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Reduced Alkali-Silica Reaction Damage in Recycled Glass Mortar Samples

with Supplementary Cementitious Materials

Shuaicheng Guo®, Qingli Dai®*, Xiao Sun®, Xianghui Xiao®, Ruizhe Si°, Jiaging Wang®

Abstract

Recycling waste glass aggregate into concrete ednce environmental impacts but also may lead to
serious alkali silica reaction (ASR) damage. Thiglg aims to characterize ASR damage development in
the mortar samples containing reactive glass agtgegnd investigate the damage reduction effetteof
waste supplementary cementitious materials (SCMselding recycled glass powders and fly ash. The
recycled glass aggregate mortar samples with/witl8tMs were prepared in this study. The length
change tests were first conducted with the preparedar samples based on the ASTM C1260 standard.
The results demonstrated the added SCMs can ladgelgase early-age ASR expansion rate. The optical
microscope and Scanning Electron Microscope (SEMh \Energy Dispersive X-ray Spectroscopy
(EDS) were further conducted to characterize th&® AtAmage in mortar samples and investigate the
damage mitigation mechanism with added SCMs. Thebated SEM imaging and chemical analysis
indicated added SCMs can decrease both the alkdlicalcium content of the generated ASR gel. In
addition, the ASR damage development inside m@aanples were monitored with dynamic micron X-
ray CT (UCT) over a reaction period of 63 hour le temperature of 80. The scanning patterns
demonstrated the ASR damage can be easily developadthe area with initial cracks and sharp
corners. The images of glass power and fly ash lesnghowed significantly reduced ASR damage. This
study showed that adding of SCMs can largely red\@RB deterioration and thus facilitate the recyglin

glass particles into concrete.

Key words. Glass Particle, Fluorescent microscope, Suppleamgonementitious materials, X-ray
computed tomography, SEM-EDS, ASR damage
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1. Introduction

The amount of waste glass materials were quicklgumulated with the rapid social-economic
development (Yu et al., 2016). Usually the glastenls can be repeatedly recycled without changsg
physical-chemical property. However, the crushedtaylass particles with mixed color cannot be
recycled and only be sent to landfill (Shayan and X004). The accumulated waste glass can cause
heavy burden to achieve the sustainable developmRarthermore, the heavy metals contained in cdlore
glass (Co or Cr (Chen et al., 2006)) can lead timse water or soil pollution. It is thus importanotfind
additional recycling methods and the applicatioorothed glass as recycled aggregate (Ling 2Gil3)

in concrete production can resolve this issue. dliemical composition of the crush glass aggregate
(50% or more silica) is similar to that of the nainraggregate used in concrete (Ling and Poon, 3012a
The low water permeable cement paste can confinalhss aggregate and prevent the possible heavy
metal leaching (Ling and Poon, 2014a). However,dtkive silica content in the added glass aggregate
can react with the alkaline pore solution in coterand thus lead to the alkali silica reaction (ASR
damage (Jin, 1998). Under high humid condition (&2higher relative humidity (Olafsson, 1986)), the
generated ASR gel during the reaction can sigmiflgaexpand and crack concrete material througlewat
imbibing. The field cases with ASR damage have beported the area with sufficient moisture, like t
Furnas dam in Brazil (Kurtis et al., 1998) and Mectaquac dam in Canada (Hayman et al., 2010),hwhic
is in consistent with the requirement for ASR daemag mentioned above. The durability of the comcret
infrastructure can thus be seriously damaged aedctinfinement effect on heavy metal can be
deteriorated by the increased water permeabiliduéed by the ASR damage (Davraz and Gindiiz,
2008). It is thus important to identify the ASR dage in cementitious materials containing recyclessy
aggregate (Hobbs, 1988) and detect its developitioebetter understand the damage mechanism for
possible mitigation methods.

The alkali-silica reactivity of the recycled glagsarticle has been widely studied to examine italalk
silica reactivity (Shi and Zheng, 2007). Jin et(din, 1998) studied the ASR damage features ofylidees
particles in the cementitious materials with theederated mortar bar (ASTM C1260), SEM and Energy
Dispersive X-ray Spectroscopy (EDS) tests. Thauarfte of glass particle size on the ASR damage were
studied. The existence of pessimism size was c¢pafif which can cause the most severe ASR
destruction (Jin, 1998) . Further experimental gtemonstrated the pessimism size was affectetidoy t
aggregate reactivity and gel permeability.” &8azet al. (Baant and Steffens, 2000) built a representative
model (one single spherical glass particle indideunit cement cell) to study the ASR damage ptigser

in concrete containing glass aggregate. The existehpessimum size can also be confirmed throligh t

model parametric analysis. Rajabipour et al. (Rp@ab et al., 2010) analyzed influence of the edst
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initial defects on the size effect of glass aggteg@he residual cracks inside the larger glasseagge
were found to enhance its alkali reactivity, whidn explain that severer ASR damage can more easily
occur in the mortar samples with larger size giaggregate. Maraghechi et al. (Maraghechi et alLl2p0
further investigated the influence of residual ksaon the aggregate reactivity. Based on the aeteld
mortar bar test, the microcracks thinner than 2rbwere found to be innocuous. Shi et al. (Shi, 2009
studied the glass dissolution process and the sigrarmechanism of the concrete containing glass
aggregate. The soda-lime glass can be dissolvea Wie pore solution is alkaline enough (pH>12).
Particularly due to the high alkali content in glgsarticles, the alkali content in pore solutiom
needed to form the expansive ASR gel. Du et al. bd Tan, 2013, Du and Tan, 2014) compared the
ASR reactivity of glass aggregate with differentocs and sizes. The mortar prepared with clearsglas
aggregate was found to more expansive than thelsamifh green and brown glass sand. The green
particle in the size range of [1.18, 2.36] mm hhe highest alkali silica reactivity. Maraghechiagt
(Maraghechi et al., 2016) analyzed the influenceatium on the glass aggregate dissolution rate in
alkaline solution. The relative dense CSH gel cafobm on the glass aggregate surface, which aaerlo

