GMI BOSCAWEN GRAVEL BOSCAWEN, NH FINE NORMAL WEIGHT M6 266 | 102.1 [ 384 | 100.0 | 100.0 | 100.0 [ 100.0 | 100.0 | 100.0 | 98.0 | 80.0 | 65.0 | 53.0 | 30.0 9.0 2.1 2.65

L]
1
CA1 BROX INDUSTRIES HUDSON, NH 3/4IN. NORMAL WEIGHT - 6 M80 ; 261 | 911 | 440 | 100.0 | 100.0 | 1000 | 90.0 | 300 [ 7.0 | 10 [ 10 [ 10 [ 00 | 00 | 00 | 00 | 7.00
CA2 BROX INDUSTRIES HUDSON, NH 3/8IN. NORMAL WEIGHT - 8 M80 y 2.55 | 905 | 43.0 | 100.0 | 100.0 | 100.0 [ 100.0 | 100.0 | 99.0 | 2900 | 7.0 | 40 [ 00 | 00 | 00 | 00 [ 561
CA3 1
CEMENT; SUPPLEMENTARY CEMENTITIOUS MATERIALS; PACKAGED; FIBERS | CHEMICAL ADMIXTURES Vs
ID SOURCE LOCATION / PRODUCT TYPE DESCRIPTION SPEC.; sG | D SOURCE PRODUCT TYPE DESCRIPTION SPEC.| (%)
CEM DRAGON PRODUCTS MONJOS, SPAIN (1/Il) 1/l | GENERAL/MOD.SULFATE | M85 | 3.15 | AD1 SIKA SIKA VISCOCRETE-1000 F__HIGH RANGE WATER REDUCING M 194 |_20.61
scM1| HEIDELBERG MATERIALS FLEETWOOD, PA S-120 HIGH ACTIVITY (120) m302] 2.88 | AD2 SIKA SIKA AIR 360 AEA AIR ENTRAINING M154 ] 6.19
SCM2 URBAN MINING POZZOTIVE GGP-GY SODA-LIME-SILICA GLASS (GS)| c1866] 2.50 | AD3 SIKA SIKA PLASTIMENT D |ATER REDUCING AND RETARDI] M 194 | 23.72
SCM3 | AD4 SIKA SIKA-CNI CICIA ACCELERATING 194/c19 21.38
PKG 1 AD5 1
FIBER I AD6 I
IX DESIGN FORMULATION
MIX DESIGN c |Nmas| s AC |wicm| pc AGGREGATE (LBS.) CEMENTITIOUS; PACKAGED; FIBER (LBS.) 1 WATER (GAL.) ADMIXTURES (FL. 0Z.) YIELD! uw
ID |PRODUCERID} mixpEsicNTYPE | (PSD | (N) | (N) | (%) |RATIO| (%) ! FINE | CA1 | cA2 | ca3 ! CEM | ScM1| ScM2 | SCM3 | PKG FIBER! Wy WADM.X! AD1 | AD2 | AD3 | AD4 | AD5 | AD6 ! (CF) !(PCF)
01 [S-120/GGP-GS, ______HPC 5000 | 3/4 [ 6.00 | 6.0 | 040 | 30.0 ;1147.0]1185.0] 475.0 1 479.0 | 69.0 | 137.0 1 328 | 26 y 240 | 35 | 13.7 | 384.0 1 27.00 y 139.9
01 |ACTUAL BATCH HPC 5000 | 3/4 | 875 | 6.0 | 0.40 | 30.0 y1147.0] 1185.0] 475.0 y 479.0 | 69.0 | 137.0 y 328 | 26 3 240 | 30 | 137 [ 384.0 | 27.00 § 139.9
| 1 1 1 1 ] |
1 | | | | | 1
| | ] ] | ] |
I I I I I I I
I 1 I I 1 1 I
T | | | | | T
i t i i t t i
i i i i i i i
} I I I I } }
} } } } } } }
! ! J J ! } !
COMBINED AGGREGATE AND PASTE SYSTEM
MIXDESIGN | PERCENT BY MASS PASSING (%) | GRADATION OPTIMIZATION | VOID CONTENT (%) | PCal | PCAI| SCM (%) | TCM | ECC | THICK
ID |PRODUCERID| 2IN. [1 1/2IN] 1IN. | 3/4IN.| 1/2IN.| 3/8 IN.| #4 #8 | #16 | #30 | #50 | #100 | #200 | TARANTULA | SHILSTONE | VC, | VCoy | VCc | VCon | VCom | VCcy | SCM1 | SCM2 | SCM3 | (LBS.)| (LBS.)| (FT.)
01 [S-120/GGP-GS| 100.0 | 100.0 | 100.0 | 958 | 704 | 606 | 454 | 343 | 27.7 | 21.7 | 123 | 3.7 | 09 OUTSIDE I 3/4-2IN. | 416 | 265 1.36 101 | 200 | 00 | 6850] 6165] 15
01 |ACTUAL BATCH 100.0 | 100.0 | 1000 | 95.8 | 704 | 606 | 454 | 343 | 277 | 217 | 123 | 37 | 09 OUTSIDE - 34-2IN. | 416 | 265 1.36 101 | 200 | 00 | 6850] 6165] 15

We agree to produce cement concrete mix designs per the precise proportions, quantities, types, and sources of constituent materials identified on the approved RMS 043 Cement Concrete Mix Design Sheet for MassDOT construction contracts.

Mr. Keith St. Jean Quality Control Manager 9/15/2025
NAME TITLE AUTHORIZED SIGNATURE DATE
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8.6 Appendix F: 28-day testing results of
concrete specimens cast at Boston Concrete
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/8/25 2025-016278
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: # N/A Federal Aid No.: #N/A
Report fo District: Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

Bid ltem: VER.M4 Specification No..

Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-Item Description: VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE

Bid Item Quantity: #N/A Date to be Used: 2025
MassDOT Mix ID No.:  25-07-14-11-14-34-05 Proaducer Mix ID No.: Control
Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4
Tot. Cementitious (Ibs.) 685 Mix Design Type: HPC
Proposed Use: VERIFICATION OF CEMENT CONCRE Addltional Information.

SAMPLING INFORMATION (R 60 /C172)
Date Samplead: 8/7/25 Sampled By: George Gilbert
Sampling Location: BOSTON CONCRETE Yard Town/City, State: LOWELL, MA
Truck No.. N/A Ticket No.: N/A
Sample Time: 8:40am
Job Water Added: N/A Admixtures Added: N/A
Random Sample: Y Lot & Sub Lot No.. 1-1

Quantity Represenfed:  NIA Weather & Temp. (°F):  63-sunn
PREPARATION OF SPECIMENS IN THE FIELD (R 100/C31)

5,080/7776’/7 Size: l_/| 4x8" |_| 6 x 12" Field CUﬂhg Methoa! |_1| Curing Box |_| Field Cured
Specimens Covered: | Yes No Curing Temp. (°F): Low: 50 High: 90
AMP PROPER B D TE

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks

T 119 (C143) Slump (in.) 7.00 3.00 6.00 FIO

T 152 (C231) Air Content (%) 6.2 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 75 50 90 FIO

T 121 (C231) Unit Weight (pcf) 141.4 138.1 1441 FIO

Need to perform T 358 testing at 7, 28, and 56-days

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: Office Location.  HOPKINTON, MA
Tested By: Kelth St.Jean Test Date: 8/7/25
Witnessed By:  George Gilbert Witness Date: 8/7/25
Reviewed By: Review Date:
SPECIFICATION LIMITS & APPROVAL
Resuilts are within specification limits: Results are outside specification limits.
By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.
Approved By: Aporove Date:
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massDOT

e 2 Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

775A-T

SAMPLE OF
CEMENT CONCRETE

DATE RECEIVED:

8/8/25

PROJECT INFORMATION

2025-016278

SAMPLE NUMBER:

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A

Resident En

#N/A

District Mat. Engr.
CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)

