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Abstract

Activated hybrid cementitious systems, includingthivolume fly ash with
high loss on ignition (LOI) content and sodium atdf as activator, are studied to
explore more sustainable alternatives to Portlaachent (PC) for reducing GO
emissions in the concrete industry. Most of thekgemund of this project is on
mortars with low LOI fly ashes. Performance ancedetation initiation periods have
never been studied before for concretes with tmeaterials. None of the following
factors have been considered previously in oneysfiydash replacement level, nature
of fly ashes obtained from Colombian sources (ghHiOl), and the type and amount
of activator. In addition, no specific study hadcempassed all the parameters
necessary for the development of systems viabl¢hfoiColombian concrete industry,
on performance, environmental and economic grouhtsrefore, this study aims to
address this.

This research covers characterization of raw mnaterbefore and after
treatment, mortar evaluation, fresh and hardenete stoncrete evaluation of both
laboratory samples and large size concrete elememtsd outdoors, durability
characterization, prediction of corrosion initiatigperiod, CQ emissions and cost
calculations. The characterization includes theluaten of four different fly ashes
(Termopaipa, Fabricato, Termoguajira, Tampa) befanel after sieving and the
evaluation of different activators; sodium sulfatepe and quicklime at different
dosages. The mortar and concrete studies wereedaotit for a period of up to one
year. The concrete study evaluates the performahaes0/50 Termopaipa fly ash/PC
system with 1% sodium sulfate by weight of cemenmig material. Beside
compressive strength and maturity, the performapegaluation includes water
permeability, sorptivity, chloride penetration, atitle diffusion, carbonation, sulfate
attack and alkali silica reaction. Prediction mad&r corrosion initiation time are
developed by correlating results from laboratoryedu samples to those cured
outdoors. Efficiency curves were developed to dateeCQ emissions and costs to
compressive strength for the different cementitigystems.

Modifying the particle size distribution of the fash, through sieving, affected
the compressive strength due to changes in themmos content. The benefits of
sodium sulfate in terms of compressive strengthhégklighted, with 1% found to be
the optimum dosage for use in concrete. The higleingite formation, portlandite
consumption and early compressive strengths are sirthe characteristics of mixes
incorporating sodium sulfate. In terms of concrpéformance, it is found that the
chloride diffusion coefficient is reduced signifitly with time for the activated
system compared to control samples (100% PC and BG% 20% fly ash) of the
same water to cementitious material ratio (W/CMhisTbehaviour is exhibited by
samples cured under controlled laboratory condsti(@00% RH and 23°C). On the
other hand, outdoor curing increases concrete [@bitity for all concretes. Long term
carbonation is also explored, and samples undetooutcuring have a significant
carbonation depth. Alkali silica reaction and st@fattack problems are mitigated with
this activated hybrid system. The prediction edqratideveloped take into account
chloride and carbonation diffusion and the influeraf other parameters such as the
WI/CM, fly ash replacement level and compressivensith. From knowledge of the
28-day compressive strength of concrete, the tiarecfitical levels of chloride or
carbonation to reach the steel can be predictedidenng the cover depth and the
level of cement replacement with or without actwatReduction of C@emissions
and costs and the observed technical charactsristemonstrate the viability of this
green alternative in the short term.
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1 Introduction

1.1 Introduction

CO, emissions have become the main environmental igsuBe world in
recent years. In 2012, a report from the PBL Nédnels Environmental Assessment
Agency stated that 34 billion tonnes of &&ere produced worldwide in 2011, with a
3% annual increment (Olivieet al, 2012). The 2014 report published that ;.CO
emissions were 35.3 billion tonnes in 2013 (Olivieral, 2014). These numbers are
leading different industries to focus on decreasi@, emissions based on new
technologies or innovations. The cement and coacénelustry has been working hard
in order to guarantee a carbon fgoint reduction; researchers and industrialists
world-wide are working together in order to find ysaor methods to decrease £O

emissions in the production of cement and concrete.

In the case of the concrete industry, it has aromapt role in this global issue
considering that a product with less cement cowdrebse the carbon foot-print
significantly. The impact of global cement producds about 8% of the total
anthropogenic C@emissions (Oliviergt al, 2012). In spite of this, there are many
alternatives to reduce G@missions, but one of the most notable ways tthidois by
using supplementary cementitious materials (SCMsjhe mix, yielding products
which range from high volume fly ash concretes aige¢opolymers depending on the
replacement level (Yangt al, 2013). SCMs are available all around the world fom

this industry it has been a challenge to include ftigher percentages.

Fly ash is a SCM which is a waste from the thermcteic industry. Although
pozzolans were used in ancient Rome, thermoeleftyriash started to be used as
cement replacement just after 1930 (ACI 232.2, 2008 1937, a document was
published including a study about fly ash in hydicmaement concrete (Davist al,
1937). This document included some initial guidetinfor the use of fly ash in
concrete. Since that time, many efforts have beademin order to increase its
proportion in a concrete mix, and replacement E¥am 40% to 60% are now used

in some applications (Malhotra, 2002).
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Although there is an environmental pressure toeiase the percentage of fly
ash in concrete mixes, it is important to study sotachnical concerns such as
durability in order to increase the cementitioudemal replacement degree from 60%
to 80% (Shi,et al, 2011); some of the main issues to study areeelad strength,
setting, durability and extra costs (i.e. high ngriemperature, high superplasticizer

dosages) in ready mixed concrete production (Haararl Velandia, 2012).

The technical development in this area is growiapidly in Colombia and
different companies are starting to research howst® high volumes of fly ash; in
spite of this interest, there are many technicalidéx® such as those mentioned above
which hinder forward steps in this topic. It is assary to research different ways to
reach those high replacement percentages, sucheapassibility of including a
chemical activator and different mix adjustmentsel@hdia, et al, 2013);
consideration of these options will be the keyhe évaluation of an activated hybrid
cementitious system using Portland cement and Yigime Colombian fly ash, with

sodium sulfate as a chemical activator.

1.2 Background to the research

Fly ash concrete researchers have focused on twotoycs in the past years:
the use of high volume fly ash (40-60%) concreténgissuperplasticizers, and
geopolymer concrete using 100% fly ash and a chanactivator. When a high
volume fly ash concrete is designed, it is necgssaconsider a reduction in the water
to cementitious material ratio; as it is reduceghesplasticizer is increased to keep the
same slump (Malhotra, 2002). Although it is a gre#arnative, it is not an optimum
one due to the fact of increasing the amount of eaxpensive superplasticizer
(polycarboxylate). Beside this, setting time andyestrength are affected, becoming
at some point critical issues to be controlled. deeshers have also studied the
possibility of using binders based on 100% fly aslluding an activator (Palomet
al., 1999); many of these studies relate the necesdityncluding high curing
temperatures in order to reach the target strefagth lot of fly ashes, which makes
this path less viable for real concrete produc{©nado,et al.,2010). Furthermore, it

is necessary to develop different studies relaiats tdurability and life cycle.
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Intermediate mixes, where the fly ash percentagebetween 50% and 100%,
have not often presented successful behaviour (@tmamet al, 2012), in terms of
setting time, rheology, early strength evolutioB, day strength accomplishment and
costs. Further research is needed on durabilityess(Shi,et al, 2006; 2011);
establishing the required fly ash reactive silical alumina contents and activator

dosage are the first steps towards achieving geddnmance.

1.3 Aims and Objectives

The main objective of this study is to investigdte performance in terms of
durability, initiation periods and GQemissions of an activated hybrid cementitious
concrete, which considers inclusion of a high vau@olombian type F fly ash (of
high LOI) and sodium sulfate. It is necessary ttedrine the main parameters which
affect concrete performance, varying fly ash firemeactivator dosage, silica and
amorphous content. Different engineering and dlitglproperties are evaluated in
order to draw conclusions regarding its viability a real product for ready mix
concrete production. The following is a list of {hiject objectives:

* To activate different Colombian fly ashes with hilglss on ignition content
using mixes with Portland cement and different vattrs. Chemical and
physical parameters of the fly ashes are considéefdre the activation
process.

* To perform laboratory and in situ durability testsvering mortar, concrete,
and concrete elements (beams).

* To find the optimum amounts of activators, keepomnstant the technical
parameters of mixes (fresh concrete, engineeridgdarmability properties).

» To evaluate the initiation period for corrosion stéel embedded in concrete
using the correlations obtained from the durabiéisaluation. The initiation
period is determined for attack by chloride and,Qi#fusion. For chloride
diffusion LIFE 365 is the reference and some of thain equations are
modified depending on lab and outdoor results. G0s diffusion, one simple
model to propose in this study considers compressitrength, water to
cementitious material ratio, fly ash percentage sodium sulfate as activator;

this applies for local environment conditions ingB¢a.
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* To calculate C@foot-print and costs from the evaluated mixes)wating any

environmental and economic advantages.

1.4 Scope

The main scope of this thesis is to evaluate tifect¥eness of an activated
hybrid cementitious system using Portland cemedtragh volume Colombian fly ash
(of high LOI) with sodium sulfate advantages, fdogson the fresh, hardened and
durability properties of concrete. According to tterature review a high volume
concrete considers 50% as the minimum fly ash onfehis study considers this
minimum percentage due to the presence of highihGhe fly ash. Additionally, in
order to understand the influence of the sodiurfagylit is important to start with this
level regarding that as the fly ash content iseased retardation in setting time and a

reduction in early compressive strength occur.

Initially for this study, one source of Portlandnuent, three sources of
Colombian fly ashes (Termopaipa FA, Fabricato FA dermoguajira FA) and one
North American fly ash (Tampa FA) are used. Fullhenalogical, physical, and
chemical characterization of the Portland cement #y ashes are performed. The
three local sources of fly ash consist of by-pragidimom relatively young coal burning
power plants in Colombia with little history of lgation in construction. The

chemical activators considered for this study a#eSy, hydrated lime and quicklime.

The performance of different combinations of matlsriare assessed based on
laboratory testing of mortars and concrete, incigdiworkability, flow, setting
characteristics, strength gain, and durability. afelr to the laboratory testing
programme, concrete elements are evaluated outdboestesting of the elements is
performed on cores, evaluating strength gain witte tand durability. The initiation
period calculation is based on the durability paetars evaluated initially
Environmental parameters such as the carbon faot-gind savings in CQemissions

are calculated. Table 1 presents the scope.
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1.5

Research methodology

This research follows a methodology consisting ofm@in phases for its

development. Table 1 shows all the tasks per &gtand phase.
Phase 0

At the beginning of this project, a complete litera review is done,

considering the main objectives of this research.
Phase 1

After collecting all the previous studies, certtasks are developed in order to

characterise all of the supplementary cementitinaterials (SCMs).

a)

b)

The chemical composition is obtained from X-rayofiescence (XRF). A
complete comparison between the SCMs compositionttaa requirements of
the ASTM C 618 are performed.

Mineralogy of these materials is analysed usingdiffraction (XRD). This
evaluation is focused on the amount of not onlydtystalline phases but also
the amorphous one.

The fineness of each material is affected by airsieprocess. Three different
granulometries is obtained including the initialn@ As the fineness is

increased, laser diffraction is the best optiom&asure their granulometry.

Phase 2

Mortar and pastes are evaluated using differematotrs, dosages and fly ash

fineness.

a)

Heat release from mortars during hydration is mestsusing a semiadiabatic
calorimeter. This test allows understanding of ¢themical effect of the fly
ashes and activators.

Paste samples are used to evaluate the minerasiyy XIRD
Thermogravimetry is used in order to find the asdeihydroxide consumption
for each matrix.

Compressive strength is the main mechanical pasarne@imeasure.

After this initial mortar and paste evaluation, timum activator and dosage

is found.
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Phase 3
Concrete samples with different water to cementgiomaterial ratios,
percentages of the original size Termopaipa FAtardptimum activator are studied
in this phase. Air and mist curing are consideredoider to simulate real field
scenarios.
a) Slump, slump loss, setting time and air contertstage performed to evaluate
fresh concrete state.
b) Compressive strength is evaluated at different.ages
c) The following are the different durability testsrfgemed at this phase: drying
shrinkage, water permeability, sorptivity, chlorigeermeability, diffusion

coefficient, carbonation, sulfate attack, and al&idica reaction.

Phase 4
Concrete elementBéams:0.3 x 0.4 x 1m) are tested using original size
Termopaipa FA and an activator with its optimumayes

a) The same fresh concrete, engineering and duralghbperties evaluated in
phase three are considered for these concretes.

b) The durability data measured in the lab are contpbai¢h the data available
from field samples. Cores are taken from the eléesmenmeasure carbonation,
water permeability, chloride permeability and diflan coefficient. ASR is
measured directly in the beams following the pracednentioned in section
6.2.7.

Phase 5
All the data are compiled and analysed in orderdé&fine the technical

performance of the activated hybrid cementitioustesy. This is based on the main
parameters which affect the behaviour of a hybradivated system and their
correlations presented at the end of the project.

a) Initiation periods are evaluated for g&ahd chlorides

b) CO, emissions and costs are compared between theediffsamples.

c) Conclusions and recommendations related to actvaidrid cementitious

system is developed.
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2 Literature Review

2.1 Introduction

The literature review presented in this chaptehligits relevant information
from different researchers related to high volunie dsh concrete, geopolymer
concrete and high volume fly ash concrete usingvatctrs; the main fresh and
hardened mortar or concrete properties are disdu3$e main goal of this section is
to understand the work which has been publisheate®lto high volume fly ash
concrete, chemical activation, mechanical activatioransport mechanisms and
concrete service life. Based on this informatidme tactivated hybrid cementitious
system will be evaluated in order to determinevigbility in real-world ready mixed
concrete production, accomplishing desirable fiezsicrete and engineering properties
including durability parameters. It is importantnte@ntion that most of the information
related to activated hybrid cementitious systemsased on laboratory test work and

has not yet been related to real field work.

2.2 Maximization of low calcium fly ash reactivity

There are four main methods used to maximize thetikgty of low calcium
fly ash: water to cementitious material reductiam l{igh volume fly ash concrete),

chemical activation, mechanical activation, and lvemtment.

2.2.1 High Volume Fly Ash Concrete

In order to consider a “high volume fly ash (HVF&9ncrete” it is necessary to
take into account that the minimum recommendedafly content is 50% (Malhotra
and Mehta, 2002):

2.2.1.1 Fresh concrete properties

Although in most of the literature HVFA concretexes are characterized for
their effective behaviour in the fresh state, inecessary to study how HVFA mix
design really affects each of fresh concrete ptagserin general some of its properties
are improved just because the level of water isiged due to the fly ash particle size
distribution, morphology and surface charactersstifor instance, it is possible to

reduce the amount of water for a given consistemging a small size and glassy
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textured fly ash (Mehta, 1999). Nevertheless, unédrcarbon present in the fly ash
could affect this general behaviour significan#yn increment in the fly ash loss on
ignition (LOI) increases the water requirement &given consistency (Mehta and
Monteiro, 1999). The same carbon cellular particidsch affect the water content
also affect the air content, making it necessarynt¢oease the air entraining admixture
significantly to achieve the desired air conteme@manet al, 1997). Figure 1 shows

the air entraining admixture on carbon solid.

fine carbon coarse carbon
particles particles
microporous matrix
o PooR o (inactive)
% 0:0 %

O

O'O%

AEA adsorption sites

Figure 1 Air entraining admixture on carbon solid (Freeman,et al., 1997)

Parameters such as flowability, pumpability, comghitity and finishability
can present outstanding behaviour in HVFA. Congideconcretes with an inefficient
aggregate fines content, HVFA binders can impréwrtcohesiveness, making easier

the long distance pumping and finishability of ta@saterials (Felekoglu, 2006).

Slump loss measurement allows understanding otépacity of the mix to
keep its consistency with time. HVFA concrete bébaris improved when compared
to a 100% Portland cement sample, and the two Btump loss is reduced by

increasing fly ash content (Herres,al.,2011).

The heat release (as measured by calorimetrydiscesl by increasing the fly
ash content of the mix (Ati 2002). HVFA concrete can be used for dams or high
volume concrete structures, considering that thebatic temperature rise can be
decreased considerably. However, the effect on éealution could also affect the
setting time. Special treatment for HVFA concretéxam must be considered,

especially if these types of mixes are used inleggeady mixed concrete production.
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As seen in Figure 2 setting time increases witheiasing fly ash content and decreases
with reducing water to cementitious materials ra8eries A have the lowest W/CM
while C the highest (Herrerat al.,2011).
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n

0 15 30 45 60 7
Fly ash in% of the total cementitious material

Figure 2 Final setting vs fly ash % (Herrera, et al, 2011)
2.2.1.2 Engineering properties

There are notable changes in the engineering piepaf the HVFA materials
compared to plain Portland cement; one of the n@ianges is in the strength
development. As a pozzolanic material, fly ash bedo react only after cement reacts
with water; after portlandite is formed by cemewtltation, fly ash then starts to react,
causing an initial delay in concrete strengths.réhis a general decrease in the
compressive, flexural, splitting tensile strengthodulus of elasticity and abrasion
resistance at 28 days (Siddique, 2004). Speciaiderations must be implemented in
order to achieve high strength, which at some poéttomes a problem for a regular
ready mixed concrete production; standards, coressttand different project

specifications require a material to accomplisidésign strength at an age of 28 days.

