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ABSTRACT

The objective of this thesis is to generatieapeunderstanding of how rapid
setting and hardening cements perform when being exposed to environments that can
hypothetically accelerate or reduce #hiali-silica reaction andlelayedettringite
formation. It has been proved in preceding literature st ordinary portland
cements expands to both coarse and fine aggregates depending on their level of known
reactivity. In order to generate precise outcomes for the study of both Calcium Aluminate
and Calcium Sul foal umi n adfime aGgegaten ilesitiedase ac t i
nonreactivewere utilized Moreover concrete exposut@dockswereanalyzed while
exposed to fieldonditions and concrete prisms and mortar bars were studied in
controlledlaboratory conditions. Specimewgrestudied basdon standard and modified

testingmethods such as ASTM CI1I2ASTM C1260Q and theKelhamMethod.
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1. INTRODUCTION

1.1  Background

In collaboration with the Texas Departmenfloansportatio{TxDOT) and the
Department of EngineerinBechnologyat Texas State University, this studypk place
to deliver amore profoundinderstanding of the effects of Alk&ilica Reactior{ASR)
and Delayed Ettringite FormatidBEF) in rapid setting and hardening cement concrete.
The significance of this projectlated tahe negative consequences that both ASR and

DEF reactions generate to Texemnsportationnfrastructure.

1.2 Statement of Prdolem

There have been some major noticeable damages in the form of cracks during the
past few years in some Texas concrete infrastructure such as bridges and roadways. Many
of these noticeable cracks have been extremely concerning anbdemfeund to be
caused byASR and DERThomas, 2013)ASRis a chemical reaction between highly
alkaline cement paste and the reactive-aystalline silica found in aggregates added to
cement concrete mixtures. This reaction also involves various types of reacteve silic
(SiOz) minerals (Fournier, 2010). ASR produces a swelling response that arises over time
causing the concrete to crack and is characterized by being an expansive reaction that
leads to a reduction in the service life of most concrete structures (Gj&018). DEF
is the formation of ettringite in moist concrete, or mortar after the destruction of primary
ettringite when exposed to high temperatures. DEF is also characterized for causing
damages to materials and structures bared at temperatures hagh@0tC (Taylor,

2000).



According to theTxDOT, transportation structures in Texas are affected by a
magnitude due to the warm and humid weather that characterizes the area. It is
concerning that these ASR and DEF deterioration damages are valued to be roughly
about $1 billion a year (Giannini, 2013). Therefore, evaluating and managing the effects
on ASRand DEF and the possible prevention by using rapid setting cement would seem

economically feasible and important for new construction.

Although rapidhardening cements are not as durablerdsaryportland cement,
theyarea great solution to meet thehedulerequirementsind budget needs in a project.
While OPChas been successfully used for many years in the construction industry, it is
more prone talrying shrinkagend cracking (Trejo, 2017). The principal idea for this
project is to prove the fathat when accelerating tis¢rengthgainin Calcium
Sulfoaluminat§ CSA) and Calcium Aluminate cemenSAC), the chemical additives
reduce shrinkage and will have major resistan@&SRB reactivity andDEF within the

aggregates.

1.3 Research Significance
1. To obtain short and lontgrm data for ASR and DEF of Calcium Aluminate,
Calcium Sulfoaluminateand blended bindesg/stems containing CAC/OPC
and CSA/OPC
2. To generate data that will shdww performance varies in these systems
basedn standarénd modiied testing methods

3. To generate data that will define the quality and durabilitiR ®HCs.



1.4

1.5

Objectives

1.

Understanding the reactivity of alkalis and sulfates of RSHCs with respect to
ASR and DEF.

Understanding mechanisms within CACSA, and blended binders with
respect to ASR and DEF.

Determiningthe influence of standardized and modified performance test
methods on RSHCs related to ASR and DEF.

Providing sifficient shortterm and longerm data to definthe quality and

durability of RSHCs.

Delimitations and limitations

1.

The study will be limited to examining only the reactivity when using CAC
and CSA cements.

The objective use®PCas a measito discover new DEF reactions and
expansivealkali-silica reactions in CAC and CSéements

The principal limitation for the development of this project is the shortage of
information regarding fast setting cements. One of the reasons why the data
about rapid setting cements is limited is because these cements are not as
popular in theconstruction industry due to their cost.

Theunpopularity of rapid setting cements affects the acquisition of materials
for the development of this project. The construction industry still relies on
affordability, durability, and reliability; therefore,ig more common for them

to useOPCinstead oR S H C AlthkoughRSHCshave been out in the

industry for decadeshese types argtill seen as a higher advancement and



1.6

1.7

are notvery demanded in the construction indus@ping further on
obtaining data and information, another limitation turned out to be that there is

notenough historiclata informatioron ASR or DEF on RSHCs.

. The research is delimited to historical findintjg collection of

measurements, and its data analysis. This testing process can take up to two
years to be completed fall the mixtures, therefore, consistency and

availability to test each specimetustbe carefully controlled.

Assumptions

1. Bindersmanaging reactive aggregattsould start to show expansiduae to

ASRat 1 year.

. Mixturesthat were dopedith additional alkali (NaOH¥$hould show more

and a quicker onset ekpansion thathose that were left as a control

. These binders used are knoto exhibit rapid setting and hardening abilities

due to the production of ettringite in their initial hours of hydration,
consequently, the setting times are correlated to the amount of ettringite

developed at curing times

Thesisorganization

In thedirection ofachievwng the objectives, this report is dividedtothree

chaptersThe first chapter is the introductievhich includes a background of the

problem and research significan@ée second chapter includiee literature review on

Rapid Settig Hydraulic Cementitious Systenmexperimental methodsasedn standard

and modified laboratory tesind several field tests of sampl&ke third chapter includes

an explanation of the methodology and the laboratory experimental program. The



laboratoryprogramcontains details about the developmentefaccelerated mortar bar

test ASTM C1260and the concrete prism test ASTM C1293 for ASR, and specimens
evaluated for DEF will include subjecting samples to an accelerated high temperature
curing regime bsed on the Kelham Method. These standards include specifications
regarding mixture methods, specimen curing times, storage techniques, and temperature
and dates for measurements to perceive ASR and DEF r@$dt®ourth chapter of this

report presentdie results and discussion of both laboratory and field tests performed for
the matter of the research goal. The fifth and final chapter includes the conclusion and

future studies.



2.LITERATURE REVIEW

2.1 Rapid Setting Hydraulic Cementitious Systems (RSHC)

Cement is a major component of concrete which constitutes about 15 to 25% of
the binding phase in concrete (C.K.Y. Leung, 2009). When utilizing ordinary portland
cement, there are more materials that are added to a concretserfoxtdifferent
purposes. These materials are called admixtures and are added to the mixture

immediately before or during mixing (Design and Control of Concrete Mixtures).

The most popular type of cement used in the construction industry has been OPC.
According toZhang (2018)usingType | portlandcemenin structural concretdelivers
the property to gain compressive strength between 3,000 and gsbi@Cthe first week
to 10 days of curingZhang, 2018 Although the compressive strength of the mixture
depends upon different aspects, the most important indicator of strength is the ratio of the
water useadompared to the amount of ceménesign and Control of Concrete
Mixtures). Typically, when there ia lower wateito-cement ratio (w/c), there will be a
higher compressive strengtim recent decades there has been an increased utilization of
nonportlandcements that can be mappropriatdor determined applicationRapid
setting, high early strenigtand durability are characteristics that define the type of

alternate cement system needed.

CalciumSulfoaluminateand Aluminate cements have been around the
construction industry since ti®60s(Horr, 2017) These two types of cements are
characterizedor leading concrete mixtures to early strength developraedtiess

shrinking when compared to OPC. The use of rapid setting cements is convenient for the



construction of concrete roads, bridges and thetfask pavement rehabilitation of
highways.CAC and CSA cementntain different component®mpared t@®OPC

which makes them an innovative, but uncommonly, used material.

Accordingto the American Concrete Institute (PR251 9 LCACHand CSA
cements are hydraulic cements that are obtainegubyerizing a solidified melt or
clinker that consists of hydraulic calcium aluminates formed from proportioned mixtures
of aluminous and .Thesé mmaporensase dividedoidnea geolps 0
that are basednamlumina and iron oxide contentThe quantities of alumina and iron
oxide define whether the material has low, intermediate, or high purity. Generally,
cements that contain higher alumina content are suitable for higher temperature
applications. CAC and CSA cements are characterizezbfttaining less silica than
OPCs(Tan, 2020). Therefore, CAC and CSA are haghly-strength and quicketting

characteristics (ACI).