#N/A

ecimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00090990 00090991 00090992
Temp. (°F) 724 | 723 | 720 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Determination (kQ-cm)
0° 7.95
90° 7.9 Age (Days): 7
180° 7.78 Curing Factor: 1.0
270° 7.64 Cyl. 1 Average: 7.8
0° 7.86 Cyl. 2 Average: 7.7
90° 8.19 Cyl. 3 Average: 7.4
180° 7.54 Set Average: 8
270° 7.78 . i Penetrability: High
Average 7.8 Not Req'd 7.7 Not Req'd 7.4 Not Req'd | Spec. Min.: -
%CV 2.5% Not Req'd 3.9% Not Req'd 4.6% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00090993 00090994 00090995
Temp. (°F) 706 | 704 | 705 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 10.4
90° 10.6 Age (Days): 28
180° 11.6 Curing Factor: 1.0
270° 10.6 Cyl. 1 Average: 10.8
0° 10.4 Cyl. 2 Average: 11.2
90° 10.6 Cyl. 3 Average: 10.7
180° 11.6 Set Average: 11
270° 10.6 . Penetrability: High
Average 10.8 Not Req'd 11.2 Not Req'd 10.7 Not Req'd | Spec. Min.: -
%CV 4.6% Not Req'd 6.6% Not Req'd 5.0% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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massDOT

e 2 Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

PROJECT INFORMATION

775A-T DATE RECEIVED:
SAMPLE OF
CEMENT CONCRETE 8/8/25

SAMPLE NUMBER:

2025-016278

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Specimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen
Temp. (°F) [ [ |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days):
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: High
Average Spec. Min.:
%CV Pass/Fail:
Average 16
Cylinder 1 Cylinder 2 Cylinder 3
Specimen
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days):
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: High
Average Not Req'd Not Req'd Not Req'd | Spec. Min.:
%CV Not Req'd Not Req'd Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd

Calculate the average and the %CV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat” Column. If the %CV on the "Repeat” Set is < 7.5%, use the average of the
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT

R G VE R . 8/8/25 2025-016278

Rev. 04/08/2025 CEMENT CONCRETE

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22 / C39)
Sample Condiition: [ Acceptable [ unacceptable (see Remarks) Lab Curing Method: Moist Cured

Lab Preparation: sulfur 1231) [/ | Neoprene (C1231) [ cutting (T 22) [ |Grinding (T 22)

S

Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00090990 | 7 |DAY| 8/14/25 8.42 4.01 12.63 83080 6578 3
00090991 | 7 |DAY| 8/14/25 8.42 4.01 12.63 85386 6761 6630 | 3
00090992 | 7 |DAY| 8/4/25 | 842 _|_ 401 _|_1263 | 82779 | 6885 | _ _ _ __ 2l
00090993 | 28 | DAY | 9/4/25 8.42 4.01 12.63 97898 7752 2
00090994 | 28 |DAY | 9/4/25 8.42 4.01 12.63 97907 7752 7780 [ 2
00090995 | 28 |DAY | 9/4/25 8.42 201 12.63 98885 7830 2

00090996 | 56 [DAY | 10/2/25
00090997 | 56 | DAY | 10/2/25
00090998 | 56 | DAY | 10/2/25

Break Type 1 2 3 4 5 6
722 Cone & Cone & Split m Columnar |:|[|:| Shear B Side Fracture D Pointed D
56-0’ai ci//hde/:s discarded: Yes

Need to perform T 358 testing at 7, 28, and 56-days

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Timothy Berard Test Date: 8/14/25
T 358 (Set 2): Timothy Berard Test Date: 9/4/25
T 358 (Set 3): Test Date:
T 358 (Set 4): Test Date:
722 (Set 1): Chris Dinoia (RF) Test Date: 8/14/25
722 (Set 2): Frehiywot Tale Test Date: 9/4/25
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
= A U A D APPROVA
Resuilts are within specification limits. Results are outsiae specification limits.
Aporoved By:
Signature:
Dale:

*Results relate only to the items inspected or tested.
**This report shall not be reproduced, except in full, without the prior written approval of the agency.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016445
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: # N/A Federal Aid No.: #N/A
Report fo District: Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

Bid ltem: VER.M4 Specification No..

Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-Item Description: VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE

Bid Item Quantity: #N/A Date to be Used: 2025
MassDOT Mix ID No..  25-07-14-10-50-41-01 Proaucer Mix ID No.. S-120 (40%)
Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4
Tot. Cementitious (Ibs.) 685 Mix Design Type: HPC
Proposed Use: VERIFICATION OF CEMENT CONCRE Addltional Information.

SAMPLING INFORMATION (R 60 /C172)
Dale Sampled: 8/13/25 Sampled By: George Gilbert
Sampling Location: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Truck No.. N/A Ticket No.. N/A
Sample Time: 8:39am
Job Water Addea! N/A Admixtures Adoead: N/A
Random Sample: Y Lot & Sub Lot No.. B

Quantity Represenfed:  1cy Weather & Temp. (°F):  75-Sunn
PREPARATION OF SPECIMENS IN THE FIELD (R 100/C31)

5,080/7776’/7 Size: l_/| 4x8" |_| 6 x 12" Field CUﬂhg Methoa! |_1| Curing Box |_| Field Cured
Specimens Covered: | Yes No Curing Temp. (°F): Low: 50 High: 90
AMP PROPER B D TE

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks

T 119 (C143) Slump (in.) 8.75 4.50 7.50 FIO

T 152 (C231) Air Content (%) 6.5 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 78 50 90 FIO

T 121 (C231) Unit Weight (pcf) 140.4 137.3 143.3 FIO

T358 testing at 7,28,and 56-days

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: Office Location.  HOPKINTON, MA
Tested By: Kelth St. Jean Test Date: 8/13/25
Witnessed By:  George Gilbert Witness Date: 8/13/25
Reviewed By: Review Date:
SPECIFICATION LIMITS & APPROVAL
Resuilts are within specification limits: Results are outside specification limits.
By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.
Approved By: Aporove Date:

183



SAMPLE TYPE: T7T5A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek 2 Highway
VE R CEMENT CONCRETE 8/15/25 2025-016445
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A

#N/A District Mat. Engr. #N/A

CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)
ecimen Size: 4 x8" Curing Methoa: Moist Cured

Resident En

Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091077 00091078 00091079
Temp. (°F) 770 | 764 | 759 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Determination (kQ-cm)
0° 14.1
90° 13.4 Age (Days): 7
180° 13.5 Curing Factor: 1.0
270° 13.5 Cyl. 1 Average: 13.6
0° 14 Cyl. 2 Average: 13.8
90° 13.3 Cyl. 3 Average: 13.6
180° 13.3 Set Average: 14
270° 13.6 : Penetrability: Moderate
Average 13.6 Not Req'd 13.8 Not Req'd 13.6 Not Req'd | Spec. Min.: -
%CV 2.2% Not Req'd 5.0% Not Req'd 2.9% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091080 00091081 00091082
Temp. (°F) 711 | 710 | 709 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 242
90° 247 Age (Days): 28
180° 26.9 Curing Factor: 1.0
270° 24.4 Cyl. 1 Average: 25.0
0° 24.3 Cyl. 2 Average: 23.8
90° 24.6 Cyl. 3 Average: 241
180° 26.6 Set Average: 24
270° 24.3 Penetrability: Low
Average 25.0 Not Req'd 23.8 Not Req'd 24 1 Not Req'd | Spec. Min.: 21
%CV 4.4% Not Req'd 0.9% Not Req'd 7.2% Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
ma.gDOT SAMPLE OF
@ Highway
= VER | cvevrconcrere | 815125 | 2025-016445
PROJECT INFORMATION
Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091083 00091083 00091084
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days): 56
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: Low
Average Spec. Min.:
%CV Pass/Fail:
Average 16
Calculate the average and the %CV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.

185



SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016445
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22 / C39)
Sample Condiition: [ Acceptable [ unacceptable (see Remarks) Lab Curing Method: Moist Cured

Lab Preparation: sulfur 1231) [/ | Neoprene (C1231) [ cutting (T 22) [ |Grinding (T 22)

S

Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00091077 | 7 |DAY| 8/20/25 8.47 4.01 12.63 76037 6021 5
00091078 | 7 | DAY | 8/20/25 8.47 4.01 12.63 77028 6099 6020 | 5
00091079 | 7 IDAY| 8/20/25_ | _ 847  _|_ 401 _| 1263 _| 74968 | 5936 _| _ _ _ _ _| -2 L
00091080 | 28 | DAY | 9/10/25 8.47 4.00 12.57 86823 6909 2
00091081 | 28 | DAY | 9/10/25 8.47 4.00 12.57 93447 7436 7170 [ 3
00091082 | 28 | DAY |_9/10/25 8.47 4.00 12.57 90215 7179 2

00091083 | 56 [DAY | 10/8/25
00091084 | 56 | DAY [ 10/8/25
00091085 | 56 | DAY | 10/8/25

Break Type 1 2 3 4 5 6
722 Cone & Cone & Split m Columnar |:|[|:| Shear B Side Fracture D Pointed D
56-0’ai ci//hde/:s discarded: Yes

T358 testing at 7,28,and 56-days

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Casey Flynn Test Date: 8/20/25
T 358 (Set 2): Timothy Berard Test Date: 9/10/25
T 358 (Set 3): Casey Flynn Test Date: 8/20/25
722 (Set 1): Timothy Berard Test Date: 9/10/25
722 (Set 2): Test Date:
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
P ATIO AND APPROVA
Resuilts are within specification limits: Results are outside specification limits.
Approved By:
Signature:
Date:

*Results relate only to the items inspected or tested.
**This report shall not be reproduced, except in full, without the prior written approval of the agency.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ke @ Highway
VE R CEMENT CONCRETE 8/8/25 2025-016279
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Bid ltem: VER.M4 Specification No.. M4
Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-Item Description: VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE
Bid ltem Quantity: #N/A Date fo be Used: 2025
MassDOT Mix ID No..  25-07-14-11-14-34-01 Proaucer Mix ID No.. GGP-GS(30%)
Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4
Tot. Cementitious (Ibs.) 685 Mix Design Type: HPC
Proposed Use: VERIFICATION OF CEMENT CONCRE Addltional Information.

