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Academic Abstract

Concrete, the second most consumed material on earth after water, is a source of environmental
problems due to global urbanization. The production of this construction material requires a large
amount of natural resources, and portland cement (PC) is responsible for around 8 % of planet-
warming CO2 emissions. Producing 1 ton of PC will release roughly 1 ton of CO; into the
atmosphere. In 2021, around 92 million metric tons of PC were produced in the U.S., and a total
of 4.4 billion tons were manufactured worldwide. While there was a yearly increase of around 1.5
% in the direct CO; intensity of cement production from 2015 to 2021, urgent annual declines of
3 % until 2030 are necessary to be in line with the Net Zero Emissions by 2050 Scenario. This
dissertation presents different approaches and technologies to offset the CO> footprint of the
production of cement clinker, concrete, and cementitious materials in general.

First, this dissertation investigated the possibility of using end-of-life tire (ELT) rubber powder
and its zinc-recovered residual (treated ELT rubber) to partially replace fine aggregates of different
construction and infrastructure materials including stabilized soft soil (0 %, 10 %, 30 %, and 50 %
ELT rubber added by clay volume), portland cement concrete (0 %, 10 %, 20 %, and 30 % ELT
rubber added by sand volume), and asphalt concrete (20 % ELT rubber added by sand volume).
This work was discussed through aspects of engineering properties and environmental impacts.
The results reveal that the ELT rubber had both negative and positive effects on the engineering
properties of the three materials while this waste posed a huge leachability of zinc and total organic
carbon (TOC) content when being subjected to aqueous environments. However, the findings
indicate that all three materials’ matrices could effectively immobilize most leachable zinc from
the ELT rubber by more than 90 %. Meanwhile, only stabilized soft soil and asphalt concrete could
effectively deal with leachable TOC content from ELT rubber, and portland cement concrete
needed the addition of silica fume to reduce TOC concentration in its leachate.

Second, while previous studies have shown that steel furnace slag (SFS) can stabilize clay soils,
the evidence is not clear if the stabilization mechanism is chemical and/or mechanical. This
dissertation used isothermal calorimetry (IC) to quantify the heat of hydration of the mixture to
assess the chemical aspects of the stabilization. Specifically, kaolin and bentonite clays were each
blended with 40 % SFS by mass at water-to-binder ratios ranging from 1.0 to 1.5. The hydration
properties of stabilized mixtures using lime or PC were also tested for comparison at the same
experimental conditions. The obtained thermal power and total heat curves of stabilized mixtures
confirmed that, for the specific SFS in this study, there is a hydration process taking place in clay
stabilized by SFS. Relative to lime and PC, the SFS performed similarly in terms of heat of



hydration behavior. When blended into clays, SFS provided a more significant heat of hydration
behavior than cement, but that was much milder than lime. X-ray diffraction (XRD) and
thermogravimetric analysis (TGA) were also employed to qualitatively analyze the mineralogy of
the stabilized mixtures.

Finally, this dissertation adopted a Digestion-Titration Method (DTM) for the determination of
CO2 content in cementitious materials that has been mineralized in the form of calcium carbonate
(CaCO0g). This method was modified based on tests that were originally developed in the early
1900s. The method uses hydrochloric acid to digest CaCOs under vacuum conditions. The CO-
released is captured by a barium hydroxide solution, which is then titrated to quantify the amount
of CO> absorbed. A design of experiments approach was used to optimize the experimental
conditions. Samples of known CaCOs content were first evaluated to establish the baseline test
performance, and additional tests were performed on portland cement and various rock samples.
The results were also compared to TGA, including a discussion to compare the two test methods.
The data suggest that the new test method is feasibly applicable to chemically determine the CO>
captured in cementitious materials, and it can be an alternative method for TGA with lower
experimental cost and easier access.

Overall, it is evident that cement, concrete, and construction materials are essential to the
functionality of civilization. Dealing with CO2 emissions and natural resource depletion induced
by the production of these construction materials is urgent for sustainable development. Attempts
toward construction materials with lower embodied CO> by using low-carbon aggregates (e.g.,
waste aggregates, recycled aggregates) and alternative cementitious binders while controlling the
environmental effects of the utilized waste materials are currently viable sustainable approaches.
In addition, tools or new test methods that can support measuring the effectiveness of these reduced
carbon cementitious materials are necessary. This dissertation investigates the feasibility of the
use of ELT rubber waste in construction materials to reduce the exploitation of natural resources
considering engineering properties and environmental impacts. It also provides a deeper
understanding of the hydration behavior of stabilized soil using SFS which is expected to partially
or fully replace PC in the material. Experimentally, it develops a chemical test model as an
alternative method for TGA with lower experimental cost, less interference, and easier access to
determine the CO> captured in cementitious materials.
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General Audience Abstract
Concrete, the second most consumed material on earth after water, is a source of environmental
problems due to global urbanization. The production of this construction material requires a large
amount of natural resources, and portland cement (PC) is responsible for around 8 % of planet-
warming CO> emissions. This dissertation presents different approaches and technologies to offset
the CO footprint of the production of construction materials (i.e., cement clinker, concrete, and
general cementitious materials).

First, this dissertation investigated the possibility of using end-of-life tire (ELT) rubber powder in
different construction materials including stabilized soft soil, portland cement concrete, and
asphalt concrete. This work was discussed through aspects of engineering properties and
environmental impacts. The results reveal that the ELT rubber had both negative and positive
effects on the engineering properties of the three materials. In return, all three materials’ matrices
could effectively immobilize most leachable zinc and total organic carbon (TOC) from the ELT
rubber, which are detrimental to aquatic animals, plants, and humans.

Second, this dissertation used isothermal calorimetry (IC) for the first time to study the heat of
hydration of soil stabilized by steel furnace slag (SFS) to assess the chemical aspects of the
stabilization. The work compared the hydration behavior of SFS in clayey soil with traditional
stabilizers such as lime or portland cement. The results demonstrated that there were chemical
reactions taking place during the hydration of stabilized soil using SFS, explaining the
improvement in engineering properties of the stabilized soil.

Moreover, this dissertation adopted a Digestion-Titration Method (DTM) for the determination of
mineralized CO> content in cementitious materials. The method uses hydrochloric acid to digest
CaCOs under vacuum conditions. The CO released is captured by a barium hydroxide solution,
which is then titrated to quantify the amount of CO. absorbed. The data suggest that the new test
method is feasibly applicable to chemically determine the CO. mineralized in cementitious
materials, and it can be an alternative method for thermogravimetric analysis with lower
experimental cost and easier access.

Overall, it is evident that cement, concrete, and construction materials are essential to the
functionality of civilization. Dealing with CO2 emissions and natural resource depletion induced
by the production of these construction materials is urgent for sustainable development. This
dissertation is expected to fill the knowledge gap in carbon neutral construction materials research,
including increasing the use of low-carbon aggregates (e.g., waste aggregates, recycled
aggregates) and alternative cementitious binders as well as developing new test methods that can
support measuring the effectiveness of these reduced carbon cementitious materials.
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ANNOTATIONS

APA
CEC
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DOE
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[E*|
IC
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Rubberized mortar

Rubberized asphalt concrete
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X-ray diffraction



TABLE OF CONTENT

ACAAEMIC ADSIIACT ...ttt I
General AUIENCE ADSTIACT. .........oiiiiii e i
ACKNOWLEDGEMENTS ...ttt v
ANNOTATIONS ettt b e ettt e s he e et e e st et e be e saeeenbeesbeeeneee e Vv
TABLE OF CONTENT ..ottt e et nee e VI
LIST OF FIGURES ... .ot Xl
LIST OF TABLES ...ttt st et ae e be e beeete e X1V
Chapter 1. INTrOGUCTION........oviiitiiei e bbbttt b bbb eneas 1
1.1 RESEAICN ODJECHIVES.....ccueiiieeie ettt et te e ae e teene e e e sreere s 1
1.2 RESLANCH TASKS ...ttt bbbt bbbttt 2
1.3 DisSertation OrganizZation............cccccueieereiiieieeie e s e se e sre e e e sreeaesreesreene e e sreeneens 3
RETEIENCES ...t bbbt bRttt bbbt 5

Chapter 2. A comprehensive review on treatment methods for end-of-life tire rubber used for

rubberized CemeNntitioUS MALEITALS...........euiiieieeie e 6
N N oL - Uod OSSPSR 7
p A 1o To [0 od £ o] RSSO RRRPPTPRTRN 7

2.2.1 Environmental effeCtS and USES ........coveiveiiiiiiiiiiieiee e 8
2.2.2 Applications of ELT iN CONCIELE........ccviiieiie ittt 9
A B 10 - Vo [T R UPRTPR 10
Y (o L VZ: LU Lo ] SRS 10
2.3 ELT ruBDDEr trEAMENTS ....cueeiieie ettt sttt nne e 14
2.3.1 PhySICal tre@tMeNtS ......ccveeiiiie et sttt s sre e ne e 14
2.3. 1.1 WaALer trealMENTS .......eiiiieiiiiieeeiee ettt e e e 14
2.3.1.2 RadIAtioN trEAIMIENES .....oivviiec ettt e s sbb e e e s earree s 14
2.3.1.2.1 Ultraviolet (UV) radiation treatment...........cccoceveieienininieneeee e 14
2.3.1.2.2 Gamma radiation treatMment...........ccciveiieiiieiiiere e 14
2.3.1.2.3 Plasma treatMent ........c.coiueieeiieie e e e et te et ae e e eeas 15
2.3.1.2.4 MICrOWAVE trealMeNT.......eiieiireeeeiesie e et ste e sae e e e sneeneas 16
2.3. 1.3 HEAL rEAIMENT.......oiiiieiie ettt e e e beenneas 16



2.3.2 ChemiCAl TrEATMEBNES. ... eee e ee ettt et e e e e e e e e e e e e e e e e e e e eeeeens 17

2.3.2.1 COating trEALMENTS .......ecvieieeie et sre e re et e e sreenas 17
2.3.2.2 Silane coupling agent used treatmentS.........ccccevveieeieeiieene e 18
2.3.2.2.1 Silane coupling agent (SCA) and cement paste Coating ...........cceeeererreereeene 18
2.3.2.2.2 Silane coupling agent and carboxylated styrene-butadiene rubber (CSBR)
U= SRR 19
2.3.2.3 Treatments with alkaling SOIULION ..o 21
2.3.2.4 Treatment With acidiC SOIULIONS .........ccveiieiiiie s 22
2.3.2.5 Partial oxXidation treatMeNnt............ccoviiieieeiesee e 23
2.3.2.6 Treatment with waste organic sulfur compounds (WOSC)........ccccoeeviveiveierinenne. 24
2.3.2.7 Other trEAMENTS......eiuieieieieie ettt b bbb enes 24
2.3 Discussions and reCOMMENTALIONS .........coverieriereririesieeeie ettt 25
2.4 CONCIUSIONS .....c.viiiiteitieiie ettt bbbt b et et st e b bt b e e bt e s e e e et et et nbenne e 38
ACKNOWIBAGEMENT ...t bbbt sb et st bennenneas 39
L (=T =] 0TSSR 39
Chapter 3. Mitigating zinc leachate from end-of-life tire rubber in stabilized clayey soils......... 50
TR Y 011 - Tod SRS PP 51
KT oo [0 od £ o] o SRS 51
3.3 EXPEriMENtal PrOQIaIM . ..c.veuiiieiiiitiitieieeieie ettt sttt se e et st nbe s e 53
TR T 1V == -SSP TRPR 53
3.3.2 Experimental MethodolOgy .........coviiiiiiiiiiciic e 55
3.3.2.1 ZINC CAPLUIE tESE....euieieieie ettt ae et este e sneenras 55
3.3.2.2 ENGINeering Property tESES .......ccuiiieiieie ettt 55
3.3.2.3 Isothermal CaAlOrIMELIY .........coviieiiice e 58
3.3.2.4 MICIOSIIUCTUIE STUAY ...ttt 58
3.3.2.5 Pore solution extraction (PSE) and environmental tests...........ccccoovveveieiiiennnn 58
3.4 RESUILS ANG AISCUSSION ....eevviiieiieieciiesiee e eteesiee e ee e sae st e e estesseesseesaeeseessaeneesneessaensennee e 58
341 ZINC CAPLUIE TEST...eeuveeieeieeteeeie st e e seese e e et eseeste e e st e ste e tesseesreenseeneesseenseaseesreenseeneenns 58
3.4.2 Unconfined compressive Strength (UCS) ..o 61
S4B FIOWADTIITY ... bbb 61
3.4.4 Isothermal calorimetry (IC) ....ooviieieee e 62



SN Y/ 1To] 1Y (U o1 (0 (=TT 64

3.4.6 ENVIFONMENTAL TESTS........cviiiiiiiiieeee e 64
3.5 CONCIUSIONS ...ttt bbbt b et b e 67
ACKNOWIBAGEMENT ...ttt e st e e e s e e sreeaeeneesnaeeeas 68
RETEIEBICES ...ttt bt r e 68

Chapter 4. Mitigation of zinc and organic carbon leached from end-of-life tire rubber in

CEMENTITIOUS COMPOSITES ....e.vveieetieiiie ittt e et e e et e s esbe e teeneesre e teeseesseesraesnesneesraenseas 74
N 1511 - Vo SO UR PSR SPTRN 75
N 1o oo [0 Tox 1 o] o TSR SSSRTRN 75
4.3 EXPErimental PrOGIaIM .......ciiiiiieiieieieie ettt st sttt e et bbb be s e 77

A3 L IMAEEITAIS ..o bbb 77
4.3.2 Experimental methodology .........cooveiioiiiieiecc e 78
4.3.2.1 Experimental program and engineering property tests..........ccccvvveveiieeseereeseenne 78

4.4 RESUILS aNd AISCUSSTON .....ecvviiiieiiieieeiiesieeiesie ettt teeseeesee s e saeeneesneesreeneesneenseenneas 81
O 107 o 11 SRR SSR 81
4.4.2 Unconfined compressive Strength (UCS) .....ocveiieiiiiciiecece e 81
4. 4.3 FIeXUral SLrENGLN .......ooviee e 82
4.4.4 Ultrasonic pulse VEIOCIEY (UPV) ....oouiiiiiiiiiiieciee e 83
4.4.5 Rapid chloride penetrability teSt (RCPT) .....oooviiiiiiiieieser e 84
4.4.6 Isothermal calorimetry (IC) .....oovoiiiiiiiii e 85
4.4.7 MICIOSTFUCTUNE STUAY ...ttt 87
4.4.8 ENVIFONMENTAI TESTS.....veeveiiiieieeie ettt nee e 88
T O] o [1E5] o] USROS 91
ACKNOWIEBAGEIMENT ...ttt bbb 92
L E =T =] 0TSSR 92

Chapter 5. Zinc and total organic carbon leachability from end-of-life tire rubber in rubberized

ASPNAIT CONCIELE ... e e e et e e s e e e be e saeeebeenreas 96
5.1 ADSEIACT ... 97
5.2 INETOUUCTION ...ttt b e bbbt b e bt et e bbbt 98
5.3 EXPEriMENTAl PrOQIaM . ..c.oeiiiiieiitiiti ettt bbbt b et 99



BB L IMALETHALS .ot e ettt e e et e e e et e e e e e e e r e e aaes 99

5.3.2 Experimental MethodolOogy .........cceiieiiiieiiee e 100
5.3.2.1 Engineering property eXPeriMeNtS........c.coviiereereiieeseerieseeseesieseesreeseeseesreenaens 100
5.3.2.2 Environmental XPeriMmeNtS ........ccuviieiieieiie e sre e 101

5.4 ReSUILS AN QISCUSSTON ......cviiiiiieiieieiest ettt 101

5.4.1 Indirect tensile test - cracking tolerance (IDT-CT)...cccoevveviiiieiieie e 101

5.4.2 Asphalt pavement analyzer (APA) rutting teSt.........c.coviiiiiirinieieeee s 102

5.4.3 DYNAMIC MOUUIUS ...t 103

5.4.4 MICIOSIIUCEUIE STUAY ...eouviivieiiieie ettt sttt st sneesre e 104

5.4.5 ENVIFONMENTAI TESTS. .......iitiiiiiiiiieiiei e bbb 105

5.5 RESUIES @Nd QISCUSSTON ......eviiieiieiiiieiete ettt 106
ACKNOWIBAGEMENT ... bbbt 108
RETEIEINCES ...t bbbttt 108
Chapter 6. Heat of hydration in clays stabilized by a high-alumina steel furnace slag.............. 112
8.1 ADSTIACT ...ttt bbb 113
6.2 INEFOUUCTION .....veeeee ettt bbbttt ettt benne e 113
6.3 EXPEriMENtal PrOOIaM ......ociiiiieiiiesie ettt bbbt eneas 115
6.3 1 IMALETTAIS ... bbb 115
6.3.2 Experimental procedures and Program ...........ccoeeeeieienenenienieseseeee e 118

6.4 RESUIES AN JISCUSSION .....uiviiiiiieiieieie ettt 118

6.4.1 Thermal power in calorimetric analySiS..........ccooviiriiieiene i 118

6.4.2 Total heat in calorimetric aNalYSIS ........coiiiiiiiiiieie s 120

6.4.3 XRD @NAIYSIS ...ttt 123

6.4.4 TGA BNAIYSIS ..ot 124

6.5 CONCIUSION ...ttt bbbt b e bbb 125

ACKNOWIEBAGEIMENT ...t bbb 127
RETEIBNCES ...ttt bbbttt bbbt 127

Chapter 7. Measuring mineralized carbon in cementitious materials by an acid digestion-titration
017100 T USSR 133

T.1 AADSITACT ...ttt ettt et ettt et et ettt nnnnnnnnnnnnnnnnnnnnns 134



A 141 (oo [ ]e3 (o]0 FAETURURRR R 134

7.3 Experimental MethOdOIOQY ........cooviieiieiiee et 140
7.3 1 TS SELUPD ..ttt b et e e n e 140
7.3.2 Calculating INSTIUCLIONS ......cvveieieieiieeie et te e esreenee s 141
7.3.3 Design of experiments (DOE) .......cccvoiiiieiieie et sra e 142
7.3.4 Method ValIdation ..........cccoiiiiiiiiiieiee e bbb 143

7.4 ReSUILS AN QISCUSSION ...c.vvviiiieiieiieiesie ettt sttt 143
7.4.1 DOE results and diSCUSSION .......ccviierieriiiiisiisiisieseeie ettt 143
7.4.2 PropoSed teSt PrOCEAUIE ......cc.eeiue ettt ettt ettt e e e e nesreenreenee s 145
7.4.3 Method Validation ..........cccooiiiiiiiiice e bbb 146
7.4.4 SAtiStiCal ANAIYSES ......ecivieiieiice e 151

A O] o [ S]] RS PSUTSTURURPRPRIN 155
ACKNOWIEAGEMENT ...ttt sreente e 156
R EIBNICES ... ettt ettt bbb re e 156

Chapter 8. Conclusion and reCommMENdatioN............ccueiveiierieiieie e 160

8.1 OVBIVIBW ...ttt ettt sttt se e st et e et e e st e sbe et e ese e e bt e beeneesseeteeneeeneenbeaneenneenes 160

8.2 MAJOF TINTINGS ...ttt et bbbttt e bbb beeneas 160

8.3 Significance and StUdY IMPOITANCE ..........ccoiiiiiiiieieres e 163

8.4 Recommendation fOr FULUIE WOIK ...........cccoiiiiiiiieiees e 164



LIST OF FIGURES

Figure 2- 1. Flowchart of LTP-PP (replicated based on Cheng et al. [128])........cccccvevvviveinennnns 16
Figure 2- 2. SEM analyses of a and b) untreated and c, d, and e) thermally treated ELT rubber
particles [107]. (This figure is reproduced with permission from Elsevier and Copyright Clearance

(00T 01 =] ) PP RS TRR 17
Figure 2- 3. The chemical working mechanism of SCA in an RCM (replicated based on Huang et
LI 0 ) TSSOSO USROS PRRUR 19

Figure 2- 4. lllustration of the SCA action in an RCM (replicated based on Huang et al. [108]).19
Figure 2- 5. SEM image of a SCA-CSBR-treated RCM showing an apparent crack arrestation
[109] (This figure is reproduced with permission from Elsevier and Copyright Clearance Center).

....................................................................................................................................................... 20
Figure 2- 6. Possible interactions between ELT rubber and C-S-H gel (replicated based on Li et al.
0 SRS 21
Figure 2- 7. a) The structure of cis-polyisoprene with the carboxylic acid group and b) reaction of
the structure in an NaOH solution (replicated based on Guo et al. [78]).......ccccvvvrenvienineninnn. 21
Figure 2- 8. Effectiveness of various ELT rubber pre-treatment methods.The underlined methods
are the ones which have SRI>1and SG > 0. ....cccccviiiiiiiice e 37

Figure 3- 1. Particle size distribution curves of PC, kaolin, bentonite, and ELT rubber particles.

....................................................................................................................................................... 54
Figure 3- 2. Zinc concentration of various leachates at different soaking times. ..............cc.co...... 60
Figure 3- 3. Total iron concentration of various leachates at different soaking times.................. 60
Figure 3- 4. Unconfined compressive strength of rubberized stabilized clays. ............c.ccccooenee. 61
Figure 3- 5. Flowability of different RSS. ........ccooiiiiiic e 62
Figure 3- 6. The thermal power generated from different RSS. ... 62
Figure 3- 7. SEM images of the (a, ¢) untreated ELT rubber particles and (b, d) treated ELT rubber
[0 L T 1= SO SRPTORORN 64
Figure 3- 8. Zinc concentration in the extracted pore solution of kaolin with ELT rubber......... 65
Figure 3- 9. Zinc concentration in the leachate of RSS MIXTUIES. .........ccocvviiiiiiiiiie e 66
Figure 3- 10. TOC in the pore solution of rubberized stabilized kaolin. ...........ccccccooeniiiiinnnnnne. 67
Figure 3- 11. TOC in the leachate 0f RSS MIXIUIES. .......ccccviiiiiiiiiiere e 67

Figure 4- 1. Particle size distribution curves of untreated ELT rubber, treated ELT rubber, sand,

SHICa TUME, AN CEBMEBNL......c.eiiii ettt sr et enee e 78
Figure 4- 2. Flowability of different rubberized mortars. .........cccocvevveiiieiic i 81
Figure 4- 3. Unconfined compressive strength of different rubberized mortars...........c.cccocvee. 82
Figure 4- 4. Flexural strength of different rubberized mortars. ..........c.ccoooiniiiiiciice 83
Figure 4- 5. UPV of different rubberized mMOrtars. ..........ccccoooiiiiiiiniieiiseeeseeee s 84
Figure 4- 6. RCPT results of different rubberized mortars. ............ccoooeiiiciiinnciceee 85
Figure 4- 7. The thermal power generated from different rubberized mortars. ..............ccccevenee 86

Xl



Figure 4- 8. SEM images of the (a) untreated ELT rubber particles and (b) treated ELT rubber

[0 L Lo 1= USSR 87
Figure 4- 9. Zinc concentration in the extracted pore solution of rubberized mortar mixtures... 88
Figure 4- 10. Zinc concentration in the leachate of rubberized mortar mixtures. .............cc.ce..... 89
Figure 4- 11. TOC in the pore solution of rubberized mortar MIXIUres...........c.ccoovreiviiiiiinnnne. 90
Figure 4- 12. TOC in the leachate of rubberized mortar MiXtures............ccooevviviiiciniiiicnnne 90

Figure 5- 1. a) Indirect tensile strength and b) typical load-displacement curves of conventional
asphalt concrete and asphalt concretes using untreated ELT rubber and treated ELT rubber.... 102
Figure 5- 2. Rutting depth observation of conventional asphalt concrete and asphalt concretes using

untreated ELT rubber and treated ELT rUDDEN. ........ccooiiiiiiiiecee s 103
Figure 5- 3. Final rutting depth values after 8000 loading cycles of the three studied asphalt
(610] 0103 (1 (=T TSP TP PP 103
Figure 5- 4. Dynamic modulus |[E*| in master curves of conventional asphalt concrete, asphalt
concrete using untreated ELT rubber, and treated ELT rubber. ..........cccoooeviiiiiiniicicneieee 104
Figure 5- 5. SEM images of the (a) untreated ELT rubber particles and (b) treated ELT rubber
[0 L Lo 1= PSPPSR 105
Figure 5- 6. Zinc concentration in leachates of conventional asphalt concrete and asphalt concretes
using untreated and treated ELT rubbers in differently leaching environments......................... 106

Figure 6- 1. XRF analysis of kaolin and bentonite clays and the SFS. Identified peaks: kaolinite
(K), montmorillonite (Mo), quartz (Q), mayenite (M), tricalcium aluminate (C3A), and periclase

(5O 116
Figure 6- 2. SFS before (a) and after (b) processing by roller and ball milling......................... 117
Figure 6- 3. Particle size distribution curves of PC, SFS, kaolin, and bentonite........................ 117
Figure 6- 4. Thermal power of kaolin and bentonite stabilized by SFS or PC at the water-to-binder
Fatios OF 1.0 @NA L5, ..o bttt enes 119
Figure 6- 5. Thermal power of kaolin and bentonite stabilized by lime compared to SFS and PC at
the equivalent water-to-binder ratios OF 1.5. ..ot 120
Figure 6- 6. Total heat of kaolin and bentonite stabilized by SFS and PC at the water-to-binder
7oL ) 0 L =V o 0 USSP 121
Figure 6- 7. Thermal power of kaolin and bentonite stabilized by lime compared to SFS and PC at
the equivalent water-to-binder ratios Of L.5. .......ccoviiiiiiii e 122

Figure 6- 8. Qualitative XRD analysis of SFS, bentonite, and bentonite mixtures mixed with SFS
at different ratios. Identified peaks: montmorillonite (Mo), quartz (Q), mayenite (M), tricalcium
aluminate (C3A), periclase (P), hydrogarnet (H), and hydroxy-AFM (HY).......ccccooevininninnns 123
Figure 6- 9. Qualitative XRD analysis of SFS, kaolinite, and kaolinite mixtures mixed with SFS at
different ratios. ldentified peaks: kaolinite (K), mayenite (M), tricalcium aluminate (CzA),
periclase (P), hydrogarnet (H), and hydroxy-AFM (HY). ..o 124

Xl



Figure 6- 10. TGA analysis of raw bentonite and bentonite mixtures mixed with SFS at different

LU0 USSP P PRSP 125
Figure 7- 1. Schematics of the DTM configurations from a) Van Slyke [37] b) Edwards et al. [39],
aNd C) COrNell 8L Al [42]. ..o 137

Figure 7- 2. Basic DTM configuration: 1) a 15 mL plastic test tube has a 2 mm diameter hole
drilled near the top, 2) a standard 29/42 rubber septum is fit snugly to the test tube, and 3) the

septum is secured in a 250 mL Erlenmeyer flask. ... 140
Figure 7- 3. A schematic of the DTM test (a) with actual setups at Virginia Tech (b) and NIST (c).
..................................................................................................................................................... 141
Figure 7- 4. Degree of accuracy of nine DOE trialS. ........cccccooveiveiiiiiese e 145
Figure 7- 5. CaCOz content obtained by NIST researchers using TGA and DTM. ................... 146
Figure 7- 6. CaCOg3 content obtained by VT researchers using TGA and DTM. ........cccccoennee. 147
Figure 7- 7. CaCOg3 content determined by TGA comparing the NIST and VT results. ............ 148
Figure 7- 8. CaCOgz content determined by DTM comparing the NIST and VT results. ........... 148
Figure 7- 9. An example of background noise in TGA curve of CP sample...........cccocovrvnnnn. 149
Figure 7- 10. MgCOz content in MgCOs-Al203 mixtures obtained by the proposed DTM method
2| AV SRRSO 150
Figure 7- 11. CaCOs content measured from materials with and without interfering agent. ..... 151
Figure 7- 12. DTM-derived CaCOs percentage results by VT vs. NIST.....ccccovvviiiiinciininne, 154
Figure 7- 13. CaCOs percentage determined by DTM vs. TGA by NIST......ccoiiiiiiiniiinnn. 154

XMl



LIST OF TABLES

Table 2- 1. Categories OFf ELT rUDDET. ........ooviiieece e 9
Table 2- 2. Summary of the basic information of research studying in RCM. ............cccccoenvnnnn. 11
Table 2- 3. Summary of typical treatment methods for ELT rubber used in RCM....................... 25
Table 2- 4. Comparison of the effectiveness of various ELT rubber pre-treatment methods. ..... 30
Table 2- 5. Strength loss (SL) of normal and high strength RCM with different treatment methods
L0 =1 I I 1] o] o =] SRR 33
Table 3- 1. Chemical composition of kaolin, bentonite, and PC. ............ccccoeviievieeve e, 54
Table 3- 2. Soaking proportion of clay-rubber MIXIUres. .........ccccocveiiiie i 55
Table 3- 3. Proportion of RSS and performed eXperiments..........ccccecvvveiieeresiiesieese e 57
Table 3- 4. Hydration thermal power of different RSSS..........cccoooiiiiiiiin e 63
Table 3- 5. Hydration total heat generated from different RSSS ........cccocovvvevviieiinc s 63
Table 4- 1. Chemical compoSItion OF PC........ooiiiiiiiiseee s 78
Table 4- 2. Proportion of mixtures and performed eXperiments...........cccccvveveiieiienecieseese e 80
Table 4- 3. Hydration thermal power of different rubberized mortars .............ccccoveve e, 86
Table 4- 4. Hydration total heat generated from different rubberized mortars............c.ccccoveneee. 87

Table 5- 1. Gradation of aggregates for the control asphalt concrete design approved by Virginia
department of transportation (VDOT) used in this StUAY. ........cccooeriiiniiiiineeeee e 99

Table 6- 1. Mix design for stabilized Clays. ...t 118

Table 7- 1. Comparisons between methods for determination of carbon dioxide in different

MALETTAIS. ...ttt e e ettt b b e Rttt et beereenes 139
Table 7- 2. Design of EXperiment (Pase 1):......cccocveiiiiiiiieieecie et 142
Table 7- 3. Trials of testing procedures for optimal testing conditions.............c.cccccveviiiieieenns 144
Table 7- 4. t-test results comparing the DTM data from VT and NIST .......cccccovvviiiiiviiennenns 152
Table 7- 5. T-test results comparing the TGA and DTM data from NIST ..........ccccoevviivivennns 153
Table 7- 6. Brief comparisons between DTM and TGA. .....ooooiiiie e 155
Table 8 - 1. Effects of ELT rubber on the three studied construction materials........................ 162

XV



Chapter 1. Introduction

It is unanimously reported that the demand for portland cement (PC) and concrete, which are
critical as the most-used construction materials in the world, has been significantly increasing due
to global urbanization [1]. In 2021, around 92 million metric tons of portland cement were
produced in the U.S., and a total of 4.4 billion tons were manufactured worldwide [2]. Cement
production has a significant environmental cost, since it consumes natural resources and requires
a significant amount of energy for calcination, heating, grinding, and transportation. Roughly one
ton of carbon dioxide (CO.) is emitted to the atmosphere for the generation of one ton of portland
cement, accounting for an estimated 5 % to 8 % of the global CO; production [3-9]. While there
was a yearly increase of around 1.5% in the direct CO- intensity of cement production from 2015
to 2021, urgent annual declines of 3% until 2030 are necessary to be in line with the Net Zero
Emissions by 2050 Scenario [10]. As academia, industry, and governments are giving significant
attention to the production of long-life carbon-reduced and carbon-neutral concrete [5,11-14],
there is a strong emphasis on the use of recycled aggregates, supplementary cementitious materials
(SCMs), and carbon capture technologies to offset the CO. footprint of cement clinker and
concrete production in general. These approaches are believed to have the potential to solve the
environmental issues of the production of concrete and cementitious materials and thus attaining
sustainable development in this industry [15]. However, there are problems and knowledge gaps
that researchers are facing and need to be dealt with for a comprehensive understanding and
application of these essential materials.

1.1 Research objectives

To address some of the sustainability questions concerning the cement and concrete industries, the
objectives of this dissertation are to (1) determine the physicochemical interactions between
treated end-of-life tire (ELT) rubber aggregates and different infrastructure materials (i.e., cement
matrix, stabilized soil matrix, and asphalt concrete matrix); (2) study the hydration kinetics of
alternative cementitious materials; and (3) establish a new test method to measure CO uptake in
construction materials. These objectives are expected to fill the knowledge gap in carbon neutral
construction materials research, including increasing the use of low-carbon aggregates (e.g., waste
aggregates, recycled aggregates) and alternative cementitious binders, as well as developing new
test methods that can support measuring the effectiveness of these reduced carbon cementitious
materials. The objectives will be met by specifically achieving the following research aims:

1. Establishing novel infrastructure applications for treated ELT rubber. One of the challenges
with ELT rubber is zinc leachability, since zinc is a heavy metal and is detrimental to aquatic
and plant life. The hypothesis driving this research is that the zinc leachability can be reduced
through a pretreatment and that any remaining leachable zinc can be captured through the
engineering of infrastructure materials, including stabilized soils, cement-based materials, and
asphalt concrete.