Admixtures areypically classified depending on their function. Admixtures
canbe utilized asir-entraining, watereducing, plasticizers, accelerating, retarding,
hydratiorrcontrol, corrosion, shrinkage, andASR reactivity inhibitors Besides these
functions, admixtures are used to decrease the cost of concrete construction, be more

effective and maintain qualityrroughout all type of conditions.

2.1.1 Calcium Aluminate Cements (CAC)

2.1.1.1Background and history

CACsare known fomanaging a rapid setting property while developing low

temperatures. CACs have been introduced into the construction industry thanks to their



superior durability and higtemperature resistand8ACsare composed hyearly 40
percent ofalumina,40 percenbf lime, 15 percent of ferric or ferrous oxidesmd about 5
percent of fused silica that can also contain reduced amounts of titanium dsiicde,
and magnesiaurtis et al, 1999 Additionally, bauxite and limestoneethe raw
materials major components produceCAC. These major components led CACs to be

known as higkalumina cements or cement fondu.

2.1.1.2Cement chemistry and hydration of CAC

CAC is principallycomposed of monocalciualuminate (CA) which is about 50
to 60 percent of the cement by weight (Kurtis et al, 1999k rapid setting
characteristic of CAC is generatedtbye hydration of CAThe hydration of CA
produces CAH, condensedjuantities of CAH as well asaluminagel (AH ). When
exposed to higher temperatures, higher concentrations of lime and a rise in alkalinity

could be generated (Rambo et al, 2019).

The hydration of CAC primarily consists of calcium aluminate CAAC and
CA (Zhang et al, 2018C A becomes a vital component of CAC which is devoted to
hydrate to CAH . Once time passes, either at elevated or normal temperatures, both

components, CAHand CAH convert into CAH and AH.

Tablel. Chemical Properties of OPC and CAC (Kurtis et al, 1999)

OPC | CAC
(%) (%)
CGS | 5070 | 0O
CS | 1530 | <10
GA | 5-10 0
C.AF | 5-15 | 10-40
cA 0 | 40-50

Phase

Silicates

sajeuiwn|y




Rapid setting and strength gaining concrete based on CAC is made using a high
amount of superplasticizer which aids the maintenance of a low wi/c ratio, as well as an
accelerator with the aim to trigger early hardening conditibhe.high early strength of
CAC is credited tahe type ofaccelerator added in (Rambo et al, 2018 addition of
accelerators and high range water reéidunas vital to allow CAC to have an extended
working time as the working time of this material is limitétthoughlithium-based
accelerators are thmost usedogether with CAC, it is important to consult with the

cement producer befopreparingoatch trials.

2.1.1.3Application of CAC concrete

CAC is characterized for haviraghigher early strength gaiand a high heat of
hydration comparing to OPC (TxDOT, 2Q1These characteristics allow the usage of
CAC attractive in the construction industry especially during the winter months and/or
when speedy repairs are needadsigned to be a sulfatesistant cemen€AC is an
ideal tool for concrete pours in extreme cold weather conditions as CAC still allows the

achievement of high early strength gains.

Zapata (2019) stated that calcium aluminate cements (CAC) are used-in high
performance applications, as well as in situatib@as require resistance to chemical
attacks, generate a high early strength
investigating the behavior @ACsduring hightemperature conditionélthough
Zapatads study exposthdo, 8@Endd006Cs hisffimdings ara | y
important to analyze the possible outcomes of this study. Isttidy,specimens will
beexposed to high temperatures and moisture conditi@will likely generate a

stronger reaction in both DEF aA$R.

an

1



2.1.2 Calcium Sulfoaluminate Cemens (CSA)

2.1.2.1Background and history

Since the sixtieSCSAs have been used &sv CO generating alternativi®
Portland cements cementitious materiAlexander Klein patented CSA cements as an
expansive oshrinkage compensating addition to cementitious binders (Winnefeld,
2010).The active compound in the cement is calcium sulfoaluminate also known as
AKI ei nds The mgraiienmfdC8A cement is based on the fast formation of
ettringite needles withithe cement paste. The fast formation of ettringite generates a
characteristic of rapid strength gain.the 1970sC S A6 s r a anddarderengt i ng

feature allowed its utilization to be based on concrete repairs.

2.1.2.2 Cementchemistry and hydration of CSA

CSAs are produced by burni@$A clinker from limestone, bauxite, and calcium
sulfate at about 128C which proceeds to blending clinker with 15 to 25 percent of
gypsum and anhydrit&he CSA firing temperature for production is nearlp220 lower

comparing to OPC.

Ettringite is the principal hydration product of CSA. Ettringite precipitates with
amorphous AlI(OH)until the calcium sulfate is consumed after a hydration cycle of one
or two daygWinnefeld, 2010)Following the hydration ayle, monosulfate formation is

generated.

According to Zhang et al, (2018), the main hydration phase for CSA insist

t he pr esenceA8)fandniaddanbunsoi belie (CS)Canhydrite (CS)

and gehlenite (@AS). The first reaction ohydrationi s y 6el i mite involved
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than then rises into ettringite and aluminum hydroxide. This reaction delivers properties

such as low alkalinity and sulfate resistance.

Table2. Comparison between OPC and CSA cem@hisnefield, 2010)

OPC CSA
Main phases CsS, C.S, C3A, C4AF CaAss (ye'elimite)
Raw materials Limestone & clay Limestone, bauxite & anhydrite
Burning temperature 1450°C 1250°C
Grindability Medium Easy
W/CM total hydration 0.4 0.6
Main hydration products| C-S-H phases, portlandite, Ettringite, AFm-phases*,

ettringite, AFm-phases* amorphous Al(OH)s

*Afm phases is alumina, ferric oxide, monosulfate

2.1.2.3Application of CSA concrete

CSA cements an innovative optiom the construction industry that could
replacePor t 1 and cement. CSA c e mbavihngbenefigab pul ar i t
rapid setting characteristics and is being used for tunneling and underground construction
projects.Department of Transportations across the United Statesbheessfully used
CSA cement concrete to replace thousands oftaifess of freewaypavementFeaturing
a 20minute set time and great durability characteristics, CSA cement concrete has been
used for rehabilitating concrete runways at airports throughout the \Warlthermore,
CSA cements is beneficial for prestressed concrete constringt minimizing
prestressing losses associated with shrinkage when OPC is uiileedtilization of
CSA cement imdvantageoums eventswhere construction interruptions could

significantly affecthe functionality of dacility such asirportsor high traffic highwag.
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2.1.3 Blended system incorporating CSA or CAC with OPC

2.1.3.1Background and history

OPC is the hydraulic binder, obtained from limestone and clay that has been used
for decades in the construction industry due to its reliable and excellent performance.
Although CSA and CAC share qualities for developing fast setting, gaining high early
strengthand haing a high content of Aluminum Oxide contehtth systems have
completely different microscopic crysstructures. CAC is a refractory cement mostly
utilized for concrete repair€SA is pure powdered cement clinker, characterized for
having a high content of Calcium Sulfoaluminate Crysgald mainly used for rapid

repairs and precast products (Zhahgl,2018)

2.1.3.2Cement chemistry and hydration ofblended systems

CSA cements contain | aAS),ehighalsofoondis o f
OPC, as well as belite and calcium sulfates. CSA cements react to {Sskhahd
ettringite, similar to portland cements (Kurtis, 2019). However, the ettringite formed in
CSA cements is greater aadsesslower tharbinders cordining only OPC.CAC
contain mostly CA and react to form hydrated calcium aluminate phases. Usually, when
CAC is blended with OPG certain amount of calcium sulfate is added. There are some
phases in the hydration process that CAC and CSA have in comitmo@PC.All

reactions in common contribute to setting and strength development.

Trauchessec et al, (201&)mpleteda study where OPC and CSA binders were
analyzed. The study compared compressive strength and hydration processes of blends

85-15, 7030, and 4060% of OPC and CSA cement. 60% CSA cement blend had an
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incremented hardeni ng s mtioe Whedeasefortower qui ¢c k vy
blends of CSA cement 15 and 30% hardening occurred slower. The report showed that
OPC reacts slower during the first days an

lime to then form ettringit€Trauchesseec et al, 2013).