Strength could be improved by reducing water toemitious material ratio; in
spite of this possible solution, it is necessarkdep the same slump by increasing the
admixture content or the total paste content (Hayet al., 2011). For instance, the
strength of concretes using 40%, 45% and 50% ofaflii was still suitable for

reinforced concrete construction according to thdysdeveloped by Siddique (2004).
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Drying shrinkage is reduced with high volume aduitiof fly ash due to the
reduction in the cement and water contents (Chiradam, et al., 2004). Measuring
shrinkage after 365 days proves that a sample W@% cement has a higher
shrinkage than a comparable HVFA (Sahmaea@al, 2009).

2.2.1.3 Durability

The main advantage of using a HVFA concrete istedlato durability
improvements increasing the concrete service Yitdec For instance, water absorption
of concrete decreases with an increase in fly aslagk; it is correlated to permeable
voids, which are diminished at later age when iy & included in higher proportions
(Dinakar, et al, 2008). Figure 3 shows how the permeable voidease as fly ash
content increases. There is a linear correlatiawédxen the volume of penetrable pores
when using the absorption test and the sorptivitst (Sahmaranet al, 2009);
according to Sahmaran, the measured transport piepeetermined by absorption
and sorptivity tests do not show significant changéer 90 days. It is important to
mention that the compressive strength evolutiolatat ages is more evident (90, 180
and 360 days).
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Figure 3 Permeable voids vs fly ash % (Dinakaret al., 2008)

Chloride permeability using the rapid chloride peahility test is reduced at an

age of 56 days by increasing fly ash content (Mdirand Echeverri, 2010); for a
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HVFA concrete, following the minimum mix design tegments proposed by
Malhotra, the chloride permeability values usué#yin the “very low” band according
to ASTM C 1202 (Dinakart al, 2008).

When HVFA mortar bars are submerged in sodium sul&olution, their
expansions are lower than that of Portland cemeattd the low total ¢\ available
and low permeability. When fly ash fineness is @ased, the mortar structure becomes

denser and stronger, reducing expansion significé@hindaprasirtet al.,2004).

Carbonation is a phenomenon mitigated by the poesehcalcium hydroxide
in a hydrated cement, which buffers the pH leveuad 12. When fly ash reacts with
calcium hydroxide, the ability of this phase toatewith in-coming CQ decreases,
making it easier for carbonation to take place.spite of this situation, HVFA
concretes are characterized by having low perméabildue to the inclusion of fly
ash, a low water to cementitious ratio and a slétaring process; this helps to
reduce carbonation depth and increase the seifecefla structure. When low water
to cementitious material ratio samples are wateed;uthey become more resistant to

carbonation due to their low porosity; this is seeRigure 4 (Younsiet al, 2011).

10 [ air-curing
o S — [ water-curing

Carbonation depth (mm)

Refl Refll FA30 FA50

Figure 4 Carbonation depths after 1 year. Temp: 202, RH: 50-70%
(Younsi, et al., 2011)
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Alkali silica reaction can also be mitigated usiHgyFA. According to Shon
(2002), the expansion resulting from the alkalieailreaction decreases by using 58%
fly ash in a PC blend; this occurs because thé ¢etaent alkali content is reduced by
increasing fly ash content, and also because alumins known to protect against
alkali silica reaction. ASTM C1260 was the standasgd to evaluate this HVFA
concrete. Additional studies have been developedifigrent authors showing how fly
ash increase in concrete reduces alkali-silicati@aqDetwiler, 2002; Kosmatka,
2003; Velandia and Echeverri, 2010).

2.2.2 Chemical activation

The first patent on alkali activation was preserigd/Vhiting (1895). In 1908,
Kuhl also presented a patent (RILEM 224-AAM, 2014&pllowing a general
chronological order of the main advances in alkativation (Shiet al.,2006), Kuhl
used potash solutions to activate ground slag fogusn setting in 1930. Seven years
later Chassevent used the same mix to measurevigatshi, et al., 2006). Caustic
soda and slag was the mix studied by Purdon in 1®40don, 1940); the main
importance of this research was the fact of usirgirkerless cement. Glukhovsky
developed a soil cement in 1957, which consistedhypdrous and anhydrous
aluminosilicates and alkalis (M@-MeO-Me&03-SiO,-H,0) (Glukhovsky, 1959). In
the 1970s and 1980s, Davidovits named various ptedsuch as geopolymers,
Pyrament, Geopolycem and Geopolymites, which wesenames of different products
based on alkalis with kaolinite (calcined or ung#d), lime-stone and dolomite

mixes, sometimes containing Portland cement cliakewell (Davidovits, 1981).

According to Shiet al. (2006), alkaline activation involves the mixing af
very high alkaline concentration liquid and a siituminous solid material, resulting
in a hardened structure. Al and Si dissolve in tiedium forming poly-hydroxy-
silicoaluminate complexes; the final geopolymeaisalkaline aluminosilicate hydrate
(NaO-Al;05(2-6)SiGnH,0, N-A-S-H gel).

The following is a summary of the process (Stial, 2011) which was first

outlined by Glukhovsky:
1. Destruction separation of Me-O, Si-O-Si, Al-O-Al and Al-O-Bonds.
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2. Coagulation: polycondensation appears based on accumulation of
disaggregated products.

3. Crystallization:solid phase particles and condensation of micrapest
lead to the product precipitation. Precipitateddpicis depend on the
mineralogical composition of the initial phase, tiaure of the alkaline

component and hardening conditions.

Poon,et al., considered two main methods to develop the chenaic@ation
of a high volume fly ash concrete including low @ content and activators:
alkaline and sulfate activation (Poaat,al.,2001). These activation methods work on
breaking down the fly ash glassy phases, by progidan environment which
accelerates the reaction due to the high alkalorgent. The main alkaline reagents
include Ca(OH), NaOH and KOH. These chemicals break the Si-OQAlends in the
vitreous ash patrticles, which accelerates the kissa of Si and Al (Bao-min and Li-
Jiu, 2003). The final product developed by usintiases (CaS® and NaSQ,) also

involves a reaction with aluminium oxide from traid precursor, forming ettringite.

It is important to differentiate between all thespible gels formed from all the
cementitious systems (Garcia-Lodeiebal, 2011; Duxsonet al, 2007):
* C-S-H (calcium silicate hydrate): cement and water
* N-A-S-H (sodium aluminosilicate hydrate): low calei fly ash,
activators and water
* C-(A)-S-H (aluminate-substituted calcium silicateydrate): high

calcium fly ash, activators and water

2.2.2.1 Activation of fly ash as the sole binder

Alkali solutions react with silicon and aluminiunmoi fly ash; the final
product from this process is often called a geapely (Davidovits, 1994). A general
formula is proposed to describe the alkali actoraproducts:

My [-(Si-O,)~Al-O] - wH,O (1)
where M is the alkaline element, the symbol - iatks the presence of a borzds

usually between 1 and 3, ands the degree of polycondensation or polymerizatio
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Although theoretically almost any aluminosilicatancbe activated, it is
practically necessary to have a high availabilify reactive silica and alumina
(Panagiotopoulowet al, 2007).

There are some recommendations about fly ash deaisiics for an activated
system made by Fernandez-Jimenez and Palomo (2003):
* LOI percentage < 5%
* FeOs;and CaCx 10%
* Reactive Si@> 40%
» Particles < 45um: 80%-90%
* Glassy phase > 50%
Although the previous reference recommends low Cadtents, there are

some ashes with higher values that could work éedter than those with low CaO
content.

A high concentration of OHis the main defining characteristic of alkali
solutions (NaOH, KOH, water glass); the final prodwf the interaction of these

materials with fly ash is an amorphous aluminoaticgel (Palomagt al. 1999).

Fernandez-Jimenez and Palomo confirmed that thel fomoduct of this
reaction is a low ordered crystalline structure posed of an alkali silicoaluminate gel
which gives the final strength (Fernadndez-Jimémet Ralomo, 2005). Some zeolites
could be as a secondary product; at some poinfittasproduct has been considered
aszeolite precursarThe effect of high curing temperature on alkalihzated concrete
is often positive, helping to increase the strengjgnificantly, as it accelerates the
dissolution process of the cementitious materiaik(ii, et al, 2007). However,

increasing time and temperature at some point &se® zeolite formation and reduces
gel content.

The effects of the concentration of sodium hydrexihd the activator to
binder ratio were evaluated by Ravikumat,al (2010). It was found that alkali-
activated ground granulated blast furnace slag (E&Bpastes were less porous
compared to those based on fly ash; the latteagoed a higher amount of pores of 10

pm in size. Curing at high temperatures (75°C) foxes with fly ash was crucial
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compared to slag mixes. Higher strength could lbéeged by increasing the activator
concentration and decreasing the activator to birete. There was a shell around fly
ash particles which stopped the activation proc#ssas found that due to the low
reactivity of crystalline phases in the fly ashe thel formation came from glassy

phases only.

Alkali-activated concretes made with high calciul@\& (Type C fly ash,
slag) and water glass can have problems relatstuiop loss (Collins and Sanjayan,
1999); in the same way, setting time is decreashdnwwater glass is included.
Although strengths with water glass activators similar to PC concretes, there are

problems with shrinkage (Collins and Sanjayan, 1999

Admixtures play an important role in geopolymer c@tes. There are some
opposite effects when activators are used; foamtst, naphthalenes with water glass
affect strength and workability while polycarboxyga do not produce any negative
effect (Bakharevet al, 2000; Puertast al, 2003), but also do not appear to function
very effectively as superplasticizers. Water ghagh air entraining admixtures causes
low strengths and workability improvements. Thesevated mixes could change the
effect of an admixture due to the pH; melaminesadiected by a pH higher than 13.
Admixtures with polypropylene glycol perform bettdran those mentioned before
(Palacios and Puertas, 2004). Accelerating adnagtuncluding Ca presents an
accelerating effect. On the other hand, Mg doespnesent a significant effect (Lee
and van Deventer, 2002). In the RILEM report (RILEA24-AAM, 2014), it is
concluded that the admixtures used for Portlandeceraoncretes present a negative

effect or do not work properly in alkali-activatbohder systems.

When a test of alkali silica reaction is conducteda PC and a geopolymer
mortar, the latter expands less following ASTM CQ2fandards (Garcia-Lodeiret
al., 2007). Although alkali activated fly ash mortapands less than PC, at some point
after 30 days, it passes the maximum allowed expareccording to the test criteria.
PC mixes present higher expansions than binary sniae the total calcium content

affects significantly the expansion of mortars.
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There are still some challenges which need to heeddefore starting a real
ready mixed concrete production. The following tiétthe main issues are based on
Roy’s research (Roy, 1999) and the recent RILEMIe(RILEM 224-AAM, 2014):
Sourcing raw materials
Leaching of alkalis
Shrinkage
Carbonation
Long term performance
Alkali aggregate reaction
Air-entrainment agents

Standard admixtures for alkali activated concretes

© ©® N o 0o b~ 0 DNE

Quality control
10. Standardisation
11.Database: costs, manufacture, and durability

12. Acceptance from the customers

Carbonation problem is not only related to stegladsivation but can also
hinder strength gain. This phenomenon decreasesleptls, affecting fly ash
activation resulting in low strength (Criadat, al, 2005). Some of the solutions to this
problem are thermal curing and sealed curing. itmiportant to consider additional
alternatives such as varying the water to cemenstmaterials and improving the mix

design in terms of permeaubility.

There are different opinions related to durabi@ifyconcretes using high alkali
contents. Pacheco-Torga&lt al. studied why there were different positions relaied
this topic; they were concerned about how for sameeearchers alkali activated
binders performed better than PC and for some stiexas still an unproven topic
(Pacheco-Torgalet al., 2012). They concluded that in spite of the goodeoled
chemical and ASR resistance, alkali activated cetiesr needed more research about
carbonation effects; their resistance was lowergamed to PC. In the same way, they
considered that it was important to investigatéoedscence issues due to the fact that
the possible solutions considered calcium alumiredenixtures or hydrothermal
curing (Najafi Kani,et al, 2012; Pacheco-Torgadt al., 2012). Figure 5 shows the
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effect of admixtures. Pachecef al. concluded about the importance of finding

different activators options due to their effectl @osts.
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Figure 5 Alkali leaching for mixes with admixtures(Pacheco-Torgal et al.,
2012)

The RILEM report (RILEM 224-AAM, 2014) recommendsora work on
comparing laboratory results with elements expdsesulfates. In the case of alkali
silica reaction, longer-term testing is neededtdrms of carbonation, the RILEM
report mentions that samples older than 20 yeagsepted a good resistance to
carbonation in service, but as mentioned beforeglacated tests need to be compared
to long term evaluations (RILEM 224-AAM, 2014). Atiugh shrinkage could be
higher for these concretes compared to PC con¢i@igag and mix design could help
to reduce it. On the other hand, creep is one etdpics which needs more lab work
and model evaluation (RILEM 224-AAM, 2014).

2.2.2.2 Activation of high volume fly ash concrete

The experience of using high volume fly ash withhbBortland cement and
activators is not extensive; however, there areessiudies which have focused on the
strength evolution of mortar and concrete. The gmesnain challenges are related to

curing temperature, setting time delay, low eanlgrggth evolution and durability.
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Calcium sulfate anhydrite (Cagand an amount of 55% of fly ash as cement
replacement were studied using different curingnoés (Poonet al.,2001); curing at
65°C per 6 hours before a normal curing allowednanease in the strength by 70%
compared to a control mix after 3 days (Paetral.,2001). Large amounts of ettringite
were found at early age. Gypsum was also usedisnsthdy; although gypsum was
more effective than anhydrite for later age strepgtinhydrite increased early age
strengths. There was not a technical answer abast gerformance and it was
recommended to conduct some further research.dtalé® mentioned the necessity of

researching the durability of these concretes.

Portland fly ash and lime fly ash cements usingS{@a as activator increased
in strength considering that the activation effecturred at early ages (Qiaet, al.,
2001). NaSO, had a better effect when using a higher fly askg@age.

The following is a summary of the process using3@ (Qian,et al.,2001):
1. NaSQ, reacts with Ca(OH)

Na,SO, + Ca(OH) + 2H,0—CaSQ-2H,0| +2NaOH 2)
2. Reaction increases pH, accelerates the dissolatidrpozzolanic reaction.
3. Ettringite formation due to the increase$@oncentration.
4. AFt (ettringite) increases the solid volume (164%gnsifying the matrix

and increasing early strength.

A mix with 30% Portland cement, 70% fly ash, andOfhwith water glass
could achieve similar strengths compare to a comig with 70% Portland cement
and 30% fly ash (Palomet al, 2007). This effect does not occur when using NaOH
only. Although water glass allows the material totain the target strength, this
activator increases the slump loss (Collins andjé&yan, 1999). Donatelloet al,
(2014) evaluated pastes with high volumes of botéstm (>70%) and sodium sulfate
as activator. In this study, three gel phases wekmatified: C-S-H, N-A-S-H and C-A-
S-H (Donatellogt al, 2014).

When a type C fly ash (high calcium content) isvatéd, C-A-S-H is the main
gel presented in the system, while on the othedHdsA-S-H is the gel produced
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when a type F (low calcium content) fly ash is usgith an activator. When Portland
cement, type F fly ash and a sodium activator aesluogether, N-A-S-H and C-A-S-
H are the final gels. Garcia-Lodeiret al. studied a possible relation between these
gels; N-A-S-H was stable at a low pH level (<12)hiw C-A-S-H was the
predominant gel in the mix at a pH level highemti2 (Garcia-Lodeircgt al, 2011).

One of the most effective alkaline activators idism silicate. At some point
this activator has been used as an acceleratshédcrete application. It is widely used
in different applications such as adhesives, wethents, acid resistant concrete, and
others (Shigt al, 2006).

K.SOy, NaSQ,, and triethanolamine were also studied in ordenrprove
early strength behaviour (Leet al., 2003). Figure 6 shows portlandite content for
mixes with different activators at different agéhis study demonstrated a decrease in
calcium hydroxide and an increment of ettringiteewlusing 40% fly ash content. The
latter effect helped to reduce the pore size. §therwere mostly similar to the sample
without activators; however, &0, had the best effect, increasing the strength
significantly. Lee et al. summarized the sulfate activation mechanism irfaHewing

way:

=

It accelerates the reduction of Ca(QH)

2. Glass phases are broken down due to a high alkalw&onment. A high
amount of ettringite is produced at early ages.

3. Pore size and porosity are reduced.

4. Early age strength is increased but there is ngti@provement in later age

strength.