2. Deriving hydration mechanisms in clay soils stabilized by steel industry by-products. The
hypothesis in this study is that the available free lime in steel furnace slag can be used to

stabilize clay soils. While previous studies have shown that steel slag will stabilize clay soils,
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the evidence is not clear if the stabilization mechanism is chemical and/or mechanical. In this
study, isothermal calorimetry (IC) is applied to quantify the heat of hydration of the mixture
to assess the chemical aspects of the stabilization.

3. Innovating a new test method to quantify the amount of CO> that can be captured by concrete
and other industrial materials. The hypothesis in this study is that the determination of CO;
content mineralized in cement-based and other industrial materials can be accurately assessed
through a Digestion-Titration Method (DTM). The DTM test offers a lower experimental cost,
easier access, and less interference from other phases than the current approach using
thermogravimetric analysis (TGA).

The intellectual merit of this dissertation is that it offers novel advancements towards
infrastructure applications with lower environmental impact, including considerations of heavy
metal leachates and CO>. In summary, this dissertation provides the following contributions to
intellectual merit: (1) immobilizing zinc leachate from treated ELT rubber in stabilized soils,
cement-based materials, and asphalt concrete; (2) applying IC for the first time in the literature to
understand hydration kinetics during clay stabilization; and (3) establishing a new test method for
quantifying mineralized CO: in cement-based and other industrial materials.

Sustainability is a general theme throughout this dissertation, with specific broader impacts: (1)
immobilizing any zinc leached from treated ELT rubber, since zinc poses a threat to plant and
animal life; (2) reducing the carbon footprint of infrastructure materials through the use of waste
materials (i.e., ELT rubber, steel furnace slag); and (3) establishing a standardizable test method
for quantifying CO. mineralization, which would allow for direct comparison of proposed new
technologies in carbon mineralization in concrete.

1.2 Research tasks
This dissertation is comprised of three specific research aims, which is comprised of five main
tasks that correspond to six manuscripts to meet the three aims:

1) Task 1 (Aim 1) proposes an approach to stabilize soft clayey soils using ELT rubber while
simultaneously immobilizing any leached zinc from the rubber particles. In addition to the
engineering properties, the stabilized soil is expected to absorb the zinc and other heavy metals
leached from the ELT rubber through the cation exchange capacity (CEC) of the clay. This
task will consider untreated ELT rubber and ELT rubber that has undergone a
hydrometallurgical process to remove the zinc.

2) Task 2 (Aim 1) focuses on utilizing ELT rubber before and after the zinc extraction process to
partially replace fine aggregate (up to 30 % of volume) in a cement mortar. Engineering
properties were investigated for the rubberized mortars. The effects of ELT rubber on the
hydration process of the rubberized mortars were studied. In addition, the leachability of zinc
and carbon content in ELT rubber when being used in the rubberized mortar were investigated.
Finally, the effects of using silica fume in recovering the loss in engineering property
performance and zinc and organic carbon leaching in the rubberized mortar were examined.



3)

4)

5)

Task 3 (Aim 1) is to understand the effects of untreated and treated ELT rubber (a 20 %
replacement of sand volume) on rubberized asphalt concrete’s engineering properties and
behavior. Environmentally, this task examines the leaching potential of zinc and TOC from the
ELT rubber-modified asphalt concrete and how this potential varies under different
surrounding weather conditions such as pH, acid rain, saline environment, and exposure time.
Task 4 (Aim 2) explores the heat of hydration of clayey soils stabilized by steel furnace slag
(SFS) and assess the extent of chemical reactions. This task provides a deeper understanding
of the possible mechanical and/or chemical contributions of SFS to the improvement of
stabilized soil’s engineering properties. More widely, it provides comprehensive heat of
hydration curves and characteristics of stabilized soil with typical binders such as cement and
lime.

Task 5 (Aim 3) adopts a new DTM test setup as well as provide detailed guidelines and
calculations for determining the mineralized CO content in cementitious materials. This task
proves the benefit of the DTM model over the TGA method which requires specialized
equipment that is not readily accessible to all testing laboratories.

1.3 Dissertation organization
The dissertation consists of six manuscripts within eight chapters that cover all of the above-
mentioned tasks. The arrangement of the dissertation is as follows:

Chapter 1: Introduction. This chapter generally discusses the knowledge gaps and problems
in cement-based construction materials and provide general background knowledge employed
in this dissertation. This also entails the problem statement, objectives, and the organization of
the dissertation.

Chapter 2: A comprehensive review on treatment methods for end-of-life tire rubber used
for rubberized cementitious materials. This chapter is part of Task 1, and it presents a
comprehensive literature review on how ELT rubber has been physically and/or chemically
treated to improve the properties of rubberized cementitious composites. Specifically, this
work: (i) summarizes various treatment methods that have been employed to treat the ELT
rubber surface before use in rubberized cementitious materials; (ii) presents the hypothesized
mechanism(s) behind each treatment method as well as the changes in the ELT rubber’s
microstructure (if applicable); and (iii) provides discussions and comparisons between the
developed pretreatment methods for ELT rubber. As a result, the most effective methods are
identified, which can serve as guidelines in the future for other researchers. This paper was
published in Construction and Building Materials.

Chapter 3: Mitigating zinc leachate from end-of-life tire rubber in stabilized clayey soils.
This chapter covers Task 1 to investigate the engineering properties and microstructure of ELT
rubber-stabilized clay. The clay is not only chemically stabilized with PC as a traditional
method but is also mechanically stabilized with ELT rubber (up to 50 % of clay volume). In
addition, environmental tests (i.e., pore solution extraction, leaching test) are carried out for
the rubberized stabilized soil to verify the hypothesis that clay can absorb the zinc and other
heavy metals leached from the ELT rubber through the CEC of the clay component.



Chapter 4: Mitigating zinc leachate from end-of-life tire rubber in rubberized mortar. This
chapter covers Task 2 to investigate ELT rubber before and after the zinc extraction process to
partially replace fine aggregate (up to 30 % of volume) in a cement mortar and to study the
effect of the ELT rubber on engineering properties and microstructure. Simultaneously,
isothermal calorimetry is also employed to examine the effects of ELT rubber on the hydration
process of the rubberized mortars. In addition, the pore solution and leaching solutions were
collected at different curing ages and then analyzed for elemental and total organic carbon
contents, primarily to quantify the leachability of zinc. Silica fume is ultimately used to
partially replace cement as an effort to possibly recover the loss in engineering property
performance and reduce the leachable zinc and organic carbon content.

Chapter 5: Effects of end-of-life tire rubber on engineering properties and environmental
impacts of rubberized asphalt concrete. This chapter covers Task 3 to investigate the effect of
treated and untreated ELT rubber on the properties of asphalt concrete and to quantify the
immobilization of zinc and TOC. ELT rubber before and after the zinc-recovery process were
used to partially replace 20 % sand by volume in asphalt concrete through the dry process.
Indirect tensile test-cracking tolerance, asphalt pavement analyzer rutting test, and dynamic
modulus test were conducted for the investigations of the engineering properties of rubberized
asphalt concrete (RAC). Environmental tests were conducted to examine the leaching potential
of zinc and TOC from the RAC and how this potential varies under different simulated weather
conditions (i.e., acid rain, deicing solution, deicing solution at pH of 4.0).

Chapter 6: Heat of hydration in clays stabilized by a high-alumina steel furnace slag. As
planned in Task 4, this study mainly utilizes IC to quantify hydration kinetics in stabilized soil
using SFS. This chapter aims to explore the heat of hydration of SFS-stabilized clayey soils
and confirm that chemical reactions are occurring. This chapter provides a deeper
understanding of the possible mechanical and/or chemical contributions of SFS to the
improvement of stabilized soil’s engineering properties. More widely, it provides
comprehensive heat of hydration curves and characteristics of stabilized soil with typical
binders such as cement, lime, and SCMs. The research for this manuscript was published in
Cleaner Materials.

Chapter 7: Measuring mineralized carbon in cementitious materials by an acid digestion-
titration method. This work follows Task 5 to optimize the DTM test setup and to provide
detailed guidelines and calculations for determining the carbonate content in cementitious
materials. The acid digestion data were validated against TGA data, thereby producing a robust
dataset to compare test methods. This chapter proves the benefit of the DTM method over the
TGA method, which requires specialized equipment that is not readily accessible to all testing
laboratories.

Chapter 8: Conclusions and recommendations. The purpose of this chapter is to provide a
summary of the six manuscripts included in this dissertation, along with recommendations for
future research and practical implications of the findings.
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2.1 Abstract

The use of end-of-life tire (ELT) rubber in rubberized cementitious materials (RCM) as a partial
alternative aggregate has attracted the attention from researchers and industries in the recent
decades. While the ELT rubber can be advantageous, such as by increasing fracture toughness,
ductility, permeability, and thermal insulation of the concrete, it can negatively impact the other
engineering properties, such as elastic modulus, mechanical strength, stiffness, and shrinkage. This
reduction in performance may be attributed to the poor interfacial contact and bonding between
the rubber particles and cement paste. This manuscript presents a comprehensive literature review
on how ELT rubber has been physically and/or chemically treated to improve the properties of the
rubberized cementitious composite. Specifically, this work (i) summarizes various treatment
methods that have been employed to treat the ELT rubber surface before use in RCM; (i) presents
the hypothesized mechanism(s) behind each treatment method as well as the changes in the ELT
rubber’s microstructure (if applicable); and (iii) provides discussions and comparisons between
the developed pretreatment methods for ELT rubber. Two metrics — strength recovery index (SRI)
and strength gain (SG) — are introduced to assist with comparisons. Also, recommendations are
provided to assess the most effective pretreatment methods for ELT rubber in RCM in terms of
engineering properties.

Keywords: End-of-life tires (ELT), rubberized cementitious materials (RCM), strength recovery
index (SRI), strength gain (SG).

2.2 Introduction

In recent decades, waste recycling has received significant attention to improve living conditions,
water, air, and ecosystem qualities as well as saving limited resources [1,2]. Recycling is one
method to constrain the negative impact as the globe could suffer from the disordered generation
of waste as well as the shortage of raw materials [3-5].



End-of-life tires (ELT) present a significant waste issue in many countries in the world.
Worldwide, an estimated 3 billion tires are produced annually [6]. According to the U.S. Tire
Manufacturers Association, in 2019 approximately 300 million ELTs were produced in the U.S.
and an estimated unused stockpile of 56 million tires was reported [7]. The U.S. utilized 76% of
available scrap tires, and the three largest usages were tire-derived fuel (37%), ground rubber
(24%), and landfilling (15%) [7]. Meanwhile, in China, which has been one of the top producers
of ELTs since 2008, there were 232 million cars driving in the country with 14.6 million tons of
ELTs discarded in 2018 [8]. This amount of discarded ELTSs is around 3.24, 2.81, and 12.17 times
larger than that of ELTs generated in the European Union (4.5 million tons), United States (5.2
million tons), and Japan (1.2 million tons), respectively [8]. China has accumulated more than 300
million ELTs, and this number has been increasing by more than 13 million every year [9].

2.2.1 Environmental effects and uses

Tire rubber is a complex combination of various polymers (e.g., polybutadiene, polyisoprene,
styrene-butadiene), carbon black, with small amounts of extender oil, zinc oxide, stearic acid, and
other compounds [6]. Rubber-based tires are flammable materials, so stockpiling of ELTs can be
considered unsafe and a fire hazard [10]. In addition, stockpiled ELTs can expose risks of water,
soil, and air pollution [11,12].

One use option for ELT is heat recovery through combustion. The combustion of ELTs at high
temperatures emits hazardous gases such as polyaromatic hydrocarbons, sulfur dioxide (SO>),
carbon monoxide (CO), hydrogen chloride (HCI), and nitrogen dioxide (NO.), all of which are
known to negatively affect health and air quality [13,14]. Hence, dealing with ELTs disposal is
increasingly becoming significant health, environmental, and aesthetic issue in many countries
these days.

Ground and crumb rubber are other options for ELT usage. Depending on the size distribution and
particle size, ground and crumb ELT rubber can be used in portland cement concrete [15-18],
asphalt concrete [15,19], tire-derived fuels [20], soil modification [21,22], feedstocks for carbon
black production [23,24], carbon dioxide absorbants [25], etc.

ASTM D6270 [26,27] classifies scrap ELTs into various types based on particle size: (i) rough
shredded ELT has a size ranging from 50 mm x 50 mm x 50 mm to 762 mm x 50 mm x 100 mm;
(i) tire-derived aggregate (TDA) ranges in size from 12 mm to 305 mm; (iii) ELT shreds range in
size from 50 mm to 305 mm; (iv) ELT chips range from 12 mm to 50 mm; (v) granulated ELT
particles range from 0.425 mm to 12 mm; (vi) ground ELT particles are smaller than granulated
ELT; and (vii) powdered ELT consists of particles smaller than 0.425 mm but larger than 0.075
mm. There is also a terminology named “crumb rubber” (CR) which has particles in a range of 0.6
mm to 4.75 mm [28]. These categories are presented in Table 2- 1. The summary of the basic
information of research studying in RCM is shown in Table 2- 2.



Table 2- 1. Categories of ELT rubber.

Categories Minimum size (mm) Maximum size (mm)

Rough shred (RS) 50 x 50 x 50 762 x 50 x 100
Tire derived aggregate (TDA) 12 305

Tire shreds (TS) 50 305

Tire chips (TC) 12 50
Granulated rubber (GRR) 0.425 12

Ground rubber (GR) 0.425 <2
Powdered rubber (PR) N/A <0.425

2.2.2 Applications of ELT in concrete

While many other industrial wastes and by-products (e.g., coal ashes, iron and steel slags,
agricultural ashes, recycled concrete, etc.) have been effectively recycled or reused in civil
engineering applications [29-38], rubber waste is reused in this field at only 5 % of its available
amount [39] due to some limitations, such as low elastic modulus, reduced compressive strength
and poor adhesion [18,40]. Regardless, when ELTs are used to partially to fully replace coarse
and/or fine aggregate in concrete mixtures, the rubberized concrete, or rubberized cementitious
material (RCM), can remarkably improve mechanical engineering properties such as tenacity,
ductility, toughness, and impact resistance as well as electrical, sound, and thermal insulation
abilities [41]. In addition, the durability of rubberized concrete, such as freeze-thaw resistance,
acid resistance, and chloride permeability resistance, is also improved [18]. These enhanced
properties suggest that rubberized concrete can be a good candidate for noise-isolated structures,
non-bearing concrete walls, thermal insulation walls or floors in buildings, jersey barriers, railway
track beds, pavement, earthquake-resistant structures, high impact-resistant rubberized concrete
beams, expansion joints, building facades, and rubberized concrete-filled steel tubes [15,18,41—
72]. The low density of rubberized concrete makes it viable to serve as lightweight concrete
[73,74]. These positive properties can be motivations for developing sustainable rubberized
concrete to achieve greater environmental and economic benefits.

Apart from the many benefits of ELT-used concrete as mentioned above, several barriers have
prevented rubberized concrete due to the significant reduction of the mixture strength. The rubber-
cement chemical bond, the physical interfacial bond, and porosity are considered to be key factors
that strongly affect the engineering properties of RCM. It is well-known that the interfacial
transition zone (ITZ) is a porous area surrounding aggregates [75], often referred to as the “weak
link™ that limits the concrete’s strength. When the ELT rubber is added into concrete, there is a
lack of bonding between cement matrix and ELT particles at ITZ [71]. In addition, calcium
hydroxide (CH) and ettringite gradually decrease in the ITZ with an enhancement in the amount
of rubber [71]. Hence, concrete with ELT yields a weaker ITZ, which significantly reduces the
strength when compared with the virgin aggregate concrete [71,76,77].



2.2.3 Dosage

A list of studies using ELT for RCM is presented in Table 2- 2. The information of the particle
size, treatment methods, quantity of rubber, and tests performed in each study has been
demonstrated. ELT partially to fully replaces coarse and/or fine aggregate in the rubberized
concrete mixtures. When designing a concrete mixture, it should be noted that the specific gravity
of recycled ELT rubber is less than half of the natural aggregates. Hence, in these studies, the
added amount of recycled ELTs ranges from 5 % to 100 % of fine and/or coarse aggregate by
volume. However, the amount of added recycled ELT should be constrained between the required
physical engineering properties and the feasibility of using the rubberized concrete. Particularly,
in terms of durability, Kardos and Durham [28] identified the optimum economic replacement of
rubber aggregate as 10%. Guo et al. [78] noted that the replacement with 25 % of recycled ELT
can satisfy the strength requirements for rigid pavement. Meanwhile, Kardos and Durham [28]
suggested that a 30 % replacement of fine aggregate (around 5.5 % of total volume) with recycled
ELT is acceptable to produce suitable workability and mechanical properties for concrete used in
pavement. Liu et al. [79] suggested that the recycled ELT content can be at most 20 % of fine
aggregate, in case of airport pavement. In general, Issa and Salem [80] recommended that the
recycled ELT should not be over 20 % of the total aggregate volume.

In general, Table 2- 2 indicates that ELT rubber replacing aggregate may result in significant
reductions in the mechanical properties of RCM, such as modulus and strength. Conversely,
increasing the ELT rubber content appears to improve the ductility, toughness, workability, water
absorption, thermal insulation, chloride ion permeability, electrical resistivity, conductivity,
permeability, energy absorption capacity, impact resistance, and freeze-thaw resistance.

2.2.4 Motivation
Many studies have proved that the key factors that impact the workability, mechanical properties,
and durability of rubberized concrete can be attributed to the: (i) rubber content (i.e., volume or
weight percentage of aggregate replacement); (ii) morphology of the rubber particles as well as
natural aggregates in the rubberized concrete mixture; (iii) admixtures (e.g., supplementary
cementitious materials); (iv) mixture design and water-to-cement ratio; and (v) treatment methods
(e.g., water washing, NaOH washing, silane coupling agent, chemical treatments) and surface
modifications (e.g., coatings) to the rubber particles. This literature review will particularly focus
on the treatment methods and surface modifications that are widely applied to improve the
feasibility of the use of rubberized concrete. While a number of review articles have already
focused on the use of ELT rubber in cementitious applications (e.g., [15-18,41,71,81-84]), there
is a lack of a systematic summary and catalog of the currently-used treatment methods for ELT
rubber in terms of treatment procedures, treatment mechanisms, and treatment efficiencies. The
main purpose of this study is (i) to summarize the mechanism of various recycled ELT rubber
pretreatment methods in the literature and their effects on micro- and macrostructure of ELT rubber
particles as well as the whole RCM structure and (ii) to provide more comprehensive comparisons
between the effectiveness of pretreatment methods for ELT rubber. As a result, the most effective
methods will be identified, which can serve as guidelines in the future for other researchers.
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Table 2- 2. Summary of the basic information of research studying in RCM.

Engineering Properties

g:g:zg ELT type Treatment method Dosage (%)
c D E FG HI JK LM

[28] CR N/A FA/10-50 % X X X S S Y
[42] 254 x 25.4 x 5 mm Saturated NaOH CA/15% X X o
[43] #40 mesh ;fooi;:;’\,ilooi; Total volume/12.2-12.5% X
[47] 4.12 mm Silica fume (SF) FA/0-50% X
[72] 500 pm NaOH Total mass/10% X A
[78] FA size NaOH and SCA FA/15-50 % X \
[80] Crushed sand size N/A FA/15-100% X \
[85] 0.29-0.59 mm NaOH; SCA FA/5-10% X
[86] 0-4 mm N/A FA/ 0-40% X X
[87] 2-6 mm N/A FA, CA, FA and CA/5-15% X X X
[88] 1.18 mm NaOH FA/0-18% X
[89] Fractions 2/4 and 4/6 N/A FA/5-20% X
[90] 0.6 mm N/A FAJ/0-5.5 % X X
[91] 4-10 mm N/A Gravel/0-25% X X
[92] 2.5-25 mm N/A CA/25-100% X X

Emulsion; ethoxyline

resin; synthetic resin;
[93] 2-4 mm amino-acrylate; FA/5-20 % X X

chloroprene adhesive;

unsaturated resins

[94] 0.4-0.9 mm Slag FA/5-20% X X
[95] 2.6 mm N/A CA/25-100% X X
[96] 10-12 mm (Phase 1) N/A Total/5-15% (phase 1) X X S
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Study/ Engineering Properties
ELT type Treatment method Dosage (%)
Source B D EFG HI JKTLM
10/12 and 16/20 mm (phase 2) Limestone gravel/10-30% (phase 2)
PR FA/0-40 %
371 Chipped powder: 20 mm SF CA/2.5 % chipped rubber with 5-20 % PR X X VoA
[98] 1.18 and 2.36 mm NaOH; NaOH and SF FA/20 % X X S
[99] TCand CR N/A Total aggregate volume/ 10-20 % X X S
[100] GR N/A FA/10-30 % X X X
[101] 0.85 mm N/A FA/10-50 % X X
[102] GR N/A FA/5-20 % X X
mm - b
[103] 2 N/A FA/10- 40 % X X v
[104] 9.6 mm NaOH; cemer\t paste pre- EA/L2.8 %% X
coating
- m traviolet radiation 0
[109] 420-840 p Ultraviolet (UV) radiati FA/15%
[106] 0.85 & 2.8 mm Gamma radiation FA/30 % X X
#40, #30 mesh, 1-5 mm eatin 0
(107] 40, #30 mesh, 1-5 Heating FA/40% X X
[108] 0.425-4.75 mm Cement & silane pre- FA/30 % X X
coating
[109] <0.6 mm SCA and CSBR latex FA/5-30 % X Xl
[110] i Ca(OH)2; NaOH; N
0.6-2.5 mm CHsCOOH: H2S0: FAT10% X
[111] 2-2.36 mm H>SO4; CH3COOH FA/30% X
[112] 300-600 um Partial oxidation FA/6 %* X
[113] #30-50 mesh WOSC treating FA/3, 6 %* X
[114] MgSOQa; CaClz; Al2(SO4)s3;
#8, 15, 20, 40, & 60 mesh CCls; CSg; glycerol; FA/15% X
acetone soaking
[115] <23mm CaCOs pre-coating; FA/5-15% X J

CaCOg pre-coating and SF
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Study/

Engineering Properties

S ELT type Treatment method Dosage (%)
ource B C D E FG HI J K LM
(116] Sand size Water soaking FA/30% X
[117] NaOH and KMnO4 and 0
PR NaHS0q Total mass/ 26% X V
[118] Fine/coarse rubber Water washing FA/40% X

Note: A: modulus of elasticity; B: compressive strength; C: flexural strength; D: split tensile strength; E: ductility/toughness; F: workability; G: water absorption; H: thermal insulation; I: chloride

ion permeability; J: electrical resistivity/conductivity; K: permeability; L: energy absorption capacity/impact resistance; M: freeze—thaw durability; FA and CA denote fine aggregate and coarse

aggregate, respectively; X. v, and O denote negative, positive, and insignificant effects of ELT rubber on RCM ; Number with “*” is rubber content in mass unit.
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2.3 ELT rubber treatments

A wide variety of ELT rubber treatment methods have been studied for the potential use in RCM.
This review paper has categorized and grouped those methods into two main approaches: physical
treatments and chemical treatments. Each treatment method uses a different mechanism to treat
the ELT rubber and thus has different efficiency on strength recoverability of RCM.

2.3.1 Physical treatments
The physical treatment methods including water treatment, radiation treatment, and heat treatment
are explained below.

2.3.1.1 Water treatments

One of the simple and economical methods to pretreat ELT rubber is the water washing method
[104,119]. The removal of these impurities is believed to improve the contact between the washed
ELT particles and cement paste, resulting in strength recovery for the ELT rubberized concrete.
This method uses pressurized water to wash the ELT rubber to remove dust and fine rubber
particles. The particles are washed for ~5 minutes or until there is little to no dust in the wash
water. The washed ELT rubber is filtered and air-dried before mixing in concrete. A similar
method called “water soaking-A” proposes to soak the ELT rubber in tap water for 24 hours before
being subjected to the washing process. A similar method, termed “water soaking-O,” follows the
“water soaking-A” except that the ELT rubber is dried at 100 °C for 6 hours for faster drying. A
study by Najim and Hall [104] found that washing the ELT rubber particles using water prior to
mixing could increase the UCS by up to more than 15 %. After the dust and fine particles have
been removed, less water in the mixture is absorbed, so the workability of concrete is maintained.

2.3.1.2 Radiation treatments
Radiation treatment includes the treatment with ultraviolet rays, gamma radiation, plasma and
microwave treatment.

2.3.1.2.1 Ultraviolet (UV) radiation treatment

Ultraviolet (UV) radiation is known to modify the polymer molecular and/or chemical structure
[120]. Due to its high energy, UV radiation has the ability to break the chemical bonds of ELT
rubber and generate polar species and unpaired bonds on the ELT rubber particles, which is known
to cross-link polymer chains, therefore increasing stiffness of the rubber [121,122]. Ossola and
Woijcik [105] effectively applied this technique to modify the ELT rubber used for RCM. The ELT
rubber was exposed to UV at ~253 nm for 60 hours and then quickly subjected to mixing within
10 minutes after the UV exposure to avoid any potential temporal impacts. The study found that
pretreatment for ELT rubber using UV radiation could effectively reduce the severity of strength
loss in flexural strength with only a 6 % reduction when compared to the conventional concrete
without added ELT rubber. This improvement was believed to be mainly attributable to the
bonding between the rubber and cement matrix.

2.3.1.2.2 Gamma radiation treatment
Similar to UV radiation, gamma radiation can promote the generation of reactive intermediates

that can result in free radicals and eventually in hydrogen abstraction, disproportion, arrangement,
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and possible new bonds formation in the rubber structure [123,124]. Hence, the ELT particles are
believed to be significantly harder and have less cracks on its surfaces; on the other words, the
technique is believed to generate a composite material with stiffer particles, which could be able
to improve the resistance of RCM. A study by Herrera-Sosa et al. [106,125] used 250 kGy gamma
rays at 4 kGy/h to modify the physicochemical properties of the ELT rubber at two different sizes
(0.85 mm and 2.8 mm) for use in RCM. The research found that some of the observed irradiated
ELT rubberized concrete had better compressive strength, splitting tensile strength, and modulus
of elasticity when compared to these of non-irradiated ELT rubberized concrete. A later study by
the same research group [125] found that the higher energy used for the irradiation process (200
kGy vs. 300 kGy) was able to improve the strength. In addition to irradiation doses, the gamma
radiation treatment method was found better for larger particles (0.85 mm vs. 2.80 mm). For the
smaller particle size of ELT rubber (0.85 mm), the treatment method worked most effectively at
30 % of ELT rubber replacement. Conversely, for a larger particle size (2.80 mm), it worked most
effectively at 10 % of ELT rubber replacement. In this study, there was no exception reported
along with the positive strength improvement as found in their previous study.

2.3.1.2.3 Plasma treatment

Plasmas are also known to chemically modify polymer surfaces and affect bonding [126,127].
Treatment by low-temperature plasma (LTP) has been used, and it has been found to not generate
any changes in the bulk properties of the treated materials [128-130]. The LTP treatment
introduces chemical functional groups as a function of the process gas as well as the material’s
chemical composition. An LTP treatment usually requires energy less than 20 eV to break
chemical bonds of polymers and then recombine them to create expected functional groups or
reactive species [128].

To improve the mechanical properties of a rubberized oil-well cement, Cheng et al. [128]
treated 0.089 mm ELT rubber by using LTP with oxygen and then subjected to an ethanol LTP
polymerization process (LTP-PP) to improve the adhesion of the ELT rubber when blended into
the cement matrix. This study generated an oxygen plasma in a chamber at 10 Pa. The treatment
involved powers ranging from 60 W to 120 W for 1 min, 2.5 min, and 5 min. Following the plasma
treatment, ethanol was vaporized into the chamber. The power for this process was set at 100 W
for 20 min, 40 min, and 60 min. The LTP-PP process is presented in Figure 2- 1. The study found
that the contact angle of ELT rubber particles can be significantly reduced from 122° to 33° using
just LTP. The treatment duration of 2.5 min was found to be much more effective than 1 min but
not significantly less effective than the duration of 5 min while the treatment power below 100 W
was found to be effective. After being subjected to the ethanol LTP-PP treatment, the contact angle
of the ELT rubber was further reduced to 11° after 1 hour of the treatment process. The results
suggested that the optimal treatment conditions were LTP at 100 W and 2.5 min coupled with
LTP-PP at 100W and 60 min. Indeed, this treatment method for ELT rubber could recover 76.4 %
of strength loss in the case of the original mixture with 5 % of rubber. Impressively, tensile strength
and flexural strength of the RCM using treated ELT rubber were even improved by 11 % and 9.6
%, respectively, when compared to those of the reference mixture without ELT rubber.
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Figure 2- 1. Flowchart of LTP-PP (replicated based on Cheng et al. [128]).

2.3.1.2.4 Microwave treatment

It is worth noting that the treatment for ELT rubber using the microwave is also an effective
method. The microwave treatment has the ability to break the crosslinked C-S and S-S bonds of
the molecules in rubber. The efficiency of this method depends on the carbon content of ELT
rubber, its chemical composition, magneton power, and exposure time [131-138]. However, while
microwave treatment methods have been used for ELT rubber in asphalt concrete [136,138,139],
to the best of knowledge, the literature on microwave-treated ELT rubber in RCM is not available
in any database. Similarly, the microwave treatment coupled with bio-modification or treatment
method using cooking oil are also the ones which have been applied only for asphalt, further
studies about these methods for RCM are recommended to be discovered.

2.3.1.3 Heat treatment

A recent study by Abd-Elaal et al. [107] suggested a thermal treatment method for modifying the
ELT rubber particles before mixing. The hypothesis of this method depicts that the relatively high
temperature would induce the variation in stiffness of the ELT rubber particle as well as its surface
topology. For the treatment procedure, ELT rubber of various sizes (#30 mesh, #40 mesh, 1 mm
to 3 mm, and 2 mm to 5 mm) was treated in a 200 °C furnace for 1 h to 2 h. The changes in surface
morphology were studied by SEM (Figure 2- 2). Impurities on the ELT rubber surface (Figure 2-
2a,b) are believed to consist of cord, steel, fibers, and rubber fines and are argued to negatively
impact the bonding between the ELT rubber particles and cement paste. These impurities appear
to be removed after thermal treatment (Figure 2- 2 c,d,e). The removal of these impurities could
effectively contribute to the interlocking ability between the ELT particles and cement paste,
resulting in strength recovery for the ELT rubberized concrete (up to 92.7 % of original
compressive strength value in case of using 10 % of rubber).
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Figure 2- 2. SEM analyses of a and b) untreated and c, d, and e) thermally treated ELT rubber
particles [107]. (This figure is reproduced with permission from Elsevier and Copyright
Clearance Center).

2.3.2 Chemical treatments
The chemical treatments include coating, silane treatment, use of alkaline and acidic solutions,
partial oxidation, and treatments with organic sulphur compounds.

2.3.2.1 Coating treatments

The treatment methods including coating ELT rubber with cement paste and mortar were
performed by Najim and Hall [104]. For the cement paste pre-coating, the ELT rubber was
immersed in a w/c=1.0 cement paste and then left to air-cure at ambient laboratory conditions for
28 days. For the mortar pre-coating method, a similar method was applied, except that the cement-
coated ELT rubber was mixed with fine aggregate (1 mm to 2 mm) prior to curing. It was believed
that the coating would create a “hard shell” around the ELT rubber particles by the hydration
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products, making it harder and bringing about better bonding between the ELT rubber particles
and the cementitious matrix of RCM. The results showed that the two pre-coating methods could
effectively recover the strength loss when adding ELT rubber into the conventional concrete. The
mortar-coated ELT rubber was found to be more effective than the cement-coated ELT rubber, as
the tensile and compressive strengths increased by 19 % and 37 %, respectively, when compared
to the uncoated ELT rubber mixture. Also, a significant enhancement in energy absorption,
ductility, vibration damping, and dynamic response was found for the mortar-coated ELT rubber
concrete. Meanwhile, another investigation [140] identified an increment in strength up to 30%
for the cement paste-coated ELT rubber when compared to the untreated ELT rubber. The
enhancement in mechanical properties of these coated ELT rubber mixtures could be due to an
improvement in interfacial bonding between the cementitious matrix and the coated particle.

With a similar pre-coating concept, Obinna [115] proposed a method that used 3 pm limestone
powder (LP) to pre-coat the ELT rubber. The amount of LP and water were 15 % and 5.25 %,
respectively (by ELT rubber mass). The coated ELT rubber was air-dried for 24 hours, and then
stored for one month before its use in RCM. However, the study found that the LP pre-coated ELT
rubber did not significantly improve the compressive strength. Particularly, this treatment method
could recover 42 %, 20 %, and 15 % of the strength loss with the LP pre-coated ELT rubber doses
of 5%, 10 %, and 15 %, respectively. To compensate for the marginal strength recovery, the study
included a 10 % replacement of cement by silica fume into the RCM. It was believed that this
method can enhance the ELT rubber-cement paste interface, and also reduce the porosity of RCM.
Indeed, the addition of silica fume could recover around 133 %, 85 %, and 32 % of strength loss
of RCM with 5 %, 10 %, and 15 % of LP pre-coated ELT rubber used, respectively.