its dissolution rate. Currently, the developmenthamism of the ASR damage inside glass aggregate is
still not clear enough. The examination techniqonghe ASR reactivity of glass concrete is still nhgi
dependent on the ASTM standard methods. New tegbsiqare needed to examine ASR damage

thoroughly, dynamically and time-efficiently.

Since the discovery of ASR damage (Stanton, 1940)ous methods have been applied to evaluate the
ASR damage inside cementitious materials, incluéixgansion rate measurement (ASTM C1260, 2014),
microwave examination (Donnell et al., 2013), daenatjffness test (Sanchez et al., 2014), acoustic
testing (Saint-Pierre et al., 2007) and etc. Thesthods above are mainly depend on the expanded
volume, changed viscoelastic properties or inciebaggter content induced by the ASR damage, which
actually can also be generated by the freeze tlzamade (Neville, 1995) or delayed ettringite formati
(Taylor et al., 2001). Hence it is difficult to diom the existence of ASR damage with these methods
along, and the microscope examination (Haha et280Dy) mostly still needs to be further conducted,
including the optical microscope (Peterson et 2009) and scanning electron microscope (He et al.,
2013). The application of microscope method toatatee ASR damage inside cementitious materials has
also been widely conducted. Fernandes et al. (Rdezaet al., 2004) applied the SEM technique tdystu
the morphology of the alkali-silica reaction protiobtained from a concrete infrastructure afteryBar
service. The initially noncrystalline ASR gel wamifd to transform into Na-rich crystals after 3 timon
storage in lab. Peterson (Peterson et al., 2008)yzed the field ASR gel with the petrographic

technique, which was obtained from a concrete stracbuilt in late 1890s. Both the amorphous and
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crystalline phases can be detected from the adidada reaction products. Bulteel (Bulteel et 20004)
investigated the mechanism of ASR damage with pavesl concrete subsystem, which was contained of
flint aggregate, portlandite and potassium hydrexidOH). The damaged flint aggregate was examined
with both the optical microscope and SEM techniqiié® aggregate porosity was found to increase with
the ASR damage and the penetration of alkali coniteio aggregate can also be detecteths®ia
(Stastna et al., 2012) investigated the ASR damageiresain concrete with combined microscopic
techniques (cathodoluminescence, polarizing anctrele microscope). Compared to the polarizing and
electron microscope, the source materials of thectiee silica can be easily identified with the
cathodoluminescence microscope. CoglrdCopurglu et al., 2009) investigated the alkali reactivify
one type basalt rock with the concrete microbatstesid examine the degradation features with the
microscopy examination. The ASR gel formed along diggregate perimeter and within the aggregate
can both be detected with the thin section petpdgreand SEM. The microscope technique has been
proved to be a feasible technique for the ASR da&ndkegection at microscale. However, it is stilfidiflt

to monitor the ASR damage development with the osicope technique as the specimen will be

destructed during the sample preparation.

Aiming at this problem, the non-destructive X-rayor@puted Tomography (CT) technique was
introduced to monitor the damage development psodgaamically. Wan et al. (Wan and Xue, 2013)
applied the in situ X-ray CT technique to analyze tompressive damage in cement paste. Based on the
grey scale values of scanning patterns, the coiomebetween the external compressive loading aed th
internal damage was analyzed quantitatively. Stamteal. (Van Stappen et al., 2016) investigated th
self-healing behavior of concrete materials comairtapsules. The breakage of the built-in capsahes
the leakage of the self-healing agents can be thetircted with the micro CT technique. Currentlg th
application of X-ray CT technique on ASR damageckitn is relative limited. Marinoni et al. (Marinio

et al., 2009) first analyzed the ASR damage in anaylinder samples with the X-ray CT techniquee Th
progressive dissolution of aggregate and propagatio microcracks can both be detected with the
reconstructed 3D images, which demonstrated theibiity of X-ray CT technique in ASR damage
detection. Marinoni et al. (Marinoni et al., 201firther studied the ASR damage feature with the
synchrotron radiation micro X-ray CT (SR Micro CTphe irregular voids induced by aggregate
dissolution and the detachment at the aggregatestepaste interface can both be detected with e S
micro CT technique. Hernandez-Cruz et al. (Hernar@eiz et al., 2016) studied the features of ASR
damage in the fiber reinforced mortar sample whbk micro CT technique. The voids filled with
generated ASR gel can be detected with the micralServation and the added fiber was found to be

able to restrain the expansion induced by the A&Radje. Currently, the application of dynamic X-ray



124
125
126

127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143

144
145
146
147
148
149
150
151

152

153

CT technique on cementitious materials containilagsggaggregate has not been conducted. In thig,stud
both the microscopy and the micro X-ray CT techagwill be applied to investigate the developmént o

ASR damage in mortar samples prepared with thecledyglass aggregate.