2.1.3.3Application of blended systems

CSA binders are designed to blend with portland cement to make mixes that need
fast setting and rapid hardening. G&®#C binders are characterized for providing
mixtures freeze resistance, impermeability, low pH, corrossistanceand micro
expansion propertig&urtis, 2019. CAC and CSA are known for having highst
values comparing to OPC. However, when blending CAC and CSA with OPC thase cost
can be balanced. The application of blended systems can be beneficial and not only used
for repairs. The hydration process for bd@®\C, and CSA, slowdown once OPC is
included in the binder. Therefore, blended mixturagethe characteristics @l three
types of cements. Blended types lean towards @P@avinggoodmalleability and
CAC and CSA for features of sulfate resistance and rapid setting and strength gain.

Blended binders can improve OPC dimensional stability (Trauchessec, 2013).

2.2  Alkali -Silica Reaction

2.2.1 Historical background

Alkali-silica reaction is a chemical interaction between siliceous constituents
found in concrete aggregates and hydroxyl ions. Hydroxyl ions are found within concrete
mainly because of the concentration of sodium andgsaim (Virmani, 2014). The

reactive silica found in the aggregates of most concrete Ipiesices a reaction called
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alkali-silica gel. Once this gel absorbs moisture, it expands which creates internal
pressure in the concrete. The internal pressure can reach the point to exceed the tensile
strength and crack the concrete. Therefore, potential ASR in coresaieied tested,

and inspected to avoid cracking and weakening of the infrastructure.

ASR hasvisual indicatorssuch as map crackinglosed joints, and spallingSR
has been widely known as one of the more prevalent deterioration mechanisms affecting
concrete wrldwide (Thomas, 2013). These problems were originally identified by

Thomas Stanton in the State of California in the 1930s (Stanton, 1940).

Figurel. Thomas E. Stanton showing structure affected by ASR (Stanton, 1940)

Stantondiscovered that the expansion of concrete structures was directly
subjective to the alkali content of eaadncretemixture, the magnitude of the reactive
silica in the aggregates, and the exposure to different temperatures and moisture. Shortly
afterThomagfindings weredistributed arounthe construction industry the diagnosis of

ASR turned out to be more common. This discovery also led to the initiation of studies
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and deep investigations sponsored by agencies such as the Army engaekrs,

Bureau of Public Roads, Portland Cement Association, and others (Thomas, 2013).

2.2.2 Mechanisms andessentialcomponents

To have ASRdamaging reaction occur, there are certain requirentsattsieed to
bepresentFirstly, theremustbe a sufficient quantity of reactive silica within the
aggregates. Secondly, theneistbe a sufficient concentration of alkali which is mainly
characterized to be generated frpontlandcementshowever, may also come from other
constituents (i.e., SCMsadmixtures, and oth@owderbasedvinders) Lastly, plenty of
moisturemustbe present in the environment where the structure is located (Thomas,
2013).Figure2 displays the thremzquirementgor concrete to subjected to ASR in the

field as discussebly Thomas, et al. (2013).

Reactive Silica

High Alkali Loa_lds of
Concentration Moisture

Figure2. ASR components (Thomas, et al. 2013)

AlthoughASRhas been identified to be affecti
structures for over 75 years, 1ts mechanis

proved. Its mechanisms stavith the formation of alkaisilica gel which is mainly
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composed of sodin, potassium, hydroxygnd some amounts of calcium
(Sims,2016).Therefore, this gel absorbs water from the cement past which it
surroundsOnce the gel absorlascertain amount of water from the surrounding cement
paste, the structure expandibe expansn of this water and gel absorption causes

internal stress in the structure which ultimately leads to cracking (Figure 3).

Cement
paste Reactive
Siliceaus
e Aggregate
GEL
GENERATED
BY SODIUN

AND
POTASSIUM

Figure3. ASR Mechanism
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As previously mentioned, ASR is characterized for generating cracksaanete
structures. Although with timenany types of cracksan be seen in concrete
constructions due to their normal deterioration. The cracks of ASR typically lean more to
look like map shapes. In addition to producing cracks, ASR also generates@xpans

which can be restrained in one or more directions (Tho2@ds,).

Even though the signs of deterioration in concrete generated by the ASR manifest
5 to 10 years after construction, they can usually be identified during a routine site
inspection whichs performed regularly in job sites (Fourni2gl10). Structures located
in cold and dry weather, might not show any ASR symptoms until the construction
reaches an age of 15 years or more. The influence of temperature and weather conditions
for ASR to reat becomes a concern for the Texas infrastructures as the temperatures tend
to be high and the weather is very humid almost all year long. According to the ASR field
identification book published by the Federal Highway Administration, some of the
common vsual symptoms of ASR can range from surfaceats, cracking, crushing of
concrete, discoloration on surfaces, gel production, expansion causing deformation and

displacement of structures (Diamond, 1997).

The major symptom of ASR is a map cracking pattehich surfaces on concrete
structures that are unrestrained (Thomas, 2013). Added to the cracks, discoloration can
also occur. As shown below in Figure 4 the cracks take place in a randomly oriented
form. These cracks are distinctive and can be seawamiety of structures such as in

concrete pavement and concrete columns of bridges.
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Figure4. Concrete Structures Affected by ASR (Thomas, 2013)

2.2.3 Laboratory and field-testing methods

2.2.3.1 AcceleratedMortar Bar Test (ASTM C1260)

This methodvas developed by Oberholster and Davies in 1986 at the National
Building Research Institute in South Africa (FHA, 20d8provides a tool to identify the
potential cause of ASR due to the utilization of a detegchitype of aggregathnitially,

ASTM C1260 was dedicated to only test the aggregate reactivity, but it had been found to
be a great method to assess the levels of efficacy of supplementary cementing materials
(SCMs)to reduce ASR expansiohe ASTM C126 is used to determine whether an

aggregate is potentially reactive.

The test is composed by a proces®lving thecastingof mortar
barscontainingeither coarse or fine aggregates. The following step in this test is to
demold the mortar bars after Bdurs and place them in water at room temperature. The
temperature of the waterustbe raised to 8 in the oven, and the mortar bars
specimens are stored in this new temperature and condition for another 24 heurs.
bars are then removed from tvater andmeasuredo keep track of any length

changesAfter this process, the specimens are submersed in a 1 normal NaOH solution at
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80°C to be stored for 14 days. The specimens are stowetdthe soaking ofthe

solution whileperiodicallylength measuraents areaken.

In addition, the ASTM C1260 manages a type of expansion criféms.
criteriondefines whether the specimen is innocuous, potentigdlgtive,and reactive
referred in Table 1Although these criteria limits are mentioned in stendard test

method, they are not a mandatory part of the standard.

Table3. Mortar Bar Expansion Values.

Expansion % Considered as:
<0.10 % Harmless

0.10 to 0.20 % Potentially reactive
>0.20 % Reactive

Even though the ASTM C1260 is suitable for aggregate reactivity testing, it is not
a reliable source to assess alkalimtgementsThe solution used to soak the samples in
this test method has a very high alkaline content that can cover any effect caused by
alkalinity in the cementAccording to the Portland Cement Associatiaf11),it is often
more reliable andhorecommon for researchers to use the ASTM C1Zandard Test
Method for Determination of Length Change of ConcBaie to AlkaliSilica
Reactionwhichis also known as the concrete prism test or CRPiough, ASTM C1260
had been used as a guidance for tleatoon of the mixture design. This standard is used

to determine whether an aggregate is potentially reactive.
2.2.3.2 ConcretdPrism Test (ASTM C1293)

The ASTM C1293 concrete prism tésbne of themost suitable and reliable

methodgo evaluate potential responses that will eventually lead to ASR. The ASTM
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C1293 providesesearchera strongsimilarity that connect® the performance of
specimens in the fieldAdditionally, this test is used to determine the susceptibility of an
aggregate in expansive alkailica reaction by providing a way to measure the length

changes of concrete prisms.

ASTM C1293 concrete prism test is utilized as the main method to evaluate
potential responses that will eventually lead to AGBTM C1293 isa longterm test.
The results begin to show up around a year later after casting. The standard is meant to
show the level of deleteriousness that the different mixtures could reéetied in Table
4. It is wellthoughtout for the specimen to fail thePT expansion test if it expands

more than 0.040% in one year.