SAMPLING INFORMATION (R 60 /C172)
Dale Sampled: 8/7/25 Sampled By: GEORGE GILBERT
Sampling Location: BOSTON CONCRETE YARD Town/City, State: LOWELL, MA
Truck No.. N/A Ticket No.. N/A
Sample Time: 9:00AM
Job Water Addea! N/A Admixtures Addea! N/A
Random Sample: Y Lot & Sub Lot No.. 1-1

Weather & Temp.

N/A °F). 63-SUNNY
PREPARATION OF SPECIMENS IN THE FIELD (R 100 /C31)

Quantity Representead:

5,090/7776’/7 Size: l_/| 4 x8" |_| 6 x 12" Field CUﬂhg Method: |_1| Curing Box |_| Field Cured
Specimens Covered: | Yes No Curing Temp. (°F): Low: 50 High: 90
AMP PROPER B D TE

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks

T 119 (C143) Slump (in.) 9.50 3.00 6.00 FIO

T 152 (C231) Air Content (%) 7.7 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 76 50 90 FIO

T 121 (C231) Unit Weight (pcf) 136.4 136.5 142.5 FIO

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: RMS Office Location: . HOPKINTON, MA
Tested By: Keith St.Jean Test Date: 8/7/25

Witnessed By:  George Gilbert Witness Date: 8/7/25

Reviewed By: Review Date:

SPECIFICATION LIMITS & APPROVAL

Resuilts are within specification limits:

Results are outside specification limits.

By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.

Approved By:

Aporove Date:
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massDOT

e 2 Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

775A-T

SAMPLE OF
CEMENT CONCRETE

DATE RECEIVED:

8/8/25

PROJECT INFORMATION

SAMPLE NUMBER:

2025-016279

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A

Resident En

#N/A

CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)

District Mat. Engr.

#N/A

ecimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091026 00091027 00091028
Temp. (°F) 720 | 720 | 719 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Determination (kQ-cm)
0° 5.06
90° 4,78 Age (Days): 7
180° 5.1 Curing Factor: 1.0
270° 5.04 Cyl. 1 Average: 5.0
0° 5.2 Cyl. 2 Average: 4.6
90° 4.92 Cyl. 3 Average: 4.6
180° 4.99 Set Average: 5
270° 5.16 . i Penetrability: High
Average 5.0 Not Req'd 4.6 Not Req'd 4.6 Not Req'd | Spec. Min.: -
%CV 2.7% Not Req'd 3.1% Not Req'd 2.8% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091029 00091030 00091031
Temp. (°F) 703 | 697 | 700 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 14.5
90° 14.7 Age (Days): 28
180° 14.6 Curing Factor: 1.0
270° 15.7 Cyl. 1 Average: 14.9
0° 14.7 Cyl. 2 Average: 14.9
90° 14.7 Cyl. 3 Average: 14.0
180° 14.5 Set Average: 15
270° 15.7 Penetrability: Moderate
Average 14.9 Not Req'd 14.9 Not Req'd 14.0 Not Req'd | Spec. Min.: -
%CV 3.4% Not Req'd 2.4% Not Req'd 3.1% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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massDOT

e 2 Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

PROJECT INFORMATION

775A-T DATE RECEIVED:
SAMPLE OF
CEMENT CONCRETE 8/8/25

SAMPLE NUMBER:

2025-016279

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Specimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen
Temp. (°F) [ [ |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days):
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: High
Average Spec. Min.:
%CV Pass/Fail:
Average 16
Cylinder 1 Cylinder 2 Cylinder 3
Specimen
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days):
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: Moderate
Average Not Req'd Not Req'd Not Req'd | Spec. Min.:
%CV Not Req'd Not Req'd Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd

Calculate the average and the %CV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat” Column. If the %CV on the "Repeat” Set is < 7.5%, use the average of the
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.
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massDOT

e @ Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

775A-T DATE RECEIVED:
SAMPLE OF
CEMENT CONCRETE 8/8/25

SAMPLE NUMBER:

2025-016279

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON

Contractor: #N/A Federal Aid No.: #N/A

Report fo District: RMS Cost Account No.. #N/A

Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22/ C39)

Sample Condiition:  [7] Acceptable [ Junacceptable (See Remarks Lab Curing Method: Moist Cured

Lab Preparation: [ Tsulfur 7231 [/ ] Neoprene (€1231) [ cutting (T 22) [ |Grinding (T 22)

Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00091026 7 | DAY 8/14/25 8.18 4.01 12.63 47327 3747 2
00091027 7 | DAY 8/14/25 8.18 4.01 12.63 49386 3910 3820 3
00091028 | 7 DAY 8/14/25 | 818 _|_ 401 _J_ 1263 _| 47941 | 3796 | _ _ _ _ | A
00091029 | 28 | DAY 9/4/25 8.18 4.01 12.63 69450 5499 2
00091030 | 28 | DAY 9/4/25 8.18 4.01 12.63 70160 5555 5460 2
00091031 | 28 IDAY| D9/M4/25 | 818 _| 401 _| 1263 | 67287 | 5328 | _ _ _ _| R
00091032 | 56 | DAY 10/2/25

00091033 | 56 | DAY 10/2/25
00091034 | 56 1DAY| 102725 | _ _ _ _ |\ _ ] _

Break Type 1 2 3 4 5 D 6 D

722 Cone & Cone & Split m Columnar |:|[|:| Shear B Side Fracture Pointed

56-0’ai ci//hde/:s discarded; Yes _

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Timothy Berard Test Date: 8/14/25
T 358 (Set 2): Timothy Berard Test Date: 9/4/25
T 358 (Set 3): Test Date:
T 358 (Set 4): Test Date:
722 (Set 1): Chris Dinoia (RF) Test Date: 8/14/25
722 (Set 2): Frehiywot Tale Test Date: 9/4/25
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
= A U A D APPROVA
Resuilts are within specification limits. Results are outsiae specification limits.
Aporoved By:
Signature:
Dale:

*Results relate only to the items inspected or tested.
**This report shall not be reproduced, except in full, without the prior written approval of the agency.

190



SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/8/25 2025-016280
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: # N/A Federal Aid No.: #N/A
Report fo District: Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

Bid ltem: VER.M4 Specification No..

Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-Item Description: VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE

Bid Item Quantity: #N/A Date to be Used: 2025
MassDOT Mix ID No..  25-07-14-11-14-34-03 Proaucer Mix ID No.. NP-MET(15%)
Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4
Tot. Cementitious (Ibs.) 685 Mix Design Type: HPC
Proposed Use: VERIFICATION OF CEMENT CONCRE Addltional Information.