2.3.2.2 Silane coupling agent used treatments
This involves the combination of a silane coupling agent with cement paste, and carboxylated
styrene-butadiene rubber (CSBR) latex.

2.3.2.2.1 Silane coupling agent (SCA) and cement paste coating

A two-stage treatment method using an SCA and cement paste has been proposed by Huang and
colleagues [108,141]. Silane is a bifunctional chemical that can act to couple the organic materials
(i.e., ELT rubber) to the inorganic materials (e.g., cement paste or aggregate) [142]. The working
mechanism of the SCA is presented in Figure 2- 3. An SCA contains a reactive vinyl or epoxy
group (X) and methoxy groups (OR). The methoxy groups become hydroxyl groups (OH) due to
hydrolysis in the ethanol-water mixture. The hydroxyl groups will be physically bonded by
hydrogen bonds or chemically bonded by dehydration condensation to inorganic materials (e.g.,
cement paste). These strong chemical bonds generated by SCA can be broken with the application
of additional energy, resulting in improved RCM engineering properties. In this two-stage mixing
process, SCA is first mixed with the ELT rubber particles followed by mixing with a cementitious
binder. The role of the second-stage treatment is to generate a ‘ ‘hard shell’” around the ELT rubber
particles by the hydration of cement coating as well as to enhance the compatibility in the modulus
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[141], as presented in Figure 2- 4. Using this approach, the researchers observed a 75% recovery
of compressive strength at 15% replacement, and 44% recovery with 30% replacement [108].

OR OH
I Hydrolysis I
X~ Si-OR+ HO ~ifgape ~ X—Si OH -+ 3ROH
OR OH
Rubber
R R R
Y
I Rubber
HO—Si—OH X
[ . R R R
0 I Condensation ‘ ; ‘
e - HO—Si—OH —r iane | _0—Si—0-si
H™ . —Si
.7 oH OH HO—Si 0 )
L o , ’
Si—O0— Si—0—Si —Si—0—Si—0—Si—
Cement paste Cement paste
Figure 2- 3. The chemical working mechanism of SCA in an RCM (replicated based on Huang
et al. [141]).
Cement Coupling Hydrated
agent cement

Coupling

Rubber
particle

a) Before hydration b) After hydration
Figure 2- 4. lllustration of the SCA action in an RCM (replicated based on Huang et al.
[108]).

2.3.2.2.2 Silane coupling agent and carboxylated styrene-butadiene rubber (CSBR) latex

An investigation by Li et al. [109] introduced carboxyl and hydroxyl groups using silane and a
CSBR latex to treat the ELT rubber, in order to enhance the chemical bonding between the ELT
rubber particles and the cementitious matrix. CSBR latex has a strong adhesion capacity [143] and
compatibility with both ELT rubber and cementitious materials, which is believed to chemically
link the ELT rubber with the cementitious matrix. In addition, CSBR latex can possibly form three-
dimensional polymer films in the hardened cementitious materials to seal the voids as well as
bridge the matrix’s cracks, improving ductile behavior, tensile strength, impact resistance as well
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as durability. Indeed, Figure 2- 5 appears to support the effectiveness of the CSBR through a crack
arresting mechanism.

<

—5.0pym—

Figure 2- 5. SEM image of a SCA-CSBR-treated RM showing an apparent crack arrestation
[109] (This figure is reproduced with permission from Elsevier and Copyright Clearance
Center).

The proposed working mechanism of the SCA-CSBR RCM is postulated as three main stages
shown in Figure 2- 6 [109]. Stage | is what exactly happens when SCA is introduced into the ELT
rubber as above-mentioned by Huang et al. [141] and shown in Figure 2- 3. In Stage 11, when the
silane-coated rubber interacts with CSBR latex, the carboxyl groups in CSBR latex react with the
hydroxyl groups on the ELT rubber particles’ surface to generate the chemical bonding at the ELT
rubber-CSBR interface. In Stage Ill, when the SCA-CSBR treated ELT rubber is used in RCM,
chemical bonding between the rubber and hydrated cement paste may also be formed. Particularly,
as shown in Figure 2- 6, the Ca-OH groups, which are abundant in cement hydration products
(e.g., calcium silicate hydrate, calcium sulfoaluminate hydrates, and calcium hydroxide), might
react with the COOH groups in the SCA-CSBR treated ELT rubber to create Ca-OO-C bonds.
Furthermore, Si-O-Ca bonds can be produced by the reaction between Ca-OH groups in cement
hydration products and Si-OH groups in SCA. In addition, the hydrogen bonds between the OH
groups in cement hydration products and those in SCA might be formed during the ELT rubber
surface treatment, resulting in the enhancement of interface properties. In addition, the van der
Waals force may increase as a result of the chemical reactions during the treatment process.

Ultimately, this treatment method was found to increase the compressive and flexural strengths by
around 4 % and 13 %, respectively, when compared to the conventional concrete without ELT
rubber [109]. Furthermore, the chloride penetration resistance was also increased by 35 %
compared to that of conventional concrete [109].
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Figure 2- 6. Possible interactions between ELT rubber and C-S-H gel (replicated
based on Li et al. [109]).

2.3.2.3 Treatments with alkaline solution

Treating ELT rubber using alkaline solutions, such as sodium hydroxide (NaOH) and calcium
hydroxide [Ca(OH)2], has proven to be an effective method to recover the strength loss when using
ELT rubber in RCM. Cis-polyisoprene is present in natural rubber, and the carboxyl group in its
structure can react with alkaline compounds [78], as shown in Figure 2- 7 for reaction with Na*.
This structure may be able to provide a weak basic condition close to the ELT rubber particles-
cement paste interface during the cement hydration and thereby improve bonding.

CHs CHs CHs C

e

/
HC=—C HC=C HC=—C HC=C
/ N\ € / Ne

0
—cu’ HiC— CH: cOH  _cp B\C— CH s

O Na

Figure 2- 7. a) The structure of cis-polyisoprene with the carboxylic acid group and b) reaction
of the structure in an NaOH solution (replicated based on Guo et al. [78]).

Guo et al. [78] stated that treating ELT rubber with NaOH can increase surface hydrophilicity and
result in a thinner water film surrounding the ELT rubber surface. As a result, the porosity of the
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ITZ could be reduced for better bonding between the ELT rubber particles and cement matrix.
Meanwhile, Segre et al. [144] believed that zinc stearate, an additive added into tires during their
manufacturing, causes poor adhesion due to its diffusion to the ELT rubber’s surface. The
hypothesized purpose of this method is that NaOH treatment would remove the zinc stearate from
the ELT rubber surface, change its surface chemistry, and improve the surface homogeneity.
Ultimately, data from multiple studies suggest that NaOH treatment results in better adhesion
between the ELT rubber and the hydrated cement matrix [72,105,145].

The general procedure for treating ELT rubber with NaOH involves soaking with or without
stirring followed by rinsing and drying. The literature presents different recommendations for
NaOH concentration and treatment duration, such as 10 % NaOH treated for 30 min [119], 40 min
[78], or 120 min [146] or 1 % NaOH treated for 24 h [145]. Similar procedures are proposed for
Ca(OH)> treatment [110].

Along with NaOH treatment, several studies subjected the NaOH-treated ELT rubber to a second
treatment. Feng et al. [145] coated dried NaOH-treated ELT rubber with an SCA to facilitate
coupling between the ELT rubber and the hydrated cement and found that the SCA could help
improve the compressive strength of the RCM by around 3 % compared to that of the cases with
ELT rubber treated by NaOH only. Meanwhile, Pelisser et al. [147] washed the ELT rubber with
1M NaOH and then added 15 % silica fume to the NaOH-treated ELT rubber for a surface coating
modification; the addition of 15 % silica fume was found to result in a compressive strength of 50
MPa, which was equivalent to the reference concrete without silica fume. It appears that the silica
fume coating for ELT rubber does not work effectively, and it only contributes to the strength gain
of the cementitious mixture by the pozzolanic reaction. Xi et al. [47] demonstrated this by
comparing the strength improvement of an RCM mixture prepared by (1) coating ELT rubber with
8 % silica fume with a small amount of water for a minute before other components were
introduced into the mixture and (2) conventional mixing procedure. The authors found that there
were very little to no significant effects when using silica fume to pretreat ELT rubber before its
use in RCM.

2.3.2.4 Treatment with acidic solutions

An acidic solution treatment of the ELT rubber has been demonstrated to modify the surface
energy of the rubber [110]. Various acidic solutions including hydrochloric acid (HCI) [111],
hydrogen peroxide (H202) [119], nitric acid (HNOz3) [43], sulfuric acid (H2SOa) [43,110,119],
acetic acid (CH3COOH) [114], a series of potassium permanganate (KMnOs) oxidation and
sodium bisulfite (NaHSO3) sulfonation [117] at different strengths have been explored in the
literature. Similar to the process for alkaline solution treatments, ELT rubber are soaked in acidic
solution with or without stirring followed by rinsing and drying before mixing into concrete.

Mufoz-Sanchez et al. [110] reported that 48 % H>SO4 and 48 % CH3COOH solution could
effectively treat the ELT rubber and help recover around 43 % and 13 % of strength loss,
respectively, when compared to the RCM using untreated ELT rubber. Abdulla and Ahmed [111]
found that HCI treatment for the ELT rubber does not have a remarkable improvement in the RCM,
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and there was even a negative impact on the strength of RCM when using 35 % HCI solution. It
was reasoned that the strong HCI acid not only dissolved the dirt, oils, and impurities on the ELT
rubber particles but also probably dissolved the ELT rubber particles’ corners and reduced
irregularities that could serve as mechanical interlocking sites. However, Abdulla and Ahmed
[111] also found that 5 % H2SOs4, 35 % H2SO4, and 5 % CH3COOH solutions could effectively
treat the ELT rubber and help recover around 36 %, 52 %, and 400 % of strength loss, respectively,
when compared to the RCM using untreated ELT rubber. Youssf et al. [119] found that H20:
treatment for the ELT rubber does not have any considerable improvement in the RCM while
Leung and Grasley [43] had the same conclusion as Abdulla and Ahmed for treatment method
using HNO:s.

Apart from the above-mentioned acid treatment methods for ELT rubber, He et al. [117] proposed
a different method that uses different chemicals at different steps of the treatment process.
Particularly, ELT rubber was initially soaked in a 5 % NaOH solution for 1 day before rinsing with
water. After that, the ELT rubber was subjected to a 5 % KMNO4 solution while its pH value was
adjusted to around 2 to 3 using H2SO4. The mixture was heated at 60 °C with stirring for 2 hours
to facilitate oxidation reactions. After the 2-hour oxidation process, ELT rubber was rinsed with
water and then added to saturated NaHSOz at 60 °C for 30 min to 60 min for the sulphonation
reactions. The authors found that the adhesion strength of cement paste and the ELT rubber
increased by 5 %, 18 %, and 41 % after the ELT rubber surface treatment using NaOH, oxidation,
and sulphonation treatments, respectively. As a result, the compressive strength of the RCM using
4 % modified ELT rubber by concrete mass (around 30 ~ 40 % of fine aggregate volume) increased
by 49 % compared to that of the untreated ELT rubber. Meanwhile, a study by Youssf et al. [119]
skipped the NaOH treatment step and directly went to treatment by 5 % KMNO4 oxidationand 5
% NaHSO4 (instead of NaHSO3) sulphonation processes to treat the ELT rubber. The authors found
that this treatment process was not effective and even had a negative impact on the RCM’s strength
improvement. Particularly, with the case of using 20 % ELT rubber by sand volume, there was
around a 3 % reduction of strength compared to the original case using untreated ELT rubber.

2.3.2.5 Partial oxidation treatment

A partial oxidation reaction to modify the surface properties of the ELT rubber particles has been
employed by Chou et al. [112]. This method was believed to generate hydrophilic functional
groups, such as S=0O and S-O, on the surfaces of ELT rubber. Chou et al. argued that these
functional groups can improve bonding with hydrated cement, resulting in an increase of
mechanical properties of RCM. In this treatment method, air and nitrogen with an oxygen-to-
nitrogen ratio of 0.04 are passed through a reactor for 30 min. After 30 min, the gas flow was
stopped and the temperature in the reactor is increased up to the designed value (e.g., 150 °C, 200
°C, and 250 °C). The RCM with the ELT rubber treated at 250 °C gave a significant enhancement
in compressive strength compared with the RCM with untreated ELT rubber. The mortar with
treated ELT rubber even achieved a greater compressive strength than the control mortar.
Particularly, the authors found that the heating treatment at 250 °C could effectively treat the ELT
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rubber to totally recover the strength loss along with increasing the compressive strength of RCM
by 18 %, when compared to the reference mixture without ELT rubber.

2.3.2.6 Treatment with waste organic sulfur compounds (WOSC)

Chou et al. [113] resued WOSC from a petroleum refining plant to improve the hydrophilicity of
the ELT rubber particles’ surface and to enhance the intermolecular interaction between the ELT
rubber and C-S-H to improve the ultimate strength of RCM. The results showed that the ELT
rubber particles adsorbed WOSC onto its surface. Since the WOSC is amphiphilic, the WOSC-
treated ELT rubber would be more hydrophilic. In addition, the advancing and receding contact
angles of the ELT rubber particles changed from 103° to 100° and 59° to 31°, respectively, which
indicates an increase in the hydrophilicity. However, these differences might also be due to the
changes in surface roughness of the ELT rubber particles after being treated. The intermolecular
interaction between untreated and treated ELT rubbers was also studied by atomic force
microscopy (AFM), which demonstrated that the intermolecular force between the ELT rubber
and C-S-H doubled from 25 nN for the untreated ELT rubber to 55 nN for the WOSC-treated ELT
rubber. In the case of using 3 wt.% of ELT rubber, the WOSC treatment method could recover
around 38 %, 60 %, and 54 % of compressive, flexural, and tensile strengths of the RCM,
respectively. With 6 wt.% of ELT rubber used, these values were around 28 %, 51 %, and 33 %,
respectively.

2.3.2.7 Other treatments

Tian et al. [114] proposed the use of inorganic metal salt solutions to modify ELT rubber particles.
The ELT rubber was soaked in a 10 % MgSO4, 10 % CaClz, and 10 %Al2(SO4)s solutions for 24
h. After that, ELT rubber was dried and sealed before use. As the ELT rubber was dried, the salt
was believed to precipitate on the particle surface and serve as a bonding site. In case of mixtures
using 15 % treated ELT rubber by volume of fine aggregate, the result showed that the 10 % CaCl>
solution treatment worked the best among the three with around 37 % recovery of the compressive
strength produced, followed by MgSO4 and Al2(SOa)3 solution treatments with recoveries of 17 %
and 14 %, respectively. Youssf et al. [119] also found similar output for CaCl solution treatment
at 20 % treated ELT rubber used in RCM.

Meanwhile, treatments with organic solutions, such as acetone (CHs)CO), glycerol (C3HgO3),
carbon disulfide (CSz), and carbon tetrachloride (CCls), have also been proposed to improve the
ELT rubber surface [114]. The procedure for this treatment method is to soak the ELT rubber in
the solution, but the dose was defined based on rubber particle size (specific surface area). The
results show that this method could not provide any strength recovery, but had negative effects on
the RCM. Particularly, acetone, glycerol, carbon disulfide, and carbon tetrachloride solution
treatments caused 13 %, 9 %, 3 %, and 2 % reduction of original compressive strength value in
the case of using untreated rubber, respectively. The above-discussed treatment methods for ELT
rubber used in RCM are summarized in Table 2- 3 below.
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Table 2- 3. Summary of typical treatment methods for ELT rubber used in RCM.

Treatment methods References

Water treatments (i.e., water soaking-A, water soaking-O) [104,119]

Physical Radiation treatments (i.e, Ultraviolet (UV) radiation, gamma radiation, [106,120,125,128,136,138,13

treatments plasma treatment, microwave treatment) 9]
Heat treatment [107]
Coating Treatments (i.e., Silane coupling agent (SCA) and cement paste
coating, silane coupling agent and carboxylated styrene-butadiene rubber [104,109]
(CSBR) latex)

Chemical Treatments with alkaline solution (i.e., NaOH, Ca(OH)z) [78]

treatment Treatment with acidic solutions (i.e., HCI, H202, HNOs, H2SOs4,

CH3COOH, a series of KMnO4 oxidation and NaHSO3 sulfonation) [43,110,111,114,117,119]

Partial oxidation treatment [112]

Treatment with waste organic sulfur compounds (WOSC) [113]

Inorganic metal salt solutions (i.e., 10 % MgSQs, 10 % CaClz, and 10 % [114.119]
Other Aly(SO4)3) ’

treatments Organic solutions, such as acetone (CHs)CO), glycerol (C3HsOs), carbon

disulfide (CSz), and carbon tetrachloride (CCla) [114]

2.3 Discussions and recommendations

The mechanical properties of RCM strongly depend on various factors, such as the amount of
aggregate replaced, treatment method, size and size distribution of the ELT rubber particles, mix
proportioning, etc. Therefore, there is a wide range of recommendations from the literature. For
example, Youssf et al. [119] identified that the NaOH treatment of the ELT rubber particles
produced the best results. However, research by Najim and Hall [104] and Tian et al. [114] did not
support this finding. Conversely, Abdulla and Ahmed [111] found that certain acidic solution
treatments were effective, although Mufioz-Sanchez et al. [110], Tian et al. [114], and Leung and
Grasley [43] reported that acidic solutions did not effectively enhance RCM’s mechanical
properties. Indeed, it is arguable to definitively conclude which treatment method(s) for the ELT
rubber used in RCM can result in the best improvement to combat strength loss. Furthermore, there
are very few studies that discussed this matter in-depth with clear approaches and satisfying
conclusions. Therefore, this study proposes a comparison metric, termed the strength recovery
index (SRI), to quantiatively compare treatment methods. The SRI presents how effective a
treatment method can recover the strength loss of RCM relative to control materials. Strength loss
is the difference in the 28-day compressive strength between conventional concrete without ELT
rubber and RCM with as-received ELT rubber [107]. The SRI is defined as Eq. (1):

ST - SUT
SRI - (1D

where Sur, St, and Sc are the strengths of RCM with untreated rubber, RCM with treated rubber,
and conventional concrete, respectively. Using the SRI, an easier comparison can be performed
for the various treatment methods, as shown in Table 2- 4. There are six common ELT rubber
dosage ranges in RCM (5 %, 10 %, 15 %, 20 %, 30 %, and 40 %), which are labeled as I to VI in
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Table 2- 4. The effectiveness of each treatment method is categorized into five different levels:
SRI greater than 0.75 (excellent) is colored in dark green, between 0.50 to 0.75 (very good) is
colored in light green, between 0.25 to 0.50 (acceptable) is colored in orange, under 0.25
(ineffective) is colored in yellow, and under 0 (negative) is colored in red. In Table 2- 4, SRIs are
arranged in descending order from highest to lowest value for each group.

The strength gain (SG) value is also provided for further evaluations when a treatment method can
both totally recover the strength loss and increase the ultimate strength compared to that of
conventional concrete. The SG is defined as Eq. (2):

Sy —S
SG (%) = —=

x 100, (2
Cc

where St and Sc are the strengths of RCM with treated rubber and conventional concrete,
respectively.

In this study, it is worth noting that the authors considered and recommend the pretreatment
methods as “effective” if they can yield an SRI above 0.5 (very good recoverability) for Groups I,
I1, and 111, and an SRI over 0.25 (acceptable recoverability) for Groups 1V, V, and VI.

For Group | (ELT rubber content around 5 %), the data show that pretreatment of the ELT rubber
by “SCA and CSBR latex” and “CaCOs pre-coating and 10 % SF” can give significant recoveries
in compressive strength with SRI equal to 5 and 1.3, respectively. These treatment methods can
provide a perfect recovery in strength loss and even improve the RCM’s strength up to 3.8 % (SCA
and CSBR latex method) and 5 % (CaCOs pre-coating and 10 % SF method), respectively.
Meanwhile, pretreatment with LTP and LTP-PP, CaCOs, or WOSC can yield a strength recovery
of 76 %, 42 %, and 38 %, respectively. In general, because of the small replacement of ELT rubber,
there is a relatively small strength loss that can be effectively recovered by most of the current
treatment methods.

For Group II (ELT rubber content around 10 %), the data demonstrate that the “SCA and CSBR
latex” treatment method is effective and can recover 100 % strength loss of the RCM. Additional
high SRI treatment options include “NaOH washing and 15 % SF”, “Heating (1 h)”, and “CaCOs3
pre-coating and 10 % SF”, which have SRI values of 0.93, 0.93, and 0.85, respectively. “NaOH
(30 min)” and “Ca(OH)2 (30 min)” are categorized as “very good” treatment methods since they
yielded SR1 values of 0.65 and 0.58, respectively. The treatment by gamma irradiation brings about
inconsistent results since the SRI varies from —1.5 to 2.1 even the mixture proportion is the same
between the two studies; therefore the gamma radiation treatment method is not recommended to
treat the ELT rubber in this doge range. Further studies should be carried out to confirm the
effectiveness of this treatment method.

For Group III (ELT rubber content around 15 %), “Partial oxidation at 250 °C (1 hour)” treatment
method works as an excellent method with an SRI of 1.35 and it can increase the RCM’s strength
by 18 %. Additional treatments that produced high SRI values include “Cement and silane pre-
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coating”, “Ultraviolet (UV) radiation”, and “SCA and CSBR latex”, which yielded SRI values of
0.75, 0.71, and 0.69, respectively.

For Group IV (ELT rubber content around 20 %), no treatment method was able to completely
recover the RCM’s strength loss. Only the “Heating (1 h)”, “SCA and CSBR latex”, and “NaOH
(0.5 h)” treatment methods were able to recover more than 50 % of the strength loss. In addition,
the treatment by gamma irradiation could provide “acceptable” improvement for the RCM using
ELT rubber mesh #7 while it only brought about negative effect to little improvement for the RCM
using ELT rubber mesh #20.

For Group V (ELT rubber content around 30 %), no treatment method was able to completely
recover the RCM’s strength loss. Only the “Mortar pre-coating” and “35 % H2SOs (24 h)”
treatment methods were able to recover more than 50 % of the strength loss. Interestingly, the
“Gamma radiation” treatment method still maintained “acceptable” performance in strength
recovery despite the fact that it was ineffective for a mix with 10 % ELT rubber. Using only NaOH
solution to treat the ELT rubber does not appear to be as effective at this ELT dosage, although it
was effective at lower ELT dosages. For example, soaking ELT rubber in NaOH solution for 20
min to 60 min can provide very little or even a negative SRI value.

For Group VI (ELT rubber content around 40 %), “Heating (1 h)” and “5 % NaOH (24 h) and 5
% KMnOs (2 h) and saturated NaHSOz (1 h)” treatment methods can provide SRI values at
“acceptable” recoverability with SRI values of 0.47 and 0.45, respectively. Due to a lack of data
in the literature at this high dosage rate, there are fewer options when treating the ELT rubber for
RCM.

In a summary, treatment methods appear to be the most effective in mixes with lower (i.e., <20
%) ELT rubber contents. For Groups I, Il, and Ill, the best pretreatment methods are possibly
“SCA and CSBR latex”, “CaCOs pre-coating and 10 % SF”, “NaOH washing and 15 % SF”,
“Heating (1 h)”, and “Partial oxidation at 250 °C (1 h)”, which have the “excellent recoverability”
in RCM’s strength loss. Treatment options with “very good recoverability” include “NaOH (30
min)” and “Ca(OH)2 (30 min)”. However, it is worth noting that the methods using NaOH appear
to have significant variability in the literature.

For Groups IV, V, and VI, “Heating (1 h)”, “SCA and CSBR latex”, “NaOH (0.5 h)”, “Mortar pre-
coating”, and “35 % H2SOs (24 h)” are recommended to use as they have “very good
recoverability” of strength loss in RCM. Treatment options with “acceptable recoverability”
include “Gamma radiation”, “NaOH (24 h)”, “Water soaking (24 h)”, “Cement and silane pre-
coating”, “5 % CH3COOH (24 h)”, “5 % H2S04 (24 h)”, “SCA and CSBR latex”, and “5 % NaOH
(24 h) and 5 % KMnOg (2 h) and saturated NaHSO3 (1 h)”.

For a consolidation of the data, Figure 2- 8 was established based on data from Table 2- 4 to
graphically summarize and compare the effectiveness of the outstanding treatment methods at
different volume of ELT rubber used in RCM.
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In order to have a better understanding of the influence of the “mother concrete” strength on the
strength change of the RCM when adding treated ELT rubber, Table 2- 5 was derived based on
Table 2- 4. In Table 2- 5, for all groups, the data were arranged and shown from RCM with the
highest strength to the lowest strength. The original cementitious materials with strength above 40
MPa were considered as high strength, while the rest were considered as normal strength. The
strength loss (SL) of RCMs using untreated and treated ELT rubber is reported from each study.
Firstly, the data show that adding ELT rubber decreases the strength of the cementitious material,
and the significance of SL generally seems to depend on the original material’s strength.
Particularly, for high strength cementitious materials, SL is usually smaller than that of normal
strength cementitious materials when adding the same amount of ELT rubber. On the other words,
the higher the strength the original cementitious material, the lesser the SL is reported when adding
ELT rubber. Even with some scatter, this trend is quite clear for the Groups |, I, and 111 (i.e., ELT
rubber content no more than 15 %). When the ELT rubber content is >20 %, SL becomes similar
regardless of the original strength of cementitious material or type of “mother concrete.” More
interestingly, when the treatment methods are introduced for ELT rubber, the strength loss of RCM
is significantly affected by the type of treatment methods instead of the original strength. For
example, for Group III, the “partial oxidation at 250 °C (1 hour)” treatment methods could recover
all strength loss of the normal strength concrete (34.8 MPa) using treated ELT rubber, while “water
soaking-A” could not help the high strength concrete (53.3 MPa) recover any strength loss. This
does not follow the tendency mentioned earlier for untreated ELT rubber. This indicates that the
selection of treatment methods for ELT rubber plays an essential role in the improvement of
RCM’s engineering properties further than the original strength of the cementitious material. For
Group VI (i.e., ELT rubber content around 40 %), there is too little data available in the literature
to draw a reasonable conclusion.

While there are a number of studies on using ELT rubber in RCM, relatively few studies discuss
the impact of particle size. The particle size of ELT rubber is one of the main factors which has an
effect on the ultimate strength of RCM [47,106,107,125]. However, after being treated, the effect
on engineering properties might remain relatively unchanged or may vary; there appears to be a
dependence on the treatment method. Herrera-Sosa et al. [106,125] found that, at the same
replacement percentage of ELT rubber in RCM, the compressive strength of RCMs with small
particles is generally lower than the strength with large particles. In their study, the treatment
gamma radiation method did not change the main effect of ELT particle size in the RCM, but it
did effectively improve the compressive strength when using 30 % of 0.85 mm ELT rubber or 10
% of 2.8 mm ELT rubber. It seems that this treatment method can work effectively at the high
replacement percentage of 0.85 mm ELT rubber or low replacement percentage of 2.8 mm ELT
rubber. Meanwhile, Abd-Elaal et al. [107] found a similar tendency to Herrera-Sosa et al.
[106,125] for compressive strength of RCM when using untreated ELT rubber at different sizes.
However, after being thermally treated, the study reported that the larger size of the treated ELT
rubber particle (from mesh #40 to 5 mm) used, the less effective this treatment method could
provide. These limited data indicate that the relationship between the particle size of ELT rubber
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and a treatment method selected is unpredictable, depending on both ELT rubber size and the type
of treatment method applied. Futher study is needed to evaluate this interaction.

29



Table 2- 4. Comparison of the effectiveness of various ELT rubber pre-treatment methods.

Dose Rubber content Compressive strength

range/ Pre-treatment method (Volume of fine

Group aggregate, %) Sc(MPa)  Sur (MPa)  St(MPa)
' SCA and CSBR latex [109] 5 52.5 52.0 54.5

| CaCOs pre-coating and 10 % SF [115] 5 40.0 34.0 42.0

I LTP (2.5 min) and LTP-PP (60 min) at 100 W [128] 5 37.3 30.3 35.7

I CaCOg pre-coating [115] 5 40.0 34.0 36.5

l WOSC treating [113] 3* 31.8 26.8 28.7

I Gamma radiation (mesh #7) [125] 10 245 21.0 285

Il SCA and CSBR latex [109] 10 52.5 485 52.5

I NaOH washing and 15 % SF [147] 10 46.0 17.0 44.0

I Heating (1 h) [107] 10 50.9 40.0 50.1

Il CaCOs pre-coating and 10 % SF [115] 10 40.0 30.0 38.5

I NaOH (30 min) [110] 10 39.0 235 335

I Ca(OH)2 (30 min) [110] 10 39.0 235 325

Il 48 % H2S04 (5 min) [110] 10 39.0 235 30.2

I CaCO;s pre-coating [115] 10 40.0 30.0 32.0

I Gamma radiation (mesh #20) [125] 10 245 15.0 16.5

Il CH3COOH [110] 10 39.0 235 25.5

I Gamma radiation (mesh #20) [106] 10 24.1 16.1 15.9

I SF pre-treating (1 min) [47] 10 4.7 36 34

Il Gamma radiation (mesh #7) [106] 10 24.1 215 175
i Partial oxidation at 250 °C (1 hour) [112] 6* 34.8 16.3 41.2
i Cement and silane pre-coating [108] 15 37.0 25.2 34.0
1l Ultraviolet (UV) radiation [105] 15 NA (6.33) NA(4.98) NA (5.94)
i SCA and CSBR latex [109] 15 525 445 50.0
i 10 % CaCl soaking (24 h) [114] 15 51.3 371 42.3

Strength Recovery Index
(SRI)

0.76
0.42
0.38

0.65
0.58
0.43
0.20
0.16
0.13

0.71
0.69
0.37

(SG) (%)
38

5.0

16.3

18.4

Strength Gain



Dose Rubber content Compressive strength

gfogueé Pre-treatment method (\a/;gztrgzt:j‘ ;)r;e Sc(MPR)  Sur(MPa)  Sr(MPa) Strength ng)l\)lery Index Str(esné])th( ojj)ain
1l CaCOs pre-coating and 10 % SF [115] 15 40.0 25.3 30.0 0.32
1l WOSC treating [113] 6* 31.8 18.7 224 0.28
1l 10 % MgSO:a soaking (24 h) [114] 15 51.3 37.1 39.5 0.17
1l Water wash [119] 15 53.3 385 40.8 0.16
1l CaCOs pre-coating [115] 15 40.0 25.3 275 0.15
i 10 % Al2(S04)3soaking (24 h) [114] 15 51.3 371 39.1 0.14
1l 1 M H2S04 (10 min) [43] 12.2 72.9 17.6 21.6 0.07
i 3 M HNO3 (30 min) [43] 12.2 72.9 17.6 16.6

i 1.5 M H2S04 + 0.5 M HNO3 (10 min) [43] 12.2 72.9 17.6 161

1l Carbon tetrachloride (CCls) (24 h) [114] 15 51.3 37.1 36.3

i Carbon disulfide (CS2) (24 h) [114] 15 51.3 371 35.9

i Water soaking-A [119] 15 53.3 385 371

1l Water soaking-O [119] 15 53.3 38.5 35.7

i Glycerol (CsHsOs) (24 h) [114] 15 51.3 371 33.7

i Acetone (CHs):CO) (24 h) [114] 15 51.3 371 32.4

v Heating (1 h) [107] 20 50.9 30.5 428 0.60
v SCA and CSBR latex [109] 20 52.5 40.5 475 0.58
v NaOH (30 min) [148] 20 535 41.6 48.1 0.55
v Gamma radiation (mesh #7) [125] 20 24.5 13.0 175 0.39
v NaOH (30 min) [98] 20 53.5 35.9 42.1 0.35
v Gamma radiation (mesh #7) [106] 20 24.1 12.9 16.1 0.29
v NaOH (24 h) [149] 20 55.6 27.0 35.0 0.28
v Water soaking (24 h) [116] 20 55.6 27.0 34.9 0.28
v Water soaking (24 h) [150] 20 35.4 215 24.6 0.22
v NaOH (1 h) [98] 20 53.5 35.9 38.6 0.15
v Gamma radiation (mesh #20) [125] 20 245 125 14.0 0.13
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Dose Rubber content Compressive strength
g:ogueé Pre-treatment method (Z;;gzt:f ;36 Sc(MPa) Sur(MPa) Sr(vpa)  SUEnOd Tg;olx)/ery Index Str(esng)th( 0z)ain
v 10 % CacCl, soaking (24 h) [119] 20 415 27.3 29.1 0.13
v NaOH (2 h) [98] 20 53.5 35.9 37.2 0.07
v NaOH (30 min) and 15 % SF [98] 20 53.5 35.9 36.8 0.05
v 10 % H202 (30 min) [119] 20 415 27.3 275 0.014
v 5 % KMnOa (2 h) and 5 % NaHSOx (1 h) [119] 20 415 27.3 26.5
v Gamma radiation (mesh #20) [106] 20 24.1 16.1 15.9 -
\4 Mortar pre-coating [104] 12.8* 54.0 32.0 45.0 0.59
\ 35% H>S04 (24 h) [111] 30 36.5 16.0 26.7 0.52
\4 Cement and silane pre-coating [108] 30 37.0 225 28.9 0.44
\ 5 % CH3sCOOH (24 h) [111] 30 36.5 16.0 24.3 0.40
\4 Gamma radiation (mesh #20) [125] 30 245 55 125 0.37
\Y 5 % H.S04 (24 h) [111] 30 36.5 16.0 23.3 0.36
\4 SCA and CSBR latex [109] 30 525 30.5 38.0 0.34
Vv Gamma radiation [111] 30 24.1 11.3 14.8 0.27
\4 Gamma radiation (mesh #7) [106] 30 241 115 14.8 0.26
v Cement paste pre-coating [104] 12.8* 54.0 32.0 37.0 0.23
v Gamma radiation (mesh #7) [125] 30 245 13.0 155 0.22
v NaOH (24 h) [149] 30 63.0 27.4 314 0.11
v Gamma radiation (mesh #20) [106] 30 24.1 5.0 7.0 0.10
\Y Water soaking (24 h) [116] 30 63.0 27.4 30.9 0.10
\4 SF pre-treating (1 min) [47] 30 4.7 1.7 19 0.07
\Y NaOH (20 min) [104] 12.8% 54.0 32.0 33.0 0.05
\ Saturated NaOH (30 min) [42] 10* 39.08 2233 23.23 0.05
v NaOH (40 min) [104] 12.8* 54.0 32.0 32.0 0.00
\Y NaOH (60 min) [104] 12.8% 54.0 32.0 30.5
v Saturated NaOH (20 min) [72] 10* 43.1 29.4 28.1 -—
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Dose Rubber content Compressive strength
range/ Pre-treatment method (Volume of fine Stren :
gth Recovery Index  Strength Gain
Group aggregate, %) Sc(MPa)  Sur (MPa)  St(MPa) (SRI) (SG) (%)
Vi Heating (1 h) [107] 40 50.9 13.7 31.3 0.47
VI 5 % NaOH (24 h) and KMnOs (2 h) and saturated *
NaHSOs (1 h) [117] 4 49.2 23.6 35.1 0.45
Vi Water washing [118] 40 46.8 22.4 26.2 0.16

Note: Number with “*” is rubber content in mass unit. Green, light green, yellow, orange, and red denote excellent, very good, acceptable, ineffective, and negative strength
recoverability, respectively.