Besides the investigation on mechanism, the mitigamethods on ASR damage had also been
conducted for the cementitious materials contaimiggctive glass aggregate (Ling and Poon, 2014b).
Ling (Ling and Poon, 2012b) applied fly ash to cohthe ASR damage in mortar sample containing
glass aggregate and the expansion rate can b&effy controlled by the added fly ash. The amorgh
glassy phase (Bhagath Singh and Subramaniam, 204ide fly ash can easily participate into the
Pozzolanic reaction and lower the pore solutiomlality. Furthermore the added SCMs can also eréhanc
the sulfate resistance of concrete based on ba&he#perimental (Nie et al.,, 2014) and numerical
simulation results (Nie et al., 2015), reduce theeghouse gases emitted during the cement productio
and generate a greener product (Paris et al., 2@1@ddition, the fine glass powder can also sawve
supplementary cementitious materials (SCMs) to gcedthe ASR damage caused by active glass
aggregate (Schwarz et al., 2008). Afshinnia (Afsliinand Rangaraju, 2015) studied the influence of
glass powder fineness on controlling the ASR dam@ge finer glass powder (17 um size) was found to
work more efficiently than the relative coarsereyf¥rO um size). Zzheng (Zheng, 2016) studied the
mitigation mechanism of the added glass powder &R Aexpansion. The aluminum content in pore
solution was found to increase with the added gtaseder, which can reduce the dissolution rateéhef t
reactive silica. Currently, the application of nascope technique to examine the influence of tluedd

glass powder on ASR damage is relative limitedeeigly for the optical microscope technique.

This study aims to characterize the ASR damageechlg glass aggregate in cementitious materials and
the deterioration reduction effect of the added SClvhe recycled glass aggregate mortar samples with
or without SCMs were prepared for this study. Tamgles were firstly examined with the accelerated
mortar bar tests to evaluate the expansion potefiti@n the samples were further examined with both
the optical microscope and SEM tests to study tiailéd ASR damage features. The dynamic micro X-
ray Computed TomographuCT) tests were further conducted to dynamicallydgtthe ASR damage
development. This study can help to understandAMBB damage reduction mechanism of the added

SCMs for the further field application.
2. Preparation of mortar samplesand expansion tests

2.1 Preparation of Mortar Samplesfor Length Change Test



154
155
156
157
158
159
160
161
162
163
164
165
166

167
168
169
170
171

172
173
174
175
176
177

178

179
180
181
182
183
184
185

The mortar samples containing glass particles vpeepared for this study and the detailed mixture
design following the ASTM C1260 (ASTM C1260, 20k8n be found in Table 1. The reactive glass
aggregate obtained from the Vitro Minerals Co. (¢/iMinerals Company, 2016) was used in this study.
The No. 8, No. 16, No. 30, No. 50 and No. 100 giass aggregates were used for the sample prapgrati
which account for a mass percentage of 10%, 25%, Z5% and 15% respectively. Particularly the
color of the waste aggregate used this study wéxednincluding white, green, brown and etc. Therma
contents of glass particle are 3i@\l,0; CaO, and N#@+K,0, accounting for a mass percentage of
7515%, 3+2%, 11+2%, 13+3% respectively (Vitro Mialr Company, 2016). Mortar samples were
casted with the Larfage Type 1 cement. The maimate compositions of the cement are CaO,,SiO
Al,O; and FgOs, which account for a mass percentage of 62.8%9494.9% and 2.8% respectively
based on the XRF measurement (Guo et al., 2018)giss powder and the fly ash was also added into
the mortar sample as SCMs to examine the potamtialontrolling the ASR damage. Totally seven type

samples with different SCMs or replacement ratiesenprepared as shown in Table 1.

The detailed chemical composition and finenesshefadded SCMs are demonstrated in Table 2. The
alkali content of the LA type glass powder is samiio that of the CS type and the LA type glassgmw
has higher alumina content compared to the CS fipe.CS325 type glass powder is slightly finer than
that of the LA300 type and the particle size of D88&ype glass powder is much smaller than the other
two type glass powder. The fly ash has the highleshina content but the coarsest particle size.

The 2.54 cm by 2.54 cm by 28.575 cm (1 in by 1yirlh.25 in) mortar bars were prepared based on the
ASTM C490 (ASTM International, 2011) for the lengthange tests. After demolded at 24 hours, the
sample initial length was first measured. After theasurement, the samples were submerged into the
80°C water and the zero readings was taken after @4 period. After that, the samples were stored into
NaOH solution (8C0C, 1 mol/L) to accelerate the development of ASRage. The subsequent length
change measurement were conducted at 1 day, Sdiay, 7 day, 14 day, 21 day and 28 day storage age

2.2 Expansion test and length change analysis

The expansion potential of prepared mortar sampées examined with the accelerated mortar bar tests
recommended by ASTM C1260 standard. The measungahsion rate up to 14 day reaction age of the
first five type samples shown in Table 1 are dertrated in Fig.1 a). The expansion rate of the Type
sample reached 0.523% at 14 day age, which was highkr than the expansion limit (0.1% at 14 day
age) and demonstrated the high alkali reactivityhef glass aggregate. Compared to the type 1 sample
the expansion rate of the Type 2, 3, 4 and 5 sambderease by 46.6%, 58.1%, 64.9% and 59.30%
respectively, which demonstrated the added SCM®baiously reduce the ASR damage. As the particle
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size of the LA300 is very similar to that of the 325, the improvement on controlling ASR damage can
be generated by the relative higher alumina cor{@hit and Zheng, 2007). This result indicated tite L
type glass powder can control the ASR damage nfticieatly. The expansion rate of the type 4 sample
was lowest among the five type samples, which atéid the finer glass powder can work more
efficiently in reducing the ASR damage (Zeidan &add, 2017). This finding was in accordance with th
results shown in the reference (Afshinnia and Reajga2015).