SAMPLING INFORMATION (R 60 /C172)
Date Samplead: 8/7/25 Sampled By: George Gilbert
Sampling Location: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Truck No.. N/A Ticket No.. N/A
Sample Time: 10:30am
Job Water Addea! N/A Admixtures Adoead: N/A
Random Sample: Y Lot & Sub Lot No.. 1-1

Quantity Represenfed:  NIA Weather & Temp. (°F):  63-sunn
PREPARATION OF SPECIMENS IN THE FIELD (R 100/C31)

5,080/7776’/7 Size: l_/| 4x8" |_| 6 x 12" Field CUﬂhg Methoa! |_1| Curing Box |_| Field Cured
Specimens Covered: | Yes No Curing Temp. (°F): Low: 50 High: 90
AMP PROPER B D TE

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks

T 119 (C143) Slump (in.) 3.50 3.00 6.00 FIO

T 152 (C231) Air Content (%) 3.6 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 76 50 90 FIO

T 121 (C231) Unit Weight (pcf) 145.4 137.5 143.5 FIO

Need to perform T 358 testing at 7, 28, and 56-days

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: Office Location.  HOPKINTON, MA
Tested By: Kelth St. Jean Test Date: 8/7/25
Witnessed By:  George Gilbert Witness Date: 8/7/25
Reviewed By: Review Date:
SPECIFICATION LIMITS & APPROVAL
Resuilts are within specification limits: Results are outside specification limits.
By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.
Approved By: Aporove Date:
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Typewritten Text


SAMPLE TYPE:

VER

massDOT

e 2 Highway

Rev. 04/08/2025

775A-T

SAMPLE OF
CEMENT CONCRETE

PROJECT INFORMATION

SAMPLE NUMBER:

2025-016280

DATE RECEIVED:

8/8/25

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A

#N/A

Resident En

District Mat. Engr.
CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)

#N/A

ecimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091017 00091018 00091019
Temp. (°F) 716 | 718 | 715 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test 1st Test 1st Test Determination (kQ-cm)
> 6.28
90° 6.37 Age (Days): 7
180° 6.14 Curing Factor: 1.0
270° 6.71 Cyl. 1 Average: 6.4
0° 6.35 Cyl. 2 Average: 6.6
90° 6.45 Cyl. 3 Average: 6.2
180° 6.26 Set Average: 6
270° 6.76 Penetrability: High
Average 6.4 Not Req'd 6.6 Not Req'd 6.2 Not Req'd | Spec. Min.: -
%CV 3.4% Not Req'd 3.5% Not Req'd 1.4% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091020 00091021 00091022
Temp. (°F) 716 | 701 | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 13.9
90° 14.7 Age (Days): 28
180° 14 .1 Curing Factor: 1.0
270° 141 Cyl. 1 Average: 14.2
0° 14 Cyl. 2 Average: 14 .4
90° 14.7 Cyl. 3 Average: 14.3
180° 14 Set Average: 14
270° 14.2 Penetrability: Moderate
Average 14.2 Not Req'd 14.4 Not Req'd 14.3 Not Req'd | Spec. Min.: -
%CV 2.2% Not Req'd 5.5% Not Req'd 2.2% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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massDOT

e 2 Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

PROJECT INFORMATION

775A-T DATE RECEIVED:
SAMPLE OF
CEMENT CONCRETE 8/8/25

SAMPLE NUMBER:

2025-016280

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Specimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen
Temp. (°F) [ [ |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days):
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: High
Average Spec. Min.:
%CV Pass/Fail:
Average 16
Cylinder 1 Cylinder 2 Cylinder 3
Specimen
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days):
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: Moderate
Average Not Req'd Not Req'd Not Req'd | Spec. Min.:
%CV Not Req'd Not Req'd Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd

Calculate the average and the %CV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat” Column. If the %CV on the "Repeat” Set is < 7.5%, use the average of the
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/8/25 2025-016280
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22 / C39)
Sample Condiition: [ Acceptable [ unacceptable (see Remarks) Lab Curing Method: Moist Cured

Lab Preparation: sulfur 1231) [/ | Neoprene (C1231) [ cutting (T 22) [ |Grinding (T 22)

S

Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00091017 | 7 |DAY| 8/14/25 8.59 4.00 12.57 86926 6917 3
00091018 | 7 |DAY| 8/14/25 8.59 4.00 12.57 86120 6853 6970 | 2
00091019 | 7 |DAY| 8/M4/25 | 859 _|_ 400 _|_1257 _| 89719 | 7140 | _ _ _ __ 2l
00091020 | 28 | DAY | 9/4/25 8.5 4.00 12.57 | 105051 8360 3
00091021 | 28 |DAY | 9/4/25 8.59 4.00 1257 | 111116 | 8842 8710 | 2
00091022 | 28 |DAY | 9/4/25 8.59 2.00 12.57 | 112061 8918 2

00091023 | 56 [DAY | 10/2/25
00091024 | 56 | DAY | 10/2/25
00091025 | 56 | DAY | 10/2/25

Break Type 1 2 3 4 5 6
722 Cone & Cone & Split m Columnar |:|[|:| Shear B Side Fracture D Pointed D
56-0’ai ci//hde/:s discarded: Yes

Need to perform T 358 testing at 7, 28, and 56-days

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Timothy Berard Test Date: 8/14/25
T 358 (Set 2): Timothy Berard Test Date: 9/4/25
T 358 (Set 3): Test Date:
T 358 (Set 4): Test Date:
722 (Set 1): Chris Dinoia (RF) Test Date: 8/14/25
722 (Set 2): Chris Dinoia (RF) Test Date: 9/4/25
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
= A U A D APPROVA
Resuilts are within specification limits. Results are outsiae specification limits.
Aporoved By:
Signature:
Dale:

*Results relate only to the items inspected or tested.
**This report shall not be reproduced, except in full, without the prior written approval of the agency.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016449
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: # N/A Federal Aid No.: #N/A
Report fo District: Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

Bid ltem: VER.M4 Specification No..

Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-Item Description: VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE

Bid Item Quantity: #N/A Date to be Used: 2025

MassDOT Mix ID No.:  25-07-14-11-14-34-02 Proaducer Mix ID No.: NP/DE

Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA

Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4

Tot. Cementitious (Ibs.) 685 Mix Design Type: HPC

Proposed Use: VERIFICATION OF CEMENT CONCRE Addltional Information. Batch A-2 Redo
SAMPLING INFORMATION (R 60 /C172)

Dale Sampled: 8/13/25 Sampled By: George Gilbert

Sampling Location: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA

Truck No.. N/A Ticket No.. N/A

Sample Time: 10:26am

Job Water Addea! N/A Admixtures Adoead: N/A

Random Sample: Y Lot & Sub Lot No.. B

Quantity Represenfed:  1cy Weather & Temp. (°F):  75-Sunn
PREPARATION OF SPECIMENS IN THE FIELD (R 100/C31)

5,080/7776’/7 Size: l_/| 4x8" |_| 6 x 12" Field CUﬂhg Methoa! |_1| Curing Box |_| Field Cured
Specimens Covered: | Yes No Curing Temp. (°F): Low: 50 High: 90
AMP PROPER B D TE

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks

T 119 (C143) Slump (in.) 1.75 4.50 7.50 FIO

T 152 (C231) Air Content (%) 2.8 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 78 50 90 FIO

T 121 (C231) Unit Weight (pcf) 145.2 135.6 141.6 FIO this is the Redo*

This is the Redo of Mix A-2, so Targets may be off, no new 043 for numbers. T358 testing at 7,28,and 56-days

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: Office Location.  HOPKINTON, MA
Tested By: Kelth St. Jean Test Date: 8/13/25
Witnessed By:  George Gilbert Witness Date: 8/13/25
Reviewed By: Review Date:
SPECIFICATION LIMITS & APPROVAL
Resuilts are within specification limits: Results are outside specification limits.
By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.
Approved By: Aporove Date:
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massDOT

e 2 Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

775A-T

SAMPLE OF
CEMENT CONCRETE

DATE RECEIVED:

8/15/25

PROJECT INFORMATION

2025-016449

SAMPLE NUMBER:

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A

Resident En

#N/A

District Mat. Engr.
CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)

#N/A

ecimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091008 00091009 00091010
Temp. (°F) 759 | 759 | 755 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Determination (kQ-cm)
0° 7.9
90° 7.4 Age (Days): 7
180° 7.35 Curing Factor: 1.0
270° 6.95 Cyl. 1 Average: 7.5
0° 8.07 Cyl. 2 Average: 7.8
90° 7.38 Cyl. 3 Average: 7.9
180° 7.43 Set Average: 8
270° 7.16 . i Penetrability: High
Average 7.5 Not Req'd 7.8 Not Req'd 7.9 Not Req'd | Spec. Min.: -
%CV 4.9% Not Req'd 4.8% Not Req'd 2.8% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091011 00091012 00091013
Temp. (°F) 702 | 703 | 703 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 37.3
90° 33.3 Age (Days): 28
180° 33.1 Curing Factor: 1.0
270° 34.1 Cyl. 1 Average: 34.4
0° 37.2 Cyl. 2 Average: 34.9
90° 33.1 Cyl. 3 Average: 34.6
180° 33.2 Set Average: 35
270° 34.2 Penetrability: Low
Average 34.4 Not Req'd 34.9 Not Req'd 34.6 Not Req'd | Spec. Min.: 21
%CV 5.2% Not Req'd 3.5% Not Req'd 2.1% Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
ma.gDOT SAMPLE OF
@ Highway
= VER | cvcvrconcrere | 8115125 | 2025-016449
PROJECT INFORMATION
Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091014 00091015 00091016
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days): 56
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: Low
Average Spec. Min.:
%CV Pass/Fail:
Average 16
Calculate the average and the %CV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016449
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22 / C39)
Sample Condiition: [ Acceptable [ unacceptable (see Remarks) Lab Curing Method: Moist Cured