Table 2- 5. Strength loss (SL) of normal and high strength RCM with different treatment methods for ELT rubber.

D Compressive strength
ra: See/ Pre-treatment method Rubber content (Volume P ’
; of fine aggregate, %) Sc (MP Sur (MP Sr (MP Sur Loss (% St Loss

Group c (MPa) ut (MPa) T (MPa) ut Loss (%) (%)
' SCA and CSBR latex [109] 5 52.5 52.0 54.5 0.95 -4
l CaCO;s pre-coating and 10 % SF [115] 5 40.0 34.0 42.0 15.0 -5
I CaCOs pre-coating [115] 5 40.0 34.0 36.5 15.0 8.75
l LTP (2.5 min) and LTP-PP (60 min) at 100 W [128] 5 37.3 303 35.7 18.7 4.2
l WOSC treating [113] 3* 318 26.8 28.7 15.7 9.74
I SCA and CSBR latex [109] 10 525 485 525 7.62 0
Il Heating (1 h) [107] 10 50.9 40.0 50.1 21.41 1.57
I NaOH washing and 15 % SF [147] 10 46.0 17.0 44.0 63.05 4.35
I CaCO; pre-coating and 10 % SF [115] 10 40.0 30.0 385 25.0 3.75
Il CaCOs pre-coating [115] 10 40.0 30.0 32.0 25.0 20.0
I NaOH (30 min) [110] 10 39.0 235 335 39.74 14.10
I Ca(OH)2 (30 min) [110] 10 39.0 235 325 39.74 16.66
I 48 % H2S04 (5 min) [110] 10 39.0 235 30.2 39.74 22.56
Il CH3COOH [110] 10 39.0 235 255 39.74 34.61
I Gamma radiation (mesh #7) [125] 10 245 21.0 285 14.28 -16.32
Il Gamma radiation (mesh #20) [125] 10 245 15.0 165 38.77 32.65
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rg:gS:/ Pre-treatment method RUbb?r content (Volume Compressive stendmh ST L
Group of fine aggregate, %) Sc(MPa)  Sur(MPa)  St(MPa) Sur Loss (%) T(%‘)’SS
Il Gamma radiation (mesh #7) [106] 10 24.1 215 175 10.78 27.38
Il Gamma radiation (mesh #20) [106] 10 24.1 16.1 15.9 33.19 34.02
Il SF pre-treating (1 min) [47] 10 47 36 3.4 23.50 27.65
] 1 M H2S04 (10 min) [43] 12.2 72.9 17.6 216 75.85 70.04
1l 3 M HNO3 (30 min) [43] 12.2 72.9 176 16.6 75.85 77.22
i 1.5 M H2S04 + 0.5 M HNO3 (10 min) [43] 12.2 72.9 17.6 16.1 75.85 77.91
1l Water wash [119] 15 53.3 38.5 40.8 27.77 234
I Water soaking-A [119] 15 53.3 385 371 27.76 30.04
i Water soaking-O [119] 15 53.3 385 35.7 27.76 33.02
1l SCA and CSBR latex [109] 15 52.5 445 50.0 15.24 4.76
i 10 % CacCl, soaking (24 h) [114] 15 51.3 37.1 42.3 27.68 1754
i 10 % MgSOs soaking (24 h) [114] 15 51.3 37.1 395 27.68 230
I 10 % Al2(SO4)s3 soaking (24 h) [114] 15 51.3 371 39.1 27.68 2378
al Carbon tetrachloride (CCls) (24 h) [114] 15 51.3 37.1 36.3 27.68 29.24
i Carbon disulfide (CS2) (24 h) [114] 15 51.3 37.1 35.9 27.68 30.0
al Glycerol (CsHsOs) (24 h) [114] 15 51.3 37.1 33.7 27.68 34.31
i Acetone (CH5).CO) (24 h) [114] 15 51.3 37.1 32.4 27.68 36.84
i CaCO:; pre-coating and 10 % SF [115] 15 40.0 25.3 30.0 36.75 250
al CaCOs pre-coating [115] 15 40.0 25.3 275 36.75 48.40
al Cement and silane pre-coating [108] 15 37.0 25.2 34.0 31.89 8.11
i Partial oxidation at 250 °C (1 hour) [112] 6* 34.8 16.3 41.2 53.16 -18.40
i WOSC treating [113] 6* 31.8 18.7 22.4 41.19 29.55
v NaOH (24 h) [149] 20 55.6 27.0 35.0 51.43 37.05
v Water soaking (24 h) [116] 20 55.6 27.0 349 51.43 37.23
v NaOH (30 min) [148] 20 535 41.6 48.1 22.24 10.09
v NaOH (2 h) [98] 20 53.5 35.9 37.2 32.89 30.57
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rg:gS:/ Pre-treatment method RUbb?r content (Volume Compressive stendmh ST L
Group of fine aggregate, %) Sc(MPa)  Sur(MPa)  St(MPa) Sur Loss (%) T(%‘)’SS
v NaOH (30 min) and 15 % SF [98] 20 53.5 35.9 36.8 32.89 3121
v NaOH (1 h) [98] 20 53.5 35.9 38.6 32.89 27.85
v NaOH (30 min) [98] 20 53.5 35.9 42.1 32.64 21.01
v SCA and CSBR latex [109] 20 525 405 475 22.85 9.52
v Heating (1 h) [107] 20 50.9 30.5 42.8 40.01 1591
v 10 % CaClz soaking (24 h) [119] 20 415 273 29.1 34.22 29.88
v 10 % H202 (30 min) [119] 20 41.5 27.3 275 34.22 33.73
v 5 % KMnO4 (2 h) and 5 % NaHSO4 (1 h) [119] 20 415 273 26.5 34.22 36.14
v Water soaking (24 h) [150] 20 35.4 215 24.6 39.26 30.51
v Gamma radiation (mesh #7) [125] 20 245 13.0 175 46.93 28.57
v Gamma radiation (mesh #20) [125] 20 245 125 14.0 48.98 42.85
v Gamma radiation (mesh #7) [106] 20 24.1 12.9 16.1 46.47 33.19
v Gamma radiation (mesh #20) [106] 20 24.1 16.1 15.9 33.20 34.02
v NaOH (24 h) [149] 30 63.0 27.4 31.4 56.51 50.16
\4 Water soaking (24 h) [116] 30 63.0 27.4 309 56.51 50.95
v Mortar pre-coating [104] 12.8* 54.0 32.0 45.0 40.74 16.66
\4 NaOH (20 min) [104] 12.8* 54.0 32.0 33.0 40.74 38.89
\4 NaOH (40 min) [104] 12.8* 54.0 32.0 32.0 40.74 40.74
\4 NaOH (60 min) [104] 12.8* 54.0 32.0 305 40.74 43.51
v Cement paste pre-coating [104] 12.8* 54.0 32.0 37.0 40.74 31.48
\4 SCA and CSBR latex [109] 30 525 305 38.0 41.9 27.62
\4 Saturated NaOH (20 min) [72] 10* 43.1 29.4 28.1 31.78 348
v Saturated NaOH (30 min) [42] 10* 39.08 22.33 23.23 42.86 40.3
\4 Cement and silane pre-coating [108] 30 37.0 225 28.9 39.19 21.89
\4 35% H2S04 (24 h) [111] 30 36.5 16.0 26.7 56.16 26.84
\4 5 % CHsCOOH (24 h) [111] 30 36.5 16.0 24.3 56.16 33.42
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rg:gS:/ Pre-treatment method Ruk:k;fer content (VoLume Compressive stendmh St Loss
Group of fine aggregate, %) Sc(MPa)  Sur(MPa)  St(MPa) Sut Loss (%) %)

\4 Gamma radiation (mesh #7) [125] 30 245 13.0 155 46.94 36.73
\4 Gamma radiation (mesh #20) [125] 30 245 55 125 77.55 48.98
\4 Gamma radiation [106] 30 24.1 113 148 53.11 38.59
\4 Gamma radiation (mesh #7) [106] 30 24.1 115 148 52.28 38.59
\4 Gamma radiation (mesh #20) [106] 30 24.1 5.0 7.0 79.25 70.95
\4 SF pre-treating (1 min) [47] 30 4.7 1.7 1.9 63.83 59.57
Vi Heating (1 h) [107] 40 50.9 137 313 73.08 38.51
VI il:ﬁslgi(zrh)(z[ilgi and KMnOs (2 h) and saturated 4* 49.2 236 351 5203 28.65
Vi Water washing [118] 40 46.8 22.4 26.2 52.13 44.02

Note: Number with “*” is rubber content in mass unit.
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Figure 2- 8. Effectiveness of various ELT rubber pre-treatment methods.The underlined methods are the ones which have SRI > 1

and SG > 0.
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2.4 Conclusions

This study summarizes the various treatment methods for end-of-life tire (ELT) rubber in order to
recover the reduced strength and also to improve the strength of rubberized cementitious materials
(RCM). A comparison of various pretreatment methods for ELT rubber was summarized based on
the calculation of a strength recovery index. The main findings of this study are:

1. The strength of RCM tends to decrease with an increase in the ELT rubber content. Some
of the treatment methods for ELT rubber can result in a full recovery of strength. The
treatment methods such as NaOH and gamma radiation, appear to have conflicting results
in the literature. In general, chemical treatments appear to have a greater benefit than
physical treatments.

2. The strength recovery index (SRI) and strength gain (SG) can be used as effective metrics
to evaluate the efficiency of a treatment method for ELT rubber used in RCM. Based on
the calculated SRI, the most effective treatment methods include “SCA and CSBR latex”,
“CaCOs pre-coating and 10 % SF”, “NaOH washing and 15 % SF”, “Heating (1 h)”, and
“Partial oxidation at 250 °C (1 hour)”.

3. The significance of strength loss (SL) generally seems to depend on the original material’s
strength. For high strength cementitious materials, SL is usually smaller than that of normal
strength cementitious materials when adding the same amount of ELT rubber when the
ELT rubber content no more than 15 %. When the ELT rubber content is >20 %, the SL
becomes similar regardless of the original strength of cementitious material or type of
“mother concrete”. More interestingly, when the treatment methods are introduced for ELT
rubber, the SL of RCM is significantly affected by the type of treatment methods instead
of the original strength.

4. Among the multiple treatment methods, only a few appear to work effectively with proven
results. Further studies should focus on these treatments, considering the basic properties
of the ELT rubber such as particle size, density, chemical composition, and material
sources.
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3.1 Abstract

This study proposes the use of rubberized stabilized soil (RSS) in which clayey soils (e.g., kaolin
and bentonite) were stabilized by portland cement (PC) and end-of-life tire (ELT) rubber particles.
The authors previously developed a methodology to extract zinc from the ELT rubber, so this study
explores the potential for RSS to immobilize the leachate from the ELT rubber before and after
this treatment. Three main topics are addressed in this study: 1) the capability of clay to capture
leached zinc under ambient and alkaline aqueous conditions; 2) engineering properties of RSS
with 0 %, 10 %, 30 %, and 50 % ELT rubber added by clay volume; and 3) pore solution and
leachability tests of RSS. The results showed that the clayey soils and ELT rubber are synergistic
in terms of engineering properties and the capturability of zinc and total organic carbon (TOC).
While the ELT rubber and PC strengthen the clay structure, the clay absorbs leached zinc and TOC
from the ELT rubber particles. Adding untreated ELT rubber into PC-stabilized clays significantly
increased the RSS strength, but this improvement was less significant for the treated ELT rubber.
Ultimately, the results proved that the environmental and mechanical performance of RSS makes
it a viable construction material.

Keywords: end-of-life tire (ELT) rubber; rubberized stabilized soil (RSS); total organic carbon
(TOC); zinc leachate; clay stabilization.

3.2 Introduction

Waste recycling, particularly in urban areas, is of critical concern to ensure quality of life, maintain
or improve the ecosystem, and preserve natural resources (Bai et al., 2017; Koop and van
Leeuwen, 2017). End-of-life tire (ELT) is one waste issue that presents numerous challenges to
recycle (Abbas-Abadi et al., 2022). An estimated 3 billion ELTs are discarded worldwide every
year (Rodgers, 2021). In the U.S., 4.46 million tons of ELT were generated in 2019, the majority
of which was used as fuel, recycled into ground rubber, and other uses, but an estimated 14.3%
was land disposed such as in landfills (U.S. Tire Manufacturers Association, 2020). The U.S. has
an estimated stockpile of 56 million ELTs (U.S. Tire Manufacturers Association, 2020).
Meanwhile, China generates the most ELTS, including 14.6 million tons of ELT in 2018 (B. Chen
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et al., 2021). Therefore, sustainable practices and management of ELTs are of concern (Araujo-
Morera et al., 2021).

Tire rubber is a complex formulation of various polymers (e.g., polyisoprene, polybutadiene,
styrene-butadiene) and carbon black with small amounts of zinc oxide, extender oil, stearic acid,
and others (Rodgers, 2021). Storage of ELTs can pose a fire hazard (Poole Jr., 1998), since these
materials are flammable, and can pose a risk to soil, groundwater, and air pollution (Gualtieri et
al., 2005; Halsband et al., 2020). Of particular concern is zinc, which is added as a vulcanizing
agent and comprises 1 % to 2 % of the tire rubber by mass (Rodgers, 2021), since it can be leached
into the living environment during landfilling (Buck et al., 2021; Councell et al., 2004; Liu et al.,
2018; Rhodes et al., 2012; Smolders and Degryse, 2002). A study by Smolders and Degryse
(Smolders and Degryse, 2002) found that, during a one-year weathering period, 10 % to 40 % of
the zinc in 100 um ELT particles was leached. If the average amount of zinc in tire rubber is 1.5
% wit., then an estimated 286 thousand tons of zinc can be potentially leached into the environment
based on the current yearly production of ELTs in the U.S. and China alone. Zinc not only causes
damage to the stomach lining in living organisms but also exhibits toxicity towards a wide range
of organisms including plants, invertebrates, and fish (Li et al., 2023; Tran et al., 2022b). This can
result in severe harm to ecosystems and have long-lasting effects on the environment (Liu et al.,
2018).

Ground ELT rubber has found usage in civil engineering applications, including portland cement
concrete (Kara De Maeijer et al., 2021; Lavagna et al., 2020; Shu and Huang, 2014; Tran et al.,
2022b), asphalt concrete (Ma et al., 2022; Picado-Santos et al., 2020; Shu and Huang, 2014; Song
et al., 2018; Wang et al., 2018), cement-stabilized base materials (Liu et al., 2023), and soil
stabilization (Al-Bared et al., 2018). However, the potential for zinc to be leached from the ELT
rubber in these applications has seen little research. Some researchers have found higher
concentrations of zinc are leached from rubber-modified asphalt concrete (Sampson et al., 2014;
Vashisth et al., 1998), although using ELT rubber in asphalt concrete reduces the rate of zinc
leached (Liu et al., 2018). Zinc has been found to leach into soil that is stabilized by ground ELT
rubber (Smolders and Degryse, 2002), although some researchers have proposed this methodology
to improve soil quality in zinc-deficient soils (Taheri et al., 2011). Cement hydration appears to
immobilize any zinc remaining after using tire-derived fuel in a cement kiln during the clinkering
process (Trezza and Scian, 2009).

When considering the fate of zinc leached from ELT rubber, no studies have evaluated the ability
of a clayey soil to capture the leached zinc in a rubberized stabilized soil (RSS). A few studies
have shown that ELT rubber can be used to engineer soil properties (Al-Bared et al., 2018; Yoon
et al., 2006) and that portland cement (PC) stabilization can be further used to modify the soil
properties (Saberian and Rahgozar, 2016; Yadav and Tiwari, 2017). Clay soils are of particular
interest in this capacity, given that certain clays can capture heavy metals through cation exchange
(Ahmed et al., 2021; Esmaeili et al., 2019; Farrah et al., 1980; Lothenbach et al., 1998). Heavy
metal cations, such as Zn?*, are captured by negatively charged clay in the soil via electrostatic
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forces in which negative soil particles attract the positive cations (Matthews, 2014). This cation
exchange capacity (CEC) strongly depends on clay content, particle size and type of clay in the
soil, organic matter content, and soil pH (Bellir et al., 2013; Kennedy, 1965; Vangronsveld et al.,
1995; Zhang et al., 2011).

This study proposes an approach to stabilize soft clayey soil using ELT rubber and PC that also
acts to immobilize any leached zinc. Specifically, ELT rubber before and after treatment will be
compared. The treatment follows a hydrometallurgical process to pre-leach the zinc from the
rubber to recover it as zinc oxide for other industries (Li et al., 2023). This treatment process was
developed in an effort to control the environmental impact of leached zinc from ELT rubber. The
main purposes of this study are to evaluate if clays can immobilize: 1) zinc leached from untreated
ELT rubber and 2) any remaining leachable zinc from the treated ELT rubber. Furthermore, PC
will be used to chemically stabilize the soil in addition to the ELT rubber. Specifically, along with
chemical reactions between the PC and clay, the addition of ELT rubber is believed to
mechanically change the stabilized soil structure, resulting in a significant improvement in
strength. Beyond the engineering properties, the stabilized soil is expected to absorb the zinc
leached from the ELT rubber through the CEC of the clay. The study is novel because it considers
the fate of the zinc in conjunction with engineering properties of RSS, which has not been
considered previously in the literature.

3.3 Experimental program

3.3.1 Materials

In this study, two typical clays were used, kaolin and bentonite, with specific gravities of 2.63 and
2.62, respectively. The kaolin and bentonite have liquid limit (LL) values of 57 % and 513 %,
respectively. The CEC was determined following ASTM C837 (Kennedy, 1965), which was 15.75
meq/100g and 71.75 meqg/100g, respectively, for kaolin and bentonite. The median particle size
(Dso) for kaolin, bentonite, and Type I/1l PC was 3.8 um, 1.4 pm, and 6.7 pum, respectively, and
the particle size distribution is shown in Figure 3- 1.

The ELT rubber was received from the manufacturer as a reduced particle size and was reported
to consist of natural rubber, butadiene rubber, and styrene-butadiene rubber. In this study, the ELT
rubber particles were used in the “as-received” form, herewith referred to as untreated ELT rubber,
and in the processed form where the zinc was extracted, herewith referred to as treated ELT rubber.
The hydrometallurgical treatment process was based on a previous methodology (Li et al., 2023)
where 2.0 M HNO:s was used to leach and subsequently recover the zinc from the ELT rubber. The
treatment batch had a solid concentration of 200 g L. The treatment process was carried out at a
leaching temperature of 90 ‘C and was agitated for 5 h using a PTFE-coated magnetic stirrer at
600 rpm, resulting in a leaching recovery of zinc of around 95 %. The specific gravity of untreated
and treated ELT rubber was 1.20 and 1.18, respectively. The particle size distribution of the ELT
rubber is shown in in Figure 3- 1; the Dsp for untreated and treated ELT rubber was 0.34 mm and
0.45 mm, respectively. The ELT rubber particles expanded slightly after treatment.
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Figure 3- 1. Particle size distribution curves of PC, kaolin, bentonite, and ELT rubber
particles.

A Bruker D8 X-ray diffractometer with Cu Ka radiation was employed for mineralogical analysis
of the clays. The kaolin clay was found to consist of only kaolinite, while the bentonite clay was
composed of montmorillonite and quartz (Tran et al., 2022a).

The major metals in the untreated ELT rubber were Mg, Al, Ca, Fe, and Zn, as determined after
digestion of the rubber in strong acid, at concentrations of 567 mg kg, 219 mg kg, 627 mg kg
1131 mg kg%, and 10,389 mg kg2, respectively (Li et al., 2023). The chemical composition of
the kaolin, bentonite, and PC was determined by X-ray fluorescence analysis and presented in
Table 3- 1.

Table 3- 1. Chemical composition of kaolin, bentonite, and PC.

Chemical composition (%) Kaolin Bentonite PC
Cao 0.3 11 56.7
SiO, 43.0 50.2 30.1
Al;03 20.3 12.9 8.4
MgO 0.6 1.6 2.1
Fe 03 1.3 38 2.9
TiO, 1.3 0.1 0.2
K20 0.3 0.3 0.5
Na20 - 1.3

P20s - 0.1

Loss of ignition (LOI) 33.0 28.4 0.0
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3.3.2 Experimental methodology

3.3.2.1 Zinc capture test

To test the hypothesis that clay can absorb leached zinc, a soaking test was employed in this study.
The test was performed by soaking clay and ELT rubber with a liquid-to-ELT solid ratio of 40
(L/S = 40) at 23 °C. Different aqueous solutions, including deionized water, 0.05 M NaOH, 0.18
M Ca(OH)2, and 0.45 M Ca(OH)., were employed for this test to simulate different conditions of
leaching when the clay mixture is interacting with hydrating PC or exposed to different
environmental conditions. After 1 day, 7 days, and 28 days of soaking, the pH and zinc
concentration of the leaching solution were determined using a pH meter and inductively coupled
plasma mass spectrometry (ICP-MS), respectively. The soaking proportion of clay-rubber
mixtures with different chemical solutions is presented in Table 3- 2.

Table 3- 2. Soaking proportion of clay-rubber mixtures.

Mix code Solid (g) Liquid/chemical solution Measured pH
. . Untreated 0.18 Mor 0.05 M
K?;’)"n Be”(;o)”'te ELT V\gt)er gé?gkl\iﬂ) NaOH 1d 7d  28d
rubber (g) L) 2 (mL)

1R_40W 5.0 200 9.4 7.2 7.2
1K _40W 50 200 8.9 8.2 8.0
1B_40W 5.0 200 10.2 9.9 9.9
1K 1R _40W 5.0 5.0 200 8.6 8.0 8.0
1K 1R 40W_0.2Ca0 5.0 5.0 200 13.0 126 124
1K_1R_40W_0.5Ca0O 5.0 5.0 200 13.0 126 12.6
1K_1R_40W_NaOH 5.0 5.0 200 130 125 125
1B_1R_40W 50 5.0 200 10.2 9.6 9.3
1B_1R_40W_0.2Ca0O 5.0 5.0 200 13.0 126 12.3
1B_1R_40W_0.5Ca0O 50 5.0 200 13.0 126 12.5
1B_1R_40W_NaOH 5.0 5.0 200 129 124 12.2

Note: K: kaolin; B: bentonite; CaO: lime; W: water; NaOH: sodium hydroxide

3.3.2.2 Engineering property tests

Untreated and treated ELT rubber was mixed with clay and PC. For the kaolin clay experiments,
the ELT rubber content was 0 %, 10 %, 30 %, and 50 % by clay volume. For the bentonite clay
experiments, the ELT rubber content was 0 % and 50 % by clay volume. RSS with kaolin used a
water content of 2.0 LL of kaolin while RSS with bentonite used a water content of 0.5 LL of
bentonite. PC was added at 20 % by solid mass. After mixing, the flowability of each fresh RSS
mixture was immediately determined according to ASTM D6103 (D 6103 — 04, 2017). Cylindrical
specimens with lengths of 100 mm and diameters of 50 mm were prepared via the dynamic
compaction method (Kitazume et al., 2015) and cured in a curing chamber conditioned at 23 °C +
2 °C and 95 % + 2 % of relative humidity until the testing time. The unconfined compressive
strength (UCS) after 3 days, 7 days, and 28 days were determined in accordance with ASTM
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D2166 (ASTM C2166, 2000). The mixture proportions and performed experiments for different
mixtures are presented in Table 3- 3.
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Table 3- 3. Proportion of RSS and performed experiments.

ELT rubber Cement ELT Performed experiments
Note Mix code content (% C/_S Clay3 (PC) Rubber Wate; -
clay volume) ratio (kg/m) (kg/m®)  (kg/md) (kg/m) UCS Flow IC SEM PSE Lez;u;:tl ng
Stabilized kaolin Ref-K 0 02 6274 147.9 0 715.23 \ % \ \ % \
URK-10 10 02 6100 158.2 27.78 695.42 \ \ S
Stabilized kaolin with untreated ELT rubber URK-30 30 02 5780 177.1 78.95 658.9 \ \ S
URK-50 50 0.2 5492 194.2 125.0 626.1 \ % \ \ % \
TRK-10 10 02 6100 158.0 27.36 695.5 \ v \
Stabilized kaolin with treated ELT rubber TRK-30 30 02 5781 17655 778 659.1 \ v \
TRK-50 50 02 5494 193.3 123.2 626.3 \ % \ \ % \
Stabilized bentonite Ref-B 0 02 3311 78.34 0 849.2 \ \ S S
Stabilized bentonite with untreated/treated ELT URB-50 50 02 3078 109.3 704 789.6 v v v v
rubber TRB-50 50 02 3079 108.7 69.29 789.75 J V J J
Untreated and treated ELT rubber-cement  (UELT-C 50 - - 194.2 125.0 626.1 v
mixture without clay (T)ELT-C 50 - - 193.3 123.2 626.3 \

Note: K: kaolin; B: bentonite; C/S: cement-to-solid ratio in volume; PC: cement UCS: unconfined compressive strength; IC: isothermal calorimetry; PSE: pore solution extraction; SEM:
scanning electron microscopy.
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3.3.2.3 Isothermal calorimetry

Isothermal calorimetry (IC) was conducted using a Calmetrix I-Cal Flex to observe the thermal
power (W/g cement) and total heat (J/g cement) of various RSS mixtures. While IC is commonly
used to understand cement hydration kinetics (Wadso et al., 2016), it has recently been applied to
study reactions in stabilized soils (Tran et al., 2022a). After the RSS mixtures were thoroughly
mixed in 15 mL plastic vials, the vials were transferred to the isothermal chamber which was set
to 23 °C. The heat of hydration was quantified for up to 3 days of curing time. To investigate the
heat development in the RSS matrix and how it was different from the one without ELT rubber
added, mixtures coded Control-K, URK-10, URK-30, URK-50, TRK-10, TRK-30, and TRK-50
were subjected to the IC test.

3.3.2.4 Microstructure study

Scanning electron microscopy (SEM) was employed to study the microstructure of the ELT rubber
particles. A JEOL IT-500HR SEM with a Schottky field emission electron source was used.
Samples were sputter-coated with a ~12 nm thick platinum/palladium layer. For these analyses,
samples were vacuum-dried to remove moisture prior to the tests following the method in a study
by Kim et al. (Kim et al., 2019).

3.3.2.5 Pore solution extraction (PSE) and environmental tests

PSE was used to understand the chemical composition in the pore solution of mixture Ref-K, URK-
50, and TRK-50. The PSE device in this study was based on the Barneyback and Diamond system
(Barneyback Jr. and Diamond, 1981). The applied pressure to extract the pore solution at curing
ages of 7 days and 28 days from the cylindrical samples (50 mm in diameter and 100 mm in length)
was increased from 0 MPa to 22.5 MPa until 5 mL to 10 mL of pore fluid was collected. The
collected pore solution was then filtered and immediately acidified with 12.1 M HCI at 2 % by
volume of solution to prevent precipitation. Finally, the extracted solution was analyzed using a
Thermo Electron iCAP-RQ ICP-MS and a Shimadzu TOC-VCSN to quantify the zinc and TOC
concentrations, respectively, during the hydration process of the RSS. These two analyses were
also employed for the leachate of the crushed UCS samples soaked in deionized water at L/S ratio
of 8 to check whether the proposed material satisfies the environmental requirements. Along with
the three above-mentioned mixture, two more mixtures were prepared by eliminating the clay
content in mixtures URK-50 and TRK-50 for the leaching test to investigate the effects of clay in
zinc and TOC immobilization in the leachate.

3.4 Results and discussion

3.4.1 Zinc capture test

Figure 3- 2 depicts the zinc concentration of various leachates at different soaking times. As
shown, the leachates of mixtures of kaolin with water (1K_40) and bentonite with water (1K_40)
did not expose any significant concentration of zinc after 28 days of the soaking process.
Meanwhile, the zinc leached out from the ELT rubber into the distilled water (mixture 1R_40W)
was dramatically high since its concentration increased more than 270 times from 27.1 ppb (1 day)
to 7387 ppb (28 days). This clearly indicates that ELT rubber possesses a potential for zinc to leach
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into the surrounding environment. When kaolin or bentonite was introduced to the mixtures, the
28-day zinc concentration of all the leachates significantly decreased by 95 % (i.e., from 7387 ppb
to less than 300 ppb). Increasing the pH with 0.18 M Ca(OH)2, 0.45 M Ca(OH)2, and 1 M NaOH
accelerated the zinc leaching rate at the early soaking times (1 day) relative to water. The increased
pH appeared to be effective with bentonite to increase its cation absorbability, hence, it could
absorb more free zinc from leachate (i.e., zinc concentration decreased from 7387 ppb to around
30 ppb). Meanwhile, the increased pH did not have a remarkable effect on the zinc absorbability
of kaolin as it could not absorb more free zinc from leachate compared to the mixture soaked in
distilled water (1K_1R_40W). This might be explained that because the CEC of kaolin is much
smaller (around 5 times) than that of bentonite, it might reach its maximum capacity to absorb
more ions.

Another explanation for the reduction in zinc concentration in Figure 3- 2 is that it precipitated out
of solution. Above pH ~10, Zn?* can precipitate out of solution as ZnO and/or Zn(OH). (Aimable
et al., 2010; Sinha et al., 2016). Similarly, Lothenbach et al. (Lothenbach et al., 1998) found that
zinc concentration in a clay-free system dropped dramatically when pH was greater than 9.
However, no white precipitates were observed in these solutions, which would have been
indicative of ZnO and/or Zn(OH).. It is possible that part of Zn?* could be converted into
hydroxides in alkaline conditions and precipitate on the surface of the clay (Zhang et al., 2011). In
addition, clay has multiple micropores so that zinc might diffuse and be captured into the pore
spaces of the clay structure. All three of these hypotheses can occur simultaneously during this
experiment. Since all clay-rubber mixtures significantly reduced the zinc concentration, the
immobilization of zinc is most likely attributed to the CEC of clays.

In addition to zinc, the only other heavy metal identified in the ELT rubber in appreciable quantity
was iron, as presented in Section 3.3.1. Therefore, it is worth noting that the clay was also able to
immobilize any leached iron, as shown in Figure 3- 3, and that the pH modification significantly
enhanced the iron immobilization. Other heavy metals, including lead, chromium, cobalt,
cadmium, and arsenic, were detected in extremely low (e.g., less than 30 ppb) to zero
concentrations in the leachates detected by ICP-MS.
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3.4.2 Unconfined compressive strength (UCS)

Figure 3- 4 shows the UCS of conventional cement-stabilized soil (i.e., Ref-K and Ref-B), RSS
with untreated ELT rubber (i.e., URK-10, URK-13, and URK-50), and RSS with treated ELT
rubber (i.e., TRK-10, TRK-13, and TRK-50). The conventional mixtures exhibited low UCS
values as well as slow strength development during the curing time. However, when different
amounts of untreated ELT rubber were introduced, the strength of stabilized clays remarkably
improved. In general, a higher replacement percentage of treated ELT rubber yielded a greater
strength. The 28-day strength of rubberized stabilized kaolin with 50 % of untreated ELT rubber
(URK-50) was 1019 kPa, which roughly doubled the conventional stabilized kaolin without any
rubber added (523 kPa). This improvement was nearly three times in the case of rubberized
stabilized bentonite (558 kPa compared to 179 kPa). However, the treated ELT rubber was not as
effective as the untreated ELT rubber. The 28-day strength of RSS with 50 % of treated ELT rubber
(TRK-50) was decreased by 65 % (from 1019 kPa to 654 kPa) compared to the untreated ELT
rubber used case, which was just 25 % higher than that of conventional stabilized kaolin. This
happened similarly in the case of rubberized stabilized bentonite (388 kPa vs. 558 kPa).
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Figure 3- 4. Unconfined compressive strength of rubberized stabilized clays.