Further tests with higher replacement ratio (30%3 wonducted for LA300 (Type 6) and LA800 (Type 7)
types glass powder as shown in Fig. 1 b). The esiparrate at 28 day age for the type 6 and 7 sample
were 0.067% and 0.022% respectively, which weré bmwer than 0.1%. The results demonstrated the
added glass powder can efficiently reduce the A8Ratie with sufficient replacement ratio at early
stage. The sample containing fly ash has simildmcton effect as the mortar samples with LA tyfssg

powders.
3. Microscope char acterization of ASR tested mortar samples
3.1 Surface Polishing and Treatment for the microscope examination

After the length change tests, the samples wetbduexamined with the optical microscope and SEM
tests. The mortar bars were firstly surface sawih \a diamond saw cooled with kerosene. The cut
samples were further detailed polished for thehfrexamination. To better identify the cracks et

by ASR damage, the samples were dyed with fluordssgoxy as shown in Figure 1. The sample dyeing
process was conducted based on the procedureuogddn the reference (Hanson et al., 2003) wi¢h th

IU30 Vacuum Impregnation as shown in Fig. 1 a)eAftyeing with florescent epoxy, the mortar samples

were stored overnight for the epoxy curing as shimfig. 1 b).
3.2 The examination of the mitigation effect with microscope method

For optical microscope characterization, the testuples were surface sawn, polished and dyed with
fluorescent epoxy. The examination results of fpetl sample are shown in Fig.3, where the cracks
induced by the ASR damage can be clearly identifiigd the fluorescent light. The phases with bright
color indicated the developed ASR damage in matanples. The ASR damage can lead to obvious
cracks inside the glass aggregate as shown infigi8 a) and b). The aggregate-cement paste interfa
can also be deteriorated by the alkali silica ieacand the cracks along the aggregate perimetebea
detected in both Fig.3 b) and e). The developmEAISiR damage along the aggregate boundary can lead
to the detachment between glass aggregate and tpasea as shown in Fig.3 b). The cracks induced by
the expansive gel can propagate from damaged agigrég surrounding air voids as shown in Fig.3 c)

7
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and f), which can serve as the transport path lf@line solution and promote the alkali silica réae.
Particularly the sample will be oven dried durirtie tpreparation process and the corresponding
desiccation cracks can be found on the gel sudacghown in Fig.3 b), which is in accordance wli t
report in reference (Hanson et al., 2003).

The type 2, 3, 4 and 5 samples were also examirithd the microscope technique to examine the
reducing effect of the added SCMs on ASR damagengaeed to the Type 1 sample, relatively limited
ASR damage can be detected in sample 2, 3, 4 ascsBown in Fig.4 a), b) and ¢) and d) respectively
The almost undamaged aggregate can be found iaré@es close to air void as demonstrated in Fig.4,
where the ASR damage can easily develop. Howekergxistence of expansive ASR gel can still be
detected inside the sample Type 2, 3, 4 and 5@srsin Figure 5 a), b), c) and d) respectively. Hig

5 a), b) ¢) and d) indicates the developed damagglass aggregate, propagated cracks inside glass
particle, damaged aggregate besides air voids lmndlamage developed around the aggregate-cement
paste interface respectively. It is also clear thatASR damage in the samples with added SCM$ean
mainly found inside the glass aggregate and thpggated cracks inside cement paste is still verigdd.

The expansion rate of Type 2, 3, 4 and 5 sampléesteeded the 0.1% limit at 14 day age and the
replacement ratio of 15% was not sufficient.

4. Damage characterization and chemical compaosition analysiswith SEM-EDS technique

The ASR features inside mortar samples were furimegstigated with the Environmental Scanning
Electron Microscope (ESEM). The high-resolutioncksacan be found inside both aggregate and cement
paste. In addition, the EDS with element mappingewsdso conducted to identify the phase chemical
composition.

4.1 ESEM/EDS characterization of control mortar sample

The examination results of the control mortar sasplere demonstrated in Fig.6. It is obvious severe
ASR damage can be detected in Fig. 6 a), where/lode glass particle has been broken into smatkpar
by the cracks caused by the expansion of ASR gml.dlso clear the ASR damage mainly happen inside
the reactive glass aggregate instead of the glrsemt paste interface, which is in accordance thith
results in the reference (Rajabipour et al., 20T8¢ magnification of the Area A shown in Fig. 6is)
demonstrated in Fig. 6 b), where the cracks deeglojpom the damaged aggregate to surrounding
cement paste can be clearly indicated. To bettéenstand the property of the expansive ASR gelisnd
correlation to the gel composition, the chemicahteat analysis based on the EDS technigque was

conducted on the selected sites shown in Fig. BH®.chemical composition analysis results of trea
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sites shown in Fig. 6 b) were indicated in TablesBere the gel located in S1, S2 and S3 belongé#ukto
gel inside damaged aggregate, gel along the aggregaent interface and gel penetrated to the
surrounding cement paste. Particularly, the ge) {{@3de the cracks in cement paste has both Higtti a
and calcium content as shown in Table 1, whicmigsdcordance with the results that both alkali and

calcium contents were needed to generate desteud®R gel (Vayghan et al., 2016).