Lee, et al. advised that more research is needed about thestriecture, and

the effect of the activator dosage on strengthueian.
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Figure 6 Amount of Ca(OH), of cement paste, fly ash - cement paste, and
chemicall (Lee,et al., 2003)

Chemical activators such as sodium sulfate, calcsutfate and sodium
hydroxide have been used in cements with 50% fly replacement (Owenst al.,
2010). Under different curing methods (first 24 tsooat 60°C and the remaining 6
days at 20°C, against 7 days of curing at 20°Ch eativator behaved in a different
way. Calcium sulfate performed better for the festing method, and sodium sulfate
for the second curing method. After 1 and 7 dalysyas possible to identify some
unreacted anhydrite and gypsum. Sodium sulfatecataium sulfate formed ettringite
and C-S-H gel.

Donatello,et al. (2013) evaluated high volume fly ash pastes (832&a$h and
20% PC clinker) using sodium sulfate as activatdeccording to this study, the
reduction of the setting time and the increaséefcompressive strength are due to the
presence of S£& helping the alite dissolution (Donatellet, al.,2013). In this study, a
pH indicator is the level of ettringite formaticas alkalinity increases the formation of
ettringite is inhibited. Ettringite is evident iheg XRD presented in Figure 7. The same
authors evaluated mortars with 80% fly ash, 20 %chtker and anhydrous sodium
sulfate; in this case, this mortar presented arg@ate resistance to sea water and
sodium sulfate compared to mortars with a sulfagstant cement. This was not the
case when they were immersed in acid, being styodggraded (Donatellaet al.,
2013).
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Figure 7 XRD for a mix with 78% FA and 4% Na,SO, (Donatello,et al.,
2013)

High volume fly ash with sodium sulfate concretega to be studied in terms
of durability due to the lack of information. As mmned by Leeet al and Shi and
recent RILEM report (RILEM 224-AAM, 2014) mixes incling activators needed
more research in terms of shrinkage, carbonatimmg kerm performance and alkali

aggregate reaction

2.2.3 Mechanical activation

Paya.et al.,studied the effect of fineness on fly ash activibgy noticed some
effect in mineralogical composition when changihg fly ash particle size, as the free
calcium oxide present reacted with carbon dioxm@roduce calcium carbonate. An
increase in specific gravity was observed afteraste was crushed (Pay,al., 1995).
The grinding process could be optimized dependmghe time this process takes; for

a specific fly ash, there was not a significanesihange after 30 minutes of grinding.

As shape and morphology are affected by grindind) thie spherical shape is

lost, the ground fly ash material could not workaawater reducer after this process,
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resulting in an increment of the water requiremémt a given slump. Although
specific gravity increased, bulk specific gravigcdeased (Payat al.,1996). Strength
was directly affected by the particle size of theash; as the size increased, strength

decreased (Payet al.,1997).

A higher specific surface area positively affe¢ts pozzolanic activity of fly
ash as seen in Figure 8. Grinding not only afféleés specific surface area but also
introduces imperfections to the original structafethe material; these defects are
active centres which are in a higher energy staite §nd Shao, 2002). For instance, in
the quartz grinding process different physical aheémical characteristics change;

some of these changes include particle breakagécsuarea increase and surface

amorphization (Mohammadnejaat, al.,2013).
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Figure 8 Pozzolanic activity index vs specific susice area (Shi and Shao,
2002)

Although increasing fly ash fineness by grindinguldo increase water

requirement, this is not the case when an increfisedess is obtained by sieving the
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material. In this case, the original shape of 8 & kept the same, the glass content is
increased, and the water requirement is reducethd@prasirt,et al, 2001; 2004).
The increase in the reacted calcium hydroxide usiegfine fly ash compared to the
coarse fly ash shows the significant effect of ipkatsize on the pozzolanic reaction
(Lee,et al, 1999).

Strength is positively affected by sieving of aah,is sulfate attack resistance
(Erdogdu and Tucker, 1998; Chindapragttal, 2004); PC plus coarse fly ash mortar
mixes are damaged by sulfates when they are expogats environment. Expansions
are lower for mortars with fine fly ash. Shrinkage also affected positively
considering that a fine fly ash requires less wé#t@n a coarse fly ash. The pore
volume of pastes is reduced by the inclusion oé fily ash, helping to reduce the
ingress of chemical solutions (de Bekeal, 1996; Chareerat, 2002).

A blended cement with 50% to 60% mechanically &ddty ash has the same
compressive strength as a cement including 15%% @&f fly ash without treatment
(Kumar, et al., 2007). In terms of geopolymers using fly ash witlecmanical
treatment, it allows designers to obtain differéavourable characteristics of the
products; for instance, a high strength geopolyosnent with 120 MPa (Kumaet
al., 2007). In the same way for geopolymers, when flyiaanechanically activated, a
significant increment in compressive strength can dccomplished at ambient
temperatures; there is an inverse correlation bEtwihe fly ash median size and

compressive strength (Kumar and Kupn011).

Mechanical treatment is an alternative to imprdwe performance of concrete
with hybrid cementitious systems or geopolymery. &h after a sieving process
reduces both water and the pore volume size. Oottiex hand, although crushing the
material increases water demand, this process esredgtfects that become active
centres, increasing the reactivity. Costs are itambrto be defined for this highly
energy demanding process; although mechanicahtezdtof fly ash helps to improve
the performance of concrete, it is important toleste cost impact considering all the

possible scenarios.
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2.3 Deterioration of concrete

The deterioration of a concrete structure depemdstsopermeability; gases,
ions and liquids penetrate the structure, reactinth concrete constituents and
affecting the element. In this way, matrix deteattn is due to physical causes and
chemical reactions (Mehta and Gerwick, 1982; Losigal, 2001; Basheert al,
2001). Van Deventegt al, also illustrate how permeability is the main paeger to
consider in terms of concrete durability (Van Deeeret al, 2012). Pores present in
the matrix (aggregates, cement paste—aggregatdacgeand cement paste) affect
different concrete mechanical properties such eength and modulus of elasticity
(Basheeret al, 2001).

2.3.1 Transport mechanisms

Penetration of different liquids, gases and ionsdncrete and their movement
inside the matrix are basically due to absorptmermeability and diffusion (Longgt
al.,, 2001); these processes depend on physicochengcadlients: pressure,

concentration, temperature, voltage and humidity.

2.3.1.1 Absorption

Absorption occurs due to capillary forces in a satdrated concrete (Bent,
al., 1999); water at the surface enters the stru@ncefills available pores depending
on the concrete moisture content. The absorptindst¢o follow a linear pattern with
respect to the square root of time in a specifigeaof time, and the correlation of this
linear behaviour is known as sorptivity. There aften non-linear regions before and
after the linear region. For instance, following firocess proposed in ASTM C 1585,
the absorption has a linear behaviour in the fii@sy of being measured and in the
following 7 days the rate of absorption decreasi!s avlower slope in the absorption
increment from day 1 to 8.

The following equation was introduced (Hall, 1981):
i=st05 (3)
Wherei is known as absorptios,is sorptivity and is time. Then this equation

was modified including a rapid initial absorptiér{Hall and Tse, 1986):
i=st7%5+4 4)
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Absorption is a parameter which correlates effetyi with other durability
parameters; Basheer studied the effect on absorptidifferent water to cementitious
material ratios (Basheeet al, 2001), and found that water absorption intestes
with carbonation depth and chloride concentrationthe same way, open porosity
measured by using absorption increases when ther watementitious material ratio
increases and the duration of the curing procesedisced (Rabehi, 2013).

Concretes with 50% of a high quality fly ash (188tained on a 4&n sieve)
and a water to cementitious material of 0.4 haveveer capillary water sorption,
compared to a mix with 100% PC at 28 and 91 day(¥en Heedest al., 2010).
From this study, a linear correlation was obtaihetiveen the permeable porosity (%)
and capillary water (kg/f. On the other hand, an increase in water absorpti
porosity, and initial and secondary sorptivity wésand for high volume fly ash mixes
(higher than 50%) probably due to the low finene$sfly ash and the curing
conditions (23°C, RH 95% for 7 days, then air cgrat 23°C, RH 50% from 8 to 28
days). By including FA with metakaolin (MK) and Pthe performance in terms of
water absorption, porosity and sorptivity is impedv(Ozbay,et al., 2010). In this
study, the Blaine fineness of MK was higher, helpio increase the pozzolanic
activity and reduce pores in the structure.

High volume fly ash concretes with low and highurak of paste were studied
by Dinakar. It was found that absorption increabgdincreasing the paste content,
considering an increase in pores (Dinalaral.,2008). By increasing fly ash content

in terms of weight, paste volume and capillary parerease.

Another study evaluated concretes with alkali attéd blends of slag and
metakaolin; from this evaluation concretes with 1@ metakaolin presented the
lowest absorption; on the other hand, 100% slagcret@ had the highest water
penetration (Bernalet al., 2012). Bernal also studied the effect of carbomatim
absorption, finding an increase in the porositynokes exposed to CQafter 340h.
Although there was a high absorption for mixes44l B, after this time this parameter
was not affected significantly, possibly due to thpace filling effect of the

carbonation products (Berna al.,2010).
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When fly ash content is increased in a combinatibslag/fly ash geopolymer
mortars (100/0, 70/30, 50/50, 30/70, 0/100), theogttion increases (Chi and Huang,
2013). As seen in Figure 9 absorption is highernmiares with slag and fly ash than
mixes with 100% cement (Ismaéf al.,2013). The same authors mentioned that the
microstructure of a C-A-S-H gel is higher in depdian alkali aluminosilicate gels.
The pre-drying process for absorption evaluatiomglpces desiccation and chemical
changes in C-A-S-H gels (Isma#t al., 2013). From a research work using X-ray
microtomography, microstructures and pore netwadfkactivated slag/fly ash pastes
were analyzed (Provigt al.,2012). From this study, it was evident that anenoent
in curing time for mixes with 50% or higher slaghtent reduced the total porosity and
increased the pore network tortuosity. Space §li3i(A)-S-H gel was the main binder
in mixes from 25% to 50% of slag while for lowerpentages was N-A-S-(H), which
had a lower pore network obstruction due to the fiaat this gel do not chemically
bind water (Proviset al.,2012). Another study showed an increment in thegeage
of permeable volume by including fly ash in mixeghnslag (Aydin, 2013). On the
other hand, the use of fibres helps to reduce wateprption for mixes with alkali
activated slag (Bernadt al, 2010; Rashad, 2013). Increasing the fibre voluedeices
absorption (Bernakt al, 2010). The effect of fibres seems to be the sasnier plain

PC, reducing the water transport due to the crackrol effect.

= 28 days ©90days

5 0.1
c
ko
Q
£  0.08-
)
8 ~
N
c %, 0.06 1
= N
o £
2 2 0047 50 wt.% .
@© fly ash
> 002 . 4 .
g A B J
> OPC—1 !
8 O Fil T T 1
0.22 0.23 0.24 0.25 0.26

Paste volume fraction (m3/m?3)

Figure 9 Absorption coefficients vs paste volume #ction (Ismail, et al.,
2013)
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2.3.1.2 Permeability

Permeability is related to how easily a fluid past#@ough a matrix due to a
pressure gradient. This parameter in concrete atuated by applying a pressure of
water or air on a specimen and measuring the passfate fluid through the matrix.
One way to characterize concrete permeability &onihar flow is by calculating the

coefficient of water permeability based on Dardgis:

KAAh

Q=" (5)

Where:

Q = flow rate [ni/s]

K = water permeability [m/s]

A = cross section area fm

Ah = water pressure differential across the specifmén

[ = length of the specimen [m]

The following is the intrinsic permeability based Darcy’s law:

Ki =2 (6)
Where:

Ki = intrinsic permeability [rfj

n = viscosity of the fluid [N.s/ A}

AP = fluid pressure head across the sample fiN/m

[ = length of the sample [m]

Based on Equations (5) and (6), the intrinsic wpggmeability can be defined:
Ki = K% ()

It is important to mention that the previous eguaapplies only for saturated
samples and where water is present both up-stremimdawn-stream. In the case
where water does not penetrate the complete saMalenta proposed an equation for
the water permeability coefficient calculation sm the depth of water penetration

(Valenta, 1970):

_ %9

k= 2ht (8)
Where:

d, = depth of water penetration [m]
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6 = sample porosity [%]. This parameter is calculdt®m the weights before
and after the test is performed and using the patiet depths.
t = time to reachd,, [s]

h = head of water [m]

Claisse mentioned that ¥m/s would be the order of magnitude of concrete
permeability and 18 m? for the intrinsic permeability (Claisse, 2005). €Th
Colombian standards NTC 4483 classifies the wagempability coefficient and the
penetration depth as “Low” (8 m/s, <30mm), “Medium” (1®? - 10° m/s, 30 - 60
mm) and “High” (10"° m/s, >60 mm); this test considers a constant pressf 0.5

MPa during a test duration of 4 days.

Considering the effects of different variables effifeg water permeability of
concrete, this parameter can be correlated to cessme strength. In general, when
strength increases, the water permeability decse@sgnaghaniet al, 1992; Khatri,

et al, 1997), as both are related to the microstructleaklopment of the material.

Water permeability was evaluated for mixes inclgdiC, fly ash and calcium
carbide residue; From Figure 10 it is seen how wpgFmeability values became
closer between all the mixes (PC, calcium carbeédue + PC, and fly ash + PC) as
the compressive strength increased (Amnadaual., 2013). There was an effect of
the curing process, where water permeability dese@ay increasing the time of
curing. By increasing the Portland cement contdmin( 10% to 20%), water
permeability decreased; this research proposedreelatbion between compressive
strength evolution and water permeability. Anotbterdy shows how an increment of
the water to cementitious material ratio increatfes permeability coefficient of
geopolymers (Oliviaget al, 2008). Although there was a trend in this cabesd
values were in the low to medium water permeabiiityge, and the permeability of
geopolymer concrete was affected by the water moecitious material ratio and the
aggregate grading. These parameters had the séaueasf in the PC concretes.
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Figure 10 Water permeability coefficient and comprssive strength
relationship (Amnadnua, et al., 2013)

Water permeability of inorganic polymer concretese( husk, bark ash and fly
ash) with sodium hydroxide and sodium silicate sohs is highly controlled by the
SiO,/AIO3 (S/A) ratio (Wongpaet al., 2010): it not only controls water permeability
but also compressive strength and modulus of eistiHigh S/A ratios led to low
water permeability while low S/A ratios led to higlater permeability. In the case of
compressive strength, it increases 30% at 28 ddyenws/A>1.9. The modulus of
elasticity increases for SEAL.65 at 28 days (Duxsoat al, 2007).

As mentioned before, when water permeability orogttson is evaluated for
alkali activated mixes with fly ash and slag, the-reatment of the samples could
have a negative effect (Ismagt al.,2013). The Colombian standard NTC 4483 does
not require pre-treatment for the specimen ancetla@uation starts just after 28 days
of curing (ASTM C 192). The procedure of this tiestnentioned in Chapter 6.

2.3.1.3 Diffusion

Diffusion is a transport mechanism which occurs ttua chemical potential or
a concentration gradient (Claisse, 2005); soméhefifluencing parameters are the
capillary pores size, concentration gradient, cositpm of the solution and
cementitious material composition. Depending oneleenents mentioned before, ions
will move from areas of high to low concentratidatys, 2005), and Fick’s first law

describes this movement for steady-state diffusionFick’s first law and in the
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steady-state diffusion case in general, pressuck vatocity are considered to be
constant at any time (Crank, 1975):

J=-D5 ©)
Where:
J = diffusive flux

D = diffusion coefficient

ac . .
Ix = concentration gradlent

Fick's second law is considered for non-steadyudibn; the evolution of

concentration with time at a specific depth camléscribed with equation 10:

ac a2c
5= D= (10)
Crank’s solution is used for this previous diffefahequation:
C(x,t) = C, <1 —erf (ﬁ)) (11)

Where:

Cixr) = chloride concentration at a defined deptind timet
C, = chloride concentration on the surface

D, = diffusion coefficient (rf/s)

erf = error function

Chloride diffusion

It is important to consider that the diffusion domént varies with time and
that concrete is not homogeneous, as is assumtbe iaquations presented above. In
this way, it is important to find this apparent ffmgent through concrete evaluation
tracking all the internal and external variablesif@dczi, 1990; Basheest al 2001).

Supplementary cementitious materials used as aapadgment replacement
often reduce chloride penetration; for instanceneseesults at 90 days and after show
the advantage of including this pozzolanic mate@at-Mokhtar, et al, 2013; Deby,
et al, 2009). The reduction of chloride diffusion ceefnt is not only achieved with
the blending with fly ash, but also slag and metéika(Mejia, et al, 2003; Thomas
and Bamforth, 1999; Boddt al, 2001). However, it is necessary to explore more
how mixes with these materials mitigate corrosiorthiese environments due to the

high variability (Shi,et al, 2012). The variability affecting the charactatian of
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chloride penetration is observed because therdiffierent parameters affecting it,
such as the type of the supplementary cementitioaterial, water to cementitious
material ratio, cement type, curing, exposure diomdiand other factors. For instance,
for concretes with 55% and 70% fly ash, an inadexjearring regime plus a low
fineness of the fly ash could increase the conakleride penetration (Ozbagt al.,
2012).