3.4.3 Flowability

The flowability of different RSS mixtures is presented in Figure 3- 5. Generally, untreated and
treated ELT rubber enhanced the flowability of rubberized stabilized kaolin up to 35 %, increasing
from around 8 cm (Ref-K) to 11 cm (mixtures URK-10 and TRK 30). The hydrophobic nature of
the ELT rubber (e.g., (C. Y. Chen et al., 2021; Di Mundo et al., 2018)) could be one reason for the
increased flowability, as the rubber particles act to repel water. In addition, since the cohesion of
clay is high, the clay particles tend to agglomerate in the presence of water. The ELT rubber
particles disrupt that cohesion and act to disperse the clay particles. Meanwhile, the ELT rubber
only slightly improved the flowability of the stabilized bentonite; this is understandable since the
selected water content of the rubberized stabilized bentonite mixture was only 50 % of its liquid
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limit value. The improvement of the flowability of RSS when ELT rubber is added can be helpful
in the application of controlled low-strength materials.
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Figure 3- 5. Flowability of different RSS.

3.4.4 Isothermal calorimetry (IC)

The thermal power generated from different RSS mixtures is graphically presented in Figure 3- 6.
It can be seen that, during the hydration process, RSS mixtures generally generated much higher
thermal power (from 1.2 to 1.35 times) than that of the reference mixture (around 0.011 W/gcement).
This could be explained that, due to the hydrophobicity of the used ELT rubber, there is more
“free” water available in RSS skeleton, which provides more sufficient water for the mineral
diffusion for the hydration process of the mixtures. Second, the leached zinc in the RSS matrix
probably could homogeneously incorporate into the C—S—H to increase the growth rate of C-S—-H
and give higher peak of hydration. This observation is in good agreement with a previous study by
Bazzoni et al. (Bazzoni et al., 2014). In addition, the mechanical and physical engineering
properties of ELT rubber are believed to be more efficient than clay in helping improve the
mixtures’ strength development.
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Figure 3- 6. The thermal power generated from different RSS.
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Secondly, the data show that the peak of thermal power curves of the rubberized stabilized kaolin
was mostly maintained with just a few minute shifts. In addition, possible retardations in the
hydration due to the contamination of the hydration media in the mixture’s matrix via zinc,
reported in some previous studies by Garg and White (Garg and White, 2017) and Ataie et al
(Ataie et al., 2015), were not found yet in this case. The peak differences (hour) and peak value
(W/geement) OF various RSS are shown in Table 3- 4.

Table 3- 4. Hydration thermal power of different RSSs.

Mix code Peak Peak Peak Peak value
(h) delay (h)  (W/Qcement) difference (%)
Ref-K 10.8 N/A 1.12x10°2 N/A
URK-10 10.9 0.1 1.41x1072 25.9
URK-30 10.7 01 1.38x102 23.2
URK-50 10.7 0.1 1.51x102 348
TRK-10 10.8 0.0 1.35x10°2 20.5
TRK-30 10.7 01 1.47x1072 31.3
TRK-50 10.8 0.0 1.41x102 25.9

Table 3- 5. Hydration total heat generated from different RSSs
Total heat (J/geement) (percent difference between modified mixtures and PC)

Mix code 12h 24 h 48h 72h
Ref-K 3.00x10° 4.54x10° 5.87x10° 6.13x10?
URK-10 3.81x10%(23.3) 5.58x10%(22.9)  7.03x107(19.8) 7.38x107 (20.4)
URK-30 3.50x10%(13.3) 5.00x102(12.1)  6.46x10%(10.1) 6.83x102 (11.4)
URK-50 3.65x10%(18.1) 5.37x102(18.3)  6.81x107(16.0) 7.25x10 (18.3)
TRK-10 3.76x10%(21.7) 5.45x10%(20.0)  6.92x10(17.9) 7.30x10%(19.1)
TRK-30 3.82x102(23.6) 552x102(21.6)  6.93x10%(17.9) 7.30x102(19.1)
TRK-50 3.50x10%(13.3) 5.18x10°(14.1)  6.59x102(12.3) 7.01x107 (14.4)

Along with thermal power, Figure 3- 6 simultaneously reports the total heat recorded from mixing
to 24 h, and the detailed total heat of each mixture over time up to 72 h of curing is shown in Table
3- 5. The data reveal that using ELT rubber in stabilized kaolin mixtures remarkably increased the
total hydration heat. After 72 h, the increases were up to 20 % for 10 % of untreated ELT rubber
used and up to 19 % for both 10 % and 30 % of treated ELT rubber used. Interestingly, the increases
were less significant when using more ELT rubber (up to 50 %) in the mixtures. This tendency is
not totally in agreement with the UCS development shown in Figure 3- 4. While other studies have
demonstrated that IC data can directly relate to strength development in cementitious composites
(e.g., (Tanesi and Ardani, 2013)), this study does appear to demonstrate similar trends for RSS.
However, the data indicate that the change of thermal power peak and total heat during the
hydration can be possibly used to predict the strength changing tendency of the stabilized soil
mixtures, but it cannot completely reflect the strength development behavior of the mixtures.
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3.4.5 Microstructure
Secondary electron imaging with SEM was performed on the ELT rubber particles. Figure 3- 7 a
and Figure 3- 7 ¢ show that the untreated ELT rubber particles possessed irregular and angular
shapes with no visible microcracks. In contrast, there were significant cracks observed on the
treated ELT rubber surface as a result of the treatment process, as shown in Figure 3- 7 b and
Figure 3- 7 d. This change to the particle morphology after treatment was reported previously and
is the reason for the increased specific surface area of the ELT rubber (Li et al., 2023). In addition,
the treated ELT rubber particle appeared to have many small scales on its surface due to the formed
cracks which are close to the particle edges, as can be seen in Figure 7d. These cracks and scales
weaken the ELT rubber particle and are likely the reason for the reduced mechanical performance
of the treated ELT rubber compared to the untreated ELT rubber in Figure 3- 4.
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Figure 3- 7. SEM images of the (a, c) untreated ELT rubber particles and (b, d) treated ELT
rubber particles.

3.4.6 Environmental tests

Figure 3- 8 presents zinc concentration in the extracted pore solution of RSS mixtures Ref-K,
URK-50, and TRK-50. At early curing times (7 days), the zinc concentration in the pore solution
of all mixtures was relatively high. However, there is an apparent immobilization of the zinc at 28
days relative to 7 days, which is attributed to the CEC of the clay in the RSS matrix. The result is
in good agreement with the findings from the zinc capture test in Figure 3- 2. In addition, the
results show that the zinc-recovery treatment could not completely remove all zinc in the ELT
rubber particle, which agrees with the previous study (Li et al., 2023).
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Figure 3- 8. Zinc concentration in the extracted pore solution of kaolin with ELT rubber.

Figure 3- 9 compares the zinc concentration in the leachate of RSS mixtures and the ELT rubber-
cement mixtures without kaolin ((U)ELT-C and (T)ELT-C). At 7 days of soaking, the mixtures
(U)ELT-C and (T)ELT-C exposed around 25 ppb to 40 ppb of zinc in the leachate, which were
generally much higher than the RSS mixtures (i.e., URK-50, TRK-50, URB-50, and TRB-50) that
yielded negligible zinc concentrations. After 150 days, all leached zinc was evidently immobilized
by clay in RSS mixtures while there were still small amounts of zinc still left in the leachate of the
ELT rubber-cement mixtures without clays. The CEC of hydration products from cementitious
materials, such as C—S—H, has been reported to possess the ability to capture heavy metals (Bernard
et al., 2021), which is also observed in this study through the zinc concentration reduction in the
leachate of rubber-cement mixtures, (U)ELT-C and (T)ELT-C, between 7 days and 28 days. Even
though the zinc concentration recorded in the leachate of all mixtures satisfied the requirement for
zinc content in drinking water (< 5 ppm) (Agency for Toxic Substances and Disease Registry
(ATSDR), 2005), it is worth noting that the zinc immobilization of the RSS was enhanced more
effectively due to the presence of clay.
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Figure 3- 9. Zinc concentration in the leachate of RSS mixtures.

Figure 3- 10 illustrates the TOC content in the extracted pore solution of RSS mixtures including
Ref-K, URK-50, and TRK-50. It can be noted that the amount of leached TOC in the pore solution
was relatively high after 7 days of curing time and was significantly reduced after 28 days (i.e.,
decreased to the level yielded by the reference mixture).

Figure 3- 11 shows the TOC content in the leachate of the RSS mixtures, including Ref-K, URK-
50, TRK-50, URB-50, and TRB-50. The TOC content in the leachate of the RSS mixtures
increased over time. After 150 days of soaking, mixtures with kaolin could immobilize around 50
% of the leached TOC when compared to the amount leached TOC from rubber-cement mixtures,
keeping the TOC concentration in the leachate of rubberized stabilized kaolin marginally under
the zinc threshold for drinking water (25 mg/L) (Standard Methods for the Examination of Water
and Wastewater, 2018). More noticeably, around 75 % of leached TOC was immobilized for
mixture RSS mixtures with bentonite. These findings indicate that clays not only can absorb zinc,
but they can also immobilize the TOC leached from ELT rubber particles.
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3.5 Conclusions

In this study, the feasibility of using ELT rubber for soil stabilization was investigated in terms of
engineering and environmental aspects. The effects of zinc-recovered treatment on ELT rubber

were also discussed. The main conclusions taken from this study are:

1. The results successfully proved the hypothesis that clays possess a strong ability for zinc

immobilization.

2. While the treatment process for zinc recovery from ELT rubber could provide a more
environmentally conscious material, it adversely affected the engineering properties of the

RSS.

3. ELT rubber enhanced the flowability of stabilized clay mixtures, possibly due to its

hydrophobicity.
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4. While adding untreated ELT rubber into stabilized clay could significantly enhance the
strength of the mixture by up to roughly 95 % (for kaolin mixture) and 300 % (for bentonite
mixture), the zinc-recovery treatment process on ELT rubber negatively affected the
significance of strength improvement in the RSS mixtures.

5. The peak heat of hydration was exaggerated up to 1.35 times due to the addition of ELT
rubber in the stabilized clay mixture. The change of thermal power peak and total heat
during the hydration can possibly be used to predict the strength changing tendency of the
stabilized soil mixtures, but it cannot completely reflect the strength development behavior
of the mixtures.

6. Kaolin and bentonite could effectively immobilize leached zinc and TOC contents in the
RSS.
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4.1 Abstract

End-of-life tire (ELT) rubber has been widely researched to replace fine or coarse aggregates in
cementitious composites. While most studies paid attention to its effect on the engineering
properties, very few considered chemical reactions with pore solution and the potential for
environmental leachate. Recently the authors developed a methodology to remove zinc from the
ELT rubber, since zinc can be toxic if it is leached into the environment. In this study, the authors
utilized ELT rubber before and after the zinc extraction process to partially replace fine aggregate
in amortar. Flowability, compressive strength, flexural strength, and ultrasonic pulse velocity were
measured for the engineering properties of rubberized mortars. Simultaneously, isothermal
calorimetry was also employed to investigate the effects of ELT rubber on the hydration process
of the rubberized mortars. In addition, the pore solution and leaching solutions were taken at
different curing ages and then analyzed for elemental and total organic carbon (TOC) contents.
The results showed a remarkable loss in engineering properties of rubberized mortar when ELT
rubber was utilized, and the decrease in performance was more pronounced in the samples with
zinc-extracted ELT rubber. The pore solution was found to contain significant quantities of zinc
and TOC. However, the authors also found that using silica fume to partially replace cement could
effectively recover the loss in strength and could reduce the leachability of zinc and TOC.
Keywords: Rubberized mortar; unconfined compressive strength; isothermal calorimetry; end-of-
life tires; zinc leachate.

4.2 Introduction

To ensure the quality of life, particularly in urban areas, to protect and improve the ecosystem, and
to preserve natural resources, waste recycling emerges as a critical concern [1-4]. End-of-life tires
(ELT) are one of the wastes that has received significant attention (e.g., [5-8]). Three billion ELTs
are estimated to be generated yearly around the world [9]. China, the largest ELT producer,
discarded around 14.6 million tons of ELTs in 2018 [10]; only 39 % was recovered and the fate of
the remaining ELTs was unspecified [11]. Meanwhile, the U.S. discarded 4.46 million tons of
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ELTs in 2019, the majority which was recycled, but around 14.3% was landfilled [12], and the
U.S. has stockpiled around 56 million ELTs [12]. Some countries generate fewer ELTs but have
poorer recycling strategies; for instance, Nigeria and Russia generated 113 thousand tons and 800
thousand tons of ELTs in 2017 and only recycled 5 % and 20 %, respectively [11]. Among the
amount of ELT recycled reported by World Business Council for Sustainable Development, there
is a relatively small proportion of ELT rubber in civil engineering applications; in particular, this
number was only 8.8 % in the U.S., 3 % in Europe, 0.1 % in Japan, and zero in many different
countries with large populations including China, India, Indonesia, Brazil, and Nigeria [11].

Tire rubber contains various polymers, such as polybutadiene, polyisoprene, and styrene-
butadiene, and carbon black with small amounts of extender oil, stearic acid, zinc oxide, and others
[9]. In addition, this material can be detrimental to soil, groundwater, and the atmosphere [13,14].
Particularly, one of the potential polluting agents in ELTSs is zinc, which is introduced with 1 % to
2 % of the tire rubber by mass during the vulcanizing process of tire manufacture [9]. According
to the findings by Smolders and Degryse [15], up to 40 % of zinc can be leached out from ELT
particles (< 100 um) into the environment after a one-year weathering period during landfilling.
Based solely on the current yearly production of ELTs in China and the U.S., there is an estimation
of 286 thousand tons of zinc that can be potentially released into the environment if all zinc in the
ELT rubber is leached. Zinc exhibits toxicity not only towards a diverse array of organisms,
including plants, invertebrates, and fish but also induces damage to the stomach lining in living
organisms [16]. The unexpected leaching of zinc from ELTs can lead to adverse harm to
ecosystems and cause enduring impacts on the environment [16].

While many traditional industrial wastes and by-products (e.g., recycled concrete aggregates, iron
and steel slags, coal ashes, agricultural ashes, etc.) are very familiar in cement-based civil
engineering applications, ELT rubber has received less attention [17-26]. This is due to some
performance limitations, such as low elastic modulus and poor adhesion [25,27]. Meanwhile,
although ELT rubber can improve many mechanical engineering properties and durability of
portland cement concrete, such as impact resistance, acid resistance, freeze-thaw resistance, and
chloride permeability resistance, ELT rubber adversely causes significant reductions in strength
[26,28,29]. This is considered the main challenge preventing industries and practitioners from
reusing ELT rubber in cement-based materials.

In addition, the zinc leaching potential when using ELT rubber in portland cement concrete has
received no attention to the best of the authors’ knowledge, and there are no explicit conclusions
about this yet. When discussing the fate of zinc leached from ELT rubber, higher zinc
concentrations leached from rubber-modified asphalt concrete were reported by some previous
studies [30,31], although asphalt concrete reduces the rate of zinc leached from ELT rubber [16].
Zinc has also been reported to leach into soil that is modified by ground ELT rubber [15,32].
Therefore, the zinc leachability of ELT rubber is also considered an environmental issue when
using this material in cementitious materials.

76



In this study, the authors utilized ELT rubber before and after a zinc extraction process to partially
replace fine aggregate in a mortar. The treatment process was employed in an attempt to mitigate
the environmental effects of leachable zinc from ELT rubber and to collect the zinc in the form of
zinc oxide for other markets. First, the effects of “as-received” ELT rubber and treated, zinc-
extracted ELT rubber on different engineering properties of the rubberized mortar will be
investigated. Also, the zinc leaching potential from these rubberized mortar mixtures will be
observed via their pore solution and leachate. Second, the work examines whether the presence of
silica fume can recover the engineering property loss as well as immobilize the leached zinc from
untreated ELT rubber and the remaining leachable zinc from the ELT rubber after the treatment
process. The hypothesis behind the silica fume treatment is that it produces additional calcium
silicate hydrate (C—S—H) and accordingly increases the cation exchange capacity of the rubberized
mixture, thereby immobilizing any zinc and TOC leached from the ELT rubber. While the use of
ELT rubber in cementitious composites is not a new topic, the work in this study is novel because
it takes into account the fate of the zinc in ELT rubber in conjunction with the engineering
properties of rubberized mortar. More significantly, this study takes advantage of silica fume to
not only recover the strength loss of rubberized mortar but also immobilize the leached zinc and
TOC from the used ELT rubber, which has not been considered previously in the literature.

4.3 Experimental program

4.3.1 Materials

In this study, the ELT rubber was used in the form of powder. Along with an “as-received” form,
named “untreated ELT rubber,” the rubberized mortars also used the ELT rubber that went through
a process where the zinc was extracted, named “treated ELT rubber.” The hydrometallurgical
treatment process was based on the authors’ previously developed methodology [33], where 2.0
M HNOs was used to leach the zinc from the ELT rubber and then recover it as ZnO. A solid
concentration of 200 g L was used for the treatment batch. The treatment process was conducted
in a leaching environment of 90 °C with agitation at 600 rpm for 5 h, which was able to leach 95
% of the total zinc in the ELT rubber. The specific gravity of untreated and treated ELT rubber
was 1.17 and 1.15, respectively. The particle size distribution of the untreated ELT rubber, treated
ELT rubber, sand, silica fume, and cement is shown in Figure 4- 1; the median particle size (Dso)
for each of these materials respectively was 0.375 mm, 0.423 mm, 55.9 um, 19.7 pm, and 11.2
pm. The ELT rubber particles expanded slightly after treatment, which is evident by the gradation
in Figure 4- 1.
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Figure 4- 1. Particle size distribution curves of untreated ELT rubber, treated ELT rubber,
sand, silica fume, and cement.

The major metals in the untreated ELT rubber were Mg, Al, Ca, Fe, and Zn, as determined after
digestion of the rubber in strong acid, at concentrations of 322 mg kg, 505 mg kg%, 1195 mg kg
1503 mg kg?, and 20,509 mg kg, respectively. The chemical composition of cement was
determined by X-ray fluorescence analysis and is shown in Table 4- 1.

Table 4- 1. Chemical composition of PC.

Chemical Ca0 SiO2 Al03 MgO Fex03 TiO2 KoO
composition (%)

Cement 56.7301 84 21 29 02 05

4.3.2 Experimental methodology

4.3.2.1 Experimental program and engineering property tests

In this study, a set of experiments was performed to determine the mechanical properties, chemical
composition of the pore solution, heat of hydration, and zinc and TOC leaching potential.
Untreated and treated ELT rubber were used to replace sand in mortars at 0 % (mixture coded Ref-
M), 10 % (mixtures coded URM-10% and TRM-10%), 20 % (mixtures coded URM-20% and
TRM-20%), and 30 % (mixtures coded URM-30% and TRM-30%) by sand volume. Cement was
used at a dosage of 450 kg/m?, and the water-to-cement ratio was 0.65. Component materials were
mixed following ASTM C305 [34]. After mixing, flowability was immediately measured
following ASTM C1437 [35]. For each mix, nine 50-mm cubes and nine 2.5 cm by 2.5 cm by 30
cm beams were cast and tested according to ASTM C109 [36] for the compressive strength and
ASTM C78 [37] for the flexural strength, respectively. The samples were stored in a curing room
at 23 °C = 2 °C and 95 % + 2 % of relative humidity until testing at curing ages of 3 days, 7 days,
and 28 days with three replicates. Before each compressive strength test, the ultrasonic pulse
velocity (UPV) was measured for each sample according to ASTM C597 [38]. In order to ascertain
if the strength loss from ELT rubber could be mitigated, 7.5 % of silica fume was used to replace

78



cement by its mass in mixtures URM-30% (with 30 % untreated ELT rubber) and TRM-30% (with
30 % treated ELT rubber) to produce two mixtures coded URM-30-SF7.5% and TRM-30-SF7.5%.
These two mixtures were also subjected to all of the tests mentioned earlier.

In terms of durability, the rapid chloride penetrability test (RCPT) was performed for all
investigated mixtures following ASTM 1202 [39]. The RCPT value can be one of the key factors
indicative of the diffusivity of concrete, which is closely related to the initiation of concrete
deterioration [40]. Multiple 100 mm diameter by 200 mm high cylindrical specimens were
prepared and cured for 28 days for each mixture. The mixture proportions and performed
experiments for different rubberized mortar mixtures are presented in Table 4- 2.

Isothermal calorimetry (IC) was performed using a Calmetrix I-Cal Flex to quantify the thermal
power (W/gcement) @along with the total heat (J/gcement) Of various rubberized mortar mixtures during
the hydration process. After the rubberized mortar mixtures were well mixed in 15-mL plastic
vials, the vials were then immediately transferred to the 23 °C isothermal chamber. The heat of
hydration was observed for up to a curing time of 60 hours. Data were collected after 30 minutes
of adding the vial to the chamber to allow for thermal equilibrium. To examine the hydration heat
evolution in the rubberized mortar mixtures and how it differs from the reference mixture without
ELT rubber added, mixtures labeled Ref-M, URM-10%, URM-20%, URM-30%, TRM-10%,
TRM-20%, and TRM-30%, were subjected to the IC experiments.

Scanning electron microscopy (SEM) was used to study the changes in the microstructure of the
ELT rubber particles before and after the zinc-recovery treatment process. For these analyses,
samples were vacuum-dried to remove moisture prior to the tests. A JEOL IT-500HR SEM with a
source of Schottky field emission electron was employed for this work. A ~12 nm thick
platinum/palladium layer was used to coat the samples before the investigation.

For the pore solution extraction (PSE), cylindrical specimens with diameters of 50 mm and lengths
of 100 mm were prepared. The PSE device used in this investigation was configured following the
Barneyback and Diamond system [41]. PSE was performed after 3 days, 7 days, and 14 days of
curing for mixtures URM-30% and TRM-30% (without silica fume added) versus URM-30-
SF7.5% and TRM-30-SF7.5% (with silica fume added). The applied pressure for extracting the
solution from pores was increased from 0 MPa to 450 MPa until 5 mL to 10 mL of solution was
obtained. The obtained pore solution was then filtered (if needed) and instantly acidified by 2 %
of 12.1 N HCI by the solution volume to prevent precipitation. Ultimately, the extracted pore
solution at a certain curing time was analyzed for zinc concentration using a Thermo Electron
ICAP-RQ inductively coupled plasma mass spectrometer (ICP-MS) and for TOC concentration
using a Shimadzu TOC-VCSN.

The leaching test was performed by soaking the crushed compressive strength samples of the four
above-mentioned mixtures in deionized water at a liquid-to-solid (L/S) ratio equal to 8. After 3
days, 7 days, and 28 days of soaking, 20 mL of the leachate of each mixture was taken, acidified
with the same procedure described earlier, and subjected to ICP-MS and TOC analyses for zinc
and TOC concentration measurements, respectively.
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Table 4- 2. Proportion of mixtures and performed experiments.

Mortar proportion (kg/m?) Performed experiments
Note Codes w/b ratio Silica v
Cement Sand Rubber  Water UCS FS RCPT UPV IC SEM PSE g
Fume test
Untreated ELT rubber - - - - - . . } ) 3 ) ) N i i
Treated ELT rubber - - - - - - - - R N } }
Control mixture Ref-M 0.65 450 - 1350  0.00 292.5 ol J \ \ S - - -
URM-10% 0.65 450 - 1214 59.63 2925 v o N J N N - - -
RM-10 (10% rubber)
TRM-10% 0.65 450 - 1214 5870 2925 v o A J v o N - ; ;
URM-20% 0.65 450 - 1079 119.26 2925 v o N J N N - - -
RM-20 (20% rubber)
TRM-20% 0.65 450 - 1079 11741 2925 v oA J NN -
URM-30% 0.65 450 - 944 17889 2925 v oA J NN N N
RM-30 (30% rubber)
TRM-30% 0.65 450 - 944 17611 2925 oA \ Y - \/ N
URM-30-
RM-30-7.5 % -(30 % rubber + 7.5% SF7.5% 0.65  416.25 33.75 944  161.00 2705625 N V ol - v N
Silica) TRM-30- 0.65 41625 3375 944 15850 2705625 v N N W - A v

SF7.5%
Note: UCS: unconfined compressive strength; FS: flexural strength; RCPT: rapid chloride penetration test; IC: isothermal calorimetry; SEM: scanning electron microscopy;
SPE: pore solution extraction.
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4.4 Results and discussion

4.4.1 Flowability

Figure 4- 2 compares the flowability of the reference mortar versus different rubberized mortar
mixtures. The data suggest that untreated ELT rubber enhanced the flowability of rubberized
mortar from 6 % (i.e., mixtures URM-10% and URM-30%) to 12 % (i.e., mixture URM-20%).
Meanwhile, only 10 % of treated ELT rubber added (i.e., mixtures TRM-10%) increased the
mixture’s flowability by around 5 %, and the addition of 20 % and 30 % (i.e., mixtures TRM-20%
and TRM-30%) reduced the flow by up to 6 %. When silica fume was added, the flowability of
mixtures URM-30% and TRM-30% remarkably reduced by 6 % and 13 %, respectively; this
reduction in flowability is attributed to the higher water demand of silica fume compared to
cement.
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Figure 4- 2. Flowability of different rubberized mortars.

4.4.2 Unconfined compressive strength (UCS)

Figure 4- 3 illustrates the UCS of the reference mortar relative to the different rubberized mortar
mixtures. The compressive strength of the reference mixture reached 18.3 MPa after 28 days of
curing. The strength of the mortar dropped significantly with the introduction of ELT rubber.
Specifically, 36 %, 55 %, and 64 % of strength was lost with the addition of 10 %, 20 %, and 30
% of untreated ELT rubber, respectively. These losses increased to be 40 %, 62 %, and 72 %,
respectively, when treated ELT rubber was used.

The effect of the zinc-recovery treatment process on the UCS of rubberized cementitious mixtures
was not recognizable at 10 % of ELT rubber replacement since the means of UCS values of
mixtures URM-10% and TRM-10% were found not to be different by a one-tailed paired t-test
with a confidence of 95 %. It became clearer when the replacement percentage increased (i.e., 20
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% and 30 %) that treated ELT rubber reduced the UCS more than the untreated ELT rubber; the
means of UCS of mixtures URM-20% and TRM-20% and URM-30% and TRM-30% were found
to be different by a one-tailed paired t-test with confidences of 95 % and 94 %, respectively.

However, with the addition of SF, the strength of rubberized mortars using 30 % of untreated ELT
rubber and 30 % of treated ELT rubber was enhanced by 48 % and 37 %, respectively, relative to
the mixtures without SF; these means were confirmed to be different by one-tailed t-test with a
confidence of 95 %. It is well-known that SF undergoes a pozzolanic reaction with the calcium
hydroxide produced during cement hydration to yield C-S—H [42,43], so it is likely that this is the
primary reason for the increased UCS.
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Figure 4- 3. Unconfined compressive strength of different rubberized mortars.

4.4.3 Flexural strength

The flexural strength of reference mortar relative to the different rubberized mortars is presented
in Figure 4- 4. The flexural strength of the reference mortar reached 6.2 MPa at 28 days of curing
time. In general, the introduction of ELT rubber dramatically reduced the flexural strength of the
mortar. Specifically, 22 %, 42 %, and 50 % of the mortar flexural strength was lost with the
addition of 10 %, 20 %, and 30 % of untreated ELT rubber, respectively. These losses were 29 %,
45 %, and 64 %, respectively, when treated ELT rubber was used. In line with what was observed
from the UCS results, the ELT rubber treatment process seemed to result in worse flexural strength
performance. However, the effect of the zinc-recovery treatment process on the flexural strength
of rubberized cementitious mixtures was not clear at 10 % and 20 % of ELT rubber replacement
since the means of flexural strength of mixtures URM-10% and TRM-10% and URM-20% and
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TRM-20% were not found to be different by a one-tailed paired t-test with a confidence of 95 %.
The reduction was more recognizable when the replacement percentage was 30 %; the means of
flexural strength values of mixtures URM-30% and TRM-30% were found to be different by one-
tailed paired t-test with a confidence of 95 %.

In addition, while SF could effectively improve the UCS strength of the rubberized mortar, it was
slightly detrimental to the flexural strength. In particular, the flexural strength of rubberized
mortars using 30 % of untreated ELT rubber and 30 % of treated ELT rubber respectively dropped
by 10 % and 18 % when SF was used relative to the mixtures without SF; even though these means
were confirmed to be similar by one-tailed paired t-test with a confidence of 95 %. However,
Figure 4- 4 visibly shows that the SF had negative to no effects on the flexural strength
improvement. It is known that the addition of SF can embrittle cementitious materials [44], so this
is postulated as the likely cause of the reduced performance.
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Figure 4- 4. Flexural strength of different rubberized mortars.

4.4.4 Ultrasonic pulse velocity (UPV)

Figure 4- 5 shows the UPV of the reference mortar relative to the different rubberized mortars.
The reference mortar had a UPV value of 4026 m/s after 28 days of curing. Similarly, the use of
ELT rubber reduced the UPV of the mortar by 8 %, 19 %, and 27 % with the addition of 10 %, 20
%, and 30 % of untreated ELT rubber, respectively. These losses were increased to 10 %, 24 %,
and 30 %, respectively, when treated ELT rubber was used. The effect of the zinc-recovery
treatment process on the UPV of rubberized cementitious mixtures was not recognizable at 10 %
of ELT rubber replacement since the means of UPV of mixtures URM-10% and TRM-10% were
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not found to be different by a one-tailed paired t-test with a confidence of 95 %. It became clearer
when the replacement percentage increased (i.e., 20 % and 30 %) that treated ELT rubber reduced
the UPV more than the untreated ELT rubber; the means of UPV values of mixtures URM-20%
and TRM-20% and URM-30% and TRM-30% were found to be different by one-tailed paired t-
test with a confidence of 95 %. The addition of SF was ineffective, since the UPV kept mostly
unchanged with insignificant standard deviation when SF was used for the mixtures with 30 %
ELT rubber; the means were not different by a one-tailed paired t-test with a confidence of 95 %.
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Figure 4- 5. UPV of different rubberized mortars.

4.4.5 Rapid chloride penetrability test (RCPT)

Figure 4- 6 shows the RCPT results of the reference mortar relative to the different rubberized
mortars. The use of untreated ELT rubber could effectively reduce the RCPT value by up to 7 %
(with 30 % ELT rubber added) relative to the reference mixture; these means were confirmed to
be different by one-tailed paired t-test with a confidence of 95 %. Meanwhile, the treated ELT
rubber insignificantly increased the RCPT value by up to 3 % (with 30 % ELT rubber added),
which is negligible since the means were not different by a one-tailed paired t-test with a
confidence of 95 %. For the untreated ELT rubber, the RCPT value, in general, decreased with
increasing ELT rubber content, which agrees with Oikonomou and Mavridou [45], although the
treated ELT rubber did not appear to follow the same trend.

With the addition of SF, the RCPT value decreased by up to 84 % for both mixtures with 30 % of
ELT rubber. This indicates that the SF is very beneficial in chloride migration resistance of the
conventional mortar since its RCPT value decreased from the range of 8000 to 9000 Coulombs
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(classified as a material with high chloride ion penetrability) to the range of 1484 to 1599
Coulombs (low chloride ion penetrability). These findings are in very good agreement with
Bentz’s commentary [40] that the C-S—H resulting from the pozzolanic reaction of SF possess a
diffusivity that is 25 times less than that of regular C—-S—H produced by cement hydration.
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Figure 4- 6. RCPT results of different rubberized mortars.

4.4.6 Isothermal calorimetry (1C)

The thermal power generated from reference mortar and different rubberized mortar mixtures is
graphically shown in Figure 4- 7. The data reveal that, during the hydration process, most
rubberized mortar mixtures (up to 20 % of ELT replacement) generally generated similar peak
thermal power compared to that of the reference mixture with a variation of around 4 %. However,
rubberized mortars using 30 % of untreated ELT rubber (URM-30%) and 30 % of treated ELT
rubber (TRM-30%) resulted in peak thermal power that were 8 % and 12 % higher than the
reference mixture. A study by Bazzoni et al. [46] found that zinc could homogeneously incorporate
into the C—S-H, increasing the C—S—H nucleation and growth, thereby inducing a higher thermal
power peak as a result. These findings are in line with what the authors observed in this study.