The phase analysis in ASR damaged mortar sampbeegnsim Fig.6 b) was furhter conducted based on
the element mapping analysis as shown in Fig.&tegre red, yellow, blue and white colors indicatesl
concentration of silica, calcium, sodium and alumin respectively. Particulary, the brighter color
indicated higher element concentration. Three difie phases can be clearly detected from the elemen
mapping resutls, the unreacted aggregate, theusutirg cement paste and the genereated ASR gel. The
silica content in unreacted glass aggregate walsehig followed by the generated ASR gel and the
cement paste as depicted in Fig.6 c). The cemesté paea had the highest calcium concentratiorttend
calcium content of the generated ASR gel was highan that of the unreacted aggregate. The gel

peneration through the cracks in cement pastelsarba obviously detected as shown in Fig.6 c).
4.2 ESEM/EDS characterization of mortar samplewith glass powders

The mortars sample with added glass powder (Tyged34) samples were also examined with the ESEM
technique to study the corresponding ASR damagderfsa The examination results of the type 3 and 4
sample are demonstrated in Fig. 7 and Fig. 8 stghards shown in Fig. 7 a) and Fig. 8 a), the obsé
cracks can be mainly found inside glass aggregatetee cracks in cement paste are relative limitég.
damage level in these two type samples was obyidess severe than the Type 1 sample, which is in
accordance with the optical microscope and expansite results. The magnification of the selected
areas shown in Fig. 7 a) and Fig. 8 a) are indicateFig. 7 b) and Fig. 8 b) respectively. The
morphology of the ASR gel inside glass aggregatbadong the aggregate-cement paste interface can be
both observed in Fig. 7 b). The crack tip of trecture induced by ASR damage can be observed if8Fig
b).

The chemical composition analysis of the sampldh wided glass powder was also conducted. The
samples containing LA 300 type glass powder (Tya@ple) and LA 800 type glass powder (Type 4
sample) were investigated with the EDS tests aadkamination sites were indicated in Fig. 7 a) Rigd

8 a) respectively. The corresponding measuremsattsewere shown in Table 5 and 6 separately. The S
and S2 shown in Fig. 7 a) belonged to the gel alidmgaggregate-cement paste interface. The S1
indicated in Fig. 8 a) was the internal gel indide damaged aggregate, and S2 and S3 indicategbthe
along the aggregate-cement paste interface. Asrshiovilable 4 and 5, the Alkali: Si ratios of the
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samples with added glass powder were in similageartompared to the Type 1 sample without added
glass powder. However, the calcium content of AR gel in samples with glass powder was much
lower, which is in agreement with the finding thla¢ added glass powder can lower the calcium conten
in pore solution (Zheng, 2016).

The sample with added fly ash (Type 5) was furthemmined with SEM technique to analyze its damage
features and the examination results are showngind- The ASR induced damages are mainly limited
inside the glass aggregate as shown in Fig. 9 lamdudrrounding cement paste has not been obviously
cracked. The chemical composition analysis base@B test was also conducted on the sites shown in
Fig. 9 a) and the corresponding results are shawrable 6. Compared to the samples with glass powde
the sample containing fly ash has a similar Caaforout a much lower Alkali:Si ratio. Furthermotbe
alumina content of the fly ash sample is obviodsiyher than both the control sample and the glass
powder samples. These results demonstrate the diydash can better bind the alkali content and the
enhanced binding effect was probably generated fhenhigher alumina content (Chappex and Scrivener,
2012).

5. The detection of ASR damage using dynamic micro X-ray Computed Tomography (uCT)

technique
5.1. The sample preparation and basic setup of micro X-ray CT test

The dynamicuCT tests were conducted at Beamline 2-BM of the alibe Photon Source (APS) at
Argonne National Lab. The experiment setup paramsetere determined based on the former study on
the interaction between glass particle and sodiydrdxide solution (Sun et al., 2017). The scanning
resolution was 1 pm/pixel with the selected bearrgn (27.4 keV) and exposure time (300 ms). The
scanning was proceeded frorht® 180 on each cross section with 1° angular incremeng diktance

between each cross sectionis 1 um.

The preparation of the dynamically scanned sample gonducted based on method used in reference
(Guo et al., 2017). The micro scale mortar samge prepared with the Lafarge Type 1 cement and the
recycled glass aggregate from Vitro Minerals (Vitvtinerals Company, 2016). The volume ratio of
cement to aggregate and the water/cement ratioisrstudy were chosen as 0.3 and 0.5 respectilely.
addition, the cement was directly mixed with 1 mhdfaOH solution to promote the ASR development
for time-efficient evaluation. The prepared freshrtar sample was put into a PTFE tube (2 mm inner
diameter) and seated with epoxy for the X-ray Gi.t€o accelerate the reaction, the sample wasddca

at 80°C condition in an furnace as recommended by ASTIMMEDIASTM C1260, 2014).
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Besides the dynamic examination, the static scanomthe pre-prepared samples was also conducted.
Three type glass aggregate mortar samples witerdiit SCMs type and content were prepared: the
control sample without SCMs, the sample with 30%heet replaced by fly ash and the sample with 30%
replaced LA80O type glass powder. The staticalgnsed samples were prepared with the same glass
aggregate used for the dynamically examined samphescement was directly mixed with water at 0.47
w/c ratio and the prepared samples were submense@@C water for 24 hours at one day age based on
ASTM C1260 (ASTM C1260, 2014). After that the saegplvere further submersed into 1 mol/L NaOH
solution at 88C for another 7 day age before {ieT examination.