In other case, normal strength concrete with silicae has almost the same
performance compared to a high performance conanetierms of chloride diffusion
(Baroghel-Bouny,et al, 2011). The performance is improved with age amder
curing, especially for fly ash concretes. It is orant to consider that a high volume
fly ash concrete (30%, 40% and 50%) could have peoformance compared to an
PC concrete at 28 days, whereas after 90 daysyearthis performance is improved
as seen in Figure 11 (Burden, 2003). Comparingop@akince between HVFA (50%,
70% 85% fly ash) normally vibrated concretes and=A\self compacting concretes,
there is a reduction of the diffusion coefficiewot tthe latter case, by 2 to 8 times

(Dinakar, 2008), probably due to the differencemir design and components.
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Figure 11 90 day RCP vs curing time (Burden, 2003)

The diffusion coefficient for specimens with pozawé has been observed to be

higher for samples exposed in a splash zone thantidal zone, while the opposite
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behaviour occurs for mixes without pozzolans (Valip et al.,2013). This is because
this natural pozzolan (zeolite) requires a longemg process and the tidal zone offers
a constant curing, improving its properties witmei In that study, the amount of
chloride concentration at 20 mm varied in concedimmain the following order:
splash>tidal>soil>atmosphere zone. This is duehw® grocess in the splash zone,
where the sprayed sea water evaporates, leavinghioeide ions crystallized and
accumulated on the surface. In this way capilldgoaption and diffusion mechanisms
are present, influenced by moisture and oxygen.tl@n other hand, the chloride
concentration on the surface followed the invensip which could be related to the

presence of water which washes chlorides from tiniace.

lonic diffusivity depends strongly on water contantd at some point there is a
saturation level where the connection of the p@i®ws ions transport to increase
(Zzhang and Zhang, 2014). In this way the degresatdration takes a significant role
in chloride ion diffusion (Guimaraes and HeleneQ2)0 It is important to mention that
parallel to diffusion, ion transport also includamvection (absorption and hydraulic
pressure) and electrical potential, and the contioinaof these three mechanisms is
considered in the Nernst — Planck equation to dmsdon transport (Zhang and
Lounis, 2009).

In terms of chloride ingress, well cured and goodlity concretes with alkali
activation can perform better than PC concretesy(Ro al 2000; Rashad, 2013;
Ismail, et al., 2013); this is presented in Figure 12. This is thuéhe microstructural
reaction which reduces chloride penetration. Compgadifferent alkali activated
binders, mixes with slag have a better performdhaa those with fly ash; there is an
increase of chloride sorption with fly ash cont@ismail, et al., 2013). Under steady
state chloride diffusion, activated and non-act@daimixes with 0% to 100% slag as
PC substitution have a tendency of reducing thieigldn rate with slag increase. Roy
et al found that the steady state diffusion coefficiehPC-containing alkali-activated
binders using slag (60% slag — 40% PC) and NaOHddoe reduced to half of the
values obtained with 100% PC concretes, using ¢ké groposed by Hansson and
Berke (1989)
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Figure 12 diffusion coefficient (10> m? s*) vs slag % (Roy et al. 2000).

Ravikumar and Neithalath evaluated slag concrasesg as activator alkali
silicate powder and obtaining low chloride penébratwith the rapid chloride
permeability test (RCP), compared to water glassvated concretes and PC
concretes. Relating the non-steady state migrati@se values were similar for both
the activated and PC concretes (Ravikumar and &laith 2013). In this study, the
correlations were similar between the critical psiaes and SiPto NgO ratio, and

the RCP or non-steady state migration and, 8Ng0 ratio.

Concretes with activated slag including high aativ (NaO) concentrations
have higher chloride permeability using ASTM C 12@#s is probably due to the
pore solution alkalinity (Bernakt al, 2012; Puertast al., 2004); in Bernal'sstudy,
chloride diffusion coefficients were coherent wibrptivity coefficients at 28 days.
The addition of metakaolin to the mix reduced tiftusion coefficient, probably due

to pore structure refinement.

Carbon dioxide diffusion and carbonation

Carbonation involves CfQdiffusion through the pores and reactions with
calcium silicate hydrates and calcium hydroxides ttonsequence of the previous
processes is a reduction in the pH levels (<9) (B, 1974). Fick’s first law is
sometimes used to model gdiffusion. Tutti's model uses the diffusion law to
calculate the carbonation depth (Tutti, 1980):
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x = K\t (12)

Where:

x = Carbonation depth (mm)

K = Carbonation coefficient (mm/ye&)

t = Time (year)

Different variables affect the carbonation coedint, such as relative humidity,
dry and wet cycles and GQoncentration (Castellotet al, 2009; Parrot, 1987).
Based on all of these influencing parameters, thesedifferent models referenced in
different technical papers (Nagatadt,al, 1986; Sisomphon and Franlet,al, 2007;
Ribeiro,et al, 2003; Parrot, 1994; Papadalasal, 1989).

One of the main parameters affecting the carboridiodiffusion is the water
saturation degree (Thiergf al, 2007). When the cement is air cured, the cartmma
coefficient increases, by as much as a factor dtthpared to water curing (Younsi,
et al, 2011). A reduction in the water to cementitioustenial ratio and an increment
in the curing time reduce the carbonation depthtdugore reduction (Claisse, 2005;
Helene and Castro-Borges, 2009; Rabedti,al, 2013); water evaporation from
concretes with higher water to cementitious malteniatios leaves pores, increasing
the opportunity for carbon dioxide diffusion. Inighstudy, there was a correlation
between carbonation depths at 180 days and conneessengths at 28 days. The
carbonation depths for concretes with clinker alag) $n external elements could be
reduced with 150-175 kghnof these materials compared to conventional ceecre
(Proskegt al, 2013).

For high volume fly ash concretes this effect isrencelevant. Comparing
mixes with 30% and 50% FA, the air curing increasleel carbonation depth for
HVFA concretes but when they were cured in waterddwrbonation depth was similar.
A relative humidity between 50% and 70% increasa®anation compared to other
relative humidity levels (Wierig, 1984; Saelt al, 1991). Capillary pores are dry
when a low relative humidity is present while thaye saturated when relative
humidity is high reducing the carbonation procd8ssdry, et al, 2007). Another factor
influencing the difference of carbonation betwe®0% cement and HVFA concrete is
the low portlandite content of the latter (Younst, al, 2011); depending on the

amount of portlandite, the carbonation processctbel delayed considering that €O
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reacts with portlandite (Papadaket, al, 1989). This study described how porosity
could not be directly correlated to carbonatiorapaeters; although 100% cement and
HVFA concretes had similar porosities followingfdient curing procedures, the latter
had a higher carbonation depth. Figure 13 shows ¢mweretes with 30% to 50% of
fly ash at 28 days and 1 year without a curingttneat have a higher carbonation
depth compared with 100% PC concretes (Burden,)2006
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Figure 13 1 year outdoor carbonation vs Curing (Buden, 2006)

Samples including metakaolin in alkali activateagsinixes have an increment
in carbonation depth when the replacement of sjamétakaolin is increased (Bernal,
et al, 2010). In this work, activated mixes with slagrieased their carbonation depth
when a low Si@N&O ratio was used; the effect was reversed with kaela
addition. Rashad compiled literature about alkalivated systems and found that
different authors agree with the previous conchlusabout the increment of the
carbonation depth with the metakaolin incrementsiag mixes (Rashad, 2013).
Although there can still be different disadvantageth alkali activated slag mixes
such as shrinkage, efflorescence, and carbonatepending on the activator and mix
design these problems can be mitigated.



In alkali activated mixes, the combination of slagd fly ash reduces
carbonation compared to 100% fly ash geopolymeaveting porosity due to the gaps
filling with additional C-S-H gel formation (Nasvi013). As seen in the X-ray
microtomography the pore network tortuosity incemasvith the increase of slag in
slag/fly ash pastes (Provist al, 2012). This is presented in Figure 14. C-(A)-$sH
present as the slag percentage increases (25-50&6gasing the pore network
tortuosity while for low slag contents (<25%) N-A(8) gel predominates reducing
the pore network obstruction. A high g€oncentration reduces compressive strength,
and increases permeability in alkali activated mixBernal,et al, 2012). From this
study, it was concluded that carbonation is noy aointrolled by CQ@ diffusion due to
the fact of a nonlinear relationship between payoand carbonation depth, and that
tests performed during long periods would helpuiolence what the other parameters
controlling carbonation are.
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Figure 14 Diffusion tortuosity vs curing time (Provs, et al., 2012)

2.3.2 Service life

Service life is defined as the period of time whai@ncrete element maintains
acceptable performance (Pommersheim and CliftoB519The American Concrete
Institute specifically defines service life as “theriod of time after installation during

which all the properties exceed the minimum acdsptavalues when routinely
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maintained” (ACI 365.1, 2000). The ACI standarderences Tutti’'s model to divide
the service life into two periods: initiation ancbpagation (Tutti, 1982). The model is
presented in Figure 15. The period of initiatiorthie time which is taken for chlorides
or carbon dioxide to pass through the concretercamd reach a concentration where
steel reinforcement starts to corrode (Concia005; Conciatorigt al, 2008). The

propagation period is the time between when casrostarts, and when the element

actually fails.
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Figure 15 Service life model for steel corrosion ({tti, 1982; ACI 365.1, 2000)

2.3.2.1 Carbonation
As mentioned before and referencing Tutti’'s modethe carbonation process,

the initiation period begins when the structure Igtarts until the concrete pH is
reduced due to carbonation at levels that affdetssteel passive layer. According to
this model, when the carbonation depth is equéhtéoconcrete cover depth, corrosion
can occur. After ending the initiation period, tpeopagation period starts, being
influenced by oxygen or presence of water, causwmlgme changes in the steel bar
and cracks in the element. This period ends wittraxked or collapsed element.
Although in a practical sense the service life i@ tsum of the initiation and
propagation period, in most cases the initiatiorookis considered as the total service
life. This is due to the difficulty in calculatinthe propagation period, and by not

considering it, thus providing a safety factor (N&iro, et al, 2012).

Considering carbonation as a steady-state prottessarbonation depth can be

described in the following equation (He and Jid, 20
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= % \/E 3§1
\J Wo

Where,

L = Carbonation depth [m]

D= Effective diffusion coefficient [ﬁﬂs]

C,= Carbon dioxide coefficient at the surface [%)]

w,= Carbon dioxide absorbed per unit volume of catecfieg/n]

t= Carbonation time [s]

As seen in equation 13, although carbonation deqptteases as the diffusion
coefficient increases, the carbonation coefficisnteduced as the absorbed carbon
dioxide is increased. This effect is due to perniigalbeduction in the concrete matrix.

An additional analytical expression for fly ashraded Portland cement which
includes the relative fractions of CH and C-S-H vaéso proposed (Wang and Lee,
2009).

2Dg[CO,]ot

Xe = [CH]+3[CSH] A1
a b
Ec RH
D, =4 <£+L+£> (1 - E) (15)
pc pP pw

Where,

x. = Carbonation depth [m]

D,= Effective diffusion coefficient [fs]
[CO,], = COy in the ambient air [%]
&, = Porosity [%]

pc = Cement density [kg/ Th

pP = Fly ash density [kg/ fi

pw = Water density [kg/ A}

C = Cement content [kg]

P = Fly ash content [kg]

W = Water content [kg]

A, a,b = Parameters based on experimental results

As mentioned before, portlandite helps to delaycaation. In the previous
equation, portlandite content is included and diyeceduces the carbonation

coefficient. Porosity, presented gsalso has an influence increasing the carbonation
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diffusion coefficient. According to equation 15, the paste volume is increased the
carbonation diffusion is reduced. The efficiencytlod carbonation diffusion equation

must be evaluated due to the fact that in the mepscenario fly ash has the same
effect as cement. From the previous equation, &l$® needed to evaluate how the
increment of the relative humidity reduces carbmmadiffusion because as mentioned
by Tutti, there is a certain relative humidity renghere concrete carbonation rate

reaches the maximum level and after this perioedreases significantly (Tutti 1980).

According to Morandeatet al, (2014), CH carbonation is reduced with time
while C-S-H keeps carbonating. Porosity is redue#@l carbonation due to the effect

on the microstructure (Morandeaat,al, 2014).

As mentioned before, Tutti's model is based on HEqunal2. Different
parameters have been included to this equation ésearchers and standards,
depending on environmental conditions, mix desigs, The Spanish standaka
Instruccion Espafiola del Hormigén Estructural EHBcludes different parameters
affecting the carbonation coefficienEKIE, 2008). As seen in Equation 16, this
coefficient is affected by the environmental coiodis, air content, cementitious
material and compressive strength.

K = ConyCairafin J16
Jem = fere +8 (17)

Where

ceny = Environmental coefficient

cqir = Air content coefficient

a, b = Cementitious material coefficients

f.m =Mean compressive strength [N/rfim

f- =Characteristic compressive strength [N/fhm

The inclusion of compressive strength in the stedwlallows easy correlation
between the main parameters of a concrete andathermation coefficient. This helps
concrete specifiers and designers to have an aippatex value related to carbonation
depth. Although probably the accuracy is not asahe obtained with the equations
including the effect of CH and C-S-H, it is a preat and simple way to have an

approximation.
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The Comité Européen du Béton CEfplies a carbonation model considering
the compressive strength, environmental conditiang curing type in empirical
equations (CEB, 1997; Marquex,al, 2013).

x = Ko, (2) Ve (18)
Kcoz = "w (19)
Deo, = 10—(7+o,025%) o2

a = %o (501%0;40) 0,8 12

Where

x = Carbonation depth [m]

Ko, = Carbonation coefficient [m¥4]

K;, K, = Curing and environment conditions
t =Time [s]

to = Reference time [s]

D¢o, = CO, diffusion coefficient [rs]

C, = Air CO, concentration

a = CaO content in 1 Afkg/m’|

%Ca0 = CaO cement content [%]

% =Water to cement ratio

Along with compressive strength, water to cememigi material ratio is a
parameter referenced by standards to correlatere®nenix design inputs with
carbonation. Environment conditions can also bengbd as these equations allow it.
In spite of being in the standards, it is importamperform some additional trials to
check the calculated values from referenced equatio

The Portuguese National Laboratory of Civil Engmeg (LNEC — 465)
establishes a way to evaluate the performance rfrete exposed to G@Monteiro,
et al.,2012; Marquesgt al, 2013):

= [ Rz 20

Rees
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Where,

Regs = ZCLZQM (23)
X1
Ries = 0,0016}2?;1106 for CEM |; CEM II/A (24)

Roes = 0,0018£,2862 for CEM 1I/B; CEM IIl; CEM IV; CEMV  (25)
x = Carbonation depth (m)
C = Environmental carbon dioxide concentration (ki)/m
t = Exposure period (years)
R.¢s = Carbonation resistance coefficient (kg yedr'mfrom accelerated test)
ko, = Test condition factor
k, = Exposure level factor
k, = Curing exposure level factor
fem = Mean compressive strength [MPa]

C.ccet = Carbon dioxide concentration in the acceleratet[%]

Additional variations are proposed by differenthaus to the way to calculate
the carbonation coefficient. For instance, soméastmentioned that the time of the
drying processtf) must not be considered due to the blocking efdéthe pore water
to CQ, ingress (Daimonet al, 1971). This variation is presented in the follogyi
equation:

0 for0<t<tg
= { 6§2

1
K(t - ti)E fort = t;

Different authors agree that the calculation of taebonation coefficient is
difficult due to the fact that in most of the casiedoes not include all the variables
affecting this process (Bakker, 1988). Additionalthe previous consideration, the
variation in the production of cement, fly ash andterials composition could have a
significant effect on this parameter.

Yu proposed another model where theoretical arslgsd performance tests
were developed (Yu and Lixue, 1998; Xiargg, al, 2012). The proposed model
considers the following calculation:

w

——0.34
X(©) = kgukco,krks839(1 — RH)*! CYV;DTCCOZ\/E (27)
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Where,

kry = Relative humidity coefficient

kco, = Carbon dioxide coefficient

k; = Temperature coefficient

ks = Stress state coefficient

yup = Cement hydration degree coefficient
y. = Cement type correction factor

Cco, = CO, concentration [%]

C = Cement content [kg/th

t = Carbonation time [d]

As seen in the previous equation, when the levecarhent hydration is
increased, the carbonation coefficient is reduBgdncluding cement hydration level,

the porosity of concrete matrix is also considered.