Table4. CPT Expansion Values (ASTM C1293)

Specimen to be considered as: CPT Expansion %
Non-reactive <0.040
Moderately reactive 0.040-0.120
Highly reactive 0.120-0.240
Very highly reactive >0.240

2.2.3.3Concrete Blocks

The purpose of developing concrete exposure blocks is toafaald trial to
offer a more realistic sized element to evaluate ASR effects on different types of binder
systemsThe concrete blocks are considered as a field trial to analyze the effects of ASR
in respectvith all environmenrdl conditions. Fournier el.a2000) determined that
interpreting the reactivity of aggregates in laboratory conditions is faster to obtain results

but not as reliable as actually exposing the specimen to outdoor conditionsas et al

20



(2006) also investigated that a specimenld fail ASTM C1293 in two years of age,

nonethelesst could take 10 years for an exposure block to surpass the @rgt%

224 ASR performance of RSCH©O6s

CAC and CSA cementwe characterized for having early strength development.
RSCHs have generatadyhlights due tdheir lower energy consumption and
environmental impact than the traditio®@PC Properties such as fast strength gain are

based on the rapid formation ofretgite.

Types and dosage of activators are essential for ASR expansion iraatikadied
binders. As We(2020)mentionedthe most usedctivators are sodium hydroxide
(NaOH), sodium silicate, and potassium hydroxide. These activators play an irhportan
role in the alkalinity activation, they all generate different chemical compositions and
reactions which result in different ASR behavioRSHCssystems. Therefore, this

reportmanages onlgodium hydroxide as an activator.

2.3  Delayed Ettringite Formation (DEF)

2.3.1 Historical background

Ettringite is the mineral name for calcium sulfoaluminate that is usually found in
OPC concreteAccording to the Portland Cement Association, delayed ettringite
formation (DEF) is referred to be a potential deleterious reformation of ettringite in moist
concrete, mortar, or paste aftee destruction of primary ettringite by high temperature.
Ettringite stands as the mineral name for calcium sulfoaluminate (FBDA).ZEttringite
that begins forming at ear | yThesfdarmaagoea i1 s kno

early stages is part of an important component of Portland cement syistdiosing,
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ettringite is formed by the dissolutigand recrystallization in cracks is referteds

Afsecondary ettringited and does not harm t

DEF can affect largecale elementsf @recast element$he secondary ettringite
formation is the result of the continuadissolution of ettringite in fine cracks and
cavities (Thomas et al, 200®)EF is perceived as a complex phenomethamnever
affects the entire structure (Pavoine, 20T2js structural deficiency has been seen
around the world for many years, antidis been noted to be related to the exposure of
theelements tdigh temperatuieand the presence of watBayarathne (2013)
explained DEF is defined as the result of a modification of the chemical reactions during

hydration.

Figure5. Concrete Structures Affected by DEF. (Thomas et al, 2008)

2.3.2 Mechanisms and essential components

DEF is a heainduced internal sulfate attack. This deficiemcgurs when

concrete is exposed to high temperatures at early stages such as curing. This internal
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sulfate attack directly affectturability and strength of the concrete in a similar way to
Alkali-Silica Reaction. Dayarathne (2013) also explained, besieexisting sulfate
within the aggregate, there must be two important conditions for DEF to hdpefirst
condition is that the specim@rmnternal temperature must exceEsB°F /70°C. The
second condition is that themeustbe sufficient moisturavailable in the environment
where the concrete exists. DEF is often connected with ASR; therefore, the use of

potentially reactive aggregates can also exacerbate DEF.

SULFATE
EXISTANCE
WITHIN
AGGREGATE
DEF
INTERNAL PRESENCE OF
TEMPERATURE WATER
ABOVE 70C (MOISTURE)

Figure6. DEF Components

The absence of any of tkenditionsdepictedn Figure6 prohibits the formation
of late ettringiteRising temperatures can also alter the conditions of the equilibrium of
the already existing sulfate within the aggreg@itee sulfate content and sulfate/alumina
ratio of the cements are contributifagtorsfor DEF. In addition, for DEF to develop,
temperature alterations must happen within the first 12 to 24 hours after mixing. DEF

will not occur if the temperature of the speemstays high for numerous days.
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Figure7 depicts the mechanism DEF uses to develop. Sulfate and alumina get
confined rapidly leading them to form innerScH sulfate when exposed to high
temperatures. Sulfate and alumina slowly get released over tomergjipores to

generate the formation of ettringite at later ages.

Curing at temperature > 158°F

@

Ettringite does not form, Sulfates travel through
sulfates adsorb to C-S-H gel microcracks to AFm phases

Cracks form in cement paste,
gaps form around aggregate

Figure7. DEF Mechanism (Kreitman, 2011)

2.3.3 Testing methods

Presently, there are no standard ASTM or AASHTO test methods to obtain the
possible effects of DEF irementitious materials in a laboratory setting. The

contributions of DEF are difficult to separate from the effects of distinct mechanisms
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such as ASR. The Kelham could be addressed to accdlexaieEF could affect the

cementitious material.

This project applied the reasoning from Kelham (1996) to cover molds with a
watersoaked cloth to ensure 100% RH during curing. Samples were maintainé@at 23
then subjected to a heat curing cycle. The curing regime according to the Kelham method
reached 9%-. The Kelham Method differs from the Fu Method in the way that specimens

are cured.

Fu developed a study in 1997 to define whether aggregates could cause reactivity
generating expansion in specimens. Fuobs
readivity. His study was later referred as the Fu Metidch was helpful for Kelham to
acquire more knowledge in ettringite formatiéu. Method utilizes a curing method of
oven drying the specimens, whereas, the Kelham Method only dries the specimens in a
moist environment. The Kelham method is more reliable to expand the knowledge on

DEF due to the management of the moisture conditions that can assimilate the most the

Texas environment. n t he cement and concrete researc

morar due to internal sulfate attacko, Fu
in cement paste exposed to temperatures higher th&@w#ien its drying, nonetheless

the cement paste starts decomposing when drying occursGat 93

2.3.4 DEF performance of RS HCOG s

Currently, there are no studies that can be a tool of understanding how DEF reacts
on CAC and CSA cement s. RSHC6s are known

stages of curing. Pavoine et al (2012) exposed the application of a method that can
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accelerate the impact of DEF in cementitious materials that heat at temperatures over
65°C during curing. Pavoine et al (2012) took into count the sulphate content and the
alkali content of the cemenésmd concluded that the risk of DEF can be limited by

reducing the amount of sulphate and alkali content.
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3. METHODOLOGY

3.1  Experimental Program

Laboratory and field investigations are carried out to investigate the susceptibility
of CSA and CAC concrete to ASR. A combination of previous studies is to be presented
as methodology for the development of this study. Preliminary and constant tegtiaeg in
laboratory provided the tools to develop means and methods for a better understanding of

local materials and their reaction with ASR and DEF.

Although, the size, mixture and exposure condition interpreted in the concrete
prism method (ASTM C1293) ammbncrete exposure blocks are the most similar to real
infrastructure, an extended amount of time is needed for this test to have complete results.
According to Huang, who used and proved that concrete prism test method (CPT) to test
the ASR expansion inkali-activated systems was suitable, it took one year for OPC and
two years for mitigation methods to obtain results regarding development and
practicability. Therefore, this study also includes three series of mortar bar methods. The
Mortar-bar method W be utilized to accelerate the hydration and strength development

of the specimens.

3.2  Materials and mixture proportions

Concrete is a material formed hynix of coarse aggregate, fine aggregate, ceraeuit
water (West, 1996). Normally, the proportions of concrete composition are about 80%
aggregate, 13% cemeand 7% water. Coarse aggregates are materials greater than 2.36

mm in diameter. Fine aggregates that are less tham#1Bére often defined &and.
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Cement is the material that binds together and strengthens concrete. Assessing the right

aggregate can help the concrete to have a bettetdomgquality.

Stanton (1940) proved that the size of the reactive aggregate is an important factor
that afects the magnitude of the alkalilica reaction. An important reason to be cautious
when selecting the right type of aggregate is that the aggregate in each mixture is a major
factor that supplies reactive silica (Virmani, 2014). Aggregates can beexbfeam
different locations and have the unique capacity to be differentiated by their composition,

size, and chemical properties.

The most effective way to avoid obtaining fajsesitive results when exposing
specimens to ASR and DEF testing is to useenads that will not react. Consequently,
the materials chosen for thisportarelisted in Tableb. All threeaggregatessed in this
projectwere obtained from Central and South Texas produtarsughout the entire
work, these aggregates will be referteés Jobe, Limestone, and El Indidthough
Limestone and El Indio are coarse aggregates, they were crushed and respectively sieved

in the laboratory.