5.2. Experimental image analysisfor damage detection

The dynamicuCT scan was conducted with the prepared microscelgar sample up to 63 hours
reaction age. To better demonstrate the developofeX®R damage with higher resolution, the scanning
results at 0, 12, 36 and 63 reaction hours are detraded in Fig. 9 a), b), ¢) and d) respectivélyese
figures showed that most of ASR damage or cradkiatied from area with initial defects. These deédec
were generated during glass particle recycling ggecThe defects in glass particles can further tea
stress concentration and the fracture can mordyeatiate and propagate (Anderson and Anderson,
2005).

The influence of the initial defects on ASR damageelopment can be more detailed demonstrated by
comparing Fig.10 a) and b), which are scanneditiliand final stages (63 hrs) respectively. TheadA
shown in Fig. 10 a) was almost intact at the bagmmvhile several initial defects can be foundfie t
Area B. After 63 hours reaction, it is clear thagyl aggregate in Area B were more severe damaged
compared to Area A as demonstrated in Fig.10 b@s@&Hindings further support that the ASR damage
can more easily occur in the area with initial defe By comparing Fig.10 ¢) and d), the developed
radical cracks from the initial defects can be obsg This result indicated the cracks caused bR AS

damage can propagate randomly from the initial atefe

In addition to the damage in glass aggregate, xparesive ASR gel can also affect the cement-agtgega
bonding. A clear cement-aggregate gap can be fauréirea B as demonstrated in Fig.11 b). This
phenomenon was in accordance with the findingkerréference (Hernandez-Cruz et al., 2016), whsich i
due to the expansion of the generated ASR geldaheage developed from sharp corner area is indicate
in Fig.12, where the cracks were formed from thadhcorner area after 63 hours reaction. The srack
can serve as the transport path for alkali ion,ctvhcan increase the water permeability of the
cementitious materials and promote the developm&mSR damage. The dynamic scanning results
demonstrate the cracks can more easily develop tinerarea with initial defects or the sharp coarea.
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The expansion of the ASR gel in these area carydasid to stress concentration (Maraghechi et al.,
2012). Furthermore the propagated cracks insideasihaterials can lead the strained Si-O-Si bonds
(Munekuni et al.,, 1991) and break the Si-O covaleonds (Radtsig, 1995). These two defects can
significantly enhance the surface reactivity oicsilmaterials (Pacchioni, 2000). The stress conaton

and the enhanced reactivity due to structure defe@ere the two main reasons that the ASR damage in

glass aggregate mainly develop from the area wittal defects instead of the glass-cement past. ar

The staticuCT scanning results of the pre-prepared samplestaren in Fig.13. The large-amount of

ASR induced cracks can be observed with the coatoiple (without added SCMs) as shown in Fig. 13
a) and d). The ASR damages in the samples withdafigeash and glass powder are both significantly
reduced as demonstrated in Fig. 13 b)+e) and apdpectively. The static scanning results further

demonstrate the damage reduction effect of thech8@s.
5. Conclusions

This study demonstrated that the utilizing the @&€Ms into recycled glass particle cement pagte ca
reduce many ASR damage and thus reduce environhiemgacts. The ASR damage mechanism in
cementitious materials containing glass aggregaee wharacterized and the damage reduction effects
with waste materials (fly ash and glass powder)ewaso evaluated. The accelerated mortar bar tests
were firstly conducted to evaluate expansion. Tthentested samples were further examined with both
the optical microscope and SEM tests to investigaemorphology of the ASR damage. The chemical
composition of the reaction product was also sulidiith the EDS technique. The dynamic uCT tests
were further conducted to study the ASR damageldpreent in the mortar samples containing glass
aggregate. The main conclusions of this paperisteslibelow.

(1) Both the added fly ash and the glass powdembaiously control the ASR damage during early age
in the mortar samples containing reactive glasseagge. The expansion rate at 14-day age can decrea
by 46.6%, 58.1%, 64.9% and 59.30% with 15% replasematio of CS325, LA300, LA80O type glass
powder and fly ash respectively. The expansiorsratere 0.067% and 0.022% for the mortar samples
with 30% replacement ratio of LA300 and LA8O0O tyglass powder at 28 day age. Compared to LA300,
the LA800 glass powder can work more efficientlyciomtrolling ASR damage due to its finer particle
size. Particularly, the reduction effect of theefiglass powder is comparable to that of the fly ash

(2) The microscope examination results on contaohfes demonstrate the crack induced by the ASR
damage can penetrate from the reactive aggregathg tsurrounding cement pastes or air voids, which

can increase permeability and reduce durabilitye Bxamination on the sample with added SCMs
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demonstrate the damage are mainly limited in tlasgghggregate and only few cracks in cement paste
can be observed, which demonstrate the added S@Mprevent the increase of water permeability. The

examination also indicated ASR damage mainly dgezldnside the glass aggregate instead of the-glass
cement interface. The detachment between the gigegate and cement paste induced by the ASR gel
expansion can be observed from both optical miopsand SEM tests.