Lab Preparation: sulfur 1231) [/ | Neoprene (C1231) [ cutting (T 22) [/ | Grinding (T 22)

S

Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00091008 | 7 |DAY| 8/20/25 8.61 4.01 12.63 90524 7168 5
00091009 | 7 |DAY| 8/20/25 8.61 4.01 12.63 90558 7170 7100 | 5
00091010 [ 7 IDAY| 8/20/25_ | _ 861 __1_ 401 _| 1263 _| 88095 | 6975 _|__ _ __| 2L
00091011 | 28 | DAY | 9/10/25 8.61 4.01 12.63 | 108561 8596 3
00091012 | 28 | DAY | 9/10/25 8.61 4.01 12.63 | 106095 | 8401 8670 | 2
00091013 | 28 | DAY |_9/10/25 8.61 401 1263 _|_113971_|_ 9024 | 2 |

00091014 | 56 [DAY | 10/8/25
00091015 | 56 | DAY [ 10/8/25
00091016 | 56 | DAY | 10/8/25

Break Type 1 2 3 4 5 6
722 Cone & Cone & Split m Columnar |:|[|:| Shear B Side Fracture D Pointed D
56-0’ai ci//hde/:s discarded: Yes

T358 testing at 7,28,and 56-days

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Casey Flynn Test Date: 8/20/25
T 358 (Set 2): Timothy Berard Test Date: 9/10/25
T 358 (Set 3): Casey Flynn Test Date: 8/20/25
722 (Set 1): Timothy Berard Test Date: 9/10/25
722 (Set 2): Test Date:
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
P ATIO AND APPROVA
Resuilts are within specification limits: Results are outside specification limits.
Approved By:
Signature:
Date:
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/8/25 2025-016281
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: # N/A Federal Aid No.: #N/A
Report fo District: Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

Bid ltem: VER.M4 Specification No..

Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-Item Description: VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE

Bid Item Quantity: #N/A Date to be Used: 2025
MassDOT Mix ID No..  25-07-14-11-14-34-04 Proaducer Mix 1D No.. NANO SILICA
Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4
Tot. Cementitious (Ibs.) 615 Mix Design Type: HPC
Proposed Use: VERIFICATION OF CEMENT CONCRE Addltional Information.

SAMPLING INFORMATION (R 60 /C172)
Date Samplead: 8/7/25 Sampled By: George Gilbert
Sampling Location: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Truck No.. N/A Ticket No.. N/A
Sample Time: 11:20am
Job Water Addea! N/A Admixtures Adoead: N/A
Random Sample: Y Lot & Sub Lot No.. 1-1

Quantity Represenfed:  NIA Weather & Temp. (°F):  63-sunn
PREPARATION OF SPECIMENS IN THE FIELD (R 100/C31)

5,080/7776’/7 Size: l_/| 4x8" |_| 6 x 12" Field CUﬂhg Methoa! |_1| Curing Box |_| Field Cured
Specimens Covered: | Yes No Curing Temp. (°F): Low: 50 High: 90
AMP PROPER B D TE

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks

T 119 (C143) Slump (in.) 6.50 3.00 6.00 FIO

T 152 (C231) Air Content (%) 7.6 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 76 50 90 FIO

T 121 (C231) Unit Weight (pcf) 137.8 137.8 143.8 FIO

Need to perform T-358 testing at 7,28, and 56 days.

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: Office Location.  HOPKINTON, MA
Tested By: K|eth St. Jean Test Date: 8/7/25
Witnessed By:  George Gilbert Witness Date: 8/7/25
Reviewed By: Review Date:
SPECIFICATION LIMITS & APPROVAL
Resuilts are within specification limits: Results are outside specification limits.
By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.
Approved By: Aporove Date:
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massDOT

e 2 Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

775A-T

SAMPLE OF
CEMENT CONCRETE

DATE RECEIVED:

8/8/25

PROJECT INFORMATION

SAMPLE NUMBER:

2025-016281

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A

Resident En

#N/A

District Mat. Engr.
CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)

#N/A

200

ecimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00090999 00091000 9091001
Temp. (°F) 715 | 714 | 714 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Determination (kQ-cm)
0° 6.66
90° 6.3 Age (Days): 7
180° 6.02 Curing Factor: 1.0
270° 6.54 Cyl. 1 Average: 6.3
0° 6.66 Cyl. 2 Average: 6.4
90° 6.18 Cyl. 3 Average: 6.1
180° 5.97 Set Average: 6
270° 6.4 . i Penetrability: High
Average 6.3 Not Req'd 6.4 Not Req'd 6.1 Not Req'd | Spec. Min.: -
%CV 4.3% Not Req'd 3.1% Not Req'd 3.4% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091002 00091003 00091004
Temp. (°F) 714 | 717 | 709 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 9.12
90° 8.76 Age (Days): 28
180° 9.48 Curing Factor: 1.0
270° 9.17 Cyl. 1 Average: 9.1
0° 9.03 Cyl. 2 Average: 9.2
90° 8.86 Cyl. 3 Average: 9.1
180° 9.36 Set Average: 9
270° 9.14 . Penetrability: High
Average 9.1 Not Req'd 9.2 Not Req'd 9.1 Not Req'd | Spec. Min.: -
%CV 2.6% Not Req'd 2.6% Not Req'd 1.0% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the




SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
ma.gDOT SAMPLE OF
- @ Highway
VER | ccvenrconcrere 8/8/25 2025-016281
Rev. 04/08/2025
PROJECT INFORMATION
Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.
Specimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days):
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: High
Average Spec. Min.:
%CV Pass/Fail:
Average 16
Cylinder 1 Cylinder 2 Cylinder 3
Specimen
Temp. (°F) I I I
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days):
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: High
Average Not Req'd Not Req'd Not Req'd | Spec. Min.:
%CV Not Req'd Not Req'd Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT

ssDC VER . 8/8/25 2025-016281

Rev. 04/08/2025 CEMENT CONCRETE

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22 / C39)
Sample Condiition: [ Acceptable [ unacceptable (see Remarks) Lab Curing Method: Moist Cured

Lab Preparation: sulfur 1231) [/ | Neoprene (C1231) [ cutting (T 22) [ |Grinding (T 22)

S

Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00090999 | 7 |DAY| 8/14/25 8.37 4.00 12.57 64571 5138 3
00091000 | 7 |DAY| 8/14/25 8.37 4.00 12.57 64816 5158 5200 | 3
00091001 | 7 |DAY| 8/4/25 | 837 _|_ 400 _|_1257 _| 66508 | 8298 | _ _ _ _ S I
00091002 | 28 | DAY | 9/4/25 8.37 4.00 12.57 76564 6093 2
00091003 | 28 |DAY | 9/4/25 8.37 4.00 12.57 76425 6082 6130 | 3
00091004 | 28 |DAY | 9/4/25 8.37 2.00 12.57 78017 6208 3

00091005 | 56 [DAY | 10/2/25
00091006 | 56 | DAY | 10/2/25
00091007 | 56 | DAY | 10/2/25

Break Type 1 2 3 4 5 6
722 Cone & Cone & Split m Columnar |:|[|:| Shear B Side Fracture D Pointed D
56-0’ai ci//hde/:s discarded: Yes

Need to perform T-358 testing at 7,28, and 56 days.

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Timothy Berard Test Date: 8/14/25
T 358 (Set 2): Timothy Berard Test Date: 9/4/25
T 358 (Set 3): Test Date:
T 358 (Set 4): Test Date:
722 (Set 1): Chris Dinoia (RF) Test Date: 8/14/25
722 (Set 2): Chris Dinoia (RF) Test Date: 9/4/25
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
= A U A D APPROVA
Resuilts are within specification limits. Results are outsiae specification limits.
Aporoved By:
Signature:
Dale:

*Results relate only to the items inspected or tested.
**This report shall not be reproduced, except in full, without the prior written approval of the agency.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016450
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

Bid ltem: VER.M4 Specification No.. M4

Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-lfem Description. VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE

Bid Item Quantity: #N/A Date to be Used: 2025
MassDOT Mix /1D No..  25-08-08-08-19-04-01 Proaducer Mix 1D No.. S-120/GGP-GS
Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4

Tot. Cementitious (Ibs.) 685 Mix Design Type: HPC
Proposed Use: VERIFICATION OF CEMENT CONCRE Additional Information:

SAMPLING INFORMATION (R 60/C172)

Dale Sampled: 8/13/25 Sampled By: George Gilbert
Samp//hg Location: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA

Truck No.. N/A Ticket No.: N/A
Sample Time: 10:44am
Job Water Added: N/A Admixtures Added! N/A
Random Sample: Y Lot & Sub Lot No.. B
Quantity Represented: ~ 1cy Weather & Temp. (°F).