Table5. Aggreates:Types, Categories and Origins

Name of aggregate Type Category Origin
Jobe Fine aggregate |Reactive El Paso, TX
Limestone Coarse aggregatdNon-reactive San Antonio, TX
El Indio Coarse aggregatdModerately reactiveEagle Pass, TX
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Composing 13% of the cementitious mixture, cement is an additional aspect of
influence for ASRand DEF to develop. A variety of cements are manipulated in this
research study to gatoroader understanding of ASR and DEF affeckng§ H C ©he

cementdistedin Table6 are utilized for this report.

Themateriak that areexclusively manufactured to contain only one type of
cement, which in this case is either portland, calcium aluminate or calcium
sulfoaluminate cemenarereferenced agure cementsStraight cements such as Type |
(OPC1), Type I/l (OPC2)nd Type IlI(OPC3) are known for having good workability
turning them into the most used type of cements in the construction industry. Per
manufacturer@indications three pure rapid setting hardening cements were included in
the study such &SAC1,CSA1 and CSA2 These cementrestandalone cements and do

not require blending or additives to achieve superior performance.

Even though,he composition oproprietary blendedements isiot strongly
clarified by the manufacturerlt is known that proprietary bleed cements are already
manufactured containirgcertain amount o®PCclinker. Furthermore, laboratory
blended cements are used to analyze the influence of Type I/ll (OPC2) in the
performance of rapid setting cements such as CAC and G8Aaboratory blended
systems were proportioned to contain a 25 to 75% OPC and RSHC, respeetvely.

reference the blend type, cement |Bxsd cement types can be appreciatetiaile6.
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Table6. Cements: Blend Type$ags and Types

Blend Type | Cement ID | Cement Category Description
OPC1 Portland Normal setting portland cement with high alkali
OPC2 Portiand Normal s_ettlng portland cement, moderaté,Gand
low alkali
oPC3 Portiand Rapid Setting Portland Cement used as control fo
Straight RSHC
Cements ) ] ) ) ) ]
CAC1 Calcium Aluminate |Rapid Setting Cement based on Calcium Aluminats
CSAL Calcium Rapid Setting Cement based on Calcium
Sulfoaluminate |SulfoAluminate with low belte system
CSA2 Calcium Rapid Setting Cement based on Calcium
Sulfoaluminate  |SufoAluminate with high belite system.
CAC-B1 Calcium Aluminate Prop.rletary Rapid Setting Cement based on Calci
Aluminate and OPC
CAC-B2 Calcium Aluminate |Proprietary PreBlend of CAC with Class C Fly As
. Calcium Proprietary PreBlend of CSA with pozzolan and
Proprietary| CSA2-Bl1 . . P v . P
Sulfoaluminate  [mineral admixtures
Blended
Cements | csA2-B2 Calcium Proprietary PreBlend of CSA with pozzolan and
Sulfoaluminate  [mineral admixtures
Calcium )
PCSAl1 Suffoaluminate Proprietary PreBlend CSA
Calcium Proprietary PreBlend CSA but with different chemif
PCSA2 .
Sulfoaluminate |and/or fineness
Calcium Aluminate Ternal NT 204 is a pure blend of CAC at a ratio 0
CAC-OPC2 . 2.2:1. This systems is intended to be blended with
Laboratory with Portland
OPC.
Blended
Cements Calcium . ) o
CSA-OPC2| Suffoaluminate with CSAis a pure onv belite CSA syst('em..Thls .b|nder
Portiand can be used on its own or in combination with OP

Grantingthatthe specifiacconstituent@added on these proprietary blended cements
are not available from the manufacturers, the chemical composition is detailed if7.Table
Cement chemistry is thought to be a major contributing factor for reactions related to
ASR and DEF. The amount of alummuwoxide (Al O ), calcium oxide (CaO), sulfate
(SO), and alkalis (N&e)arepredictableo beinducingfactors for ASR and DEF

effects.
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Table7. Cements: Chemical Properties

I?;_L?pr;d ID SiO2 [Al203|Fe203 CaO | MgO | SO3 | Na20| K20 |Na20g P205| ClI | TiO2 | MnO | ZnO |Cr203| LOI | CO2
OPC1 | 19.60| 5.19 | 2.06 | 64.01| 1.12 | 386 | 0.12 | 091 | 0.72 | 013 | 0.01 | 0.24 | 0.03 | 0.01 | 0.01 | 3.80 | 2.49

OPC2 | 21.06| 4.02 | 3.19 | 6391 1.08 | 289 | 0.14 | 0.61 | 0.53 | 0.11 | 0.01 | 0.18 | 0.03 | 0.05 | 0.01 | 2.29 | 1.52

Pure OPC3 | 19.67| 534 | 1.76 | 63.41| 099 | 527 | 0.10 | 044 | 039 | 0.29 | 0.01 | 0.23 | 0.03 | 0.01 | 0.01 | 4.06 | 1.19
Cementy CAC 4.34 | 38.65| 15.09| 38.37| 0.39 | 0.16 | 0.05 | 0.14 | 0.14 | 0.12 | 0.00 | 1.82 | 0.11 | 0.02 | 0.11 | 1.55 | 0.64
CSA1 9.07 | 21.61| 2.26 | 45.26| 0.94 | 20.26( 0.07 | 0.30 | 0.27 | 0.07 | 0.01 | 0.76 | 0.07 | 0.01 | 0.02 | 1.05 | 0.27

CSA2 | 20.56| 16.14| 1.35 | 45.31| 1.23 | 14.73| 0.77 | 0.72 | 1.24 | 0.16 | 0.02 | 0.76 | 0.01 | 0.02 | 0.02 | 4.74 | 1.81

CAC-B1 | 13.46| 12.23| 2.67 | 56.65| 2.86 | 990 | 0.20 | 0.79 | 0.72 | 0.11 | 0.01 | 0.60 | 0.14 | 0.07 | 0.04 | 1.21 | 0.54

CAC-B2 | 12.71| 32.94| 12.95| 35.09| 1.79 | 0.84 | 0.50 | 0.24 | 0.65| 0.30 | 0.01 | 1.70 | 0.09 | 0.02 | 0.09 | 1.23 | 0.36

B:::;Z CSA2-B1| 13.63| 15.82| 0.75 | 51.28| 1.14 | 16.62| 0.29 | 0.62 | 0.69 | 0.15| 0.02 | 0.72 | 0.01 | 0.02 | 0.02 | 3.06 | 1.28
Cement CSA2-B2| 14.72| 14.37| 1.22 | 53.85| 1.23 | 14.40| 0.10 | 0.59 | 0.49 | 0.15| 0.02 | 0.65 | 0.04 | 0.01 | 0.02 | 3.39 | 1.76
PCSA1 | 17.38| 11.06| 2.98 | 55.82| 1.25 | 10.68| 0.43 | 0.52 | 0.77 | 0.12 | 0.01 [ 0.58 | 0.07 | 0.01 [ 0.01 | 2.26 | 1.25

PCSA2 | 20.14| 15.73| 3.52 | 43.90| 1.55 | 12.88 0.59 | 0.52 | 093 | 0.23 | 0.01 | 0.75| 0.06 | 0.02 | 0.03 | 1.95 | 0.82

Lab |CAC-OPC2 16.53| 10.79| 2.71 | 58.07| 0.89 | 7.43 | 0.14 | 050 | 0.47 | 0.10 | 0.01 | 0.52 | 0.02 | 0.04 | 0.02 | 2.19 | 1.23
Blends [CSA-OPC2 18.06| 8.42 | 2.96 | 59.25| 1.04 | 7.23 | 0.12 | 0.53 | 0.47 | 0.10 | 0.01 | 0.33 | 0.04 | 0.04 | 0.01 | 1.98 | 1.21
N/A CAC1 2.93 | 31.12( 1.25 | 40.57| 0.33 | 21.08| 0.14 | 0.19 | 0.27 | 0.07 | 0.00 | 1.54 | 0.01 | 0.01 | 0.04 | 1.90 | 0.37




Admixtures are adjusted and added accordingly to the workability needs while mixing.

The admixtures of utilization are listed and described in Table 8.

Table8. Admixtures: Description and Potent@utcomes

Admixture Description Potential outcome/effects

High range wate

Achieve maximum water reduction
reductor

Viscocrete 4100

, Accelerate set times and increase early strg
Chloride-free se

Sika NC gain. Recommended 10-45 fl. Oz. per 100
accelerator
of cement.