(3) Based on the element mapping analysis, the timan phases (unreacted aggregate, cement paste an
ASR gel) in the ASR damaged mortar samples candalg identified. The unreacted glass aggregate
and cement paste have the highest silica contahtcaltium concentration respectively. The calcium
content of the generated ASR gel is higher thah ¢hdhe unreacted aggregate. The expansion of the
ASR gel into cement paste through the cracks carldsely detected with the mapping analysis results
The gel inside the cracks in cement paste has kathive high calcium and alkali content, which
demonstrate both calcium and alkali content arelesdo generate destructive ASR gel. The chemical
composition analysis results demonstrate the a&d&dds can lower both the alkali and calcium content

in the generated ASR gel, which can lead to lepamsive and destructive gel.

(4) This X-ray CT scanning results in this studsstfitime provide the direct evidence that the ASR
damage can more easily generate from the areanititi defects or sharp corner area. The ASR damag
evolution in different scenarios can be observemimfrthe X-ray CT examination, including the
development of the radical cracks and the detachbetween aggregate and cement paste. Furthermore,
the uCT images of glass power and fly ash samplesexd significantly reduced ASR damage.

This study examined the damage reduction effecthef waste SCMs in the cementitious materials
containing glass aggregates. The current study dstraded the glass mortar samples had sufficie®R AS
damage resistance with 30% cement replaced by S@kish can applied for further concrete study.
Besides mitigating the environmental pressure addaing the generated @@uring cement production,
the examination results further demonstrate reptppart of cement with waste glass powder/fly e c
facilitate the waste glass particles into conceaete lead to a both greener and durable building madt
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Figure Captions:

Fig.1. a) The length change test results of theeTy2, 3 and 4 Samples up to 14 day age; b) TgHe
change test results of the Type 1, 6 and 7 samplés 28 day age.

Fig.2. Demonstration of mortar sample dyeing precesh fluorescent epoxy. a) The basic setup of the
IU30 Vacuum Impregnation Unit; b) The samples dytth fluorescent epoxy.

Fig.3. Demonstration of ASR damage inside Typerh@as. a) and d): Demonstration of cracks inside
the reactive glass aggregate; b) and e): Indicaifahe cracks along the aggregate boundary; c)fand
Depiction of ASR damage in the area close to dulsio

Fig.4. Demonstration of the reduction effect of edldSCMs on ASR damage. a), b), ¢) and d)
Demonstration of reduced ASR damage in Type 2,881d15 Samples.

Fig.5. Demonstration of the ASR damage of mortandas with SCMs. a), b), c) and d) Demonstration
of the ASR damage in Type 2, 3, 4 and 5 Samples.

Fig.6. Demonstration ASR damage in type 1 samplgusSEM. a): Demonstration of the cracks existed
in both aggregate and cement paste induced by 8¢ dgel; b) The magnification of the Area A in Fig.

a) for the better demonstration of cracks in cenpaste; c) The element mapping analysis resultsdbas
on EDS within the area shown in Fig. 6 b).

Figure 7. Demonstration of the ASR damage in timepda with added glass powder a): Demonstration of
the ASR damage features in type 3 sample; b) Miagtiibn of the Area A shown in Fig. 7 a) for the
demonstration of generated ASR gel.

Fig.8. Demonstration of the ASR damage in the samjith added glass powder a): Demonstration of the
ASR damage features in type 4 sample; b) Magnifinabf the Area A shown in Fig. 8 a) for the
demonstration of cracks inside glass aggregate.

Fig.9. Demonstration of the ASR damage in the samgth added fly ash a) and b): Demonstration of
the ASR damage features in type 5 sample.

Fig.10. The dynamic development of ASR deterioratipaggregate. A) The initial scanning at O reacti
hours; B) The scanning at 12 reaction hours; C) Sdamning at 36 reaction hours; D) The final saagni
at 63 reaction hours.

Fig.11. Demonstration of the developed ASR damagm fthe area with initial defects. a) and c) The
original aggregate morphology at 0 hour reactios; & and d) The aggregate morphology after ASR
damage at the 63 hours reaction age.

Fig.12. Indication of cracks developed from shasmer. a) Glass particle with sharp corner andainit
defect at 0 hour reaction age and b) Developedsriacglass particle at 63 hours reaction age.

Fig.13. ASR damage feature for the static examsadples (7 day age). a) The examination results of
controlled sample. b) The examination results & sample with added fly ash; ¢) The examination
results of the sample with added glass powder.
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584 Tablel
585  Mix design of the mortar samples containing re&ctlass aggregate

Cement SCMs Glass Aggregate Water
Type 1 440 g - 990 g 206.8 g
(control type)
Type 2 374 g 66 g (LA 300 Type) 990 g 206.8 g
Type 3 374 g 66 g (CS 325 Type) 990 g 206.8 g
Type 4 374 g 66 g (LA 800 Type) 990 g 206.8 g
Type 5 374 ¢ 66 g (Class F fly ash) 990 g 206.8 g
Type 6 308 g 132 g (LA 300 Type) 990 g 206.8 g
Type 7 308 g 132 g (LA 800 Type) 990 g 206.8 g
586
587
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588 Table2