PREPARATION OF SPECIMENS IN THE FIELD (R100/C31)
Specimen Size: [/]4xe [ 16 x 12" Field Curing Method: [] curing Box [ ] Field cured
Specimens Covereq: 7 | Yes No Curing Temp. (°F): Low: 50 High: 90
A - PROPER = ) =

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks
T 119 (C143) Slump (in.) 8.75 4.50 7.50 FIO

T 152 (C231) Air Content (%) 6.0 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 78 50 90 FIO

T 121 (C231) Unit Weight (pcf) 139.8 136.9 142.9 FIO

T358 testing at 7,28,and 56-days

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: RMS Office Location.  HOPKINTON, MA
Tested By: Keith St. Jean Test Date: 8/13/25
Witnessed By:  George Gilbert Witness Date: 8/13/25
Reviewed By: Review Date:
SPECIFICATION LIMITS & APPROVAL
Resuilts are within specification limits: Results are outside specification limits.
By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.
Approved By: Aporove Date:
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massDOT

e 2 Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

775A-T

SAMPLE OF
CEMENT CONCRETE

DATE RECEIVED:

8/15/25

PROJECT INFORMATION

SAMPLE NUMBER:

2025-016450

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resiagent En #N/A District Mat. Engr. #N/A
CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)
ecimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091086 00091087 00091088
Temp. (°F) 743 | 736 | 734 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test 1st Test 1st Test Determination (kQ-cm)
CH R I
90° 6.85 Age (Days): 7
180° 6.52 Curing Factor: 1.0
270° 6.78 [ 666 [ Cyl. 1 Average: 6.6
0° 6.47 Cyl. 2 Average: 6.6
90° 6.8 Cyl. 3 Average: 6.9
180° 6.59 Set Average: 7
270° 6.61 Penetrability: High
Average 6.6 Not Req'd 6.6 Not Req'd 6.9 Not Req'd | Spec. Min.: -
%CV 2.3% Not Req'd 3.1% Not Req'd 3.5% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091089 00091090 00091091
Temp. (°F) 701 | 701 | 703 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 21.3
90° 20.7 Age (Days): 28
180° 19.1 Curing Factor: 1.0
270° 19.3 Cyl. 1 Average: 20.1
0° 21.3 Cyl. 2 Average: 20.7
90° 20.5 Cyl. 3 Average: 20.9
180° 19.2 Set Average: 21
270° 19.6 Penetrability: Moderate
Average 20.1 Not Req'd 20.7 Not Req'd 20.9 Not Req'd | Spec. Min.: 21
%CV 4.6% Not Req'd 5.7% Not Req'd 3.8% Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: T75A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek 2 Highway
VE R CEMENT CONCRETE 8/15/25 2025-016450
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091092 00091093 00091094
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days): 56
180° Curing Factor: 1.0
270° Cyl. 1 Average: Not Req'd
0° Cyl. 2 Average: Not Req'd
90° Cyl. 3 Average: Not Req'd
180° Set Average:
270° Penetrability: Moderate
Average Not Req'd Not Req'd Not Req'd | Spec. Min.:
%CV Not Req'd Not Req'd Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd

Calculate the average and the %CV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.
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massDO

e @ Highway

Rev. 04/08/2025

A

SAMPLE TYPE:

775A-T

VER

SAMPLE OF
CEMENT CONCRETE

PROJECT INFORMATION

DATE RECEIVED:

8/15/25

SAMPLE NUMBER:

2025-016450

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22 / C39)

Sample Condition: Acceptable | | Unacceptable (See Remarks) Lab Curing Methoad: Moist Cured
Lab Preparation: [ 1sutfur m231) [/ ]Neoprene (C1231) [ cuttinga2) [ larinding @ 22)
Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00091086 | 7 |DAY| 8/20/25 8.34 4.01 12.63 58742 4651 5
00091087 7 DAY 8/20/25 8.34 4.01 12.63 60370 4780 4740 5
00091088 | 7 1DAY | _8/20/25 | 834 _|_ 401 __1_ 1263 _|_ 60490 | _ 4790 _|_ _ _ _ _| I
00091089 | 28 | DAY 9/10/25 8.34 4.01 12.63 80934 6408 2
00091090 | 28 | DAY 9/10/25 8.34 4.01 12.63 82513 6533 6480 3
00091091 | _28 1DAY | 9/10/25 | 834 _I_ 401 _[ 1263 _| 82126 | _ 6503 _| _ _ ___ _ I I
00091092 | 56 | DAY 10/8/25
00091093 | 56 | DAY 10/8/25
00091094 | 56 1DAY | _10/8/25 | _ _ __ _ | | N
Break Type 1 & 2 3 Dm 4 B 5 D 6 D
722 Cone Cone & Split m Columnar Shear Side Fracture Pointed

56-day cylinders discarded:

Yes

T358 testing at 7,28,and 56-days

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Casey Flynn Test Date: 8/20/25
T 358 (Set 2): Timothy Berard Test Date: 9/10/25
T 358 (Set 3): Casey Flynn Test Date: 8/20/25
722 (Set 1): Chris Dinoia (RF) Test Date: 9/10/25
722 (Set 2): Test Date:
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
P ATIO AND APPROVA
Resuilts are within specification limits: Results are outside specification limits.
Approved By:
Signature:
Date:

*Results relate only to the items inspected or tested.
**This report shall not be reproduced, except in full, without the prior written approval of the agency.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016446
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: # N/A Federal Aid No.: #N/A
Report fo District: Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

Bid ltem: VER.M4 Specification No..

Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-Item Description: VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE

Bid Item Quantity: #N/A Date to be Used: 2025
MassDOT Mix ID No..  25-07-14-10-50-41-02 Proaucer Mix ID No.. S-120 (40%)
Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4
Tot. Cementitious (Ibs.) 615 Mix Design Type: HPC
Proposed Use: VERIFICATION OF CEMENT CONCRE Addltional Information.

SAMPLING INFORMATION (R 60 /C172)
Dale Sampled: 8/13/25 Sampled By: George Gilbert
Sampling Location: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Truck No.. N/A Ticket No.. N/A
Sample Time: 9:00am
Job Water Addea! N/A Admixtures Adoead: N/A
Random Sample: Y Lot & Sub Lot No.. B

Quantity Represenfed:  1cy Weather & Temp. (°F):  75-Sunn
PREPARATION OF SPECIMENS IN THE FIELD (R 100/C31)

5,080/7776’/7 Size: l_/| 4x8" |_| 6 x 12" Field CUﬂhg Methoa! |_1| Curing Box |_| Field Cured
Specimens Covered: | Yes No Curing Temp. (°F): Low: 50 High: 90
AMP PROPER B D TE

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks

T 119 (C143) Slump (in.) 8.75 4.50 7.50 FIO

T 152 (C231) Air Content (%) 8.0 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 78 50 90 FIO

T 121 (C231) Unit Weight (pcf) 136.4 137 .1 143 .1 FIO

T358 testing at 7,28,and 56-days

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: Office Location.  HOPKINTON, MA
Tested By: Kelth St. Jean Test Date: 8/13/25
Witnessed By:  George Gilbert Witness Date: 8/13/25
Reviewed By: Review Date:
SPECIFICATION LIMITS & APPROVAL
Resuilts are within specification limits: Results are outside specification limits.
By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.
Approved By: Aporove Date:
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SAMPLE TYPE: T7T5A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek 2 Highway
VE R CEMENT CONCRETE 8/15/25 2025-016446
Rev. 04/08/2025

PROJECT INFORMATION
Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A

#N/A District Mat. Engr. #N/A

CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)
ecimen Size: 4 x8" Curing Methoa: Moist Cured