The following equation is a model where curing dtads and compressive
strength are considered (Haiyahal, 2006)

710713 C
X(6) =kuy (35)  (RH? — 1.98RH +1.896) |-

(15.806
0.03

feuk

+ 0.215) £0-42

(28)
Where,
k..., = Indoor or outdoor coefficient
RH = Relative humidity [%]
T = Environment temperature [°C]
Co = CO, concentration [%)]

feur = Compressive strength

In the previous case, environment conditions aresicered instead of the mix
design inputs (W/CM, cement and fly ash contentesiBe relative humidity,
environment temperature and £€bncentration, curing conditions are also included
In this scenario, special care must be taken irerotd have a clear consideration

depending on the cementitious material type.
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The model presented in the following equation aders concrete carbonation
randomness. It also includes compressive strergyinanfluencing parameter and its
evolution compared to a reference (Ditao, 2003)is Tinodel specially considers
concrete geometry and where in the element theysisds going to be performed; for
instance, carbonation depth is higher at the coohemn element. Not only geometry
influences this model by including the corner cotien coefficient, but also the
surface of the element where the casting surfaedficient is used to influence the

prediction in this equation.

X(t) = 2.56Kmckikco, kpks VT(1 — RH)RH (iﬂmc - 0.76) NG (29)

Where,

K., = Uncertainty random variable

k; = Corner correction coefficient

ko, = Carbon dioxide concentration coefficient

k,, =Casting surface coefficient

k, = Work stress coefficient

T = Temperature (°C)

f-u = Compressive strength of the concrete cube (MPa)

m, = Mean compressive strength to design compressigagih ratio

The previous model was modified by including a wagment ratio coefficient
ky,c (Xiang, et al, 2012). This can be seen in the following equafiang, et al,
2012):

57.94
feu

X(€) = 2.56Kckikco, kykskyy e NT(1 = RH)RH (2= m, — 0.76) VI (30)

Where,

w
Kwje =121 =32 (31)

The inclusion of compressive strength and wateretmentitious material ratio
in the previous model could increase the accurAoyway, there are many variables
in this model including element geometry which neetle checked for applicability to
local conditions. Probably, the accuracy of thevimes model is higher, but its
application becomes complex and that is the diffeee compared with models

included in concrete standards.
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In order to predict service life, accelerated teses performed. In this way,
when accelerated carbonation is measured, it i®itapt to consider that an initial
degree of carbonation could exist (Moreno, 2013je Tollowing equation considers

this initial carbonation depth:

)
kaccer = TO

2§3
Where

kq.ccer = Carbonation coefficient at higher @€oncentration

t = Time of accelerated exposure [s]

x = Carbonation depth at tintegfm]

X, = Initial carbonation depth [m]

Based on an accelerated carbonation test, the ommwantal carbonation

coefficient can be calculated from the followingpedure (Moreno, 2013):

k= /ﬂ 313

M

M
ty = x¢ 2Des 134

M
tz = xC2~ 2Dc, 135

t12D t22D

xczz 1MC1: zMCZ (36)
tl = tzz_j 137
t, Z—jk% = t,k3 139

k, = kz\ﬁ—: 140
katm = Kaccet /% I41
Where

D = Diffusion coefficient
¢ = CQO, concentration
M = Concentration of hydrated calcium compounds

kq.:m = Atmospheric carbonation coefficient
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The models presented by the standards are chazadtdy the inclusion of
constants, meaning that it is simpler for enginé@egpply to model structures. Most of
these constants or coefficients correlate envirgringenditions (C@ concentration,
temperature, relative humidity, curing conditions)gementitious material
characteristics (cement type, supplementary cetiergi material) and mix design
inputs (water to cementitious materials ratio, cetneontent). Probably due to the
number of correlations in the equations and sintgliof the models, the accuracy is
not as high as the models proposed by differeritaasf models include variables such
as cement hydration degree, CH and C-S-H contewott Mf the models have in
common the inclusion of water to cementitious materatio and compressive

strength.

2.3.2.2 Chloride diffusion

Different models have been developed with diffeiteria for the service life
analysis in terms of chloride diffusion. In the samay, computational programs
include algorithms with different service life mdsle There are various different
computational models available, such as Life 3@m@nc and STADIUM, between

which the inputs and criteria in the analysis V@yeenet al, 2012).

Life 365 is a software which is based on Fick’sosetlaw (Thomas and Bentz,
2008; Garcia, 2004; Greeat al, 2012). This software considers that the matesial
homogeneous, the surface concentration is constaghtthe element properties are
constant at any time. In this case, diffusion is thechanism for chloride movement

inside concrete matrix.

2
a_C:DaC

42
ot ox? I

Where:

C =Chloride content [%)]

D =Apparent diffusion coefficient [As]
x = Penetration depth [m]

t = Time [s]

Life 365 considers the reduction of the diffusamefficient with time based on
a reference age (Figure 16):
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D(t) = Dref (tTTEf)m
Where:

D(t) = Diffusion coefficient at time [m2/s]

(43)

D,.r = Reference diffusion coefficient at a defined a2f& days) [rfVs]

trr = Reference age (28 days) [s]

m = Constant that depends on fly ash and slag repkacelavels as seen in

the following equation:

m=02+04 (2" +2) (44)
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Figure 16 Effect of fly ash and slag on D(Thomas and Bentz, 2008)

According to Life 365 and as seen in Figure 163 slad fly ash do not have an

Table 2 Diffusion coefficients for slag and fly ash

m D2 Doy Dazsy

(<=0.60) (x 10" m%s) (x 10™ m%s) (x 10" m%s)

PC 0.20 79 30 25
30% SG 037 79 13 9.3
40% FA 052 79 6.3 3.9

60

effect on 28 day diffusion coefficient. The effestshown after 28 days. The rate of
the reduction is considered with tivefactor. This factor is valid only for maximum fly
ash levels of 50%. Table 2 presents differ@rand diffusion values for a W/CM of



In the calculation of the reference diffusion at @8ys for the base case
concrete mix, there is an influence of the W/CMseasn in the following equation and

Figure 17:

Dyg = 1% 10—12.06+2.4% (45)
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/
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Figure 17 Dy,g vs W/CM (Thomas and Bentz, 2008)
The previous relationship applies for concreteshwaggregates of normal

Diffusion Coefficient, D 28 (mzls)

density and may not be used for lightweight corezet

As presented in the following equation, the cal@dadiffusion coefficient is

corrected by temperature changes.

D(T) = Dyopexp [%( - 3)] (46)

Tref T

Where:

D(T) = Diffusion coefficient at time and temperaturg [m?s]

D,.; = Diffusion coefficient at a reference tintg,, and temperaturd,..r
[m?/s]

U = Activation energy — 35000 J/mol

R = Gas constant — 8.31 J/nil

T = Temperature — [K]
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The model considers @, of 28 days and;., of 293K (20°C). Life 365
includes a temperature database for USA. Therelsis a database for chloride

concentration at the surface depending on the elearel geographic location.

When silica fume is used in a concrete matrix falewing equation is used:
Dgp = Dppe~0-1655F (47)

Where:

Dpc= Portland cement diffusion coefficient }fs]

SF = Silica fume percentage level [%)]

Another model is the one called Clinconc. In thase, additionally to the
transport by diffusion, chemical interactions ammgidered. In this model, the free
chloride concentration is predicted with the fluguation from Fick’s second law
(Green,et al, 2012; Tang.et al, 2012). It is important to consider that the total
chloride concentration includes bound and freeraids, where the latter are available
to travel to the steel (Tang, 1996). The followisghe equation used in this model:

CCS__CC‘L =1—erf I[z - n,x — ]I (48)
| feampney (-2

Where:

¢ = Free chlorides at dep#[%]

¢; = Chlorides at the surface [%]

¢; = Initial chlorides in concrete matrix [%]

n = Age factor

Dremem = Concrete diffusion measured in the laboratory mtofiths [ni/s]

¢p = Bridging factor (From laboratory measurementsrnar@nment
conditions). It considers chemical interaction kew chlorides and concrete:

hydroxide content, gel content, water accessibiegty.

One well-known model, popular due to the numbegparhimeters considered in
the analysis, is STADIUM. In addition to diffusion and chemical reactionisis
model also considers electrical coupling of ionse Tfollowing is the equation
considered by this model (Great,al, 2012):

a(wsef) | dwey) 0 ac; Diz;F oY dlny;

—+———(WD'—+W—C'—+WD-C' —C-V)+WT'-:O 49
L0t 8t ox L ox RT ‘'ox Uoax X ! (49)
lons diffusionElectrical coupling Electricall process Advection transport mechanism

62



Where:

w, = Volumetric solid content [fAm?]

¢; = Concentration (solid phase) [moffm

c¢; = Concentration in the solution [mmol/L]

D; = Diffusion coefficient [n/s]

z; = Valence number

F = Faraday constant

R = ldeal gas constant

T = Temperature of the material [K]

Y = Electrical potential [V]

y; = Chemical activity coefficient

V., = Fluid average velocity when capillary suction skéace [m/s]

r; =Term considering the creation of the ion

In the complete study developed by Green, Nanukutted Basheer, where the
previous models were analyzed, it was concluded fivathe Life 365 the most
influencing parameter was the W/CM, for ClinconcGM and aggregate content, and
for STADIUM® the porosity level. Based on the number of pararsetised in
STADIUM® and the fact of using not only diffusion but aktemical reactions and
electrical coupling, this model is more accurateewhcomparing it with results

obtained from real structures.

The initiation period evaluated in this project dogot include chemical
interactions and ions electrical coupling; it caless diffusion variation depending on
the effect of the compressive strength and thewdifit fly ash percentages and sodium
sulfate as activator. As mentioned, LIFE 365 comsddiffusion only and W/CM is

the most influencing parameter.

2.4 Summary

The following are the main general conclusions ftben literature review:

* High volume fly ash concrete is a sustainable mdteve construction
material; it is characterized by the low water &nentitious material ratio,
low water content and high superplasticizer dosaDesability of structures

is positively affected by this type of concrete.ciin be used for mass
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concrete such as dams. It is important to considereffect of the high
volume fly ash on setting time and initial compresstrengths which can be
negatively affected. Although this is a green alive, it could be an
expensive option due to the high polycarboxylatetents.

The use of 100% fly ash with an activator is anothestainable alternative
but with different challenges. There are some renemndations to obtain an
activated system with fly ash considering LOI,,®¢ and CaO content,
reactive SiQ and glassy phase. It is important to consider highing
temperatures in the process. Although an activatah as water glass
increases compressive strength, it reduces conavet&ability. For its
technical viability, it is important to obtain modata related to durability;
one of the main concerns is the effect in termsaolbonation.

Activation of mortars with Portland cement and higthume fly ash has been
explored with different activators including sodiwulfate. The process of
the reactions with sodium sulfate has been studigtti, ettringite being the
component which increases the matrix density. limiportant to perform
different durability studies due to the lack of arhation related to this
specific area.

There is not information about concretes using wwodsulfate with 50% pc
and 50% Colombian fly ash. As mentioned before, twhgresent in the
literature considers mortars with low LOI fly agtolombian fly ash which is
used in this study has high LOI contents.

It is important to identify the factors influencimgrly compressive strengths
of concretes using high volumes of fly ash and wmodsulfate as activator.
As mentioned before, some studies present an mdfuef ettringite on this
parameter. Although most of the effect in termsahpressive strength is at
early ages, it is important to evaluate at lateesagin the same way,
evaluations of the setting time must be considehee to the presence of
sodium sulfate. Significant work on concrete dumbevaluations must be
performed due to strong gaps evident in the liteeatquestions related to the
performance of this system in terms of sorptivipgrmeability, chloride
penetration, and carbonation must be answeredjaltiee additional effect

of the alkali activator.

64



» Concrete deterioration depends on its permeabitiiyee main transport
mechanisms must be considered: absorption, periitgadind diffusion.
Although an increment in fly ash addition couldre@se the absorption of
the element, in general these three main paramateraffected positively.
Curing has an important influence on increasinge poetwork obstruction.
Some initial design inputs such as the water toer#itious material ratio
and fly ash content reduce absorption, permealaikty diffusion.

* There are some specifications including initiatp@riod models; in general,
they include coefficients considering water to caetiti®us material ratio,
cementitious material type, environment and cudogditions. There are not
models published including any type of activator fkybrid cementitious
systems.

» Additionally to performance, COemission with this system considering
Colombian fly ash is also a gap in knowledge. lis thpecial case is
important to consider C{emissions in terms of compressive strength.

* There is not information in the literature related the activated hybrid
cementitious system using Portland cement and Vfime Colombian fly
ash in terms of fresh and hardened state, dusalpititperties, service life,

CO, emissions and cost evaluations.
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3 Materials

3.1 Introduction

This chapter includes description of the sourcestld supplementary
cementitious materials used for this research. @ammineralogical and physical
characteristics were determined for each of the materials. Cement and the alkali

activator is described at this part of the project.

3.2 Supplementary cementitious materials

According to ASTM C618, the fly ashes for this r@®h are classified as class
F. The following is the list of the supplementagnentitious materials used in this
research:
* Termopaipa Fly Ash
» Termoguajira Fly Ash
» Fabricato Fly Ash
e Tampa Fly Ash

3.2.1 Fly ash sources

Most of these materials come from inside ColomB@iampa fly ash, which
comes from outside the country, is included in tieisearch due to its high quality
according to ASTM C618. Figure 18 includes a magneheach of the locations is

shown.
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Figure 18 a) International SCMs, b) National SCMs¢) Termopaipa FA, Tampa
FA, Termoguajira FA, Fabricato FA

One fly ash comes from Tampa FL, USA. Termogudjyrash comes from the
North part of Colombia. In the North West, theremother source of fly ash which is
Fabricato fly ash. Termopaipa fly ash source isated close to Bogota, the capital

city.
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Figure 19 a) Coal distribution along the country ofColombia (From
www.ingeominas.gov.co), b) Coal reserves (Mt) (Fromvww.upme.gov.co)

3.2.2 Colombian coal

As seen in Figure 19 and Figure 20, the high ansoahtoal in this country

position coal as one of the main energy sources.
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60,000,000

40,000,000
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H Total Production M Local Consumption

Figure 20 Colombian Coal production (From www.upmegov.co)
From considering the total and local consumptiogspented in Figure 20 and
the coal consumption distribution shown in Figufe the total fly ash production can

be obtained. Figure 21 shows local consumptiomiligton
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Figure 21 Coal distribution for different industrie s (From www.upme.gov.co)

The total amount of fly ash generated from Colomb@@al in 2011 was

5'693.547 t; although the local fly ash seems #&@waamount compared to the total

one, 408.068 t per year could supply this countmyceete production by using 50% -

80% as cementitious material (Figure 22).
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Figure 22 Fly ash generation from Colombian coal

3.2.3 Supplementary cementitious material preliminary

treatment

In order to improve their characteristics, fly asheere subjected to a

mechanical treatment. All the fly ashes were siay&@dg 75 um and 45 um sieves; the

objective of this treatment was to obtain differsi#tes without crushing the material

and keeping the original particle shape.
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3.2.4 Chemical, mineralogical and physical characteristis
of fly ashes

3.2.4.1 Chemical Composition

Table 3 presents the chemical compositions of the dshes. This
characterization was obtained using a PANalyticadio8 sequential wavelength
dispersive XRF (WDXRF) spectrometer. From this ebtarization, it is concluded
that Tampa FA has the highest silica content antahgsfly ashes studied. Although
all of the fly ashes accomplish the required AST%), (Al,O3) and (FeOs) sum for
Class F classification, Tampa FA has the highektevand Fabricato FA the lowest.
As they are classified as type F fly ashes, theiwal content is low; Fabricato FA has
the highest value amongst them. ASTM C 618 allovigpa F fly ash to have up to
12% of LOI; Fabricato FA has this value and theeathare between 8% and 10%.

Tampa FA is the only one that receives treatmerd, s the lowest LOI percentage
compared to the other ashes.

Colombian fly ashes are characterized by their HiGH content. Although
they have a higher LOI than UK fly ashes, they dlawe a higher SiOwhich is the
most important component reacting with portlanditdorm C-S-H (UK Quality Ash
Association, 2011). The AD; of UK fly ashes is higher than Colombian fly ashes

The CaO, MgO, KO, NaO and SQlevels are similar for both Colombian and UK fly
ashes.

Table 3 Chemical Composition. LOI is loss on ignitn at 750°C

Composition (%)
Materials .
Si0o)+(AL,0
$i0, | ALOs | Fe,05 | S1OMH(ALOSN | o1y Lol | Na,O|cao | K0 | Mgo
(Fe203)
Termopaipa FA | 56.67 | 20.65 | 4.92 82.24 006 | 1074 | 0.07 |3.27|1.59] 0.62
Fabricato FA | 43.83 | 28.11 | 4.39 76.33 009 | 12.00 | 0.89 |5.99|1.28] 1.74
Termoguaiira FA | 55.14 | 17.63 | 9.77 82.54 011 | 874 | 056 |3.64|1.78]1.38
TampaFA | 58.58 | 19.96 | 10.21 88.75 050 | 153 | 0.76 |3.17|2.29| 1.50

3.2.4.2 Mineralogy
The mineralogy of the SCMs was evaluated with a Bitital XRD with an
X ‘PERT-PRO MPD system. Each sample was examingtl &iBragg-Brentano

optical configuration including an X'celerator datallector, which is a high speed
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solid state detector. The Rietveld method was ueeduantify the crystalline and
amorphous structure.