85



0.01 700

—Ref-M
g o Peak value
..__::_‘= T varies 1 600

---URM-10
URM-20
---URM-30
—TRM-10
TRM-20
——TRM-30

0.008

ny

N
(=
(=]

Total Heat (J/g cement)

1 Peak delays

1 ~30-60 min

0.006

w
[
(=]

0.004 |

200

Thermal Power (W/g cement)

S
=
S
51

1 100

0 0

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (hours)
Figure 4- 7. The thermal power generated from different rubberized mortars.

Secondly, it can be seen that the peak of thermal power curves of all rubberized mortars was
delayed by around one hour compared to the peak of the reference case, which indicates that the
presence of ELT rubber slightly delays the hydration process of the mortar. The retardations might
be attributed to the contamination of the hydration media via zinc leached from the ELT rubber to
the mortar mixture’s pore solution. These findings are in good agreement with some previous
studies by Ataie et al. [47] and Garg and White [48]. It is also possible that organic compounds
leached from the ELT rubber could detrimentally affect hydration [49]. The peak differences
(hour) and peak value (W/gcment) OF Various rubberized mortars are presented in Table 4- 3.

Table 4- 3. Hydration thermal power of different rubberized mortars.

1" Peak 1% Peak Peak value 2% 2" Peak
H st

Mix code 1% Peak (h)  delay () (W/Qcement)  difference (%) P(e;]a)k delay (h)
Ref-M 7.5 N/A 0.86x107? N/A 10.8 N/A
URM-10% 8.5 1.0 0.86x107? 0.0 12.0 1.2
TRM-10% 8.5 1.0 0.85x107? -1.2 11.8 1.0
URM-20% 8.5 1.0 0.83x107? -3.5 11.8 1.0
TRM-20% 8.7 1.2 0.89x107? 3.5 12.3 1.5
URM-30% 8.5 1.0 0.93x107? 8.1 11.5 0.7
TRM-30% 8.5 1.0 0.96x107? 11.6 12.0 1.2
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Table 4- 4. Hydration total heat generated from different rubberized mortars.
Total heat (J/gcement) (percent difference between modified mixtures

Mix code and PC)

12 h 24 h 48 h 60 h
Ref-M 269 483 595 626
URM-10% 261 (-2.9) 486 (0.6) 606 (1.8) 638 (1.9)
TRM-10% 250 (-7.1) 484(0.2) 565 (-5.0) 595 (-5.0)
URM-20% 250 (-7.1) 461 (-4.5) 570 (-4.2) 599 (-4.3)
TRM-20% 262 (-2.6) 484(0.2) 599 (0.67) 630 (0.6)
URM-30% 268 (-0.4) 497 (2.9) 620 (4.2) 652 (4.2)
TRM-30% 257 (-4.5) 490 (1.4) 610 (2.52) 643 (2.7)

In addition to the thermal power, Figure 4- 7 simultaneously presents the total heat measured from
mixing to 24 hours. Due to the retardation in hydration induced by the ELT rubber, rubberized
mortars generated less heat (up to 7 % less) than the reference mixture in the first 12 h. This
difference was only around 5 % after 24 h and up to 60 h of hydration. The detailed total heat of
each mortar mixture over time up to 60 h of curing can be seen in Table 4- 4.

4.4.7 Microstructure study

Secondary electron imaging with SEM was conducted on the untreated (Figure 4- 8a) and treated
(Figure 4- 8b) ELT rubber particles. As can be seen in Figure 4- 8a, the untreated ELT rubber
particle appeared with a rough surface and angular and irregular shapes with no visible
microcracks. In contrast, Figure 4- 8b reveals that the treated ELT rubber developed appreciable
cracks on its surface as a result of the zinc-recovery treatment process. This phenomenon observed
after the zinc-recovery treatment was previously reported and is believed to increase the ELT
rubber’s specific surface area [33]. These cracks would suggest that the treated ELT rubber
particles would fracture more easily under load, thereby reducing the mechanical performance of
the mortar, as was observed in the compressive and flexural strength tests.

o | WO l ; % /./"
§ @ N . 3 Ay 7 4
! A . Particle
| Before | After separating crack

Figure 4- 8. SEM images of the (a) untreated ELT rubber particles and (b) treated ELT rubber
particles.

87



4.4.8 Environmental tests

Figure 4- 9 compares the zinc concentration in the extracted pore solution of rubberized mortar
mixtures with SF (URM-30% and URM-30%) and without SF (URM-30-SF7.5% and TRM-30-
SF7.5%). First, it can be recognized that the rubberized mortar using 30 % treated ELT rubber
leached more zinc than the one using 30 % untreated ELT rubber after 14 days of curing, which
indicates that the zinc-recovery treatment could not remove all zinc in the ELT rubber particle
completely. This agrees with the previous study by Li et al. [33]. The remaining zinc in the ELT
rubber particles seems to be more leachable than the one in the untreated particles due to the higher
specific surface and more porous character with cracks in the treated particles, as was seen in
Figure 4- 9. Second, it can be seen that there was not much difference between the zinc
concentration recorded in the extracted pore solution of rubberized mortars with and without SF
added.
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Figure 4- 9. Zinc concentration in the extracted pore solution of rubberized mortar mixtures.

Zinc concentration (ppb)

Figure 4- 10 compares the zinc concentration in the leachate of rubberized mortar mixtures with
SF (URM-30% and URM-30%) and without SF (URM-30-SF7.5% and TRM-30-SF7.5%). After
28 days of soaking, the mixtures URM-30% and URM-30% respectively yielded 57 ppb to 65 ppb
of zinc in the leachate. This amount was reduced by 74 % and 57 %, respectively, after the addition
of SF. Since the rubberized mortars with SF yielded negligible zinc concentrations in their
leachate, this indicates that the SF addition was very effective in zinc immobilization for
rubberized mortar. The mechanism of zinc captureability of SF can be explained by the cation
exchange capacity (CEC) of the main hydration product, C-S—H, which has been shown to have
the ability to capture heavy metals [50]. As mentioned earlier, the addition of SF promotes the
formation C-S-H through the pozzolanic reaction, hence increasing the total CEC of the
rubberized mortar. The additional C-S—H produced by the presence of SF should densify the
rubberized cementitious matrix, which would help to restrain the leached zinc from releasing into
solution. Eventually, more zinc was immobilized compared to the mixtures without SF used.
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Although the zinc concentration monitored in all mixtures’ leachates satisfied the zinc content
requirement for drinking water (< 5 ppm) [51], it deserves to note that the zinc immobilization of
the rubberized mortar mixtures was improved more effectively due to the existence of SF in the
mixtures.
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Figure 4- 10. Zinc concentration in the leachate of rubberized mortar mixtures.

Figure 4- 11 compares the TOC concentration in the extracted pore solution of rubberized mortar
mixtures without SF (URM-30% and URM-30%) and with SF (URM-30-SF7.5% and TRM-30-
SF7.5%). Similar to the zinc concentration observed earlier, TOC concentration in the pore
solution of the rubberized mortar using 30 % treated ELT (11.8 g/L) more than doubled that of the
one using 30 % untreated ELT rubber (0.5 g/L). This is attributed to the higher specific surface
and more porous character with cracks of the treated ELT particles (Figure 4- 8), which could
allow carbon content to leach out more easily.
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Figure 4- 11. TOC in the pore solution of rubberized mortar mixtures.

TOC concentration (mg/L)

Figure 4- 12 compares the TOC concentration in the leachate of rubberized mortar mixtures
without SF (URM-30% and URM-30%) and with SF (URM-30-SF7.5% and TRM-30-SF7.5%).
Generally, the TOC content in the leachate of all rubberized mortar mixtures increased over time.
At 28 days of soaking, the mixtures URM-30% and URM-30% respectively released 841 mg/L to
360 mg/L of TOC concentration in the leachate, which were much higher than the TOC threshold
for drinking water (25 mg/L) [52]. However, the addition of SF could reduce the TOC is the
leachate by more than 80 %. This significant reduction can be explained by densification of the
microstructure when SF is used [53], which can be expected to decrease the transport properties
of the mortar. These findings indicate that silica fume not only can immobilize zinc but can also
capture the TOC leached from ELT rubber particles.
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Figure 4- 12. TOC in the leachate of rubberized mortar mixtures.
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4.5 Conclusions

In this study, the effects of untreated ELT rubber and the zinc-recovered treated ELT rubber on
rubberized mortar mixtures were investigated in terms of engineering and environmental aspects.
The effects of silica fume were also explored. The main conclusions drawn from this research are:

1.

Untreated ELT rubber enhanced the flowability of the rubberized mortars. Meanwhile, a
high percentage of treated ELT rubber addition (i.e., 20 % and 30 %) and the presence of
silica fume decreased the flowability of the rubberized mortars.

The engineering properties of mortars (i.e., UCS, flexural strength, and UPV) dropped
significantly as higher amounts of ELT rubber were used. The treatment process for zinc
recovery from ELT rubber further reduced these properties.

The results successfully proved that silica fume could effectively recover the lost strength
and significantly mitigate the RCPT value of rubberized mortar.

The utilization of ELT rubber generally delayed the hydration peak of the mortar for
roughly one hour. The existence of ELT rubber at a high percent (30%) slightly increased
the hydration peak value and accumulated hydration heat.

The zinc-recovery treatment process seemed to allow the remaining zinc to leach out from
the treated ELT rubber more easily than the untreated one.

Silica fume proved to be very efficient in zinc and TOC immobilization since it could
capture up to 74 % of leachable zinc and 86 % of TOC contents in the leachate of
rubberized mortars after 28 days of soaking.
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5.1 Abstract

End-of-life tire (ELT) rubber has been widely studied and utilized as a binder additive or aggregate
in asphalt concrete. While most research focused on the effects on the engineering properties of
rubberized asphalt concrete (RAC), very few considered the leaching potential of heavy metals or
organic carbon content from ELT rubber, which can be detrimental to the living environment. The
authors recently developed a metallurgical treatment process to remove and recover zinc from the
ELT rubber for environmental and recycling purposes. In this study, the hypothesis to be tested is
that the asphalt binder will serve to immobilize any remaining leachable zinc and total organic
carbon (TOC) content from ELT rubber. The authors used ELT rubber before and after the zinc-
recovery process to partially replace 20 % sand by volume in asphalt concrete through the dry
process. Indirect tensile test-cracking tolerance, asphalt pavement analyzer rutting test, and
dynamic modulus test were conducted for the investigations of the engineering properties of RAC.
A total of three mixtures were evaluated: control, 20 % untreated ELT rubber, and 20 % treated
ELT rubber. Environmental tests were conducted to examine the leaching potential of zinc and
TOC from the RAC and how this potential varies under different conditions. While the presence
of ELT rubber caused a negative impact on the tensile strength and cracking tolerance index, it
improved the rutting resistance and the dynamic modulus when the materials were subjected to
high-temperature conditions. Environmentally, there were still remarkable amounts of zinc
leached out from ELT rubber to the environment and the zinc recovery treatment process even
induced more zinc leaching. Conversely, the asphalt binder effectively immobilized TOC, since
no TOC was detected in the leaching environments.
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5.2 Introduction

End-of-life tire (ELT) rubber is a waste that commands significant attention from many researchers
as well as industries recently for recycling and environmental purposes. Around three billion ELTs
are discarded yearly worldwide [1]. The largest ELTs producer in the world is China, discarding
around 14.6 million tons of ELTs in 2018 [2]. As the second largest, the U.S. discarded 4.46
million tons of ELTs in 2019 [3]. While a portion of this waste has been stockpiled, the others
have been reused as tire-derived fuel, ground rubber, landfilling, and civil engineering
applications. Various polymers (i.e., polybutadiene, polyisoprene, and styrene-butadiene) and
carbon black are the main components of rubber tires. ELTs also contain small amounts of
additives such as stearic acid, extender oil, and zinc oxide (ZnO) [1]. Additionally, ELTs can be
detrimental to the living environment, including groundwater, soil, and the atmosphere [4,5]. ELTs
contain 1 % to 2 % ZnO by mass, which is added for vulcanizing process [1], and Smolders and
Degryse [6] reported that powdered ELT particles (< 100 um) can potentially release up to 40 %
of its zinc into the living environment after one year exposed to weathering conditions. According
to the current ELT generation in China and the U.S., it is estimated that around 286 thousand tons
of zinc can be potentially leached out into the environment if all zinc within the ELT rubber is
leachable. Zinc harms the organisms, including invertebrates, fish, and plants [7]. Meanwhile, the
organic carbon released from ELT rubber can be problematic to the ecosystem and human health.
TOC in water can be broken down by micro-organisms and oxidized which might use up a lot of
oxygen in the environment, which threatens the lives of the aquatic animals [8]. Even without
oxygen, TOC promote the development of anaerobic bacteria which can generate sulfate salts to
damage the living aquatic and human life [9].

ELT rubber has been found use in civil engineering materials such as asphalt concrete [10,11],
portland cement concrete [12-14], and soil stabilization [15,16]. The most attention from
researchers, professionals, and industries has been paid to rubberized portland cement concrete
and RAC. ELT rubber can improve some engineering properties (i.e., resilient modulus, elasticity,
fatigue resistance, rutting resistance, permanent deformation resistance) of asphalt concrete [17]
while it is reported to decrease tensile strength [18]. The ELT rubber can be added to the asphalt
concrete by the dry process or the wet process. In the dry process, ELT rubber is blended into the
aggregates prior to the addition of asphalt binder, and the wet process requires ELT rubber to be
pre-blended into the asphalt binder [11,19].

The effect of ELT rubber on the engineering properties of asphalt concrete has received more
attention than the environmental aspects. There are a few studies investigating the environmental
impacts of using ELT rubber in asphalt concrete from different aspects, such as CO2, N2, CO, SOy,
NOy, and CH4 emissions during its production [20], greenhouse gas emissions [21], and heavy
metal leachability [22—24]. The leaching potential of heavy metals such as zinc from the ELT

98



rubber particles used in RAC has not been adequately researched. In addition, the risk of organic
carbon content leaching from ELT rubber in asphalt concrete has not been investigated in the
literature.

The main purpose of this study is to test if the asphalt binder can serve to immobilize any leachable
zinc and organic content from ELT rubber in RAC. The authors used ELT rubber before and after
a zinc extraction process to partially replace 20 % sand by volume in asphalt concrete through the
dry process. As mentioned earlier, the engineering property tests were first conducted to
investigate the effects of ELT rubber on RAC. A total of three mixtures were evaluated: control,
20 % untreated ELT rubber, and 20 % treated ELT rubber. Environmental tests were conducted to
examine the leaching potential of zinc and TOC from the RAC and how this potential varies under
different conditions, such as extreme pH, saline, and acidic environments. The novelty of this study
is that it furthers the knowledge about the fate of zinc and TOC in ELT rubber-modified asphalt
concrete, which has not previously been explored in the literature.

5.3 Experimental program

5.3.1 Materials

The control asphalt concrete mixture (coded C-AC) was a common surface course mix used in the
region. The by mass mix proportion included 38 % #8 quartzite, 19 % #10 quartzite, 13 % sand,
30 % reclaimed asphalt pavement (RAP), and 5.8 % asphalt binder. The used binder was PG 64S-
22 type with 0.5 wt% of a liquid anti-strip additive. The RAP was found to have 5.25 % residual
binder according to AASHTO T 308 [26]. The RAP residual binder content was accounted in the
mix by accordingly adjusting the asphalt binder proportioning. The combined gradation of
aggregates used in the control mixture is shown in Table 5- 1.

Table 5- 1. Gradation of aggregates for the control asphalt concrete design approved by Virginia
department of transportation (VDOT) used in this study.

Acceptance range (%)  Passing (%)

Sieve size (mm)

Min Max  Control mix (C-AC)
125 99.0 100.0 100.0
9.50 89.2 94.8 92.0
4.75 55.2 60.8 58.0
2.36 38.2 43.8 41.0
0.60 20.9 25.1 23.0
0.075 5.6 7.0 6.3
Asphalt binder  5.59 6.01 5.8

It should be noted that 20 % of sand volume was replaced by two types of ELT rubber, untreated
and treated, to produce RAC (i.e., UR-AC and TR-AC, respectively) in this study. The mixing
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process complied to the regular asphalt concrete mixing procedure in accordance with AASHTO
R 30 [27]. The ELT rubber was added into heated aggregates and pre-mixed for 15 seconds before
the asphalt binder was introduced, which allows for softening the ELT rubber powder hence easing
its blend and connection with asphalt binder eventually [19]. The ELT rubber was provided by
Lehigh Technologies in the form of a powder. In addition to the “as-received” form, referred to as
untreated ELT rubber, the RAC incorporated ELT rubber that had undergone a process to extract
zinc, known as treated ELT rubber. The method for hydrometallurgical treatment was based on a
previously developed procedure by the authors [28], involving the use of 2.0 M HNO:s to dissolve
zinc from the ELT rubber and subsequently recover it. The treatment batch had a solid
concentration of 200 g L%, This treatment was carried out in a leaching environment at 90 °C, with
continuous agitation at 600 rpm for a duration of 5 hours, resulting in 95 % zinc leaching recovery
rate. The treated ELT rubber was washed by clean water to bring its pH value back to 7.0, the
material was then allowed to dry in a 60 °C oven for 24 hours before its use. The main metallic
elements found in the untreated ELT rubber by digestion in a strong acid were magnesium with
322 mg kg2, aluminum with 505 mg kg2, calcium with 1195 mg kg2, iron with 503 mg kg?, and
zinc with 20,509 mg kg [28].

5.3.2 Experimental methodology

5.3.2.1 Engineering property experiments

In terms of engineering properties, cracking performance assessment and rutting performance
assessment were investigated on all proposed asphalt concrete mixtures. While the cracking
performance investigation included a basic indirect tensile test cracking tolerance (IDT-CT) test
and dynamic modulus test, the rutting performance was evaluated using the asphalt pavement
analyzer (APA) rut test.

Five IDT-CT specimens for each mixture with the dimensions of 62 mm in height and 150 mm in
diameter were prepared and tested at 25 °C complying to ASTM D8225 [29]. For dynamic
modulus testing, three samples for each mixture were created with dimensions of 150 mm in height
and 100 mm in diameter by coring the gyratory-compacted samples that were originally 180 mm
height by 150 mm diameter. The dynamic modulus specimens were uniaxially tested using an
Asphalt Mixture Performance Tester machine with a maximum stress level up to 2800 kPa (400
psi). The test was performed at 4.4 °C, 21.1 °C, and 37.8 °C with six different frequencies ranging
from 0.1 Hz to 25 Hz in accordance with AASHTO T 378-17 [30] to determine the dynamic
modulus, [E*|.

With same diameter with IDT-CT specimens, four APA rutting test samples for each mixture were
made with 75 mm in height. These samples were conditioned at 64 °C for 6 hours before testing
according to AASHTO T 340 [32] in which each sample was subjected to 8000 cycles of loading
by a 45.4 kg (100 Ibs) wheel.

All samples were prepared by gyratory compaction method following AASHTO T 312 [33] with
a target bulk specific gravity (Gmb) of 7 % £ 0.5 %. The maximum specific gravity (Gmm) of
mixtures C-AC, UR-AC, and TR-AC was 2.487, 2.424, and 2.442, respectively.
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In order to microstructurally distinguish the morphology of the ELT rubber before and after the
zinc recovery treatment process, scanning electron microscopy (SEM) was employed. Samples in
powder form were first vacuum-dried prior to being sputter coated by a ~12 nm thick
platinum/palladium layer. A JEOL IT-500HR SEM with a Schottky field emission electron gun
was used.

5.3.2.2 Environmental experiments

Leaching tests were performed for all mixtures including C-AC, UR-AC, and TR-AC. Broken
IDT-CT samples were heated up at 160 °C for 2 hours before being dispersed to be used as leaching
samples. Around 1.25 kg of dispersed asphalt concrete for each mixture was soaked with different
soaking solutions with a liquid-to-solid (L/S) ratio of 8 by volume. Four types of soaking solutions
were prepared, including: 1) deionized water, 2) pH 4.0 solution to simulate the leaching condition
induced by acid rain, 3) 0.1 M NaCl solution to simulate the leaching condition induced by deicing
chemicals, and 4) pH 4.0 and 0.1 M NaCl solution to serve as a combination of the earlier extreme
leaching conditions. 20 mL of the leachate for each mixture at different leaching conditions were
periodically collected at 3 days, 7 days, and 28 days. The obtained leachates were then filtered
and immediately acidified by 2 % of 12.1 N HCI by sample volume to prevent precipitation. The
leachate samples were analyzed for zinc concentration and TOC concentration using a Thermo
Electron iCAP-RQ ICP-MS and a Shimadzu TOC-VCSN, respectively.

5.4 Results and discussion

5.4.1 Indirect tensile test - cracking tolerance (IDT-CT)

Figure 5- 1a reports the indirect tensile strength (ITS) and CT index of the three mixes. The ITS
of C-AC, UR-AC, and TR-AC were respectively 1.19 MPa, 0.90 MPa, and 1.14 MPa. The ITS of
the control mix decreased by 24 % when 20 % of the sand volume of the mixture was replaced by
untreated ELT rubber (mixture UR-AC), meanwhile, the same replacement of sand by treated ELT
rubber (mixture TR-AC) did not introduce significant reduction in ITS which was only 4 %. By a
one-tailed paired t-test, the ITS of C-AC and TR-AC were not significantly different with 95 %
confidence.

The CT index of both UR-AC (42.8) and TR-AC mixtures (41.6) was roughly 50 % lower than
that of C-AC (81.1). There was no appreciable improvement in CT index when treated ELT rubber
was used to replace sand regardless of its previously recorded enhancement in tensile strength.
This is understandable since tensile strength of asphalt concretes relies on the cross-sectional area
of samples and peak loads alone, while the CT index depends on various factors such as fracture
energy (i.e., area of the load versus vertical displacement curve and area of cracking face), slope
of the load-displacement curve (modulus parameter), and specimen diameter [34,35]. By a one-
tailed paired t-test, the CT index between UR-AC and TR-AC were not significantly different at
95 % confidence, but C-AC was significantly different from UR-AC and TR-AC. This engineering
trend has been observed in the literature [36,37].
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Figure 5- 1 b shows typical load-displacement curves of C-AC versus the UR-AC and TR-AC. It
can be seen that the asphalt concrete using ELT rubber yielded lower ultimate loads as well as 20
% to 30 % lower threshold displacement compared to those of the control.
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Figure 5- 1. a) Indirect tensile strength and b) typical load-displacement curves of
conventional asphalt concrete and asphalt concretes using untreated ELT rubber and treated
ELT rubber.

5.4.2 Asphalt pavement analyzer (APA) rutting test

Figure 5- 2 shows the time-dependent rutting depth of the three mixes within a loading cycle up to
8000. Apart from the negative effects in cracking resistance of asphalt concrete, it is evident from
Figure 5- 2 and Figure 5- 3 that using ELT rubber improved the rutting resistance of the asphalt
concrete. After 8000 loading cycles the concrete-AC, UR-AC, and TR-AC mixes resulted in
average final rutting depths of 2.62 mm, 1.72 mm, and 1.94 mm, respectively. The final rutting
depth decreased by 34 % and 26 % when untreated and treated ELT rubber was used, respectively.
This increased rutting resistance behavior has been reported in the literature [19,38-41].
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Figure 5- 2. Rutting depth observation of conventional asphalt concrete and asphalt concretes
using untreated ELT rubber and treated ELT rubber.
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Figure 5- 3. Final rutting depth values after 8000 loading cycles of the three studied asphalt
concretes.

5.4.3 Dynamic modulus

The stress-strain relationship under a continuous sinusoidal loading was monitored and the
dynamic modulus, |[E*|, was determined (Figure 5- 4). Master curves of dynamic modulus were
constructed at a reference temperature of 21.1 °C by shifting the data at various temperatures until
data points merge into a smooth function. The magnitude of |[E*| decreased with increasing
temperature frequencies for all mixes. At lower frequencies and higher temperatures, the mixes
with ELT rubber demonstrated a higher |[E*| than the control, while the opposite trend was
observed at higher frequencies. An asphalt concrete with higher |E*| at higher temperature often
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possesses higher rutting resistance [42], which was observed in the rutting tests. This performance
trend agrees with the findings in previous studies [41,43].
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Figure 5- 4. Dynamic modulus |[E*| in master curves of conventional asphalt concrete, asphalt
concrete using untreated ELT rubber, and treated ELT rubber.

5.4.4 Microstructure study

Untreated (Figure 5- 5a) and treated (Figure 5- 5b) ELT rubber particles were imaged by secondary
electron imaging with SEM. As can be noticed in Figure 5a, the as-received ELT rubber particle
showed a rough surface and irregular and angular shapes with no appreciable microcracks.
Conversely, the treated ELT rubber particles shown in Figure 5b appeared with visible cracks on
its surface induced by the zinc-recovery treatment. In addition, the strong oxidation environment
during the treatment process made the ELT rubber more porous and caused an increase in its
specific surface area, which were previously reported in the authors’ previous work [28]. As a
result, the ELT rubber may possibly absorb more asphalt binder, leading to a lower asphalt content
in the mix, which may make it more susceptible to cracking. Also, the degradation of treated ELT
rubber induced by the zinc-recovery treatment process might be the reason why the RAC with
treated ELT rubber did not provide improvement in rutting resistance as significant as the RAC
using untreated ELT rubber.
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Figure 5- 5. SEM images of the (a) untreated ELT rubber particles and (b) treated ELT
rubber particles.

5.4.5 Environmental tests

Figure 5- 6 compares zinc concentration in leachates of conventional asphalt concrete and asphalt
concretes using untreated and treated ELT rubbers in differently extreme leaching environments.
It is found that asphalt concretes using ELT rubber tend to release much more zinc than
conventional asphalt concrete after 7 days of being exposed to normal and extreme environments.
In normal leaching condition, mixtures UR-AC and TR-AC respectively released zinc roughly 23
times and 40 times more than mixture C-AC. In the extreme leaching environment, the deicing
simulating solution (0.1 M NaCl) did not appear to promote the leachability of zinc. On the other
hand, the acidic rain solution (pH 4.0) greatly increased the leaching and increased the measured
zinc concentration by 114 % and 32 % in the leachate of mixtures UR-AC and TR-AC when
compared to the control, respectively. This phenomenon occurred similarly but less significantly
in the combined leaching solution of pH 4.0 and 0.1 M NaCl in which the zinc concentration
increase was 53 % and 16 %, respectively. In addition, it is recognized that the RAC with treated
ELT rubber released even more zinc to the leaching environments than the one using untreated
ELT rubber. As discussed earlier, since the zinc recovery treatment caused more pores, cracks,
and higher specific surface area in ELT rubber particles, and some residual zinc left in the particles
have larger contact with surrounding environment which might cause the leachability taking place
more easily. The zinc concentration kept increasing in the leachate of mixtures UR-AC and TR-
AC for 28 days of leaching. While the pH 4.0 solution increased the leachable zinc in mixture TR-
AC by 35 %, 0.1 M NaCl solution and 0.1 M NaCl solution (at pH 4.0) nearly doubled the leached
zinc of mixture UR-AC. Generally, all of the adverse leaching conditions introduced negative
impacts on the zinc immobilization of asphalt concrete. When running the leaching test on the
same amount of untreated ELT rubber alone under deionized water, the leachable zinc
concentrations after 3 days, 8 days, and 28 days were 555 ppb, 963 ppb, and 1309 ppb,
respectively. The results indicate that RAC could reduce the leachable zinc from ELT rubber by
around 82 %, 91 %, and 82 %, respectively. However, these positive reductions in leachable zinc
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were lessened under extreme leaching conditions. The values for TOC concentration were 4.0
mg/L, 5.8 mg/L, and 5.7 mg/L, respectively.

While still significant amounts of zinc were found in the leaching environments, there was no
signal of TOC content after 28 days of soaking. It indicates that RAC could effectively immobilize
TOC leaching out from ELT rubber particles. In a comparison, bitumen binder was found to
outplay stabilized soil and mortar in terms of TOC immobilization, which were explored in the
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Figure 5- 6. Zinc concentration in leachates of conventional asphalt concrete and asphalt
concretes using untreated and treated ELT rubbers in differently leaching environments.

5.5 Results and discussion
In this study, the effects of untreated and the zinc-recovered treated ELT rubbers on the asphalt

concret
from th

1.

e were examined in engineering and environmental terms. The main conclusions drawn
is work are:

Using ELT rubber in asphalt concrete generally reduced ITS value and CT index. This
happened for both of rubber types. The treated ELT rubber helped improve ITS of the RAC
remarkably, but it did not have significant impact in CT index.

ELT rubber effectively improved the rutting resistance of asphalt concrete.

ELT rubber improved the dynamic modulus |E*| of asphalt concrete when the material was
subjected to higher temperature conditions.

Asphalt concretes using ELT rubber tend to release more zinc than conventional asphalt
concrete after 28 days of being exposed to normal and extreme environments. The
simulated acid rain solution (pH 4.0), simulated deicing solution, and simulated deicing
solution at pH of 4.0 greatly exacerbated the leaching of zinc compared to deionized water.
RAC with treated ELT rubber released even more zinc to the leaching environments than
the one using untreated ELT rubber. The zinc recovery treatment caused more pores,
cracks, and higher specific surface area in ELT rubber particles, and some residual zinc left
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in the particles have larger contact with surrounding environment, leading to easier

leachability.
6. When contrasting with the leached zinc concentration, no signal of TOC content was found

in any leaching environments. RAC is believed to effectively immobilize TOC leaching
out from ELT rubber particles.
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6.1 Abstract

This investigation utilized isothermal calorimetry (IC) to quantify the heat of hydration of steel
furnace slag (SFS)-stabilized clays to assess the chemical aspects of the stabilization. Specifically,
kaolin and bentonite clays were each blended with 40% of SFS by mass at water-to-binder ratios
ranging from 1.0 to 1.5. The hydration properties of stabilized mixtures using lime (CaO) or
portland cement (PC) were also tested for comparison at the same experimental conditions. The
obtained thermal power and total heat curves of stabilized mixtures could contribute to confirming
that there is a hydration process taking place in clay stabilized by SFS. Relative to lime and PC,
the SFS performed similarly in terms of hydration heat behavior. When blended into clays, SFS
provided a more significant hydration heat behavior than cement, but that was much milder than
lime. X-ray diffraction (XRD) and thermogravimetric analysis (TGA) were also employed to
qualitatively analyze the mineralogy of the stabilized mixtures.

Keywords: Steel furnace slag (SFS); kaolin; bentonite; isothermal calorimetry (IC); X-ray
diffraction (XRD); thermogravimetric analysis (TGA).

6.2 Introduction

Due to urgent requirements to limit CO2 emission from portland cement (PC) production as well
as preserve depleting natural resources [1], recent research has focused on reducing the carbon
footprint of stabilized soils by using recycled, by-product, or marginal materials [2-11]. In
particular, supplementary cementitious materials (SCMs), such as fly ash or ground granulated
blast furnace slag (GGBFS), have been used as a partial to full replacement of PC in stabilized
soils [12-15]. SFS is one alternative material that has not received as much attention as fly ash or
GGBFS for soil stabilization, possibly due to the fact that SFS properties can vary widely [16],
which may explain the varying effectiveness of SFS as an SCM [17]. SFS is a by-product of steel
production [18-20], including basic oxygen furnace (BOF), electric arc furnace (EAF), and ladle
furnace (LF) processes. For the application of SFS in construction and building materials, it has
been utilized in portland cement concretes and mortars, asphalt concretes, unbound and bound
base courses, and soil stabilization as an alkali-activated material or as a cementitious binder
[4,5,20-24], although its effects on the composite material are highly variable depending on the
chemical and mineral composition, aggregate shape and texture, reactivity, etc., of the SFS [16].
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While there has been significant research on the stabilization of clays and clayey soils using lime
and portland cement, fewer studies have focused on the application of SFS. However, from the
studies that have examined SFS-stabilized clay, it is generally unclear if the stabilization effect is
mechanical, chemical, or a combination of both. Mechanically, Akinwumi [25] hypothesized that
the SFS reduced the optimum water content of stabilized clay, hence condensing the soil matrix to
produce lower plasticity, a smaller swelling potential, and, eventually, a higher strength. In
addition, the improvement was believed to be due to the increase in shear strength and internal
friction of clay particles by adding SFS. Similarly, Brand et al. [3] argued that the increased
mechanical properties in a clayey soil stabilized by SFS fines were attributed to mechanical rather
than a chemical stabilization mechanism. Meanwhile, Poh et al. [26] stated that the SFS has
cementitious properties, which means that the chemical reactions would occur in the stabilized soil
mixture. However, the reactions take place slowly to form binding gels — such as calcium silicate
hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) — hence, alkaline activators, such as quick
lime, NaOH, Na>SiOs-5H:0, etc., have been added to accelerate the chemical reactions. Goodarzi
et al. [27] concluded that there are also pozzolanic reactions under strongly alkaline environments
that can generate the linking products in SFS-stabilized clays. In addition, Akinwumi [25]
and Montenegro et al. [28] believed that the cation exchange capacity (CEC) of clay might play
an important role in the stabilized mixture’s engineering properties, i.e., SFS will be more effective
in clays with higher CEC values. A number of studies have suggested that SFS can chemically
stabilize clay soils based on the remarkable improvement in mechanical properties, such as
unconfined compressive strength, split tensile strength, California bearing ratio (CBR), swelling
potential, etc. [25,26,29-31], while a few other studies strengthened this hypothesis by using
scanning electron microscopy (SEM) [27,32], energy-dispersive X-ray spectroscopy (EDS) [4],
X-ray diffraction (XRD) [28], or thermogravimetric analysis (TGA) [28,33,34].