CAC based | Accerelate set times. Recommended by G

GCX-500 :
accelerator cement supplier.

Doses between 0.2% and 0.4% for mode
Citric acid powder Organic retarder  retardation. Potential to lead to a slower
growth of silicate crystal.

Sodium Hydroxide

0 : ) . .
(NaOH) 50% solution Used for non-alkali-reactive aggregates.

32



3.3  Alkali -Silica Reactivity Experimental M ethods

3.3.1 Concrete exposure blocks

At the time of analyzing ASR, the only benchmarking of a laboratory
performance test is against real concrete structures if available. However, there can be
surrogate for ASR studies, which are large concrete blocks exposed outdoors and
exposed to natural weathering conditions Researchers such as, Thomas (2006) have also
employed the use of large concrete exposure blocks subjected to natural conditions to
detemine the vulnerability of an aggregate or combination of aggregate in expansions

due to ASR (Thomas, 2006).

An exposure site withithe facilities ofTexas State University San Marcos,
Texaswas organized in July of 202A.total of 12 concrete mixtusewere prepared in
August of 2020shown in Figuré. These blocksiremonitored periodically tobtain
findings on possible cracking generated by ASR. The monitoring of these exposure
blocks includsvisual inspections, length change measurements and, temperature and
relative humidity variationsAlthough the blockgurrentlyrange between six and eight
months of age, only simonth dataretaken into count for writing compilation and

analyses.
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Figure8. Exposure Concrete Block Site at Texas State Univerfigpruary 15, 2021

3.3.1.1Materials and mixture proportions

Previous studies performed in the laboratory, allowed the development of all
mixture designsBeing the most common type of cement used in the construction
industry, Type | (OPC1l)kerved as the baseline material for comparison against CSA and
CAC cementsOPC1 containing an alkali content of 0.72 Qaq was used. The alkali

content in CSA and CAC cements varied between 0.14 and 1.24 as descTibblkfh

This binder of concrete blocks managed a low water/cement ratio of 0.35, a total
cementitious conterof 752 per cubic yard and no additional alkalis added into the
mixtures. Furthermore, the serisglescribeds undopethroughout the projecue to
the lack of additional Sodium Hydroxide (NaOHm).addition to the exposure blocks,
this mixture matrixincluded (4) prisms foseries ICPT test and (2) cubes for strength

purposes.
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Table9. Concrete Exposure Blocks: Mixture Design

. Secondary
Mix Tag Primary Cement* Type Rock* Sanad* Water* | NaOH*
Cement* m

OPC1 752.00 - 1844.16 1152.60 | 263.20 -
OPC2 - - - - - -
OPC3 - - - - - -
CAC1 752.00 - 1844.16 1152.60 | 263.20 -
CSAl 752.00 - 1844.16 1152.60 | 263.20 -
CSA2 658.00 - 1913.57 1195.98 | 250.04 -
CAC-B1 752.00 - 1844.16 1152.60 | 263.20 -
CAC-B2 752.00 - 1844.16 1152.60 | 263.20 -
CSA2-Bl 752.00 - 1844.16 1152.60 | 263.20 -
CSA2-B2 752.00 - 1844.16 1152.60 | 263.20 -
PCSA1 752.00 - 1844.16 1152.60 | 263.20 -
PCSA2 752.00 - 1844.16 1152.60 | 263.20 -
CAC-OPC2-B1 188.00 564.00 1844.16 1152.60 | 263.20 -
CSA-OPC2-B2 188.00 564.00 1844.16 1152.60 | 263.20 -
CAC-OPC2-B2 - - - - - -
CSA-OPC2-B2 - - - - - -

*Weight in Pounds per Cubic Yard
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3.3.1.2Timeline and procedure

The exposure blocks serisghe most realistic series of binders throughout the
project. The 160x160 concrete exposure bl
for ASR testingThese blocks are the most comparable in size to concrete stribatres

are normally used in heavy civil projects.

Concrete blocksverekept at outdoor exposuwdth the aim of experiencing ¢h
effectsof all temperatures and humidity levels in San Marcos, TiR¢ standardized test
ASTM C1293wasappliedtowardmixing processeand todetermineASR effects on

CAC, CSA, and blended binders cast as concrete exposure blocks.

The timeline stagdatday O which is the day the concretaspoured.To
accelerate curing, the temperature and relative humidity musttlegichighest point.
Therefore, he specimemvascovered with alightly wetedburlapand a plastic layer as
soon as pouringiascompletel. Eachblock maintaireda curing regime of 7al/s On

day 7, the specimengeredemolded.

Figure9. (1) Exterior View of 16 x 16 x 16 in Wooden Mold (2) Side View of Wooden
Mold (3) Interior View of Wooden Mold.
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According toASTM C1293 for ASR findings, thémeline for completions
typically 24 monthsExpansion and drying shrinkagéthe specimenwas
capturedat specificages.The specimengere measureih the length comparator age

of 7, 28, and 56 days, as well as 3, 6, 9, 12, 18 and 2mont

Each block specimetontaireda total of 4 stainless steel pins on each face, for a
total of 20for measuring purposeshe measurementgeretakenmonthly for abousix
to eightmonths Each measurement incligdevelve expansion measuremeitstwere
averaged at each exposuredimhe gaugdike length comparatawvasadjusted

according to the side of the block to be measured.

90 1 02 .
. g 8 A, “N‘A AA, “:4.
o e | B2
‘.‘ .u. Side 3 | Yde &
A e, aa
Ot oL e
o ™
"o o e <
&, '™
1or 3 (Top)
I 0 oA

Figurel0. (1) Gauge Measurement Device (2) Rieasurements Diagram

As clarified in method ASTMC1293, the ideal exposure time to develop
measurements range betweer/G8F. Therefore, great tool to obtain accurate
temperatures and measuremdatghe expansion blockgasa concrete sensor. The

corcrete sensor from Hiltvasaddedpreciselybefore pouringas shown in Figurgl. It
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wasattached to one of the pins inside the concrete block to measure relative humidity and
temperature. This senseasactivated with light ad connected via Bluetooth #

mobile phoneThe temperature and humidity data obtained femmhsensomithin each
mixturewasdirectly extracted from the mobile application to ensure constant values for
the time of measuremenf3ue to the shortage of equipment availability, only nine out of

twelve mixtures contained sensors.

Hilti
Temperature
and Humidity

Sensor

Figurell. Interior View of 16 x 16 x 16 in Wooden Mold with Hilti Temperature and
Humidity Sensor Attached
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Ideally, the completion date for the study is 24 months after the castind\llate.
concrete exposure blocksthis reportwereanalyzedonly until 6 montts of ageFigure
16 shows the finished results of each concrete block sample. Each block was properly
labeled marking 5 sides with 4 pins eaclallow tracking of measuremeniche vertical

sides of steel pins were labeled as teAand the horizontaltsel to as BB1.

Figurel2. Completed Concrete Exposure BlackKSA2
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3.3.2 Concrete Prism Test (ASTM C1293)

3.3.2.1Materials and mixture proportions

Three series built accordingly to method ASTNI293 and a modified version of
it. As referredo in ASTM C1293,NaOH is a reagenthe value of 1.25% Na20
equivalent by mass of cememaschosen to accelerate the process of expansion rather

than to reproduce field conditions.

The development of three series of binders will be the inasis of results for
CPT testing. These mixtures were prepared using both changing t@atementitious

material ratio and constant water to cementitious material ratio.