It is important to mention that the vitreous phaséund in high proportions
compared to the crystalline phase in the fly asbessidered in this study; the
amorphous content is the halo presented betwe@n202and26=35°in the
diffractogram x axis The regular crystalline main components are quartallite,
magnetite, hematite, CaO and 3%iO

According to the results obtained from the minegadal characterization, the
highest amorphous content is exhibited by the TaR#aFor almost all of the SCMs,
guartz is the highest crystalline phase presefiteid. can be seen from Figures 23 to
26.

3.2.4.2.1 Termopaipa FA
For this fly ash, the amorphous content is 64.5%tmbpaipa FA has the

lowest amorphous content compared with the otherafihes. The highest amount
between the crystalline phases of the fly ash cdnoes quartz; this amount was 18%.
Calcite was particularly found in Termopaipa FAgiiie 23); this phase is not present
in the other fly ashes.

14000 Q: Quartz

. Q
M: Mullite
12000 M: Hematite
10000 Ht: Hatrurite
" C: Calcite Amorphous
+ 8000 phase; 64,5
3 Hematite; 0,7
8 6000 Hatrurite; 0,6
4000 |\'/\|/I M M Calcite; 1,2
S C H Hq M
2000 MH’F QQ Q q H MQ M QM

10 15 20 25 30 35 40 45 50 55 60 65
20

Figure 23 Termopaipa XRD

3.2.4.2.2 Fabricato FA
Fabricato FA has the highest amorphous contentdmetvihe local fly ashes

with 69.3%. Between the crystalline phases, muldithe one with the highest content
with 20.6%; in spite of this result, for most opg/F fly ashes mullite content is lower
than quartz. Normally, fly ashes include in thaystalline phase quartz, mullite and

hematite and in some cases hatrurite (it is assutmeds contaminated with a small
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portion of cement due to 36 presence); as seen in Figure 24, Fabricato les th

common phases for a type F fly ash.
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Figure 24 Fabricato XRD

3.2.4.2.3 Termoguajira FA
Termoguajira has a low vitreous or amorphous cdritenomparison with the

other fly ashes. According to Figure 25 and theepfty ashes, Termoguajira quartz
content is the highest between all of them. Magmetnd coesite are the two phases

which are not present in the other fly ashes.
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Figure 25 Termoguajira XRD

3.2.4.2.4 Tampa FA
Tampa FA has the highest amorphous content with. 7&#s fly ash receives a

treatment to reduce LOI content before being disted, helping to increase the
amorphous content. As can be seen in Figure 26nesagferrite and lime are present
in the crystalline phase. Quartz, mullite and heémmaare included in expected

proportions.
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Figure 26 Tampa XRD

Figure 27 presents the complete mineralogicalliesd all the fly ashes; from
this figure, the halo differences presented betw28e20° and26=35° are clearBased
on the halo size it can be concluded that Tampadly has the highest amorphous
content while Termopaipa the lowest content. Thisameter is a preliminary indicator
of high pozzolanic activity.
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Figure 27 Fly ashes XRD
Table 4 summarizes the mineralogy of all the SCM®& main characteristic of
fly ashes is their high amorphous content.

Table 4 Mineralogy

Composition (%)
Materials A h
Quartz | Mullite |Hematite| Magnetite | Coesite |Hatrurite| Calcite | Lime | Magnesioferrite ::::Zr_::ls
i
Termopaipa
18 15.1 0.7 0.6 1.2 64.5
FA
Fabricato FA 8 20.6 0.5 1.6 69.3
Termoguajira
22.8 8.8 1.2 1.2 0.4 65.6
FA
Tampa FA 14.8 6 1.2 0.6 1.3 76
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3.2.4.3 Physical Properties

Density, granulometry, and activity index of SCMerer analysed. As can be
seen from Figure 28, Termoguajira FA is the coamnstaie Tampa FA is the finest fly
ash.
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Figure 28 Granulometry of fly ashes
All the fly ashes were evaluated according to ASTg11 (ASTM C 311,

2007). This standard includes chemical analysespamgdical tests to evaluate fly ash
for use in concrete. Some of the analyses conglderethis standard are silicon
dioxide, aluminum oxide, iron oxide, density, arudivaty index. Table 5 presents the
density and activity index of the SCMs. Termopat#ahas the lowest density while
Fabricato FA has the highest value; it is import@ntention that density of fly ash
from UK varies from 1.8 to 2.4 g/chfUK Quality Ash Association, 2011) Fabricato
FA also has the highest activity index.
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Table 5 Physical characteristics of fly ashes

Physical characteristics (%)
Materials Activity Index %
- y 28 > Density (g/cm3) Retained on # 325 sieve [%]
Termopaipa FA | 70.20 | 71.60 2.09 47.57
Fabricato FA 79.20 | 78.20 2.11 46.32
Termoguajira FA| 75.80 | 73.40 2.26 60.9
Tampa FA 71.60 | 74.30 2.32 31.07

From the physical properties presented, the need foechanical treatment is
evident, to improve SCM fineness. By subjectingsthenaterials to a mechanical
treatment, not only their physical properties viadl affected but also their chemical

and mineralogical composition, depending on thattnent.

3.2.4.4 Main SCMs characteristics after mechanical treatmen

When the material was sieved, not only the gradihgnged, but also the
chemical and mineralogical characteristics. Col@anlily ashes were subjected to this
process. These materials were sieved using 75 pdn4& pm meshes. Glass
composition was calculated by relating the chemémathposition with minerals from
XRD analysis; the glass content for each oxidehis difference between the total
oxide content from the chemical analysis and itangty calculated from XRD

mineral database. The results are summarized in ftbkowing tables:
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Table 6 Changes in fly ash properties a) Main paraeter b) Glass composition

. Main Parameters
Fly ash | Sieve - Treatment -
LOI |Fe,0;| CaO | SiO, | Amorphous

As received 10.74 |4.92 |3.27|56.67 | 64.50

TPFA | <74um 8.67 |5.90 |0.57(59.50|67.30

<45um 5.07 |5.25 |1.43|62.31|59.60

As received 12.00|4.39 [5.99|43.83|69.30

FBFA |<74um 3.82 [3.20|44.96 | 60.20

<45um 5.78 |4.76 |6.94|45.45|63.60

As received 8.74 |9.77 |3.64|55.14|65.60

TGFA |<74um 1.54 |11.15(2.57|63.12 |56.10

<45um 1.94 |10.46 |4.37|56.89 | 65.50

As received 1.53 |10.21(3.17|58.58 | 76.00

TAFA | <74um 1.30 |10.74(2.99|57.92 | 75.50

<45um 1.53 |10.35(2.79|56.59 | 78.10

a)
Glass Composition
Materials Fe,05 MgO Sio, Al,0; Ca0 Na,0 K,0 TiO, Mn;0, SO Lol P,0; V,05 Sr0 BaO
Termopaipa FA 4.22 0.62 34.04 9.81 2.04 0.07 1.59 0.93 0.01 0.06 10.74 0.27 0.04 0.04 0.07
Fabricato FA 3.89 1.74 29.65 13.32 476 0.89 1.28 1.17 0.01 0.09 12.00 0.06 0.10 0.02 0.22
Termoguajira FA 7.88 1.38 29.08 11.31 2.41 0.56 1.78 0.79 0.06 0.11 8.74 0.13 0.05 0.06 0.14
Tampa FA 7.97 1.26 42.02 15.65 1.28 0.76 2.29 0.93 0.05 0.50 1.53 0.22 0.05 0.03 0.08
Termopaipa FA - < 74im 5.90 0.65 39.29 9.20 0.57 0.09 1.69 0.85 0.00 0.00 8.67 0.20 0.04 0.00 0.06
Fabricato FA - < 74um 3.82 1.35 27.27 5.58 3.20 0.54 1.11 0.99 0.00 0.31 15.62 0.05 0.08 0.00 0.16
Termoguajira FA - < 74um 9.71 0.89 28.90 9.23 2.37 0.60 1.58 0.71 0.05 0.33 1.54 0.12 0.04 0.04 0.00
Tampa FA - < 74um 9.56 1.23 41.89 13.69 2.99 0.60 2.38 0.98 0.05 0.29 1.30 0.22 0.06 0.06 0.12
Termopaipa FA - <45im 4.63 0.65 35.54 9.49 1.05 0.12 1.66 0.99 0.00 0.14 5.07 0.33 0.04 0.03 0.09
Fabricato FA - <45um 4.35 1.27 30.48 12.64 5.33 1.12 1.32 1.20 0.00 0.00 4.89 0.06 0.12 0.06 0.23
Termoguajira FA - < 45um 5.76 1.48 35.51 13.30 2.36 0.64 1.96 0.90 0.06 0.37 1.94 0.16 0.00 0.06 0.15
Tampa FA - < 45um 9.24 1.33 42.70 14.99 2.79 0.65 2.55 1.06 0.05 0.64 1.53 0.25 0.06 0.06 0.12
b)
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Based on these results, it was decided to use tirasellometries for the next
phase of the project. Three finenesses will be :uE@0% passing #325 sieve (A6),
100% passing #200 sieve (dB) and the original granulometry.
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Figure 29 Fly ashes granulometry

As seen from Figure 29 and Table 7, Termoguajiyaath has the largest
particles compared to the others; however, aftarirsj, the values for {9 and Qo are
close to the fly ash from Tampa. It is clear how targest particles in this fly ash are
due to the presence of LOIL.
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Table 7 D;p and Dy values

Fly ash D Original size <75um | <45pum
. D50 41 23 11
Termopaipa
D90 163 62 34
Fabricato D>0 38 13 9
D90 224 54 37
.. D50 94 11 9
Termoguajira
D90 719 41 29
D50 20 11 9
Tampa
D90 117 45 28
3.3 Cement

The cement selected for this study is Type Il adow to ASTM C150
(ASTM C150, 2009) and classified as CEM | 42.5Naading to BS EN 197-1 (BS
EN 197-1, 2011). This cement is used for Argos yeauixed concrete production.
Table 8, 9 and 10 present the chemical, minerahbgighysical and mechanical
properties of the cement.

Table 8 Cement chemical composition

Chemical Composition of Cement (%)

XRF
LOI| CaO S|02 A|203 FE203 503 MgO Kzo Na,O

Argos Cement | 1.4 |65.8221.53| 4.73 | 3.56 |1.91| 0.9 |0.57| 0.06

Based on its chemical and mineralogical charac#am, it can be assumed
that this cementitious material is useful to bendked with any pozzolanic material.

The high GS and GA amounts help to increase the pozzolanic activity.

Table 9 Mineralogical composition of cement deternmied using X-ray diffraction

Mineralogical Composition of Cement (%)
GA GA
CsS | C,S |C,AF | (Aluminate | (Aluminate |Anhydrite | Calcite | Quartz
cubic) ortho)
52.1/30.5|10.2 3.3 0.8 1.8 1.0 0.3

From Table 9, it can be deduced that this cemehpvaduce a high amount of
heat, has short setting time periods and high eartiy28 day strengths. In fact, Table
10 confirms what is deduced from Table 9; all tbenpressive strengths are high if

they are compared with a type | cement.
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Table 10 Physical and mechanical properties

Blaine [cm?/g] Setting time [min] Density [g/cm’] Compressive strength [MPa]
Initial Final 1 day | 3 days | 7 days | 28 days
4382 122 190 3.10 16.7| 29.0 | 37.9 | 48.7

Cement granulometry (Figure 30) and Blaine finenaffect the strength
positively; according to its mineralogical, chentiead physical characteristics, it is
possible to use this cement with SCMs in high propos to accomplish normal
compressive strength at 28 days.
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Figure 30 Cement granulometry

3.4 Activators

The main activators to be considered are Sika Attiv(Activator 1), hydrated
lime, quicklime and NzSO..

Table 11 Activator 1 chemical composition

Chemical Composition

Fe203 Nazo SO3 LOI

0.53 (45.48|49.49|4.52
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3.5 Summary

The following is a summary based on materials atarezation:

» Colombian fly ashes are characterized by their hiGt content. The type of fly
ash available in Colombia is a type F. Most of @abean bituminous coal is used
for energy generation in cement and thermoeleptants. Four different fly ashes
will be considered in the study including one frai8A.

* The highest value of (SiEDAI,Os+Fe03) was for Tampa fly ash and the lowest
for Fabricato fly ash. The latter had the higheSt kalue of 12% while the other
Colombian fly ashes were between 8% and 10%. Tdigpash had the lowest
LOI content due to the treatment it receives bebmiag commercialized.

« Tampa fly ash had the highest amorphous contem6éé before being sieved
while Termopaipa fly ash had the lowest value (8€).5In terms of percentage
retained on # 325 sieve, the lowest value was fmmga and the highest for
Termoguajira fly ash.

* SiO, content was the highest for Termopaipa fly asloteeéind after being sieved
while FeO; content was the highest for Tampa and Termogu#lyrash. The
amorphous content and LOI changed with fly ashni@ss. Although the LOI
content decreased when the fineness increased, Waer not a trend with respect

to the amorphous content.
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4 Evaluation of fly ashes and activators in
mortar and paste systems

4.1 Introduction

The main objective of this part is to select theterials, combinations and
dosages based on mortars and pastes; the mairateatuare strength, calorimetry,
thermogravimetry, XRD and SEM.

4.2 General procedures for mortar and paste

preparation and testing

4.2.1 Mortar and paste preparation

The procedures presented in ASTM C 109 were foltbas far as possible,
and modified where necessary. The following genasgects were considered for
mortar and paste preparation:

* The activator was added to water; it was mixedluntivas completely
dissolved. Cement was added to the mix of water agtvator; it was
mixed for 30 seconds at the lowest velocity (lelefl40 mii') using an
epicyclic type mechanical mixer. After that, sanalsvadded and mixed for
30 seconds. After that, it was left for 1.5 minytien mixed again for 1.5
minutes at a velocity of 285 mir(level 2).

» Activator 1, lime and sodium sulfate had good silityb while quicklime
in contact with water increased the temperature fanched white solid
forms. This effect increased when dosages increased

» Samples were left in the curing room with a tempeeaof 23°C

Mortars mix design

The following table includes the quantities to m#&keubes. Although
the quantities changed depending on the numbantEs; the proportions were
constant.
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4.2.2

4.2.3

4.2.4

Table 12 Mix proportions

w/cm 0.484
Flyash[%] | 0% | 20% | 50% 50%
Cement [g] | 500 | 400 | 250 200
Fly ash [g] 100 | 250 200
Sand [g] |1375|1375|1375 1375
Water [ml] | 242 | 242 | 242 242
+ Activator

Process to stop sample hydration

50 mg of paste per sample was used for this process

This material was ground in order to increase gez#ic surface.

The sample was submerged in acetone for 5 minutes.

After five minutes, the acetone was replaced byolbs ethanol. The

sample was sealed in special plastic buckets tinatitlay of the test.

XRF procedure

The sample was dried at 40°C for 4 hours.

It was then ground in a tungsten mortar at 400 f@pn3 minutes. Between
20 to 30 grams of sample was used in this test.

Moisture content of the sample was determined gyndrthe sample.

When loss of ignition was evaluated, it was doneltyyng a sample for 3
hours at 110°C. After obtaining the weight of tleenple at 110°C, it was
taken to a temperature of 1000°C.

To obtain a pressed pellet, a pressure of 100 kiNapalied for 20 seconds.
The instrument used was a PANalytical’'s Axios sedjaé wavelength
dispersive XRF (WDXRF)

Results of XRF evaluation were obtained using tH®EBRQ software.

XRD procedure

General considerations

Sample drying and grinding were done following #zame procedures as
described for XRF.
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In order to evaluate the amorphous content, rutds used as the internal
standard mixed with the sample. A spike of 0.5 gutife was included per

each 4.5 g of sample.

Analysis method and process

The mineralogy was evaluated with an XRD diffracébden. The results

were obtained using a PANalytical XRD with an X REPRO MPD system.

Each sample was measured with a Bragg-Brentanccabptionfiguration

including an X'celerator data collector.

The method used for this analysis was the Rietwvakthod. The

software which helped to perform this analysis WaBert HighScore Plus.

The following is the process which was used togrenfthis analysis:

4.2.5

To determine the background: the software usedgsep an initial curve.
Manually, this background was then modified in orde improve the
accuracy of the results. This is important as sbaffects the amorphous
content quantification (the amorphous content ghér than 60% for fly
ash).

Find the main peaks.

Select the possible compounds which are part ofiderial structure.
Check the chemical composition of the compounds.

Include the crystalline phases in the inputs ineord start the refinement
control.

Determine the global parameters of all compound$orbe Rietveld
refinement.

Perform Rietveld refinement using the software.

Determine the global parameters of all compoundter aRietveld
refinement.

Thermogravimetry procedure

The Instrument used is a Thermogravimetric AnalyiZ8A 2950.