When considering if SFS would react either pozzolanically or hydraulically, a recent review found
that, as an SCM, SFS is generally detrimental to the mechanical properties of the cementitious
composites [17]. For instance, while dicalcium silicate, if present, in SFS exists as the # and/or -
polymorph [19,35], the s-polymorph is found to be relatively nonreactive in SFS [36], even though
it is reactive in portland cements [37], and the y polymorph is not hydraulically active [38].
Regardless, SFS studies have shown that the calcium silicate and calcium aluminate phases can be
reactive [39-42]. In addition, SFS will often contain both free CaO and free MgO [18,43], both of
which are hydraulic to form Ca(OH). and Mg(OH)2 [44], respectively. It is well-established that
Ca(OH). will chemically stabilize clay soils [45-47], which suggests that, depending on the free
CaO content of SFS, there should be at least some chemical reaction. However, certain SFS, such
as some EAF sources, may have little to no free CaO [43], which may therefore not have any
chemical stabilization effect and instead may offer a mechanical stabilization effect.

For the possible pozzolanic reaction between SFS and clay, this may be considered as a secondary
process taking place in soil stabilization, assuming that the cation exchange is the primary reaction.
In the high pH environment when Ca(OH): is present, the solubility of the alumina and silica from
the clay will increase [48]. These dissolved ions will then react with available calcium ions released
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from the SFS to possibly form C-(A)-S-H surrounding the clay particle surface as well as
condensing the soil matrix, resulting in an improvement in the clay mixture [5]. These pozzolanic
reactions tend to occur slowly over years, so the reaction can continue to strengthen the clay matrix,
fill the pores, and reduce plasticity over time [49]. However, there are very few studies taking an
in-depth look at the possibility of this pozzolanic reaction [4,5,48], and many studies have only
confirmed this process by showing SEM [4,5,27,32] or EDS [4] data. However, these data may
not be considered to be comprehensive, since it is unclear which products can be attributable to
hydraulic vs. pozzolanic reactions.

The hydration process in a cementitious material occurs through a number of exothermic chemical
reactions [37]. Aside from methods that can typically only be used to study mixes at certain curing
times (e.g., SEM, EDS, XRD), calorimetric measurements can provide continuous observation of
the thermal changes taking place in hydrating cementitious materials from the start of the hydration
process [50]. It is known that the amount and rate of the heat generated from the hydration process
are significantly dependent on the physical properties and chemical compositions of the used
components (e.g., cement, SCMs, chemical admixtures) [51]. In addition, the mixture proportions
and curing conditions also play essential roles in the hydration of the cementitious materials [51].
The heat generated over curing time reflects the increases in hydration product content and can be
used to explain various reactions between the used binders, base material, and water. As a result,
the proper information from the calorimetric analysis can be used to study setting behavior,
workability, strength development, or pore structure development of the cementitious materials
[51].

In order to explicitly evaluate the chemical reactivity of an SFS with clay soil, this study utilizes
isothermal calorimetry (1C). While IC is commonly used in cement and concrete studies to quantify
hydration kinetics [50], it has yet to be applied to soil or clay stabilization studies. Therefore, this
study aims to explore the heat of hydration of SFS-stabilized clayey soils and confirm the statement
that there are chemical reactions in SFS-stabilized clayey soil by calorimetric analysis along with
other microstructural analyses such as XRD and TGA. This study is expected to provide a deeper
understanding of the possible mechanical and/or chemical contributions of SFS to the
improvement of stabilized soil’s engineering properties, and this would be a stepping stone for the
upcoming work to thoroughly clarify this topic.

6.3 Experimental program

6.3.1 Materials

In this work, two commercial clays were studied: kaolin and bentonite. Using Cu Ka radiation,
XRD analyses of the clays are shown in Error! Reference source not found.. The kaolin clay
was found to consist of kaolinite, while the bentonite clay was composed of montmorillonite and
quartz. The specific gravities of the kaolin and bentonite were 2.63 and 2.62, respectively.

The SFS in this study was reportedly from an EAF source. The SFS specific gravity was 2.89. In
order to determine the chemical composition of the SFS by inductively coupled plasma mass
spectrometry (ICP-MS), 0.5 g of SFS powder was digested in 50 ml of 6 N HCI. The ICP-MS
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results indicated a composition of 49.50 % CaO, 33.23 % Al»03, 7.61 % MgO, 5.53 % FeO, 2.24
% Si0O2, 0.69 % MnO, 0.61 % Na20, 0.37 ZnO, 0.19 % BaO, and a trace amount of other elements.
These data suggest that this particular SFS has a particularly high alumina content, considering
that most EAF slags are reported to have Al2O3 contents of 3 % to 10 % [43]. Figure 6- 1 shows
the XRD pattern of the SFS, indicating the presence of tricalcium aluminate (CazAl.Og), mayenite
(Ca2Al14033), and periclase (MgO). Typically, the calcium aluminate phases in EAF slags are
reported to be mayenite and brownmillerite (Caz(Al, Fe).0s) [16], although tricalcium aluminate
(CazAl206) has been reported in LF slags [41,52-56]. Therefore, while the SFS source was
identified as EAF from the supplier, it is likely that this SFS is an LF slag originating from an EAF
process.
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Figure 6- 1. XRF analysis of kaolin and bentonite clays and the SFS. Identified peaks:
kaolinite (K), montmorillonite (Mo), quartz (Q), mayenite (M), tricalcium aluminate (C3A),
and periclase (P).

Since the SFS particles were too coarse, rolling and ball mills were used to grind the SFS particles
to be as fine as conventional PC. Pictures of the SFS before and after grinding are shown in Figure
6- 2. The particle size distributions of ground SFS, kaolin, and bentonite are shown in Figure 6- 3.
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After ball milling, Figure 6- 3 shows that the ground SFS had a similar particle size distribution to

PC. The median particle size (Dso) for ground SFS, PC, kaolin, and bentonite were 4.5 um, 6.7
pm, 3.8 um, and 1.4 pm, respectively.

The free CaO and Ca(OH). contents of the SFS were found to be 3.0 % and 2.1%, respectively,
using the ethylene glycol method [57,58] in combination with TGA. In addition, the TGA-
quantified amount of CaCO3 was found to be 2.27 %.
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Figure 6- 3. Particle size distribution curves of PC, SFS, kaolin, and bentonite.
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6.3.2 Experimental procedures and program

Isothermal calorimetry was performed using a Calmetrix I-Cal Flex to quantify the total heat (J/g
binder) and thermal power (W/g binder) of various clay mixtures. Then the mixtures were
manually mixed thoroughly in 15 mL plastic vials. The isothermal chamber was set to 23 °C. The
heat of hydration was observed for up to 90 hours of curing time. In order to investigate the heat
development in the stabilized clay matrix, kaolin and bentonite were each mixed with 40% of
ground SFS by mass at the water-to-binder (w/b) ratios of 1.0 and 1.5. At the same experimental
conditions, the heat evolution of stabilized mixtures with 40% by mass CaO or PC was also
evaluated for comparison. The CaO was freshly prepared by calcining CaCO:s.

In addition, in order to exaggerate the effects of SFS on clay mixtures, the amount of ground SFS
was increased to 100% and 300% by clay mass at w/b = 0.5 for XRD and TGA analysis. The XRD
and TGA samples were oven-dried at 60 °C for 24 hours to remove moisture and then were then
pulverized and sieved through a mesh size of 75-um before the tests. A total of 14 experimental
cases were performed, as detailed in Table 6- 1.

Table 6- 1. Mix design for stabilized clays.

Mix code wib Binder (%) (k?/?r)]/?*) SFS (kg/m?) (kg/iﬁ) (kcg:]?no’ﬁ) (|¥\$fr:3)
Kao-40%SFS-1.0w/b 1.0 40 1088.6 435.4 435.4
Ben-40%SFS-1.0w/b 1.0 40 1086.9 434.7 434.7
Kao-409%PC-1.0w/b 1.0 40 1102.3 440.9 440.9
Ben-40%PC-1.0w/b 1.0 40 11005 440.2 440.2
Kao-40%SFS-1.5w/b 15 40 894.0 357.6 536.4
Ben-40%SFS-1.5w/b 15 40 892.8 357.1 535.7
Kao-40%PC-1.5w/b 15 40 903.2 361.3 541.9
Ben-40%PC-1.5w/b 15 40 902.0 360.8 541.2
Kao-2%Ca0-30w/b 30 2 10137 203 608.2
Ben-2%Ca0-30w/b 30 2 1012.2 202 607.3
Kao-100%SFS-0.5w/b* 0.5 100 815.5 815.5 407.8
Kao-300%SFS-0.5w/b* 0.5 100 814.5 814.5 407.3
Ben-100%SFS-0.5w/b* 05 300 342.7 1028.0 514.0
Ben-30096SFS-0.5w/b* 0.5 300 342.5 10275 514.7

Note: Kao: kaolin; Ben: bentonite; SFS: steel furnace slag; PC: Portland cement; CaO: lime; w/b: water-to-binder ratio.
Mixtures with “*” are considered only for XRD and TGA analysis.

6.4 Results and discussion

6.4.1 Thermal power in calorimetric analysis

The thermal power generated from stabilized mixtures using SFS and PC at 1.0 and 1.5 w/b ratios
is graphically shown in Figure 6- 4 with a logarithmic time scale. It can be seen that the thermal
power curves of stabilized mixtures at a w/b ratio of 1.0 (blue curves) generally reach their peaks
earlier than those at a w/b ratio of 1.5 (red curves) regardless of binder types. This can be explained
that, with the same binder amount used and higher water content applied, the ion diffusion process
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lasts longer and there are more water-filled spaces that the ions can be released from the binders
into it. Hence, the mixtures with w/b = 1.5 can produce more heat compared to the other cases.
This is confirmed in Fig. 4 since it shows that thermal power values of the stabilized mixtures with
w/b = 1.5 range from around 0.4 to 0.7 W/Qbinder, While those of stabilized mixtures with w/b = 1.0
can reach only the range of 0.05 to 0.2 W/gpinder-
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Figure 6- 4. Thermal power of kaolin and bentonite stabilized by SFS or PC at the water-to-
binder ratios of 1.0 and 1.5.

In addition, it should be noted that the mixtures stabilized by SFS generated more heat compared
to the ones stabilized by PC. This can be explained by the hydraulic reactions occurring in the SFS
attributable to the C3A, mayenite, and free CaO present. In the presence of water, C3A reacts very
rapidly [59] through an exothermic reaction that forms metastable calcium aluminate hydrate
phases that eventually convert to the stable phase hydrogarnet [37]. Similarly, the hydration of
mayenite is also exothermic in the initial formation of metastable calcium aluminate hydrate
phases that convert to hydrogarnet [60,61]. Lastly, the hydration of CaO to form Ca(OH): is also
exothermic [62]. However, the free CaO in this SFS is only around 3 %, whereas the XRD data
(Error! Reference source not found.) shows a predominance of C3A and mayenite. Therefore, it
is likely that the hydration of C3A and/or mayenite were the cause for the high heat of hydration
in Figure 6- 4.

It is also worth noting that, in a high pH environment, the cation exchange capacity (CEC) of clay
is increased as its interlayers can effectively exchange more ions (i.e., attract more Ca®* ions
available on binder particles surface) [25,26,63], resulting in a very fast and high heat generation.
In addition to the exothermic reaction of pure CaO to form Ca(OH), the increased CEC may also
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explain why the lime-stabilized mixtures in Figure 6- 5 resulted in significantly greater thermal
power values than the SFS- or PC-stablized mixtures. Meanwhile, a considerable amount of free
CaO in SFS was converted into Ca(OH). in advance of mixing time as mentioned above; hence, it
should be expected that there would not be as significant of an exothermic reaction in the SFS
mixes compared to the pure CaO mixes. This is not mention to that the free CaO in SFS is not
necessarily all immediately available for reaction, since some of it may be present inside SFS
particles. Additionally, the free CaO may not in fact be pure CaO and may have some impurities
(e.g., Mg) that may affect its reactivity. The maximum thermal power of mixtures Kao-2%CaO-
30w/b and Ben-2%CaO-30w/b reached around 8.3 and 10.4 W/Qpinder, respectively, all other
mixtures were only under 1.0 in W/gbinder in general.

Heat Evolution of Stabilized Clay
11

— —Kao0-40% SFS-1.0w/b

10 +
Ben-40%SFS-1.0w/b

- — -Ka0-40%PC-1.0w/b

Ben-40%PC-1.0w/b

— — Kao0-40%SFS-1.5w/b

Ben-40%SFS-1.5w/b

Kao-40%PC-1.5w/b

Thermal Power (W/g biner)

Ben-40%PC-1.5w/b

- - -Kao-2%Ca0-30w/b

Ben-2%Ca0-30w/b

0.00 0.01 0.10 1.00 10.00 100
Loguw (Time / h)

Figure 6- 5. Thermal power of kaolin and bentonite stabilized by lime compared to SFS and
PC at the equivalent water-to-binder ratios of 1.5.

From Figure 6- 5, it is worth noting that the external mixing method in sample preparation could
not provide the thermal power immediately after mixing, resulting in a lack of data in the very
early curing time for the hydration stages | — initial reaction, Il — induction period, and Il —
acceleration (for the case of w/b = 1.0). This is in good agreement with a previous finding [64].

6.4.2 Total heat in calorimetric analysis

The thermal power value depicts the real-time heat that a sample generates at a certain moment,
while total heat (J/gvinder) Shows the accumulated heat at a certain moment recorded from the
mixing time [50]. Total heat values of various stabilized mixtures in this study are presented in
Figure 6- 6.
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Figure 6- 6 shows that the total heat values in mixtures Kao-40%SFS-1.5w/b and Ben-40%SFS-
1.5w/b reach the highest value of around 1100 and 1200 J/guinger after 90 hours of curing,
respectively. These values dropped by from 30% to 40% when cement is used to stabilize the clays
instead of using SFS (i.e., Kao-40%PC-1.5w/b and Ben-40%PC-1.5w/b). In general, this trend is
applicable for the stabilized mixtures at a w/b ratio of 1.0. However, as explained above, the total
heat in these cases (w/b = 1.0 cases) is smaller due to inadequate water for perfect hydration.

Interestingly, at the same condition, the stabilized kaolin’s hydration takes place more significantly
(in terms of heat generation) over that of bentonite during the very early curing time while this
trend is opposite after that. This can be closely related to the water absorbability as well as the
specific surface area of the used clays. With the same water amount used, bentonite tends to retain
more water surrounding its particle surface and absorb more water in its structure (interlayers) than
kaolin, resulting in a lack of water for ion diffusion at the very early curing time. The absorbed
and retained water is then moved out of clay particles gradually to the mixture matrix for an
equilibrium status since the water there is consumed to form linking gels. Hence, the chemical
reactions in stabilized bentonite seemed to be more steadily significant than kaolin in later ages.
Furthermore, it is widely known that bentonite has a very high CEC value that can strongly
exchange the needed ions and accelerate the chemical reactions as mentioned above.
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Figure 6- 6. Total heat of kaolin and bentonite stabilized by SFS and PC at the water-to-

binder ratios of 1.0 and 1.5.
Figure 6- 7 compares the accumulated total heat of the two CaO-stabilized clays with the SFS- and

PC-stabilized mixtures during the hydration process with curing times up to 90 hours. The
accumulated total heat of stabilized mixtures using CaO is the largest (around 3000 and 5000
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J/Qbinder for Kao-2%CaO-30w/b and Ben-2%CaO-30w/b mixtures, respectively) among the
stabilized ones, followed by cases of using SFS (around 1000 J/gbinder) and PC (around 700
J/Qbinder), respectively.

In terms of stage 111 of hydration, acceleration, Figure 6- 5 and Figure 6- 7 reveal that, at this stage
of the hydration process, all of the SFS stabilized mixtures generally took place significantly in
the first five to ten minutes after mixing, which is much faster than that of conventional PC-based
materials [65]. This is likely attributable to the very rapid reaction of C3A, which can form
metastable hydrate phases within seconds of reacting with water [59,66]. After this stage, the
binder’s particles are usually covered by reaction products such as C-S-H and CH while there is
less “free” space and water for linking gels to grow significantly [67], resulting in a slow reaction
as well as lower thermal power generated in the soil matrix. The total heat of each pair of the
stabilized mixtures (i.e., Kao-40%PC-1.5w/b vs. Ben-40%PC-1.5w/b, Kao-40%SFS-1.5w/b vs.
Ben-40%SFS-1.5w/b, or Kao-40%SFS-1.0w/b vs. Ben-40%SFS-1.0w/b) keeps gradually
increasing and finally reaches similar values in the curing time of 90 hours. Exceptionally, for the
cases of clay mixtures stabilized by CaO, there is no increase of heat recorded after this
accelerating time. It is believed that the CaO in the mixture was consumed and completely
transferred to Ca(OH). when the accelerating time is over. After that, the Ca(OH): is dissolved in
the remaining solution to reach equilibrium and to possibly contribute additional Ca?* to any CEC
reactions, which is process that can be exothermic or endothermic [68]. Also, the precipitation of
Ca(OH). in cementitious systems has been reported to be an endothermic process [69], which
could be a contributing cause a slight decrease in total hydration heat.
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6.4.3 XRD analysis

In addition to calorimetric analysis, XRD of various mixtures was also analyzed to possibly explain
the hydration heat discussed above. According to Figure 6- 8, bentonite mainly contains quartz
(Q) and montmorillonite (M). When it is mixed with SFS, new hydration products are recognized.
Particularly, with 40 % of SFS blended, the XRD result shows that there are reaction products
from the SFS hydration, including hydrogarnet (H) and hydroxy-AFm phases (Hy). It is known
that hydrogarnet is the major component in the alumina-rich systems [70]. Furthermore, both
hydrogarnet and hydroxy-AFm phases (e.g., C4AH19, C4AH13) will form from the reaction of CzA

and mayenite in the presence of water [37,59,66,71-73].

The hydration products of kaolin mixtures mixed with SFS are similar to those of bentonite, shown

in Figure 6- 9. Predominantly, the hydration products included hydrogarnet and hydroxy-AFm.
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Figure 6- 8. Qualitative XRD analysis of SFS, bentonite, and bentonite mixtures mixed with
SFS at different ratios. Identified peaks: montmorillonite (Mo), quartz (Q), mayenite (M),

tricalcium aluminate (C3A), periclase (P), hydrogarnet (H), and hydroxy-AFM (Hy).
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For both bentonite and kaolinite mixtures, there is a clear hydration reaction of the SFS owing to
the presence of C3A and mayenite. While there is free CaO and free MgO identified in the SFS
that could contribute to clay stabilization, the amount of reaction, if present, is not observable by
XRD. Therefore, while these data do indeed indicate that this particular SFS was hydraulic, it is
unclear if any reaction with the clay occurred.
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Figure 6- 9. Qualitative XRD analysis of SFS, kaolinite, and kaolinite mixtures mixed with SFS
at different ratios. Identified peaks: kaolinite (K), mayenite (M), tricalcium aluminate (C3zA),
periclase (P), hydrogarnet (H), and hydroxy-AFM (Hy).

6.4.4 TGA analysis

Figure 6- 10 shows TGA curves of bentonite and stabilized bentonite mixtures mixed with CaO
and SFS at different ratios. At around 100 °C the TGA plots show weight loss in all bentonite
mixtures due to the loss of free water. From 100 °C to around 600 °C (black rectangle), there are
weight losses of 2 % and 4 % in mixes Ben-0.4SFS-1.5wb and Ben-0.02Ca0O-30wb, respectively,
which are larger than that in the unstabilized bentonite. This provides an evidence that there are
probably some binding phases formed in the bentonite structure such as portlandite and
hydrogarnet. When the temperature exceeds 600 °C, there are weight losses (around 3 %) probably
due to the loss of structural water [74]. It should be noted that the weight loss after 600 °C (green
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rectangle) is contributed by the decomposition of calcite (CaCO3). The trend is similar for the case
Ben-1.0SFS-0.5wb and Ben-3.0SFS-0.5wb. However, there is significant weight loss recorded
(around 6 % and 10 % for mixes Ben-1.0SFS-0.5wb and Ben-3.0SFS-0.5wb, respectively) during
the temperature range of 250 — 400 °C (red rectangle). This is believed to be caused due to the
decomposition of the hydrogarnet phase found in the XRD analysis above [75].
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6.5 Conclusion

In this study, isothermal calorimetry was employed to observe the hydration heat evolution of
kaolin and bentonite stabilized by SFS compared to conventional portland cement and lime. The
use of calorimetric techniques is promising to further assess and understand the stabilization
reactions and mechanisms for conventional stabilizing binders as well as industrial by-products.
The main conclusions taken from this study can be drawn as below:

1. The hydration process of all SFS stabilized mixtures generally occurred faster than that of
portland cement or lime. The SFS in this study had a high calcium aluminate content, which
rapidly reacts with water and was likely the main cause for the rapid heat generation.

2. The clay type, particle size, and specific surface area affected the hydration behavior of
stabilized clay.
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. The “peak delay” of the thermal power curve strongly depends on the amount of water
available in the soil matrix. In addition, at the same condition, the stabilized kaolin’s
hydration takes place more significantly over that of bentonite during the very early curing
time while this trend is opposite after that.

In a clay mixture, the hydration of SFS generates more heat than that of cement, but much
less heat than that of CaO.

Hydration of SFS and PC keep gradually generating heat as time goes by while it likely
generates no heat in the cases of CaO.

. The external mixing method in sample preparation could not provide the thermal power
data immediately after mixing, resulting in a lack of data in the very early curing time. For
deeper studies, internal mixing should be employed for dealing with this issue.
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7.1 Abstract

As carbon dioxide (CO2) sequestration technology begins to emerge in the construction and
building materials sectors, industry stakeholders require quantifiable assurance of emerging
carbonated products. This study adapts a Digestion-Titration Method (DTM) for the determination
of mineralized CO> content in cementitious materials based on tests that were originally developed
in the early 1900s. The experimental conditions were optimized with a systematic design of
experiments (DOE) approach. The method utilizes hydrochloric acid to digest carbonate minerals
(i.e., CaCOs, MgCOs) under vacuum conditions. The liberated CO. from acid digestion is captured
by a barium hydroxide solution to precipitate barium carbonate. Titration is used to quantify the
remaining barium hydroxide, yielding a back-estimation of the total CO, content. We performed
our study on mixtures of fixed compositions, portland cement, and a carbonated cementitious
commercial product. DTM results were compared to thermogravimetric analysis (TGA) of the
same samples. The outcomes of this work demonstrate that DTM can provide consistent results to
TGA for samples containing a singular carbonate phase and yield more consistent quantification
of mineralized CO> for samples containing multiple reaction products.

Keywords: Digestion-titration method (DTM); design of experiments (DOE); thermogravimetric
analysis (TGA); mineralized carbon

7.2 Introduction

Demand for construction materials — predominately portland cement concrete — has been
significantly increasing due to global urbanization [1,2]. Concrete is the most utilized man-made
material globally. The production of cement contributes approximately 8 % to 9 % of global
anthropogenic carbon dioxide (CO2) emissions as a consequence [3]. Cement chemists are
studying cement-based materials’ ability to effectively absorb CO> through carbonation of various
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cementitious phases such as calcium hydroxide (Ca(OH)2) [4,5] and brucite (Mg(OH)2) [6] to
offset those emissions. Research has been ongoing (e.g., [7-10]) with regard to this technology as
well as the various cementitious materials (e.g., magnesia-based cements [6], wollastonite-based
cements [11,12], slaked lime [13,14]) that accompany it.

Reliable quantitative characterization techniques are needed to accurately report the degree of
carbonation in these material mixtures. Commonly utilized characterization techniques for this
application include X-ray diffraction (XRD), scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDS), solid-state nuclear magnetic resonance (NMR)
spectroscopy, and thermogravimetric analysis (TGA). Each technique has relative advantages and
disadvantages. XRD is a powerful technique that can identify phases present in a prepared
powdered sample based on atomic interplanar spacings and quantify crystalline phases [15].
Identification and quantification of amorphous, nanocrystalline, and glassy phases (e.g., calcium
silicate hydrate, amorphous CaCO3) can be challenging despite modern refinements of the
techniques (e.g., Partial Or No Known Crystal Structures [16,17]). SEM-EDS is a characterization
technique that allows for targeted elemental analysis of a sample’s surface and mapping elemental
concentrations, regardless of crystallinity. The technique measures the X-ray energy and intensity
distribution produced by the electron beam interacting with the sample’s subsurface (i.e.,
penetrating the sample ~ 0.02 um to 1.0 um) [18,19]. SEM-EDS has reduced quantitative accuracy
for lighter elements, such as carbon and oxygen, and cannot measure hydrogen directly. It is
commonly used via point analyses as an approximation technique [19]. Solid-state NMR has been
gaining acceptance as a characterization technique [20]. For multi-component mixtures like
cement-based materials, solid-state NMR provides the ability to detect and isolate phases via
nuclear spin isotope selection for short and long-range structural ordering in amorphous and
crystalline phases. Examples include quantitative NMR (e.g., [21,22]), {*H}?°Si cross-polarization
magic-angle-spinning (CPMAS) NMR (e.g., [23]), and in situ solid-state NMR (e.g., [24]). To the
best of the authors knowledge NMR has not been implemented to quantify mineralized CO:
contents in cementitious materials. TGA operates by measuring the mass of a sample as a function
of increasing temperature typically in an inert atmosphere, allowing for the quantification of
phase(s) present based on mass loss in specified temperature ranges [25]. TGA is able to identify
both crystalline and amorphous phases when used in tandem with other techniques such as XRD.
Additionally, once an acceptable method (e.g., ASTM C1872 [26]) is established, TGA will
require relatively minimal training in operation. However, for cement-based materials, the
determination of CO. content from TGA is not necessarily straightforward due to convolution from
overlapping thermal phenomena.

Overlapping thermal phenomena complicates identification and quantification by TGA. In the
context of this study, thermal decomposition signatures of carbonates can purportedly occur
between 105 °C and 1000 °C [27] due to the following factors. The mass lost observed between
550 °C and 830 °C is typically associated with CaCO3 thermal decomposition [27-29] but can also
be associated with iron oxidation [25]. Calcite typically decomposes above 600 °C but amorphous
CaCOg partially thermally decomposes between 400 °C and 600 °C [30], crystallizes, and then
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decomposes entirely above 600 °C. The polymorphs of calcium carbonate (i.e., calcite, aragonite,
and vaterite) can exhibit different thermal phenomena due to bound water contents [31]. For
magnesia-based cements, magnesite (MgCOs) decomposition occurs between 550 °C and 650 °C
[32]. Thermal decomposition of calcium silicate hydrate occurs over a wide range from 50 °C to
600 °C with an additional dehydroxylation mass loss at 800 °C [27], thus overlapping with the
thermal decomposition temperature ranges of CaCO3z and MgCOs. Decomposition range of CaCOs3
can vary due to experimental configuration [27] and other factors [33,34], such as vapor pressure,
sample mass, and particle size. Discrepancies in decomposition ranges can consequently lead to
underestimated reports of CaCOz content [35]. Thus, it is challenging to utilize TGA as a
standalone technique for both phase identification and quantification of a complex cementitious
mixture. TGA coupled with mass spectrometry (TGA-MS) analysis of the evolved gas could
provide a more accurate measurement of CO> content with temperature [36], although TGA-MS
instruments are less common. The acid digestion-titration technique (DTM) this publication
focuses on provides a cost-effective method to quantify mineralized CO», regardless of
composition and crystallinity of the phases present. To provide context for this technique, a brief
literature review on similar wet-chemistry approaches is provided.

The initial concept of the determination of CO- in carbonate minerals using a chemical approach
was first introduced in the early 1900s. The first chemical method via acid digestion-titration
method (DTM), to the best of the authors’ knowledge, was devised in 1918 by Van Slyke to
determine the carbonate content of bones and to determine bicarbonate content in the blood [37].
The fundamental mechanism of Van Slyke’s DTM is that CO2 from a powder or a solution is
rapidly liberated by adding strong acid under reduced pressure. The liberated CO: is captured by a
prepared barium hydroxide (Ba(OH).) solution, consequently allowing barium carbonate (BaCO3)
to precipitate. An acid-base titration method is then used to calculate the amount of remaining
Ba(OH):2 solution, thereby back-calculating the CO. that was liberated by the sample. Figure 7- 1a
shows the DTM configuration by Van Slyke.

In 1926, Hepburn [38] proposed a DTM technique similar to Van Slyke’s method for sodium and
calcium carbonate samples. In 1935, Edwards et al. [39] modified these methods for food science
applications (e.g., baking powder and self-rising flour), and their test configuration is shown in
Figure 7- 1b. Another version of the Van Slyke method was proposed by Tinsley et al. [40] in
1951 to measure CO content in soil and limestone. Amela et al. [41] used a similar method to
measure the CO- liberated during the reaction of L-tartaric acid with sodium bicarbonate.
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Figure 7- 1. Schematics of the DTM configurations from a) Van Slyke [37] b) Edwards et
al. [39], and c) Cornell et al. [42].

The Analytical Investigations Committee of the Australian Chemical Institute [42,43] developed
a new system (Figure 7- 1c) for this work based on similar working mechanisms as mentioned
earlier but occurring at a reduced boiling point of water. Jones [44] developed a similar system in
1940 but used two separate glass filter tubes instead of distillation flasks. Based on a similar
working mechanism, Partridge and Schroeder [45] developed a method that included extra
components in an effort to eliminate CO> from the ambient air passing into the system during
testing.

The different experimental methods discussed for the determination of mineralized CO: in
different materials are summarized in Table 7- 1. The majority of previous publications utilizing
DTM configurations were developed for the food or medical industries, and only one DTM study
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[39] was aimed at construction materials, which included quick lime, gypsum plaster, portland
cement, white cement, hydrated calcium silicate, and brick mortar. Overall, the published DTM
configurations have varied widely in terms of agitation or waiting time, reaction time ranging from
10 minutes (min) to 24 hours (h), and complexity of the test setup.
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Table 7- 1. Comparisons between methods for determination of carbon dioxide in different materials.

. Van Slyke ) Partridge and
Categories Hepburn [38] Edwards et al. [39] Tinsley et al. [40] Cornell [42] Jones [44] GA
[37] Schroeder [45]
Year found 1918 1926 1935 1951 1936 1940 1932
Baking Construction
) Bones and Baking powders and ) ) powders and materials (e.g., Powdered
Targeted materials All carbonates o Soils and limestone o o Carbonates ]
blood self-raising flours self-raising  quick lime, gypsum, materials
flours portland cement)
) Somewhat Somewhat ) ) Somewhat Somewhat Very )
Experimental setup . . Somewhat simple Simple ] . ) Simple
simple simple complicated complicated complicated
o Not . . . . ) . few minutes
Evacuation time . Not specified 10 min Not specified Not specified “a few minutes” 10 min ]
specified (taring)
Discomposing/Absorption .
15 minto 45
time (rotating and waiting 7h 12hto24h 35hto4.0h 50h ) 35 min to 40 min 10 min lhto2h
min
time)
Calculation Guide No No No Yes No No No No
o Somewhat Can be
Accessibility Easy Easy Easy Easy Easy Easy o o
difficult difficult

Note: Disadvantageous properties of each method are bolded.
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The novelty of the current study is the configuration and systematic optimization of a DTM test
for construction and building materials. This DTM procedure utilizes basic chemistry laboratory
supplies and chemicals, allowing for the introduction of an economical and easily accessible test
method that can be readily implemented. The DTM procedure was developed in collaboration
between researchers at Virginia Tech (VT) and the National Institute of Standards and Technology
(NIST). These results are compared to analyses of the same samples by TGA to provide a robust
test of the technique.

7.3 Experimental methodology
7.3.1 Test setup

The configuration in this study allows for acid injection directly onto the sample using a 1 mL
syringe and needle ensuring contact of the entire sample with all injected solution instead of
the separating funnels as previous methods required. As shown in Figure 7- 2, a 15 mL test tube
is connected to a 29/42 standard rubber septum Figure 7- 2)’. A 2 mm diameter hole was drilled
(Figure 7- 2) to liberate the CO2 from the sample, allowing for the emitted CO. to dissolve into
the Ba(OH)2 solution. The septum is secured into the top of a 250 mL Erlenmeyer flask with a
sidearm to connect a section of tubing with a vacuum stopcock. This arrangement allows the acid
to contact the sample under a vacuum environment at the bottom of the tube without the risk of
splashing or spraying that could contaminate the Ba(OH)2 solution in the flask. The compact
design, along with improvements in pump design and efficiency, minimizes evacuation time to
approximately ten seconds compared to upwards of 10 minutes in previous reported
configurations. The reduced pumping time and elimination of separating funnels simplifiying each
apparatus allows users to run multiple tests the concurrently. Some illustrations of the
configuration are presented in Figure 7- 3.