Resident En

Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091062 00091063 00091064
Temp. (°F) 764 | 761 | 759 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Determination (kQ-cm)
0° 12.2
90° 12.2 Age (Days): 7
180° 12.8 Curing Factor: 1.0
270° 12 Cyl. 1 Average: 12.4
0° 121 Cyl. 2 Average: 12.4
90° 12.4 Cyl. 3 Average: 12.5
180° 12.9 Set Average: 12
270° 12.2 : Penetrability: Moderate
Average 12.4 Not Req'd 12.4 Not Req'd 12.5 Not Req'd | Spec. Min.: -
%CV 2.7% Not Req'd 3.5% Not Req'd 4.1% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091065 00091066 00091067
Temp. (°F) 706 | 706 | 709 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 21.5
90° 21.1 Age (Days): 28
180° 21.6 Curing Factor: 1.0
270° 20.6 Cyl. 1 Average: 21.3
0° 21.6 Cyl. 2 Average: 22 .1
90° 21.5 Cyl. 3 Average: 23.2
180° 21.5 Set Average: 22
270° 20.8 Penetrability: Low
Average 21.3 Not Req'd 221 Not Req'd 23.2 Not Req'd | Spec. Min.: 21
%CV 1.8% Not Req'd 4.2% Not Req'd 6.9% Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
ma.gDOT SAMPLE OF
@ Highway
= VER | cvcvrconcrere | 81525 | 2025-016446
PROJECT INFORMATION
Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091068 00091069 00091070
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days): 56
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: Low
Average Spec. Min.:
%CV Pass/Fail:
Average 16
Calculate the average and the %CV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016446
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22 / C39)
Sample Condiition: [ Acceptable [ unacceptable (see Remarks) Lab Curing Method: Moist Cured

Lab Preparation: sulfur 1231) [/ | Neoprene (C1231) [ cutting (T 22) [ |Grinding (T 22)

S

Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00091062 | 7 |DAY| 8/20/25 8.08 4.01 12.63 54605 4324 5
00091063 | 7 | DAY | 8/20/25 8.08 4.01 12.63 54143 4287 4230 [ 5
00091064 | 7 IDAY| 8/20/25_ | _ 808 _|_ 401 _| 1263 _| 51406 | _ 4070 _|_ _ _ _ _| 2L
00091065 | 28 | DAY | 9/10/25 8.08 4.01 12.63 64523 5109 5
00091066 | 28 | DAY | 9/10/25 8.08 4.01 12.63 68818 5449 5440 | 3
00091067 | 28 | DAY |_9/10/25 8.08 401 12.63 72675 5754 5_

00091068 | 56 [ DAY | 10/8/25
00091069 | 56 | DAY [ 10/8/25
00091070 | 56 | DAY | 10/8/25

Break Type 1 2 3 4 5 6
722 Cone & Cone & Split m Columnar |:|[|:| Shear B Side Fracture D Pointed D
56-0’ai ci//hde/:s discarded: Yes

T358 testing at 7,28,and 56-days

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Casey Flynn Test Date: 8/20/25
T 358 (Set 2): Timothy Berard Test Date: 9/10/25
T 358 (Set 3): Test Date:
722 (Set 1): Casey Flynn Test Date: 8/20/25
722 (Set 2): Timothy Berard Test Date: 9/10/25
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
P ATIO AND APPROVA
Resuilts are within specification limits: Results are outside specification limits.
Approved By:
Signature:
Date:

*Results relate only to the items inspected or tested.
**This report shall not be reproduced, except in full, without the prior written approval of the agency.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016448
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: # N/A Federal Aid No.: #N/A
Report fo District: Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

Bid ltem: VER.M4 Specification No..

Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-Item Description: VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE

Bid Item Quantity: #N/A Date to be Used: 2025
MassDOT Mix ID No.:  25-07-14-10-50-41-04 Proaducer Mix ID No.: S-120 /NP-MET
Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4
Tot. Cementitious (Ibs.) 685 Mix Design Type: HPC
Proposed Use: VERIFICATION OF CEMENT CONCRE Addltional Information.

SAMPLING INFORMATION (R 60 /C172)
Dale Sampled: 8/13/25 Sampled By: George Gilbert
Sampling Location: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Truck No.. N/A Ticket No.. N/A
Sample Time: 9:48am
Job Water Addea! N/A Admixtures Adoead: N/A
Random Sample: Y Lot & Sub Lot No.. B

Quantity Represenfed:  1cy Weather & Temp. (°F):  75-Sunn
PREPARATION OF SPECIMENS IN THE FIELD (R 100/C31)

5,080/7776’/7 Size: l_/| 4x8" |_| 6 x 12" Field CUﬂhg Methoa! |_1| Curing Box |_| Field Cured
Specimens Covered: | Yes No Curing Temp. (°F): Low: 50 High: 90
AMP PROPER B D TE

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks

T 119 (C143) Slump (in.) 4.25 4.50 7.50 FIO

T 152 (C231) Air Content (%) 4.6 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 78 50 90 FIO

T 121 (C231) Unit Weight (pcf) 142.8 137.4 143.4 FIO

T358 testing at 7,28,and 56-days

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: Office Location.  HOPKINTON, MA
Tested By: Kelth St. Jean Test Date: 8/13/25
Witnessed By:  George Gilbert Witness Date: 8/13/25
Reviewed By: Review Date:
SPECIFICATION LIMITS & APPROVAL
Resuilts are within specification limits: Results are outside specification limits.
By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.
Approved By: Aporove Date:
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massDOT

e 2 Highway

Rev. 04/08/2025

SAMPLE TYPE:

VER

775A-T

SAMPLE OF
CEMENT CONCRETE

DATE RECEIVED:

8/15/25

PROJECT INFORMATION

SAMPLE NUMBER:

2025-016448

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A

Resident En

#N/A

District Mat. Engr.
CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)

#N/A

ecimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091044 00091045 00091046
Temp. (°F) 748 | 742 | 739 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Determination (kQ-cm)
0° 9.07
90° 8.64 Age (Days): 7
180° 8.31 Curing Factor: 1.0
270° 8.57 Cyl. 1 Average: 8.6
0° 9.03 Cyl. 2 Average: 8.5
90° 8.57 Cyl. 3 Average: 8.5
180° 8.36 Set Average: 9
270° 8.6 . : Penetrability: High
Average 8.6 Not Req'd 8.5 Not Req'd 8.5 Not Req'd | Spec. Min.: -
%CV 3.2% Not Req'd 2.5% Not Req'd 1.3% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091047 00091048 00091049
Temp. (°F) 706 | 704 | 705 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 20.3
90° 21.4 Age (Days): 28
180° 19.1 Curing Factor: 1.0
270° 18.6 Cyl. 1 Average: 20.0
0° 20.7 Cyl. 2 Average: 20.4
90° 21.4 Cyl. 3 Average: 21.2
180° 19.4 Set Average: 21
270° 18.8 Penetrability: Moderate
Average 20.0 Not Req'd 20.4 Not Req'd 21.2 Not Req'd | Spec. Min.: 21
%CV 5.7% Not Req'd 6.0% Not Req'd 3.1% Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
ma.gDOT SAMPLE OF
@ Highway
= VER | cvevrconcrers | 81525 | 2025-016448
PROJECT INFORMATION
Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091050 00091051 00091052
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days): 56
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: Moderate
Average Spec. Min.:
%CV Pass/Fail:
Average 16
Calculate the average and the %CV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016448
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22 / C39)
Sample Condiition: [ Acceptable [ unacceptable (see Remarks) Lab Curing Method: Moist Cured

Lab Preparation: sulfur 1231) [/ | Neoprene (C1231) [ cutting (T 22) [ |Grinding (T 22)

S

Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00091044 | 7 |DAY| 8/20/25 8.55 4.01 12.63 75927 6012 5
00091045 | 7 |DAY| 8/20/25 8.55 4.01 12.63 74851 5927 5980 | 5
00091046 | 7 IDAY| 8/20/25_ | _ 855 _|_ 401 _| 1263 _| 75948 | 6014 _|_ _ _ _ _| 2L
00091047 | 28 | DAY | 9/10/25 8.55 4.01 12.63 93210 7380 2
00091048 | 28 | DAY | 9/10/25 8.55 4.01 12.63 98683 7814 7690 | 2
00091049 | 28 | DAY |_9/10/25 8.55 401 12.63 99566 7884 5_

00091050 | 56 [DAY | 10/8/25
00091051 | 56 | DAY [ 10/8/25
00091052 | 56 | DAY | 10/8/25

Break Type 1 2 3 4 5 6
722 Cone & Cone & Split m Columnar |:|[|:| Shear B Side Fracture D Pointed D
56-0’ai ci//hde/:s discarded: Yes

T358 testing at 7,28,and 56-days

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Casey Flynn Test Date: 8/20/25
T 358 (Set 2): Timothy Berard Test Date: 9/10/25
T 358 (Set 3): Casey Flynn Test Date: 8/20/25
722 (Set 1): Timothy Berard Test Date: 9/10/25
722 (Set 2): Test Date:
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
P ATIO AND APPROVA
Resuilts are within specification limits: Results are outside specification limits.
Approved By:
Signature:
Date:

*Results relate only to the items inspected or tested.
**This report shall not be reproduced, except in full, without the prior written approval of the agency.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016447
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: # N/A Federal Aid No.: #N/A
Report fo District: Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

Bid ltem: VER.M4 Specification No..