60 mg of samples were used for the thermogravim@trgedure
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» Tests were performed with a controlled nitrogen csphere with a 40
mL/min flow. The temperature was increased from i@ambto 950°C at a
rate of 10°C/min.

e The final results included weight loss relative teanperature and their
respective derivatives. These results were analysgag TA Universal
Analysis software.

The main equations followed for the portlandite amah-evaporable
water calculation were:

wWr1—WT2 74.03
9 CH = Wr—Wrz , 7403
Wosz°C 18

(50)
Where,

% CH': Portlandite content

wyg,: Sample weight where a change in the slope @B6&°C - 550°C).

wr,: Sample weight where a second change in the slopers (450°C and
550°C).

Woy,: Sample weight at 942°C (Argos Procedure - Theimam reading from
the equipment is from 940°C — 950°C)

% W, = W110~Wos2—(Wioi) (51)

Wosz2°C
Where,
% W,: non evaporable water
Wi10: Sample weight at 110°C.
(Wioi) : LOI weight. It is calculated following the mettmlogy described in

section 4.2.3.

This method is the Argos procedure to calculatalgmdite content and non-
evaporable water. The temperatures mentioned foh ealculation follow Argos

criteria.

4.3 Mortar and paste combinations

Figure 31 describes the initial main variables @irtars and pastes, which are
fly ash, fineness and activator dosage. Althougkrfess values, dosages, SCMs and
activators were defined already, they could chadegending on the results from the

experimental data analysis. Alkali activators, laydd lime and quicklime are some of
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the activators considered. The preparation anduatiah of mortars follow ASTM C

109 and the procedure presented in section 4.2.1.

>

0

Mortars evaluation Pastes evaluation g
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Activator 4 (0%, 1%, 3%, 5%): Na,SO4

m
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P hydrati Mineralogy SEM Thermogravimetry =

strength =3
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Figure 31 Mortar and paste variables

4.3.1 Fineness evaluation without including any activator

As it was mentioned in the literature review ofstistudy, one of the ways to
activate fly ash is by increasing fly ash finené2aya,et al., 1995, 1996, 1997). It is
important to highlight that its activity increasdse to the increment of both the
specific surface area and the reactive sites o&dly (Shi and Shao, 2002); however,
water requirement increases if a grinding processed instead of the sieving process
(Chindaprasirtet al, 2004). Therefore this parameter was evaluat@ty s sieving

treatment.

The effects of the sieving process on the chemmadl mineralogical
characteristics of the fly ash were presented énpitevious chapter in Table 6. Walker
and Pavia developed a complete study evaluatingirifieence of the fineness,
amorphous and total silica content of different SC(Walker and Pavia, 2011); the
results from that study showed that the specifitase area affected water demand,
and the amorphous content influenced compressiremgth. Based on the previous
studies, different comparisons were developed d@emwto find the parameter which
influenced the performance of the mortar the mastl to compare these results with

published data.
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For this initial part, the effect of the fineness the compressive strength of
blends of PC with 20% fly ash was evaluated withaatuding any activator; it was
done with the purpose of identifying the effectlod fly ash itself, making it easier to
understand the main influencing factors after iti@ing an activator. From Figure 32,
it is evident that Tampa fly ash was affected padiy by the fineness; local fly ashes

did not have the same pattern due to the variatidhe amorphous content.
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Figure 32 Fineness effect on the 28-day compresssteength for different size

fractions of each ash (represented by 49

The compressive strength is expected to decrease imgreasing the LOI
content (Aty, 2005). This general behaviour was observed, lirretwere also some
unexpected trends; by decreasing the LOI conterd given ash, the compressive
strength was not always seen to be improved; Fi§8rpresents this for three of the
fly ashes (Tampa FA, Termoguajira FA and Termop&py This behaviour means
that it is necessary to also consider the otherfly components. It is important to

mention that the w/b of 0.484 was the same fothallmixes.
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Figure 33 LOI effect on the 28-day compressive stngth

The calculated reactive silica content of allfué fly ashes is plotted in Figure

34, and the compressive strength seemed to beinfrenced by this parameter than

the LOI content. It is important to mention tha¢ thpproximate reactive SiOAl,O3

and FeO; values were calculated by using the total amorptauntent, XRF data for

the bulk ash composition, and the composition arahtjties of all crystalline products

presented in the fly ash according to XRD Rietvat@lysis. The difference between

the total XRF values and the chemical componentthefcrystalline products was

defined to be the amorphous content. The compasiticeach crystalline product was

obtained from each mineral description from the XB&tabase. Walker and Pavia

plotted the total Si@and in their data, there was not a trend of imipigpeompressive

strength by increasing the content of this param@®talker and Pavia, 2011); this was

not the reactive Sigvalue, making it difficult to compare with the résthere.
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Figure 34 Reactive SiQ effect on the 28-day compressive strength

The reactive AlO; was calculated in the same way the Si@s done. Figure
35 shows how the compressive strength was alseeinded significantly, at least more
than the effect of the LOI. This did not occur wieOs, where there was not any
trend in Figure 36. Some authors such as Fern&lidemez and Palomo evaluated fly
ash with high Fg; content; main reaction products did not presegtieon content

(Fernandez and Palomo, 2003).
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Figure 35 Reactive AjO3 effect on the 28-day compressive strength
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Figure 36 Reactive FgO3 effect on the 28-day compressive strength

When SiQ and ALO; were added and plotted in Figure 37, the influeofce
these two components over the compressive strength significant. Berryget al.
studied the influence of both materials descritting processes they are involved in,
ending with insoluble silicate and aluminate hydsatvhich improve compressive
strength (Berryet al.,1990; Berry et al.,1994).
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Figure 37 Reactive SiQ+ Al,O; effect on the 28-day compressive strength
For all the fly ashes, the amorphous content chdingéh the fineness (D90)
but without following a distinct pattern. The corapsive strength was improved by

increasing the amorphous content. Based on theomeyesults including the reactive
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calculated values of SiOand ALOs; the amorphous content was one of the most
relevant characteristics related to the 28-day aesgive strength; this is evident in
Figure 38 and 39. Although the majority of LOI pelgs were among the largest size
ranges, it did not present a key influencing rofetile compressive strength as the
amorphous content did. Walker and Pavia also founad for different SCMs the
amorphous content was one of the most relevanbriadb control for compressive
strength evolution (Walker and Pavia, 2011).
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Figure 38 Effect of the fineness and the amorphousntent on the compressive

strength
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Figure 39 Effect of the amorphous content on the capressive strength
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4.3.2 Activated mortars and pastes evaluation

This evaluation considered all the activators,aghes and fineness variation.
Every set of samples included 100% PC, 80% PC - E@%and three mixes with
50% PC - 50% FA and three different dosages (masd)le 13 presents the variables

considered in the project.

Table 13 Variables in activators study

FA Fineness Fly ash Activator Activator Dosage
Activator 1 0%, 0.5%, 1%, 1.5%, 3%
Original size / <74 um / | Termopaipa / Fabricato Quicklime 0%, 1%, 3%, 5%
<45Um / Termoguajira / Tampa Lime 0%, 1%, 3%, 5%
Na,SO4 0%, 1%, 3%, 5%

Considering these initial variables, the total bemof mortar mixes is 612; in
the same way for some of these mixes, there are g@stes which are included for
additional testing. The order followed to testtakk variables starts with the original
size (OS) Termopaipa FA evaluation including evargfivator and dosage; this is
followed by OS Fabricato FA, Termoguajira FA andna FA evaluation. After this,
the next step is to evaluate these fly ashes witkvar D9O0.

The analysis methodology followed the structurespnted in Table 14. In this
table all the variables were included; four diffgranalyses were developed in order to
find the most important influencing parameters iortar behaviour.

Table 14 Analysis structure

Analysis number| Size Fly Ash |Activator| Dosage
1 Constant | Constant | Variable | Variable
2 Constant | Variable | Variable | Optimum
3 Variable | Constant | Variable | Optimum
4 Variable | Variable | Constant | Optimum

Due to the number of variables and mixes develagedg this phase, it was
necessary to consider a Mix ID. Each mix had a omtlere all the variables were

included. The following tables present the Mix IBngponents.
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Table 15 Mixes ID a) Order/Description b) Code pewariable

1- Cementitious Material
Name
CE Cement
TP Termopaipa FA
FB Fabricato FA
Mix ID (1/2/3/4/5/6) TG | Termoguajira FA
Letters and numbers order Description TA Tampa FA
1 Cementitious material name 2-Size
2 Fly ash size 0S Original Size
3 Fly ash percentage 75 <75 um
4 Activator 45 <45 Pm
5 Dosage 3 - Fly ash percentage
6 Age 0 0%
a) 20 20%
50 50%
100 100%
4 - Activators
A Activator 1
Q Quicklime
L Lime
S Sodium sulfate

b)
4.3.2.1 Original size evaluation

4.3.2.1.1 Termopaipa FA

As can be seen in Figure 40, the compressive stravighe sample with 50%
Termopaipa FA using activator 1 (p&0O, from Sika) was improved about 50%
compared to the sample without activator (Averad®OS/50). The compressive
strength improvement occurred in the first 3 toaysd Although the compressive
strength was lower compared to the sample with 89%sh (TP/OS/20), it could be
improved by reducing the water to cementitious materatio. This part will be
evident in the following phase where the concrebeemare evaluated. Although the
mix with 3% activator 1 had the best behaviour, thix with 1% was close in

performance.

When quicklime and lime were added to the mix, ¢hsas little effect on the
compressive strength. The optimum dosage usingklguie and lime was the same
(3%) for both of these compounds. Comparing quickliand lime, the former gave a
higher compressive strength at 3 days, even pasbmgontrol sample (Average
TP/OS/50); at 7 and 28 days the lime mix had adrigiompressive strength and only
after 56 days the quicklime mix improved its stréngConsidering the compressive

strength evolution using lime and quicklime, Shurd that there was an optimum
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portlandite level and when it was passed, the C3{@Hbt involved in any reactions
would weaken the matrix; Shi also found that thiiah heat released from the
quicklime and water reaction helped to accelerhee gozzolanic reaction, and the
Ca(OH)thus formed could be more soluble than manufactlimesl (Shi, 2001).

According to XRF results, activator 1 (Sika actoratand the last activator are
composed mainly of the same component;3@. The plain NaSQO, had a positive
effect at every age; the most relevant effect was1f7 to 28 days. The effectiveness
of NaSQ, with high volume fly ash mixes was evaluated by Qiet al, fly ash
dissolution is accelerated due to alkalinity inseawvhen reacting N80, with
Ca(OH). The density of mixes is increased by ettringibenfation when sodium
sulfate is included in the matrix (Qiaet, al, 2001).
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Figure 40 Compressive strength

According to the isothermal calorimetry data présdnin Figure 41, the
sample with 50% of fly ash decreased in heat flod ancreased in setting time by
about two hours, compared with the 100% cement (GE/10/100). Quicklime had
the highest peak in the first minutes. The indutperiod for the 100% cement sample
started after an hour, while the others about teoré later. The acceleration period
started after two hours for the 100% cement sarpiethe others after four hours; this
was probably due to the delay in the C-S-H fornrmati@enerally, delays in reactions
can increase by increasing fly ash content duentmerease in the effective water to
cement ratio and the dilution of the reactive cetm&here is a possible delay due to
the reaction of the Ca of the solution with thenagiium of the fly ash surface (Wedt
al., 1985) However, it is important to consider that theeiilleffect can help to
accelerate the reaction when the W/CM is very ladglitional nucleation sites are
available (Deschneet al, 2012). Mixes with lime and quicklime presented #ame
behaviour as the one without any activator. Thegmee of a peak in the deceleration
period was not evident; this peak is related te@sd aluminate and calcium sulfate
reaction ending in ettringite or AFm (alumininagrfite mono) phase; generally it is

more evident when fly ash is used due to the sgezfiiect (Deschnegt al, 2012).
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Figure 41 Heat Flow — Termopaipa FA OS — 20°C

As seen in Figure 42 pastes with quicklime releasedle energy than the
others. The sample with 3% of quicklime had a pasienergy delta of 20 J/g
compared to the rest of the mixes at the beginoninthe curve. According to these
curves quicklime reduces the setting time; a coatimn of quicklime and activator 1
could be an alternative in order to guarantee d¢iing time. It is important to combine
different quicklime and activator 1 proportions fmd a standard setting time
depending on the concrete application.
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Figure 42 Energy (Pastes) — Termopaipa FA OS
Figure 43 includes the thermogravimetry data fomgas with different
activators. As is seen in this figure and as meetibbefore in the TGA procedure, the
slope change takes place at around 450°C and 538&yming a reference for
portlandite calculation. The total non-evaporablatexr is also calculated from this

figure using the reference weights at 110°C and©42
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Figure 43 TGA using different activators at 3 and 7days

The Ca(OH) content decreased using activator 1 before 7 days
(TP/OS/50/A/1/7), while for quicklime and the caitrmix with 20% fly ash
(TP/OS/20/0/0/7), it occurred after this periode timount of Ca(OH)increased with
time for quicklime mixes in the first days, whengaklime reacted with water forming
Ca(OH). Portlandite consumption started earlier usingivatdr 1 showing its
influence on fly ash; this is shown in Figure 43atd. Due to nucleation and the
seeding effect the amount of the Ca(@pgr gram of cement for mixes including 50%
fly ash was higher than the mix with 100% cemelritea7 days it is evident how lime

reacts with fly ash, reducing the lime amount digantly.
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Figure 44 Ca(OH),/ 100g cement
As seen in Figure 45, the bound water increasee rimom 3 to 7 days for the
mix with activator 1 than the mix with lime; thigsgameter decreased for the mix with
guicklime at this range of time. At the age of 28sithe bound water values for all the

mixes were similar.
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In the XRD evaluation the amorphous content watuded in order to have
the most accurate values of all the phases; sonieeo€-S-H was amorphous, while
some was more ordered and able to be describedasglyalt is important to make
clear that rutile was used as an internal standardthe amorphous content
guantification. The content of well ordered C-S-titdd as tobermorite) was the
highest in the sample with 100% cement at 3 an@y’.dThe activator 1 (N8Oy)
mixture had a higher tobermorite content at thst finree days compared to the mix
with lime but it became lower at 7 days; after 28<ltobermorite content increased
for mixes with activator 1, quicklime and lime, teg closer to the mix with 20% fly
ash.

Portlanditecontent as measured by XRD was the highest formhe with
100% cement followed by the mix with lime. Portlé#adcontent was almost halved
for mixes with activators at the first 3 days. Aaid 28 days, portlandite for the mix
with activator 1 decreased significantly, while fone it kept increasing up to 7 days
and then decreased at 28 days through the pozeotmocesses. Comparing these
results with those obtained with TGA, the portlaadconsumption is similar with
time; the activator effect is seen from the firstysl while mixes with lime have a

reduction in portlandite after 7 days.
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Figure 46 XRD Diffractograms
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Activator 1 had an effect on ettringite formati@s; is shown in Figure 46, the
mix with activator 1 had the highest content ataaes. Monocarbonate, dicalcium
silicates and tricalcium aluminate were preserglirthe mixes in low proportions. As
expected, some phases such as quartz, mullite aed the amorphous content

appeared in high proportion for mixes includingdish.

Quartz and mullite content was proportional for esxncluding 50% fly ash,
comparing it with the total content of Termopaip&,@ndicating that these phases are
unreactive. The majority of amorphous content icheaix is composed of the
combination of C-S-H and fly ash amorphous conitisetf. The reference amorphous
content for a mix with 50% of fly ash at 3 and 7yslas 51.3% and 53.96%
respectively; these values are obtained by addatfgoli the amorphous content of the
100% cement mix with half of the amorphous contdrihe fly ash. Comparing these
initial values with the real ones, the mix with érhad the highest value and passed the
calculated one at 3 days; on the other hand thewiitx activator 1 had the highest

value at 7 days, exceeding the precalculated dme.Chn be seen in Figure 47.
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Figure 47 XRD
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4.3.2.1.2 Fabricato FA

Activator 1 increased the compressive strength kimeously as the activator
dosage increased. These results were comparedsad@BOS/50 samples and the
highest strength with activator was almost douhk bf the non-activated mix; OS
Fabricato fly ash has a high amorphous content twbauld influence the activation
process. Activator 1 dosage had the same effebbtinTermopaipa FA and Fabricato
FA; there was not a significant variability in teength with 1% and 1.5% and it was
improved after increasing the dosage to 3%. Aabivat increased strength with 3%
significantly passing sample FB/OS/20 at 56 days.