Series 1Series 1 was a modified version of the standadcrete Prism Method (ASTM
C1293). This binder managed a low water/cement ratio of 0.35, total ceowentit

content of 752oundsper cubic yardand no additional alkalis added into the mixtures.
Furthermore, the series stated as undoped due to the lack of additional Sodium Hydroxide
(NaOH).The mixture design per cubic yard can be appreciated in BaBkries 1

mixture design fell inside the quantities described in TabMhich was prepared for the

concrete exposure blocks. Seriehtaireda total of 12 mixtures casted @

30x30xfdidmsansl(o2) 40x80 cylimders for strengt!|
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Table10. CPT: Series 1 Undoped Mixture Design

Sy Secondary
Mix Tag Cement* Type Rock* Sand* Water* | NaOH*
Cement* m
OPC1 752.00 - 1844.16 1152.60 | 263.20 -
OPC2 - - - - - -
OPC3 - - - - - -
CAC1 752.00 - 1844.16 1152.60 | 263.20 -
CSA1 752.00 - 1844.16 1152.60 | 263.20 -
CSA2 658.00 - 1913.57 1195.98 | 250.04 -
CAC-B1 752.00 - 1844.16 1152.60 | 263.20 -
CAC-B2 752.00 - 1844.16 1152.60 | 263.20 -
CSA2-B1 752.00 - 1844.16 1152.60 | 263.20 -
CSA2-B2 752.00 - 1844.16 1152.60 | 263.20 -
PCSA1 752.00 - 1844.16 1152.60 | 263.20 -
PCSA2 752.00 - 1844.16 1152.60 | 263.20 -
CAC-OPC2-B1 188.00 564.00 1844.16 1152.60 | 263.20 -
CSA-OPC2-B2 188.00 564.00 1844.16 1152.60 | 263.20 -
CAC-OPC2-B2 - - - - - -
CSA-OPC2-B2 - - - - - -

*Weight in Pounds per Cubic Yard
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Series 2Considered also asmodified version of the Concrete Prism Method (ASTM

C1293). It usd a low water/cement ratio of 0.35 and a total cementitious content of 752

per cubic yardTheaddition of Sodium Hydroxide allows the aggregate to have a

stronger reaction to the potential alksilica effects (Virmani, 2014). Therefore, Series 2

containel additional alkalis that compose equivalent alkali content of 1.25% with the

addition of a 50/50 NaOH solutiofhe mixture design per cubic yard canseenn

Tablell. This doped binder will also contain a total of 12 mixtures castdd)as

30xXx30x11. @ané(02 )P rdi osxnBso

cylinders f

Table11. CPT: Series 2 Doped Mixture Design

or strength

. Primary Secondary
Mix Tag Cement* Cement* | Rock* Sand* | Water* | NaOH*
Type I/l
OPC1 752.00 - 1842.87 | 1151.79| 260.61 |5.18281
CAC1 752.00 - 1841.47 | 1150.92| 257.82 | 10.7576
CSA1 752.00 - 1841.78 | 1151.11| 258.44 | 9.5255
CSA2 752.00 - 1804.88 | 1128.05| 282.08 | 7.3546
CAC-B1 752.00 - 1842.87 | 1151.79| 260.61 | 5.1791
CAC-B2 752.00 - 1878.96 | 1174.35| 237.74 |5.79921
CSA2-B1 752.00 - 1806.55 | 1129.10| 283.05 |5.42709
CSA2-B2 752.00 - 1806.07 | 1128.79| 282.07 | 7.37788
PCSAl 752.00 = 1842.99 | 1151.87| 260.86 | 4.67907
PCSA2 752.00 - 1843.38 | 1152.11| 261.64 | 3.11968
CAC-OPC2-B1| 188.00| 564.00 | 1842.26 | 1151.41| 259.40 | 7.59706
CSA-OPC2-B2| 188.00 | 564.00 | 1842.26 | 1151.42| 259.41 | 7.5893

*Weight in Pounds per Cubic Yard

42



Series 3This seriesvas based othe standard Concrete Prism Method (ASTM C1293).

Using a water/cement ratio of 0.42 and a total cementitious content of 705 per cubic yard.

Series 3vas alsaoped meaning that it contaitha total equivalent alkali content of

1.25% with the addition of a 5@3NaOH solutionThe mixture design per cubic yard

can beseenn Tablel2. This doped bindeslsocontaireda total of 12 mixtures casted

f

as, (3) 30x3aomxdl 1(.2)504 0Pxr8osnesy |l i nder s
Table12. CPT:Series 3 Doped Mixture Design

. Primary Secondary,

Mix Tag Cement* Cement* | Rock* [ Sand* | Water* | NaOH*
Type I/
OPC1 704.98 - 1814.23| 1133.89| 293.66 4.86
CAC1 704.98 - 1812.92| 1133.08| 291.05| 10.09
CSAl 704.98 - 1813.21| 1133.26| 291.63 8.93
CSA2 704.98 - 1813.72| 1133.58| 1133.58| 6.89
CAC-B1 704.98 - 1814.23| 1133.89| 293.67 4.86
CSA2-B1 704.98 - 1814.17| 1133.86| 293.55 5.09
CSA2-B2 704.98 - 1813.71| 1133.57| 292.63 6.92
PCSAl 705.41 - 1813.85| 1133.65| 294.08 4.39
PCSA2 704.98 - 1814.71| 1134.20| 294.63 2.92
CAC-OPC2-B1| 176.25 | 528.74 | 1813.66| 1133.54| 292.53 7.12
CSA-OPC2-B2| 176.25| 528.74 | 1813.66| 1133.54| 292.54 7.11
*Weight in Pounds per Cubic Yard
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3.3.2.2Timeline and procedure

Expansion and drying shrinkagéthe specimenwas
capturedat specificages.The specimens were measured in the length comparatorsat age
of 7, 28, and 56 days, as well as 3, 6, 9, 12athf 24 morits. Agaugelength
comparatowith adigital indicator was used to obtain precise measurements of length
changes in thepecimensThe specimens wemdaced in aontainer within the storage
area. The container hadcloth covering its inner vertical surface aaglastichase to
keep the specimens standing withbaving contact with the water to increase the

humidity.

Figure13. (1) Container Storing Prims ASTM1293 (2) Measurement Device
Following ASTM C1293 test method provided a means of detecting the potential of an

aggregate intended for use in concrete for undergd8fgresulting in potentially

deleterious internal expansion.
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3.3.3 Accelerated Mortar Bar Test (ASTM C1260/C1567)

3.3.3.1Materials and mixture proportions

The specimens used for the Accelerated Mortar Bar Test included (4)
l1ox10x11. @bnixtue Eacrsseries coain 16different types of cement
varying betweerstraight, blended proprietargnd lab blended cemenihe
differentiation for the serids directly correlated to the type afjgregate used.
Aggregates such a@®be, El Indipand Limestonevere usedor this studyAll three
series manage the same w/cm ratio, and the binder cffd0% for straight and
blended proprietary, whereas the lab blended cements maintain a controbleitnekszn

25% to 75%depending on thgpe ofcement

The procedure of this test started in the sieve analysis which determined the
gradation to comply with ASTM C1260 / C1567. The specifications included sieve

grades shown in Table31

Table13. Sieving Grades for Bhdio, Limestone and Jobe

Sieve # mm
No. 8 2.36
No. 16 1.18
No. 30 0.6
No. 50 0.3

No. 100 0.15

The momenthe aggregates sieved,eachgradewasweighted accordingly to

Table14. The sand was sieved correspondingly to ASTM C1260.
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Table14. Fine Aggregate Grading

Fine Aggregatq Mass (%)| Mass (grams)
No. 8 10% 132
No. 16 25% 330
No. 30 25% 330
No. 50 25% 330
No. 100 15% 198
Sub-total 100% 1,320.00

Theprecisedenticalmixture design was carried among the three series that
compose the ASR Mortar Bar Test in the project. The mixture design given inIbable

used Jobe, Limestone and El Indio as fine aggregates.
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Table15. Mortar Bar Test ASTM C1260: Mixture Design

Mo Base Cement Type /Il Fine Aggregate (g) Water
(9) (9) No.8 | N0.16| N0.30| No.50|No.10q (9)

OPC1 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
OPC2 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
OPC3 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CAC1 586.70 - 132.00| 330.00[ 330.00] 330.00| 198.00| 299.25
CSAl 586.70 - 132.00| 330.00[ 330.00| 330.00| 198.00| 299.25
CSA2 586.70 - 132.00| 330.00[ 330.00| 330.00| 198.00| 299.25
CAC-B1 586.70 - 132.00| 330.00| 330.00] 330.00| 198.00| 299.25
CAC-B2 586.70 - 132.00| 330.00[ 330.00| 330.00 198.00| 299.25
CSA2-B1 586.70 - 132.00| 330.00[ 330.00] 330.00| 198.00| 299.25
CSA2-B2 586.70 - 132.00| 330.00[ 330.00| 330.00 198.00| 299.25
PCSA1 586.70 - 132.00| 330.00[ 330.00| 330.00 198.00| 299.25
PCSA2 586.70 - 132.00] 330.00| 330.00] 330.00| 198.00| 299.25
CAC-OPC2-B1 440.03 146.68 | 132.00| 330.00] 330.00| 330.00] 198.00 299.25
CSA-OPC2-B2 440.03 146.68 | 132.00| 330.00] 330.00| 330.00] 198.00 299.25
CAC-OPC2-B2 146.68 440.03 | 132.00] 330.00| 330.00] 330.00| 198.00| 299.25
CSA-OPC2-B2 146.68 440.03 | 132.00] 330.00| 330.00] 330.00 198.00| 299.25

The preparation of the 1N sodium hydroxide solution was ba$é¢ldeotise of
Sodium Hydroxide (NaOH) pellets. The sodium hydroxide solution was prepared in
accordancevith ASTM C1260/ C1567.The 1Nsolutionwas prepared to correspond to

every single mixture.