589  Details of chemical composition and mesh size dfISC

CS 325 LA 300 LA 800 Fly Ash
(Sutter et al.,
2014)
Chemical Si02 50-80% 50-55% 50-55% 47.3%
Composition Al203 1-10% 14-20% 14-20% 23.4%
(mass percentage) CaOoO 5-15% 20-25% 20-25% 3.8%
Na20+K20 2-16% 8-14% 8-14% 2.4%
Particle Size D50 median size 50 60 20 -
(um) D98 top size 10-12 10-12 6-7 45
590
591
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Table3
The chemical composition analysis results of tipe tyy sample

0] Si Na K Ca Al Mg Alkali:Si Ca:Si Al:Si
(Wt %) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) Molar Molar Molar

ratio Ratio Ratio

Sitel 52.0 23.5 8.0 0.2 13.6 1.2 15 0.42 0.40 53.0
Site2  50.6 24.4 6.1 0.2 17.0 1.3 0.4 0.31 0.49 53.0
Site3  46.9 22.8 11.6 0.4 17.3 0.9 0.1 0.63 0.5304D.
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Table4
The chemical composition analysis results of tipe ty sample
0] Si Na K Ca Al Mg Alkali:Si  Ca:Si  AlSi
(Wt %) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) Molar Molar Molar
ratio ratio  ratio
Site S1 51.63 25.94 9.41 1.23 10.53 0.81 0.45 0.480.28 0.032
Site S2  50.54 26.51 10.11 1.23 10.32 0.85 0.44 0.500.27 0.033
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Table5
The chemical composition analysis results of tipe #f sample

(0] Si Na K Ca Al Mg Alkali:Si  Ca:Si  AlSi
(Wt %) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) Molar Molar Molar
ratio ratio  ratio

Site S1  48.8 28.1 10.7 1.0 10.8 0.6 - 0.49 0.27 22.0
Site S2  46.8 29.5 10.4 1.1 11.6 0.6 - 0.46 0.28 2D.0
Site S3  48.4 29.3 9.4 0.9 11.4 0.6 - 0.41 0.27 1D.02
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Table6
The chemical composition analysis results of thpely sample
0] Si Na K Ca Al Mg Alkali:Si  Ca:Si  AlSi
(Wt %) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) Molar Molar Molar
ratio ratio  ratio
Site S1 48.3 29.2 7.3 2.6 11.0 0.9 0.7 0.37 0.26 032.
Site S2  47.6 29.4 7.5 2.5 11.4 0.8 0.8 0.37 0.27029D.
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609  Fig.1. a) The length change test results of theeTy®2, 3 and 4 Samples up to 14 day age; b) TigtHe

610 change test results of the Type 1, 6 and 7 samiplés 28 day age.
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Fig.2. Demonstration of mortar sample dyeing preceth fluorescent epoxy. a) The basic setup of the
IU30 Vacuum Impregnation Unit; b) The samples dystth fluorescent epoxy.
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Fig.3. Demonstration of ASR damage inside Typerim@es. a) and d): Demonstration of cracks inside
the reactive glass aggregate; b) and e): Indicatfahe cracks along the aggregate boundary; c)fand
Depiction of ASR damage in the area close to dulsio
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Fig.4. Demonstration of the reduction effect of edldSCMs on ASR damage. a), b), ¢) and d)
Demonstration of reduced ASR damage in Type 2,881d15 Samples.
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Fig.5. Demonstration of the ASR damage of mortar@as with SCMs. a), b), c) and d) Demonstration
of the ASR damage in Type 2, 3, 4 and 5 Samples.
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630 Fig.6. Demonstration ASR damage in type 1 sampleggUsSEM. a): Demonstration of the cracks existed
631 in both aggregate and cement paste induced by $fe gel; b) The magnification of the Area A in Fig.
632  a) for the better demonstration of cracks in cenpaste; c) The element mapping analysis resultscbas
633  on EDS within the area shown in Fig. 6 b).
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636  Figure 7. Demonstration of the ASR damage in tmepda with added glass powder a): Demonstration of
637 the ASR damage features in type 3 sample; b) Magibn of the Area A shown in Fig. 7 a) for the
638  demonstration of generated ASR gel.
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Fig.8. Demonstration of the ASR damage in the samjith added glass powder a): Demonstration of the

ASR damage features in type 4 sample; b) Magnifinabf the Area A shown in Fig. 8 a) for the

demonstration of cracks inside glass aggregate.
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646  Fig.9. Demonstration of the ASR damage in the samgth added fly ash a) and b): Demonstration of
647 the ASR damage features in type 5 sample.
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650  Fig.10. The dynamic development of ASR deterioratipaggregate. A) The initial scanning at O reacti
651  hours; B) The scanning at 12 reaction hours; C) Sdaaning at 36 reaction hours; D) The final saagni

652  at 63 reaction hours.
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655 Fig.11. Demonstration of the developed ASR damagm fthe area with initial defects. a) and c¢) The
656  original aggregate morphology at O hour reactioe; & and d) The aggregate morphology after ASR

657 damage at the 63 hours reaction age.
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661  Fig.12. Indication of cracks developed from shasmer. a) Glass particle with sharp corner andainit
662  defect at 0 hour reaction age and b) Developedsriacglass particle at 63 hours reaction age.
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Fig.13. ASR damage feature for the static examiseadples (7 day age). a) and d) The examination
results of controlled sample. b) and e) The exatitinaesults of the sample with added fly ash;ra) §

The examination results of the sample with addadsgpowder.
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