Bid Item Description: VERIFICATION OF CEMENT CONCRETE AND RELATED MATERIALS
Sub-Item Description: VER.M4 - TRIAL BATCH HIGH PERFORMANCE CONCRETE

Bid Item Quantity: #N/A Date to be Used: 2025
MassDOT Mix ID No.: 25-07-14-10-50-41-03 Proaducer Mix ID No.: S-120 /NP-DE
Produced by: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Design Strength (psj): 5000 Nom. Agg. Size (in.): 3/4
Tot. Cementitious (Ibs.) 685 Mix Design Type: HPC
Proposed Use: VERIFICATION OF CEMENT CONCRE Addltional Information.

SAMPLING INFORMATION (R 60 /C172)
Dale Sampled: 8/13/25 Sampled By: George Gilbert
Sampling Location: BOSTON CONCRETE CORPORATION Town/City, State: LOWELL, MA
Truck No.. N/A Ticket No.. N/A
Sample Time: 9:30am
Job Water Addea! N/A Admixtures Adoead: N/A
Random Sample: Y Lot & Sub Lot No.. B

Quantity Represenfed:  1cy Weather & Temp. (°F):  75-Sunn
PREPARATION OF SPECIMENS IN THE FIELD (R 100/C31)

5,080/7776’/7 Size: l_/| 4x8" |_| 6 x 12" Field CUﬂhg Methoa! |_1| Curing Box |_| Field Cured
Specimens Covered: | Yes No Curing Temp. (°F): Low: 50 High: 90
AMP PROPER B D TE

Test Method Quality Characteristic Result Spec. Min. [ Spec. Max.| Pass/Fail Remarks

T 119 (C143) Slump (in.) 5.00 4.50 7.50 FIO

T 152 (C231) Air Content (%) 4.4 4.5 7.5 FIO

T 309 (C1064) Concrete Temp. (°F) 78 50 90 FIO

T 121 (C231) Unit Weight (pcf) 143.8 137.3 143.3 FIO

T358 testing at 7,28,and 56-days

FIELD TESTING OFFICE, TECHNICIAN(S), AND REVIEW

Office: Office Location.  HOPKINTON, MA
Tested By: Kelth St. Jean Test Date: 8/13/25
Witnessed By:  George Gilbert Witness Date: 8/13/25
Reviewed By: Review Date:
SPECIFICATION LIMITS & APPROVAL
Resuilts are within specification limits: Results are outside specification limits.
By yping my name below, lunderstand and agree that this form of electronic signature has the same legal force and effectas a manual signature.
Approved By: Aporove Date:
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SAMPLE TYPE:

VER

massDOT

e 2 Highway

Rev. 04/08/2025

775A-T

SAMPLE OF
CEMENT CONCRETE

DATE RECEIVED:

8/15/25

PROJECT INFORMATION

SAMPLE NUMBER:

2025-016447

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A

Resident En

#N/A

District Mat. Engr.
CHLORIDE ION PENETRATION RESISTANCE TESTING (T 358)

#N/A

ecimen Size: 4 x8" Curing Methoa: Moist Cured
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091053 00091054 00091055
Temp. (°F) 753 | 745 | 742 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test 1st Test 1st Test Determination (kQ-cm)
0 95
90° 9.36 Age (Days): 7
180° 9.1 [ 9 Curing Factor: 1.0
270° 8.64 Cyl. 1 Average: 9.1
0° 9.6 Cyl. 2 Average: 9.5
90° 9.19 Cyl. 3 Average: 9.2
180° 9.17 Set Average: 9
270° 8.62 Penetrability: High
Average 9.1 Not Req'd 9.5 Not Req'd 9.2 Not Req'd | Spec. Min.: -
%CV 4.0% Not Req'd 4.6% Not Req'd 2.1% Not Req'd | Pass/Fail: FIO
Average 16 Not Req'd Not Req'd Not Req'd
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091056 00091057 00091058
Temp. (°F) 706 | 708 | 709 |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0° 27
90° 24.9 Age (Days): 28
180° 25.2 Curing Factor: 1.0
270° 26.5 Cyl. 1 Average: 26.0
0° 26.8 Cyl. 2 Average: 26.1
90° 25 Cyl. 3 Average: 26.8
180° 25.5 Set Average: 26
270° 26.8 Penetrability: Low
Average 26.0 Not Req'd 26.1 Not Req'd 26.8 Not Req'd | Spec. Min.: 21
%CV 3.5% Not Req'd 1.2% Not Req'd 7.3% Not Req'd | Pass/Fail:
Average 16 Not Req'd Not Req'd Not Req'd
Calculate the average and the %CYV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat” Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
ma.gDOT SAMPLE OF
@ Highway
= VER | cvcvrconcrere | 81525 | 2025-016447
PROJECT INFORMATION
Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A
Cylinder 1 Cylinder 2 Cylinder 3
Specimen 00091059 00091060 00091061
Temp. (°F) | | |
Angle Cylinder 1 (kQ-cm) Cylinder 2 (kQ-cm) Cylinder 3 (kQ-cm) Set Average Resistivity
1st Test Repeat 1st Test Repeat 1st Test Repeat Determination (kQ-cm)
0°
90° Age (Days): 56
180° Curing Factor: 1.0
270° Cyl. 1 Average:
0° Cyl. 2 Average:
90° Cyl. 3 Average:
180° Set Average:
270° Penetrability: Low
Average Spec. Min.:
%CV Pass/Fail:
Average 16
Calculate the average and the %CV for each sample in the set. If the %CV is > 7.5%, immerse sample in water bath (68 to 77
°F) for 2 h, and record results in the "Repeat" Column. If the %CV on the "Repeat" Set is < 7.5%, use the average of the
"Repeat" Set. If the %CV is > 7.5%, average all 16 readings.
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SAMPLE TYPE: 775A-T DATE RECEIVED: SAMPLE NUMBER:
masspDOT SAMPLE OF
ek @ Highway
VE R CEMENT CONCRETE 8/15/25 2025-016447
Rev. 04/08/2025

PROJECT INFORMATION

Town/City: STATEWIDE Contract No.. VER-CON
Contractor: #N/A Federal Aid No.: #N/A
Report fo District: RMS Cost Account No.. #N/A
Resident Engineer: #N/A District Mat. Engr. #N/A

LABORATORY PREPARATION, COMPRESSIVE STRENGTH TESTING (T 22 / C39)
Sample Condiition: [ Acceptable [ unacceptable (see Remarks) Lab Curing Method: Moist Cured

Lab Preparation: sulfur 1231) [/ | Neoprene (C1231) [ cutting (T 22) [ |Grinding (T 22)

S

Spefl';"e" Age | Unit |Break Date v‘:fb'g;“ D'a('i':;ter Area (in?) | Load (Ibf) St:s:ig)'th A"(:"’i')ge e |Omit
00091053 | 7 |DAY| 8/20/25 8.43 4.01 12.63 79397 6287 5
00091054 | 7 |DAY| 8/20/25 8.43 4.01 12.63 79605 6303 6290 | 5
00091055 | 7 IDAY| 8/20/25_ | _ 843 _|_ 401 _| 1263 _| 79337 | 6282 _|__ _ __ _| 2L
00091056 | 28 | DAY | 9/10/25 8.43 4.02 12.69 | 100415 | 7911 5
00091057 | 28 | DAY | 9/10/25 8.43 4.02 12.69 | 100416 | 7912 7890 | 3
00091058 | 28 | DAY |_9/10/25 8.43 4.02 12.69 99645 7851 3

00091059 | 56 [DAY | 10/8/25
00091060 | 56 | DAY [ 10/8/25
00091061 | 56 | DAY | 10/8/25

Break Type 1 2 3 4 5 6
722 Cone & Cone & Split m Columnar |:|[|:| Shear B Side Fracture D Pointed D
56-0’ai ci//hde/:s discarded: Yes

T358 testing at 7,28,and 56-days

TESTING LABORATORY, TECHNICIAN(S), AND REVIEW

Laboratory: RMS Location: HOPKINTON, MA
7 358 (Set 1): Casey Flynn Test Date: 8/20/25
T 358 (Set 2): Timothy Berard Test Date: 9/10/25
T 358 (Set 3): Casey Flynn Test Date: 8/20/25
722 (Set 1): Timothy Berard Test Date: 9/10/25
722 (Set 2): Test Date:
722 (Set 3): Test Date:
722 (Set 4): Test Date:
Reviewed By: Review Date:
P ATIO AND APPROVA
Resuilts are within specification limits: Results are outside specification limits.
Approved By:
Signature:
Date:

*Results relate only to the items inspected or tested.
**This report shall not be reproduced, except in full, without the prior written approval of the agency.
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