3.3.3.2Timeline and procedure

The mixingof mortarprocedurevasmade according to ASTM3D5. After
moldswerefilled with mortar paste, each moleasplaced to cure in regular room
temperature. The moldgerecovered by a slightly wetted burlap and a layer of plastic to
maintain a high relative humiditfhe specimenwerecured for 24 hours. At 24 hours,

demolding tok placeand initial measurememieretaken
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The specimenwerethen placed in room temperatwealedvater bath containers
and setn the oven at 8 for 24 hoursSimultaneously, sealed containers holding 1M
NaOH solutiorwereplaced in the same oven at 80 Specimens made with unique
cementitious materials and aggregatesestored in separated containess shown in
Figurel14. Once the 24 hours are completdw tontainer§illed with water carrying the
specimens are removed from the oven, dried, and carefully meaBheeplocess of
drying and measurinigad to becompleted within 15 seconds of removing the specimen

for the watetto solution. This measurement is attributedagzero reading.

After recordingday zero readings, the specimenmsrerapidly transferred to the
NaOH solution containers that had been placed at the same time as the water containers
The water containemserethen emptied and discarded. The NaOH solution containers

storing the specimensgerekept in the ove at80 C and extracted for measuremeors

days 3, 5, 7, 10, 14, 21 and Zhday 28, the specimeiasd containers with solutions

wereproperlydispcsedafter the final measuremen

Figure14. Mortar Bars Submerged in NaOH Solution and Measurement Apparatus
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3.4  DelayedEttringite Formation experimental methods
3.4.1 Acceleratedhigh temperature curing (Kelham Test Method)

Thetesting for susceptibility of concrete to DEF stdnvith casting test prisms
and curing them at higtemperature regimes to simulate high internal temperatures in
concrete during curing. Consequently, test prisraseemeasured over time as ettringite
cortinues to form in the concrete poré&sen thougtihere are nstandardized methods
to determine DEF, Kelham (1996) developed a high temperature curing regime to

activate the release of ettringite in cement concrete.

The Kelham Method was chosen as a$ési this study. Two series of binders
were prepared to investigatedepth the effect of temperature in the generation of DEF
in rapid setting cements. Both set of binders managed the same mixture proportions with
the difference of their thermal cycling for curing. The curing cycle utilized by Kelham
wasbased o a peak temperature of 95C (203 F) for 12 hoursSeries 2 referretb as the
Modified Method throughout the projecth@Modified methodmaintaineda peak

temperature of 6% (149F) as shown in Figurgs and 16 respectively
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3.4.1.1 Materials and mixture proportions

Series 1 and 2 consisted of the exact same set of binders. Both series contained
the same materials, and proportions with the only difference of the curing cycles. Each
seriesvascomposed of 14 standard mortar mixtures which includeddok 1 1 . 25 0
prism specimens with a w/cm of 0.47. Both series were prepared with limestonasvhich

a local norreactive aggregate extracted from San Antonio,Hath mixture contained a

cementitous ratio of 2.25 ad a w/cm ratio of 0.47.

Table16. DEF Series 1 and 2: Mixture Design

4 T e T Base Type I/ Fine Aggregate () Water
Cement (9)| (9) No.8 | No.16 | No.30 | No.50 [ No.100| (9)
OPC1 |OPC Type | 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
OPC2 |OPC Type I/lI 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
OPC3  |OPC Type Il 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CAC1 Fondu, CAC 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CSAL CSA BUZZI 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CSA2 CSA CTS 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CAC-B1 |PP 5001 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CAC-B2 |Quadra Set 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CSA2-B1 |CSA CTS 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CSA2-B2 |CSA CTS 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
PCSA1l [Fas Trac 300 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
PCSA2 |Fas Trac 400 586.70 - 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CAC-OPC2-B1CAC Ternal 25  440.03 146.68 | 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CSA-OPC2-B4CSA Buzzi 25%  440.03 146.68 | 132.00| 330.00| 330.00| 330.00| 198.00| 299.25
CAC-OPC2-B2CAC Ternal 75  146.68 440.03 | 132.00( 330.00| 330.00| 330.00| 198.00| 299.25
CSA-OPC2-B4CSA Buzzi 75%  146.68 440.03 | 132.00| 330.00| 330.00| 330.00| 198.00| 299.25

3.4.1.2Timeline and procedure

The mixing procedure/asperformed according to ASTM C1260/C1567. After

moldswerefilled with mortar paste, each moldasplaced in a moist container. The

moist containewasprepared with a layer of water and plastic bases to avoid the contact

of the molds with the water.
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The aring regime staedholding a 23C temperature for 4 hours. It then
procee@dto heding up at 20C per hour to get to 9&. The 98C temperaturevas
held for 12 hours to then proceed to cool &per hour. The temperature dpeglto

get back to 23C exactly at 24 hours after the pour.

In contrastthe Modifed Methodraisedthe temperaturby 16°C per hour to get
to a maximum temperature of €5 The &°C temperaturevasalso held for 12 hours
and proceeeldto cool at 18C per hour. Once themperature lowedto 23°C, the
specimens complade24 hours of age. Proceeding the pouring and curing regime, the
specimensveredemolded, and measurdgbth, he Kelham Method and The
Modification Method managka regimen to maintain specimens stored saturated
solution oflime water at 23C longterm. The lime watewasprepared according to
ASTM C31 Section 7.3 Lime wates a hydrated solution that contains Calcium
Hydroxide Ca(OH)). The utilization of Calcium Hydroxide agdto accelerate the

release of ettringite in the specimens.
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4. RESULTS AND DISCUSSION
4.1  Alkali silica reaction

4.1.1 Concrete exposure blocks

At thetime ofthis writing, most of the specimens surpassed 6 months of age.
However, this study limited the analysis to 6 months of age (183 days).Iladilews

the average databtainedat an age of 183 days (6 months).

Table17. Concrete Exposurlocks: Average Expansion Days 28 through 183

: Day
Mixture 28 56 84 121 152 183
OPC1 -0.0236 | -0.0227 | -0.0322 | -0.0270 | 0.0111 | 0.0049
CAC1 0.0234 0.0254 0.0010 -0.0213 | -0.0366 | 0.0041
CSAl 0.0109 0.0065 0.0113 0.0310 | -0.0176 | -0.0004
CSA2 0.0000 0.0233 0.0294 0.0210 0.0295 | 0.0219
CAC-B1 0.0035 | -0.0167 0.0011 0.0620 0.0485 | 0.0309
CAC-B2 0.0255 0.0567 0.0726 - 0.0553 | 0.0365
CSA2-B1 0.0051 0.0171 0.0216 - 0.0163 | 0.0200
CSA2-B2 0.0447 0.0727 0.0790 - 0.0582 | 0.0542
PCSAl -0.0031 0.0066 | -0.0006 | -0.0090 [ 0.0349 | 0.0358
PCSA2 0.0260 0.0267 0.0320 0.0333 0.0645 | 0.0836
CAC-OPC2 0.0152 0.0252 0.0135 0.0059 0.0027 | -0.0006
CSA-OPC2 0.0018 -0.0115 | 0.0202 -0.0199 | -0.0266 | 0.0061
* Measurements given in percent
- Indicate data skipped due to cold temperatures

The results on expansion measured over 6 months for all 12 ane&sown in
Figurel?7. The red dotted line expressedhe graphs throughout the analysis of ASTM

C129318a, represergthe limit of failure for the blocksvith respect tahe standard
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Figurel7. Overall Expansion Rates for CSA, CAC, and OPC in Exposure Blocks.

When considering which cementitious material is the least reactive to ASR, it was
taken into consideration the division of the type of cement and Hegate18is the
graphical representation of the CAC systems that did not exceed 0.04% to fail ASTM

C1293.

CAC1 showed continued expansion throughout the 6 months of age. In this study,
CAC1 cement had the lowest alkali content of 0.14. The constant and low expafnsion
the CAC1 mixturemay perhap$e attributed to the low content of alkalis within the

cement.

54






























































































