K. . -

Figure 7- 2. DTM configuration: 1) a 15 mL plastic test tube has a 2 mm diameter hole drilled
near the top, 2) a standard 29/42 rubber septum is fit snugly to the test tube, and 3) the septum
is secured in a 250 mL Erlenmeyer flask.

" The NIST setup used a specially fabricated 30 mL glass test tube.
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7.3.2 Calculation

When the liberated CO: is dissolved in the Ba(OH). solution, BaCO3z precipitates according to
Equation 1. Titration is then used to determine the remaining hydroxide content, according to
Equation 2.

Ba(OH):2 (ag) + CO2 (g) — BaCOs (s) + H20 1)

2 HCI (aq) + Ba(OH)2 (aq) — BaClz (aq) + 2 H.O (2)
The total dissolved COz: in the Ba(OH) solution (Mc,,) is estimated according to Equation 3,
where A is the number of mols in the Ba(OH). solution at the start of the experiment, b is the

number of mols of hydrochloric acid (HCI) titrated (g is the number of mols of Ba(OH). neutralized
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during titration), and b, is the number of mols of HCI titrated estimated from a baseline titration.
The concentration of HCI was kept low (0.1 N) for more accurate titration and to avoid over-
neutralizing the remaining barium solution, in which the excessive HCI might dissolve the BaCOs
precipitate and cause misleading in titration reading. A factor of 44 is included to convert from
mols of CO2 to grams, since the molecular weight of CO2 is 44 g mol™, and a factor of 1000 is
included to convert from liter to milliliter.

Moo, = 105 |(4=3) (A=) = | (3 -3 00200 -1) @

A prepared Ba(OH)2 solution may absorb some atmospheric CO over time. A baseline titration
should always be performed before the actual test. Performing a baseline titration is critical to
maintain the accuracy of the test method; if this was performed in the DTM configurations
presented in the literature it was not explicitly discussed in those publications except for Amela et
al. [41]. The total CaCOs amount in a sample (M¢,co,) Will be calculated according to Equation
4, which includes a factor of 44, since the molecular weight of CO; is 44 g mol%, and a factor of
100, since the molecular weight of CaCOs is 100 g mol 2.

100 100
MCaC03 = MCOZ E == OOZZ(bO - b) E == OOS(bO — b) (4)

7.3.3 Design of experiments (DOE)

A DOE approach was used to optimize the experimental configuration. Four factors were
considered at three levels, as described in Table 7- 2. The four factors were sample size, absorption
time, acid strength for digestion, and Ba(OH)2 solution volume. Since there are three levels and
four factors being considered, the full factorial testing would require 81 (= 3%) experiments. To
eliminate the need to perform One Factor at a Time (OFAT) testing, the Orthogonal Arrays (OA)
of the Taguchi method was utilized, reducing the required number of experiments. The
experimental parameters and their levels are presented in Table 7- 2.

Table 7- 2. Design of Experiment (Phase 1).

: Fixed . Levels
Experimental parameters Symbol Unit
Input 1 2 3

Absorption time Minute
(shaking time plus a few min of A 5 30 120

digestion in advance) (min)

Acid concentration (HCI) 3mL B M‘(’L;;'ty 10 15 25

Sample size Grams

(99% pure CaCOs3) c ) 005 01 02
Volume

Ba(OH). 03N D mL) 10 20 40
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Based on the OA of the Taguchi method coupled with Qualitek software® working with four factors
and three levels without interactions, nine trials with three replicates totaling 27 experiments were
implemented for this DOE. Finally, the most reliable parameters were the selected to be the
ultimate test procedure for the acid DTM.

7.3.4 Method validation

To validate the proposed method, different synthesized materials were made by NIST containing
known amounts of calcite (Cal) to be used as validating samples. Three sets of powdered samples
were prepared by mass. The first sample set was calcite mixed with calcite-free quartz sand with
0 %, 20 %, 40 %, 60 %, 80 %, and 100 % calcite by mass. The second sample set was beach rock
(BR) mix with calcite-free quartz sand with 20 %, 40 %, 60 %, 80 %, and 100 % BR by mass. The
third sample set included commercial products including one carbonated cementitious commercial
product (CP), NIST SRM 1889b Portland Cement Blended with Limestone [46], and NIST SRM
1884b Portland Cement [47]. Three DTM tests were conducted for each prepared mixture
following the proposed procedures. The results obtained by DTM and TGA methods were
compared, and sample measurements at NIST and at VT were compared. Approximately 0.1 g of
each mixture was subjected to TGA experiments using inert nitrogen at the heating rate of 10 °C
min~tto 1000 °C. Three TGA replicate tests were conducted at NIST. One TGA test was performed
at VT per sample.

While it was assumed that CaCOs is the only carbonate of concern for cement-based materials,
additional experiments were performed using MgCOz blended with alumina (Al2Oz3) as an inert
phase. Samples were prepared with 20 %, 40 %, 60 %, 80 %, and 100 % MgCOs by mass. It should
be noted that the MgCOs used in this study was 70.4 % purity, as determined using TGA, this is a
result of magnesium carbonate typically being present as a hydrous phase (i.e., MgCOz*xH-0,
where x is 2, 3, or 5).

Since organic content can exist in samples collected in the field and since organic content could
interfere with the acid digestion, additional experiments were performed with calcite blended with
10 % of humic acid (CgH9NOs) or 10 % tannic acid (C76Hs2046) by mass. In addition, gypsum
(CaS04-2H20) containing 20.9 % of CaCOs was also subjected to the test to check whether the
sulfur trioxide formed during decomposition of this material introduces interference in the DTM.

7.4 Results and discussion

7.4.1 DOE results and discussion

Figure 7- 4 plots the results from the nine cases considered in the DOE. The proposed testing
configuration worked efficiently absorbing approximately 100 % of the CO: liberated from 99 %
pure CaCO3zwith a maximum standard deviation of 3.4 % regardless of different testing procedures

8 Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such
identification does not imply recommendation or endorsement by the National Institute of Standards and Technology,
nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
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such as reacting time. Some cases reported slightly over 100 % of the given CaCOs3 (Experiments
No. 1, 4, and 9); this may be due to heterogeneity of the sample (from 1 % of its impurity) and/or
experimenter error in materials weighting or acid titration. The results indicate that 5 minutes of
absorption time is sufficient to obtain quality results. This eliminates shaking and standby hours
compared to previous DTM test procedures in the literature. It is important to note that the DOE
tests demonstrate that the DTM method is affected by sample size, strength of injected acid, and
volume of the Ba(OH). solution. For example, No. 5 used only 10 mL of Ba(OH)2 solution, which
was insufficient and absorbed roughly 0.088 g of emitted CO,. No. 7 used the weakest HCI strength
(1.0 N) of all concentrations considered, and could not digest the 0.2 g sample, liberating only a
small amount of CO> captured by the Ba(OH) solution.

Table 7- 3. Trials of testing procedures for optimal testing conditions.

Experiment -pla_f;‘c:lendgures Measured Values

N A B C D YL Y2 Y3  AverageStd Dev
1 1 1 1 1 97.80 96.82 102.22 102.82 3.30
2 1 2 2 2 101.48 99.46 96.02 98.99 2.76
3 1 3 3 3 100.08 99.35 98.09 99.17 1.01
4 2 1 2 3 105.38 10258 98.26 102.08 3.59
5 2 2 3 1 7268 7525 7406 7400 128
6 2 3 1 2 98.17 100.43 99.12 99.24 113
7 3 1 3 2 66.01 65.20 6482 6534 0.61
8 3 2 1 3 75.57 40.26 2345 46.43 26.60
9 3 3 2 1 102.42 100.48 99.71 100.87 1.40

Note: the bolded numbers are the ones that did not provide expected results
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Figure 7- 4. Degree of accuracy of nine DOE trials.

7.4.2 Proposed test procedure

One of the aims of this study was to propose a robust procedure that is capable of managing a wide
range of sample types. The above-mentioned issues identified with some of the variants in the
DOE tests could be solved by a few chemical calculations and adjusting the testing procedure
could case by case. But a most-robust set of parameters were sellected based on the DOE results
in Section 7.4.1 and used to devise a final step-by-step DTM procedure.

(1) Weigh 0.2 g of powdered sample into the 15 mL test tube.

(2) Fill the 250 mL Erlenmeyer flask with 15 mL of 0.3 N Ba(OH)2 solution. Connect the vacuum
tubing with a vacuum stopcock from the Erlenmeyer flask sidearm to the vacuum pump.

(3) Attach the test tube to the rubber septum, and insert the septum into the top of the Erlenmeyer
flask.

(4) Apply vacuum and slowly open the stopcock to subject the Erlenmeyer flask® to vacuum until
the pressure gauge reaches around 80 kPa. (Approximately 30 seconds or less in our tests).

(5) Use a syringe with a needle to inject 3 mL of 2.5 N HCI through the rubber septum to the
powdered sample in the test tube. This should be performed cautiously to avoid violent ebullition
that can contaminate the Ba(OH). solution.!® For samples with high CaCOj3 contents (> 60 %), it
is recommended to inject the acid slowly and in smaller increments (e.g., 0.5 mL at a time). Allow
the sample to be digested for a few minutes until no bubbles are visibly generated from the sample.
(6) Allow Ba(OH): solution to capture the emitted CO> for 5 min with the aid of gentle swirling.
In this study, a rotating speed of 180 rpm for an orbital shaker was found to be sufficient to keep

% Note that an Erlenmeyer flask may not be rated for vacuum conditions. It is recommended to use vacuum-rated
glassware.

10 The VT researchers discovered this issue when using a 15 mL test tube, but the NIST researchers did not
encounter this issue with a 30 mL test tube.
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the barium absorbent surface free from precipitates, which can block CO2 absorption processes.
Care should be taken during agitation to prevent HCI from contaminating the Ba(OH)2 solution.
(7) Slowly release the flask from the vacuum by opening the vacuum stopcock and gently take the
septum off the flask with the test tube still attached. Add a few drops of phenolphthalein (2 %
phenolphthalein in 95 % ethanol) to the Ba(OH)2 solution in the flask as a pH indicator.

(8) Titrate the Ba(OH)2 solution using 0.1 N HCI to determine the remaining Ba(OH).. A baseline
Ba(OH). solution should also be titrated at this point to estimate the amount of dissolved
atmospheric CO». Calculate the CO2 amount that was dissolved into the solution and precipitated
as BaCOz according to Equation 3.

While the NIST researchers followed the procedure above, the VT researchers used a scaled-down
procedure with a smaller sample size to validate the procedure for smaller samples and for samples
with a low carbonate content. The VT researchers used the same procedure above, except that the
powdered sample amount was 0.05 g, 2 mL of 2.5 N HCI was used for sample digestion, and 5
mL of Ba(OH)2 solution was used to capture the COa.

7.4.3 Method validation

Figure 7- 5 shows the comparison of CaCOs contents obtained by the DTM test and the TGA
performed by the NIST researchers. The results achieved by the two methods are in agreement,
even though TGA results have less variability. While the maximum standard deviation recorded
for TGA is around 1 %, the maximum standard deviation for the DTM test is 2.9 %. The results
from the VT researchers also report good agreement between the DTM and TGA results, as shown
in Figure 7- 6.
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Figure 7- 5. CaCOs content obtained by NIST researchers using TGA and DTM.
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Figure 7- 6. CaCOs content obtained by VT researchers using TGA and DTM.

Figure 7- 7 compares CaCOs contents in prepared mixtures using TGA from the NIST and VT
researchers. In general, the results show strong agreement, but there was a slight exception for the
80 % BR sample.

Similarly, Error! Reference source not found. collates CaCO3z contents in prepared mixtures
obtained using DTM from the NIST and VT researchers. In general, there was strong agreement,
but there were slight exceptions for the 80 % BR and 100 % BR samples. The results indicate that
the down-scaled procedure from VT works as effectively as the NIST procedure. With a smaller
amount of sample, this down-scaled procedure is especially recommended for materials containing
very high content of CaCOs (above 60 %) since it can reduce the risk of ebullition, which can
contaminate the Ba(OH)2 solution.
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Figure 7- 8. CaCOs content determined by DTM comparing the NIST and VT results.

For the commercial products, the VT and NIST results yielded similar results for sample CP of
around 43 % by DTM but TGA results ranged from 48 % to 49 %. The discrepancy is likely caused
by overlapping decomposition temperatures for CaCOz and other phases. Figure 7- 9 shows the
mass loss vs. temperature plot corresponding to TGA results for CP, and it can be seen that there
is a continuous decreasing mass, which is a strong indication of decomposition of other phases,
such as but not limited to calcium silicate hydrate. For TGA analysis, the mass loss associated with
CaCO0Os3 may include mass corresponding to the decomposition of other phases, thereby yielding an
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overestimated CaCOz content by TGA, which would explain why TGA yielded a greater estimate
of CaCO3z than DTM. The TGA-MS results by Morandeau et al. [36] suggests overlapping
temperature ranges for loss of mass due to water and CO: in carbonated cement pastes, although
Lerigoleur [49] showed no water and CO, overlap in cement pastes carbonated up to 24 hours.
However, regardless of the overlapping decomposition temperature ranges, other authors have
reported that TGA typically underestimates CaCOz contents due to issues buoyancy correction
among other errors [35].

When analyzing the portland cement samples, VT and NIST consistently found that SRM 1889b
had around 3 % to 4 % CaCOs using both DTM and TGA. According to the published SRM 1889b
Certificate of Analysis [47], the mass loss between 550 °C and 950 °C is 1.55 % + 0.12 %, which
corresponds to 3.52 % + 0.27 % CaCOs if is assumed that this mass loss range is only due to
CaCOgz thermal decomposition. Therefore, there is reasonable agreement between the published
SRM 1889b and the TGA and DTM results.

However, there was scatter in the result of SRM 1884b, ranging from 1.9 % to 3.7 % reported by
DTM method and from 0.9 % to 3.0 % reported by TGA analysis. According to the published
SRM 1884b Certificate of Analysis [48], the mass loss between 550 °C and 950 °C is 0.597 % *
0.031 %, which corresponds to 1.36 % £ 0.07 % CaCOs if is assumed that this mass loss range is
only due to CaCO3 thermal decomposition. This error could be attributable to the very low CaCOs3
content of this sample, making it difficult to determine accurately by DTM and TGA.
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Figure 7- 9. An example of background noise in TGA curve of CP sample.

The results in Figure 7- 10 show that the proposed DTM could measure the MgCOs content in the
mixtures compared to TGA. This is promising when this proposed method can also apply to
different types of cements or carbonates, such as a carbonated magnesia-based cement. On the
other hand, this can also be a drawback as it could potentially mislead and confuse the DTM results
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for the materials containing a mixture carbonate minerals. The MgCOz amount in a sample will be
calculated based on the Equation 5, since the molecular weight of MgCOs is 84 g mol .

84
M, caco03 = 75 M CO, (%)
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Figure 7- 10. MgCOs content in MgCOs-Al.Oz mixtures obtained by the proposed DTM
method at VT.

The authors found that sulfur trioxide, such as formed during decomposition of gypsum
(CaS04:2H20), did not have interference for the DTM. In addition, humic acid and tannic acid did
not appear to interfere with the DTM test. The results are presented in Figure 7- 11, showing
similar results with and without the potential interfering compound.
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Figure 7- 11. CaCOzs content measured from materials with and without interfering agent.

7.4.4 Statistical analyses

Two-tailed paired t-tests were carried out to compare the mean of DTM results obtained by the
two institutions using a significance level of 0.05. Results of the t-test are presented in Table 7- 4.
Some results were found to reject the null hypothesis, including 60% Cal, 80% Cal, 100% Cal,
80% BR, 100% BR, and 1884b. The fact that the two institutions had mixed results when
comparing the means suggests that there are still procedural questions that need to be answered
before the DTM test is considered for standardization. The differences in the means could be due
to operator error, which would suggest that the procedure needs more or alternate constraints, or
to the fact that the VT researchers used a smaller sample size (0.05 g) for DTM than the NIST
researchers (0.2 g), which additionally suggests that the sample size should be further constrained
for a standardized test method.
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Table 7- 4. t-test results comparing the DTM data from VT and NIST.
2-tailed t-test (a. = 0.05, df = 4, t =2.1318)

N(':Z(;gsre DTM by VT DTM by NIST
Cal % Stdev Cal%  Stdev N1 n.  Sp> T
20% Cal 2028 107 1801  1.89 3 3 237 181
40% Cal 39.60 081 3803 126 3 3 112 182
60% Cal 59.21  0.07 5521 153 3 3 117 453
80% Cal 7565  1.84 80.81 241 3 3 459 -2.95
100% Cal 9663  0.39 99.99  2.43 3 3 303 -2.37
20%BR 1879 179 1985 087 3 3 197 -0.92
40%BR 3695 140 3436 180 3 3 26l 197
60%BR 5355  2.09 51.04  2.89 3 3 636 122
80%BR 7094  2.74 7697  2.68 3 3 734 -2.73
100% BR 89.42 3.8 9932 229 3 3 799 -429
CP 4305  1.18 4314 225 3 3 324 -0.06
1889b 386  0.86 3.25 1.64 3 3 172 056
1884b 186  0.68 3.69 1.01 3 3 074 -261

Note: The bolded numbers are the ones that reject the null hypothesis.

Since the NIST researchers were able to perform replicate TGA tests, the same t-test parameters
were used to compare the TGA and DTM results from NIST. The t-test results are presented in
Table 7- 5. These findings further suggest that additional procedural constraints should be applied
to the DTM test prior to standardization. In the case of the CP sample, the fact that the means were
different could be due to TGA overestimating the CaCOs content due overlap with the thermal
phenomena of other phases, such as calcium silicate hydrate.
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Table 7- 5. T-test results comparing the TGA and DTM data from NIST.
2-tailed t-test (a = 0.05, df = 4, t =2.1318)

'V(':'g‘;ge Cal%byTGA  Cal % by DTM
Cal%  Stdev Cal % Stdev N1 n2  Sp? t

20% Cal  18.27 0.11 18.01 1.89 3 3 1.80 0.24
40% Cal  36.97 0.02 38.03 1.26 3 3 0.79 -1.45
60% Cal 55.04 0.02 55.21 1.53 3 3 1.17 -0.20
80% Cal 72.65 0.27 80.81 241 3 3 2.95 -5.82
100% Cal 91.59 0.11 99.99 2.43 3 3 2.96 -5.98
20% BR 19.31 0.12 19.85 0.87 3 3 0.38 -1.08
40% BR  38.32 0.09 34.36 1.80 3 3 1.63 3.79
60% BR  57.00 0.67 51.04 2.89 3 3 4.40 3.48
80% BR  76.15 0.10 76.97 2.68 3 3 3.58 -0.53
100% BR  95.25 0.07 99.32 2.29 3 3 2.63 -3.07
CP 48.43 1.68 43.14 2.25 3 3 3.95 3.26
1889b 3.27 0.15 3.25 1.64 3 3 1.36 0.02
1884b 0.93 0.03 3.69 1.01 3 3 0.51 -4.74

Note: The bolded numbers are the ones that reject the null hypothesis.

For better visualization of the results, Figure 7- 12 and Figure 7- 13 compare the DTM results from
VT and NIST and the NIST results for DTM and TGA, respectively, relative to a 1:1 line. In
general, good agreement can be observed between the different test methods and from the two
laboratories. However, there does appear to be a trend for reduced accuracy as the expected CaCO3
content increases; this may suggest that the DTM testing parameters should be adjusted based on
the expected CaCOs content.
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7.4 Conclusions

In this study, an optimized digestion-titration test for the determination of carbonate in
construction materials was successfully developed and shown to be comparable to an existing
method (TGA) with less variability and without the susceptibility to bias due to overlapping
thermal decomposition inherent in the previous method. Comparisons between DTM and TGA in
terms of advantages and disadvantages identified in this study are briefly presented in Table 7- 6.
Further work to standardize the DTM test would benefit from consideration of the effect of sample
sizes used at VT (0.05 g) and NIST (0.2 g). The smaller sample size may be recommended for
samples with high carbonate content to avoid violent ebullition during the test. The DTM generally
uses much larger sample sizes than TGA, helping experimenters have more reliable sample
representation. Overall, this method can serve as a cost-effective and easily accessible alternative
method to quantify mineralized CO, content.

Table 7- 6. Brief comparisons between DTM and TGA.

Categories Digestion-titration Thermogravimetric analysis
method (DTM) (TGA)
Targeted materials Powder Powder
. Large (upto 0.2 g and
Sample size ever? hi(ng:er it negded) Small (around 20 mg)
Experimental setup Simple Simple
Evacuation time 10s few minutes (taring)
Testing time Around 10 min lhto2h
Calculation Guide Yes No
Very high (cases without
Accuracy High overlapping phase
decompositions)
Accessibility Easy Can be difficult
. A few hundred U.S. Ten thousand or more U.S.
Equipment Cost
dollars dollars

Note: the bolded characters are disadvantage of TGA against DTM.
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Chapter 8. Conclusion and recommendation

8.1 Overview

Natural resource depletion and significant carbon footprints are problems for sustainability of
cement and concrete industries. With the vision towards the Net Zero Emissions plan by 2050
Scenario, more sustainable technologies and materials should be considered in the production of
these materials to achieve the target.

This dissertation presented a comprehensive investigation on the fate of zinc and total organic
carbon (TOC) of end-of-life tire (ELT) rubber particles when this material is used in stabilized soil
(via cation exchange capacity (CEC) of soils), portland cement (PC) concrete (via CEC and matrix
densification), and asphalt concrete (via asphalt binder bonding). The work also examined the
capturability of the three materials in immobilizing zinc and TOC within their matrix. In addition,
this dissertation investigated the heat of hydration behavior of stabilized soils with different
binders. Finally, this dissertation proposed a new chemical test model to determine the CO>
captured in cementitious materials, which can be an alternative method for thermogravimetric
analysis (TGA) with lower experimental cost and easier access.

8.2 Major findings

The major findings are summarized as follows:

1. The strength of rubberized cementitious materials (RCM) tends to decrease with an increase
in the ELT rubber content. Some of the treatment methods for ELT rubber can result in a
full recovery of strength. The strength recovery index and strength gain can be used as
effective metrics to evaluate the efficiency of a treatment method for ELT rubber used in
RCM. The significance of strength loss (SL) generally seems to depend on the original
material’s strength. For high strength cementitious materials, SL is usually smaller than that
of normal strength cementitious materials when adding the same amount of ELT rubber
when the ELT rubber content no more than 15 %. When the ELT rubber content is > 20 %,
the SL becomes similar regardless of the original strength of cementitious material or type
of concrete. More interestingly, when the treatment methods are introduced for ELT rubber,
the SL of RCM is significantly affected by the type of treatment methods instead of the
original strength.

2. The results successfully proved the hypothesis that clays possess a strong ability for zinc
immobilization. Kaolin and bentonite clays could effectively immobilize leached zinc and
TOC contents in the rubberized stabilized soil (RSS). While the treatment process for zinc
recovery from ELT rubber could provide a more environmentally conscious material, it
adversely affected the engineering properties of the RSS. ELT rubber enhanced the
flowability of stabilized clay mixtures, possibly due to its hydrophobicity. In addition, while
adding untreated ELT rubber into stabilized clay could significantly enhance the strength
of the mixture by up to roughly 95 % (for kaolin mixture) and 300 % (for bentonite mixture),
the zinc-recovery treatment process on ELT rubber negatively affected the significance of
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strength improvement in the RSS mixtures. The peak heat of hydration was increased by up
to 1.35 times due to the addition of ELT rubber in the stabilized clay mixture.

Untreated ELT rubber enhanced the flowability of the rubberized mortars. Meanwhile, a
high percentage of treated ELT rubber addition (i.e., 20 % and 30 %) and the presence of
silica fume decreased the flowability of the rubberized mortars. The engineering properties
of mortars (i.e., unconfirmed compressive strength, flexural strength, and ultrasonic pulse
velocity) decreased significantly as higher replacements with ELT rubber were used. The
treatment process for zinc recovery from ELT rubber further reduced these properties. Silica
fume could effectively recover the lost strength and significantly mitigate the rapid chloride
penetrability test value of rubberized mortar. The utilization of ELT rubber generally
delayed the hydration peak of the mortar for roughly one hour. The existence of ELT rubber
at a high percent (30 %) slightly increased the hydration peak value and accumulated
hydration heat. The zinc-recovery treatment process seemed to allow the remaining zinc to
leach out from the treated ELT rubber more easily than the untreated one. In addition, silica
fume proved to be very efficient in zinc and TOC immobilization since it could capture up
to 74 % of leachable zinc and 86 % of TOC contents in the leachate of rubberized mortars
after 28 days of soaking.

Using ELT rubber in asphalt concrete generally reduced indirect tensile strength (ITS) value
and cracking tolerance (CT) index. This happened for both of rubber types. The treated ELT
rubber helped improve ITS of the rubberized asphalt concrete (RAC) remarkably, but it did
not have significant impact in CT index. ELT rubber effectively improved the rutting
resistance of asphalt concrete. ELT rubber improved the dynamic modulus |[E*| of asphalt
concrete when the material was subjected to higher temperature conditions. Asphalt
concretes using ELT rubber tend to release more zinc than conventional asphalt concrete
after 7 days of being exposed to normal and extreme environments. While the deicing
simulating solution (0.1 M NaCl) did not promote the leachability of zinc, the simulated
acid rain solution (pH 4.0) greatly exacerbated the leaching of zinc compared to deionized
water. RAC with treated ELT rubber released even more zinc to the leaching environments
than the one using untreated ELT rubber. The zinc recovery treatment caused more pores,
cracks, and higher specific surface area in ELT rubber particles, and some residual zinc left
in the particles have larger contact with surrounding environment, leading to easier
leachability. AC is believed to effectively immobilize zinc and especially TOC leaching out
from ELT rubber particles.

. A summary of effects of ELT rubber on the three studied construction materials are
presented in Table 8 - 1. Generally, while ELT rubber has a positive impact on the
engineering properties of stabilized soil, it has both positive and negative effects on mortar
and asphalt concrete materials. The ELT rubber appears to effectively help improve
durability of the construction materials. In a return, the three studied materials help
immobilize the leachable zinc and TOC from ELT rubber within their matrix. As a result, a
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synergy is promoted when using ELT rubber in the three materials, leading to a high
possibility to increase the use of ELT rubber for civil engineering purposes.

Table 8 - 1. Effects of ELT rubber on the three studied construction materials.

Categories Stabilized soil Mortar Asphalt concrete
Dosage: ELT replaced
10 %, 20 %, and 50% of Dosage: ELT replaced 10%,
clay volume. 20%, and 30% of sand Dosage: ELT
Mixture volume. replaced 20% of sand

configurations

Water content: 2.0xLL
for kaolin and 0.5xLL
for bentonite.

Cement/solid ratio = 0.2.

Water/cement ratio = 0.65.

volume.

Increases flowability,

Increases flowability
(untreated ELT rubber) and
hydration heat.

Increases dynamic
modulus (higher
temperatures and
lower frequencies).

Engineering compressive strength
roperties . ' Decreases flowabilit
PP and hydration heat (treated ELT rubber)y Decreases ITS, CT
. ' . index, and dynamic
compressive strength, tensile
modulus (lower
strength, and UPV.
temperatures).
Improves chloride
penetration resistance Imbroves ruttin
(untreated ELT or with silica p A g
Durability fume). resistance
Worsens chloride penetration
resistance (treated ELT)
Zincand T . . - . .
ca d. .OC Effectively immobilizes the leached Zinc and TOC from ELT rubber particles
leachability

6. The hydration process of all steel furnace slag (SFS) stabilized mixtures generally occurred
faster than that of PC or lime (CaO) because of its high calcium aluminate content. The clay
type, particle size, and specific surface area affected the hydration behavior of stabilized
clay. The “peak delay” of the thermal power curve strongly depends on the amount of water
available in the soil matrix. In addition, at the same condition, the hydration of stabilized
kaolin takes place more significantly over that of bentonite during the very early curing time
while this trend is opposite after that. In a clay mixture, the hydration of SFS generates more
heat than that of cement, but much less heat than that of CaO. Hydration of SFS and PC
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keep gradually generating heat as time goes by while it likely generates no heat in the cases
of CaO.

The Digestion-Titration Method (DTM) test could provide results in agreement with TGA
data for samples with controlled carbonate content. The DTM test can be an alternative
method to determine CO2 content with lower experimental cost and easier accessibility.
The presence of both MgCOs and CaCOs in cementitious materials could potentially
mislead and confuse the results, since this MgCOs also gets decomposed under acidic
conditions to liberate CO>. Heterogeneity in the prepared samples and the inconsistency of
experimental manipulation should be considered to deal with the scattered test results.
Additional procedural constraints should be considered before the DTM test is standardized.
The TGA method appeared to have lower variability than the DTM method in controlled
samples. However, in samples where the thermal decomposition of CaCOs3 overlaps with
other phases, the DTM test is more applicable.

8.3 Significance and study importance

Natural resource depletion and CO. emissions are widely acknowledged to be serious
environmental problems and requires significant consideration when designing and producing
a construction material. Hence, understanding the impacts of reusing industrial wastes in a
construction material or the significance of reducing CO2 emissions or CO> capturability of a
construction material are very important. The methodologies and approaches presented in this
dissertation fulfill the need of these considerations. The contribution of this dissertation to
science and practice are:

Chapter 2 proposed effective new metrics for more visible and graphical discussions and
comparisons between the treatment methods on ELT rubber before its use in RCM. The
readers can understand how to process ELT rubber to achieve greater performance in RCM,
thereby reducing the CO- footprint over the life cycle.

Chapter 3 offered a novel approach to immobilize zinc leachate from ELT rubber in
stabilized soils while significantly increasing the stabilized mixture’s strength. This method
can deal with zinc leachability, a heavy metal that is detrimental to aquatic and plant life.
Chapter 4 proved that strength loss from using ELT rubber can be recovered with the
addition of silica fume. In addition, it demonstrated that a cementitious matrix can
immobilize zinc and TOC that are leached from ELT rubber, which has not previously been
reported in the literature.

Chapter 5 quantifies the leachability of zinc and TOC in RAC when using ELT rubber under
different weather conditions, which has not received significant attention in the literature. It
proved that the asphalt binder can effectively mitigate the zinc and TOC leachate from ELT
rubber, which poses a significant environmental hazard.

Chapter 6 applies isothermal calorimetry (IC) for the first time in the literature to understand
hydration kinetics during clay stabilization. This demonstrates that IC can be more widely
introduced in geotechnical engineering research.
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Chapter 7 establishes a new test method for quantifying mineralized CO: in cement-based
and other industrial materials. With additional experimental validation and methodology
optimization, it is possible that this test method can be standardized.

8.4 Recommendation for future work

This work presents different new approaches towards the sustainable production of cement-
based construction materials. Some future work is recommended to further improve and expand
the current work:

Among the multiple treatment methods on ELT rubber, only a few appear to work
effectively with proven results. Further studies should focus on these treatments,
considering the basic properties of the ELT rubber such as particle size, density, chemical
composition, and material sources and how these properties influence the physicochemical
interaction with cement paste.

Based on the large data library reported in literature, relationships between ELT rubber
particle size and engineering properties of rubberized concrete are recommended to be
established using the aid of machine learning.

There are usually significant reductions in strength of PC concrete using ELT rubber.
Studies on microstructure of this material are recommended to clarify the bonding between
cement paste and ELT rubber particles, especially focusing on the interfacial transition zone.
It is evident that the construction materials explored in this dissertation (i.e., stabilized soil,
portland cement concrete, and asphalt concrete) could immobilize the leachable zinc and
TOC from ELT rubber effectively. Samples using different ELT rubber types with various
particle size as well as chemical composition should be further studied to confirm whether
the capturability of zinc and TOC are consistent when working with a variety of input rubber
waste materials.

It is known that the CEC of clay can vary due to the content and types of ions in its structure.
Pre-treatments using ion-rich solutions (e.g., AI**, Ca?*, Na*) can be applied on a clay to
enhance its CEC, thus improving the zinc and TOC capturability of this material.

The findings in this research indicates that asphalt binder in RAC can effectively immobilize
the leachability of zinc and TOC from the ELT rubber particles (recorded up to 30 days of
leaching). The findings by this study is valuable within dry mixing process, similar studies
on wet process are recommended for more comprehensive conclusions.

The change of thermal power peak and total heat during the hydration can possibly be used
to predict the strength development of the stabilized soil mixtures, but it cannot completely
reflect the strength development behavior of the mixtures. Further studies should be
conducted using IC to clarify the relationship between thermal power during the hydration
and strength development behavior.

The external mixing method in sample preparation could not provide the thermal power data
immediately after mixing, resulting in a lack of data in the very early curing time. More in-
depth studies should consider how internal mixing should be employed for this issue.
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The TGA method appeared to have lower variability than the DTM method in controlled
samples. However, in samples where the thermal decomposition of CaCO3 overlaps with
other phases, the DTM test is more applicable. Additional procedural constraints, including
interlaboratory variability, should be considered before the DTM test is standardized. In
addition, it should be noted that the samples prepared for this study were cement-like form,
further studies can be conducted to investigate the effect of sample particle size on ultimate
result.
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