Although quicklime increased the compressive stitemgth a dosage of 3%, it
did not have the same effect as activator 1. Fig@&@resents a trend where after 28
days it had a significant increment. There was aexpected effect with 3% of
quicklime, not only with Fabricato but also with riveopaipa FA. Considering lime
mixes, they had low strengths compared with thetrobrone at most of the ages
tested. Although quicklime and lime mixes had ayetl effect compared to activator

1 mix, strengths seemed to be improved at lates.age
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Figure 48 Compressive strength

Fabricato FA had almost the same effect as Termap&A in terms of
calorimetry as shown in Figure 49. The inductiod anceleration period had about an
hour delay for all the mixes with 50% of fly ashngpared to the 100% cement mix.
As was seen with Termopaipa FA, Fabricato FA hahighest first peak (mixing
peak) with quicklime. When quicklime and lime wereluded, the setting time
decreased. Activator 1 increased the peak of theflev by 0.4 mW/g but there was a
delay in the final setting time of about 2 hoursnpared to the mix FB/OS/50; as this

activator introduced sodium and sulfate to the niixwas expected to react with

aluminium supplied by the fly ash.
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Figure 50 Energy (Pastes) — Fabricato FA OS
The mix with quicklime had the highest energy reéeeaompared to the other
mixes with activators at the first 20 hours. Figbfeshows that activator 1 and lime
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did not have an effect in the first hours; thesaawnireleased a similar amount of

energy in the first 20 hours compared to the mithauit activator.
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Figure 51 Ca(OH)/ 100g cement

It is important to mention that the quantificatioansiders total mass loss in
certain temperature ranges as referenced in treeguooe included at the beginning of
this chapter. The total Ca(OHgontent for samples with fly ash decreased adlyhe
ash content increased. As seen in Figure 51, #iterfirst 3 days, the amount of
Ca(OH) per 100g of cement was higher for mixes with fghahan the 100% PC
sample; this was a result of the seeding effedhemmix of the fly ash (Deschnest
al., 2012). The Ca(OH)of the control sample with 20% fly ash TP/OS/20H an
samples with quicklime FB/OS/50/Q/1 started to dase after 7 days; this was
delayed compared to the mixes with activator 1 FBBD/A/1 and sodium sulfate
FB/OS/50/S/1, where after 3 days the portlanditeeatdecreased. As occurred with
Termopaipa fly ash in the previous section, duthgfirst days lime content increased
due to quicklime and water reaction while sodiurtiate accelerated the process for

the reaction of the fly ash with portlandite forxes with this activator.

The amount of bound water with activator 1 wasldveest at 3 and 7 days but

after 28 days it was the highest; Figure 52 preséntv the formation of hydration
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products for the mix with activator 1 at the eatfys was not significant as at 28 days.

The mix with quicklime made little difference conmpd with the other activators.
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Figure 52 Bound water / 100 g cement

111



A Alite M Mullite P Portlandite MS Monosulfate]
B Belite Q Quartz T Tobermorite G Gypsum
E Ettringite R Rutile MC Monocarbonate Ha Hatrurite
C Calcite
P
E P R
E T R
M Q A+B R P
M M
E P T
A+ P R R P

6 12 18 24 30 42 48 60
—CE —FB/OS —CE/10/100/0/0/3 FB/0OS/100/A/1/3 FB/OS/50/A/1/3 —FB/0S/50/L/1/3
a) 3 days

112




A Alite M Mullite P Portlandite MS Monosulfate|
B Belite Q Quartz T Tobermorite G Gypsum
E Ettringite R Rutile MC Monocarbonate Ha Hatrurite
C Calcite
R
P
E
MC
Em aQ a T P R
A+B
M M R P R
E mMC R p
Em Q T e R R P X
M R

12 18 24 30 36ze 42 48 54 60 66
CE —FB/OS CE/10/100/0/0/7 FB/OS/50/A/1/7
b) 7 days

113




A Alite M Mullite P Portlandite MS Monosulfate|
B Belite Q Quartz T Tobermorite G Gypsum
E Ettringite R Rutile MC Monocarbonate Ha Hatrurite
C Calcite
P R
E
mMC P R R
Q T a8
E P R
mC Q T P R R
A+B
E R
P
T R R
Q A+B P
Q R
A+B
ww
6 12 18 24 30 %% 42 48 54 60 66
—CE FB/OS FB/OS/50/A/1/28 FB/0S/50/Q/1/28 —FB/0S/50/L/1/28
c) 28 days

Figure 53 XRD Diffractograms
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According to Figure 53 and 54 the presence of quart mullite in mixes with
activators was due to the presence of fly ash.arheunt of the amorphous content for
the mix with Activator 1 was higher compared toA8.which is a reference value;
this value is obtained by adding half of the amorghcontent of the 100% cement
mix with half of the amorphous content of the fisha The reference value makes it
possible to observe a general variation of the phmus content after adding the
activator to the system. The amorphous contenthfersamples with quicklime and
lime was lower compared to the calculated value. &bthe mixes the amorphous
content decreased with time. Portlandite consumggiarted after three days for mixes
with activator 1, and after 7 days for mixes withd and quicklime. Tobermorite was
always the highest for the mix with lime comparedtihe other mixes including
activators. Ettringite increased slightly for mix@gh activators and it increased with
time; the amounts were similar or higher to thok#he control mixes (CE/10/100/0/0
and TP/OS/20). There was a reduction in the trigaicsilicate peak for all the mixes;
the levels of this phase were lower for mixes Miitie and quicklime. It is important
to mention that in section 4.3.2.2, there is antamdal analysis comparing all the fly

ashes simultaneously.

90
80
70
60 .
50 .
N

40 |
30 8
20 _
10 _

o _lu | | T

RS G S S I I R
& QIS S o SN x 14; &
o Q RS
o\ BN
\ &
@0
m CE/10/100/0/0/0 m CE/10/100/0/0/3 m FB/0S/100/0/0/0
® FB/0S/50/A/1/3 m FB/0S/50/L/1/3 FB/0S/50/5/1/3
a) 3 days

115



90
80
70 I
60 —
50 —
N
40 —
30 —
20 I —
10 | I ﬂ |
P T [ T | |
OIS S I S N S S
& o F & L& A ©
G < & S N S d &
o ) J <« > N Na
& O ] X &9
<° S S
) &
&
m CE/10/100/0/0/0 m CE/10/100/0/0/7 m TP/0S/20/0/0/7 W FB/0S/100/0/0/0
FB/OS/50/A/1/7 m FB/OS/50/L/1/7 FB/OS/50/S/1/7
b) 7 days
90
80
70
60
50
N
40
30
20
10
T T T
QD \ X <@ <@ <@ <@ o5
(‘,\0 q?’ \§\\ (\b\ . \(\Qt} o(\,b '\(\’b X(J (_?‘
& D A N G
) Q} oK < > AN
o & Q AR
< o N
@0 c,\)
(o)
&
W CE/10/100/0/0/0 m TP/0S/20/0/0/28 W FB/0S/100/0/0/0 FB/OS/50/A/1/28
m FB/0S/50/L/1/28 m FB/0S/50/Q/1/28 FB/OS/50/5/1/28

c) 28 days
Figure 54 XRD

116



4.3.2.1.3 Termoguajira FA

For most of the activators used in combination wittrmoguajira FA, the
highest dosage was the most effective one. Mixés adgtivator 1 (TG/OS/50/A) had a
high variability between results at different agsspresented in Figure 55. Mixes with
quicklime (TG/OS/50/Q/5) and lime (TG/OS/50/L/5)dhthe best performance with
5% activator dosage; although in some cases thepmmsive strength could not
exceed those of the control samples, the evoldtmm 7 to 28 days was significant.
Mixes with sodium sulfate presented the best perémce between activators; the
optimum dosage was with 3% having a significanéeffat 3 and 7 days. Mixes with
sodium sulfate also passed the compressive stregigiee control TG/OS/50 at 28
days. After 28 days, compressive strength is Isifjher than the control but the latter
gets closer with time. In this case and compariitg the previous fly ashes, the effect

of sodium sulfate is not only present at 3 andy&daut also at 28 days.
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Figure 55 Compressive strength

The portlandite content for the mix with activafoalways increased, even at
28 days. Using this activator with the previousdbhes (Termopaipa and Fabricato),
the portlandite content always decreased beforel@&; in Figure 58his sample
behaved similar to the mix without activator whe@rtlandite content increased at
every age. This is probably due to the amountaof in the fly ash which did not allow

this SCM to react with the activator as fast asT&dmopaipa FA and Fabricato FA.

In relation to the bound water and according tauFegs7, it was lower for the
mix with activator 1 than the mix without activatat means activator 1 was not
contributing to the formation of hydrates. Thedfileffect was more evident in terms of
bound water; the formation of hydrates per 100 gerhent was higher for the mix
with 50% of fly ash than the mix with 20%.
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According to Figure 58 and 59, the amorphous canftenthe sample with
activator 1 was always higher than the others wititklime and lime. The minimum
amorphous theoretical value was passed at 3 amy< with activator 1. The amount
of portlandite for the mix with lime was the highdgtween mixes with activators.
The sample with activator 1 had a lower amount tlandite compared to the mix
without any activator; anyway the effect of actoval was not significant in terms of
portlandite consumption. Only after 28 days a deseein portlandite content for the
mix with lime was evident. Ettringite content foyetmix with activator 1 was higher at
seven days compared to the mix without activatalpihg to improve initial

compressive strengths.
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Figure 59 XRD
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4.3.2.1.4 Tampa FA

Activator 1 and sodium sulfate at certain dosagegroved the compressive
strength of mixes containing Tampa FA relativeh® tontrol mix (TA/OS/50). This is
seen in Figure 60. The mix with 1% of activatoradia similar performance than the
control mix with 20% fly ash. These two activat@semed to react at early ages.
Although mixes with sodium sulfate (TA/OS/50/S) hadositive effect at different
dosages, it did not have the same effect as iwdtid the other fly ashes. Lime and
quicklime did not result in strengths matching #has$ the control mix; the effect with

these activators was similar using different flhes
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Figure 60 Compressive strength

The amount of portlandite for the mix with actimatl was lower than in the
mix without activator; in Figure 61 the amount afrfiandite for this mix increased at
7 days which means there was not any influencénefactivator in accelerating the
process of portlandite consumption. The behaviduiTampa fly ash in terms of
portlandite formation was similar to TermoguajirA.FThe amount of bound water
was higher for the mix with activator 1 comparedhe mix without activator; Figure
62 presents how the formation of hydrates per 160agment was the highest for the

mix with this activator.
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Figure 63 XRD Diffractograms
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There was a small difference in the amorphousertnfor the control mix
including 100% of fly ash (TA/OS/100/A/1/3) and TpaFA itself (TA/OS) at 3 days;
based on Figure 63 and 64 it was deduced thata@otil had little effect on fly ash
when it was used without cement. On the other hahe, mix with activator 1
TA/OS/50/A/1 produced more amorphous content ti@nchlculated value at 3 days
(57.05%); at 7 days, this value was the lowest betwmixes with activators.
Although the ettringite value was always low fdradtivated mixes, the highest value
was with activator 1. The mix with 20% of fly asmR/OS/20/0/0) had a similar

content of GS compared to samples with activators.

& 0' Q S N X X @; <
N I A Y v@o
<0 & (10{\
\} <8
m CE/10/100/0/0/0 m CE/10/100/0/0/3 m TP/0S/20/0/0/3
m TA/0S/100/0/0/0 TA/0S/50/0/0/3 TA/0S/50/A/1/3
m TA/0S/100/A/1/3 m TA/0S/50/L/1/3 m TA/0S/50/Q/1/3
a) 3 days
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Figure 64 XRD

4.3.2.2 Analysis considering all original size fly ashes ahactivator 1

at a dosage of 1%

The effect of activator 1 or sodium sulfate on msixeith different fly ashes
was significant at early ages (Figure 64). TermpparA and Fabricato FA were
affected positively by the inclusion of sodium si#f. As was seen before, the amount
of ettringite and the accelerated portlandite comsiion were reflected in the
compressive strength evolution. On the other handjum sulfate did not have the
same effect on Termoguajira FA and Tampa FA. Thewnof ettringite formation
and portlandite consumption was not significanitagas with the first two fly ashes;
the main difference between these fly ashes wasititeer amount of F©; for the

last two.
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Figure 64 Compressive strength

As seen in Figure 65, portlandite decreased corsitie for Termopaipa FA

from 3 to 7 and from 7 to 28 days. It only occurfedFabricato FA from 3 to 7 days.

For Tampa FA and Termoguajira FA the amount of lpodite always increased; it
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means there was not any influence of the activatoaccelerating the process of

portlandite consumption. The bound water alwaysreiased significantly for

Termopaipa FA and Fabricato FA. The increase innbdowater for Tampa FA and

Termoguajira FA was limited which means that ad¢tivd was not contributing to the

formation of hydrates. This is seen in Figure 66.
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Figure 65 Ca(OH), / 100g cement
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Figure 66 Bound water / 100g cement
Ettringite levels for mixes with Termopaipa FA ardbricato FA were always
higher than those with Termoguajira FA and Tampa iR/ssome cases it doubled the
amount of ettringite. In the case of portlandites trend was the same as presented in

TGA results; achieving a higher consumption witmriiepaipa FA and Fabricato FA.

From SEM images it can be deduced that sodium teuffeomoted ettringite
formation. Figure 67 presents how ettringite wasned using 100% of OS Fabricato
FA with activator 1. The cubic shapes presented dwe fly ash surface could be

related to portlandite or AFm. Appendix 1 includies complete SEM/EDS analysis.

Ettringite

X10,000 1pm 0418 1240 SEI X20,000 1pm 0418 1240 SEI

Figure 67 FB/OS/100/A/1/28
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Figure 68 shows ettringite formation over TermopafA surface at an age of
7 and 28 days. In this case a mix with 50% of #{ and activator 1 was analysed.

The presence of portlandite and C-S-H is also enioethese SEM images.

X2,000 10pm 0418 1140 SEI X1,900 10um 0418 1140 SEI

Figure 68 TP/OS/50/A: a) 7 days, b) 28 days

4.3.2.3 Analysis considering all the fly ashes and activate at

optimum dosages

From Figure 69 it is evident that activators haumetier performance when the
fineness is improved; the material passing th@n¥YSsieve for Termopaipa FA,
Fabricato FA and Termoguajira FA had a better reaciith the activators. In the

case of Tampa FA, it occurred with the materiabpagsthe 4bm sieve.

Termopaipa FA always had the highest compressremgth with Activator 1
at a dosage of 1% (Figure 69 (a)). As mentionedreefthe effect of sodium sulfate
was evident in the first days. It also occurredTampa FA passing 4sm as seen in
Figure 69-d, where sodium sulfate at a dosage ofe3geeded the strength of the
control sample with 80% PC — 20% FA at every agguié 69-b shows lime
performance at a dosage of 3% with Fabricato FAerevfafter a year, the compressive
strength passed all the mixes including the contidle mix of quicklime with
Termoguajira FA presented a significant strengtrettgoment at later ages passing the

strength of all the control samples.
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Figure 69 Compressive strength evolution of mixesithh optimum dosages of
different activators

Figure 70 presents how the effect of lime and kjuree became significant at

later ages, reacting with the remaining fly ashhie system. As mentioned before, in

137



the case of sodium sulfate, the amount of ettengitesent at initial ages played a

relevant role for the compressive strength at eaghs.
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Figure 71 summarizes the data in Figure 69 andhr®figure shows how lime
and quicklime with a fly ash with a fineness incemf) presented a significant

evolution at later ages.
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Figure 71 Compressive strength evolution of mixesitin the optimum activator
per fly ash
It is important to mention that by comparing thefpenance between OS fly

ashes as presented in the previous section, Actitapresented the best performance
compared to control samples. Due to the performamgrortars and availability of
materials, the following chapters include the castgplanalysis on concretes produced

using OS Termopaipa FA and Activator 1.

4.4 Summary

The following are some of the findings based origpasd mortar evaluations:

« When the amorphous content of fly ash increased, dbmpressive strength
increased. Some fly ashes would not need any magtareatment due to the
initial amorphous content as this could be redugid detrimental effects due to
sieving.

» Mixes with activator 1 produced more ettringite thizne others; this helped to

increase initial compressive strengths. Correspahygi the amount of portlandite
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consumption was higher for these mixes at an esgh. The previous scenario
occurred for mixes with Termopaipa FA and Fabridagowhile for mixes with
Termoguajira FA and Tampa FA this did not occure@f the main differences
between these fly ashes is the high@zeontenfor Termoguajira FA and Tampa
FA. The effect of Fg3; content must be studied with more detail due to the
negative influence that it could have in hybrid estitious systems with sodium
sulfate.

For mixes with lime and quicklime, the compresstength became important at
later ages. Although for the first days mixes witiese activators had low
compressive strengths, their performances wereavegr at a later age. As it is
known, fly ash keeps reacting and in this casef#élog of including lime and
guicklime helped to increase compressive strengin time.

Calorimetry curves were influenced by the inclusadrfly ash. Quicklime mixes
released more heat than the others. The peak afatbeimetry curves for mixes
with sodium sulfate was moved by two hours. Whagtisg time for mixes with
quicklime was reduced, it was increased with sodsuifate.

Comparing OS fly ashes, Termopaipa FA and activhtead the best performance
in terms of compressive strength. Based on themdtseand the fact of being a
close source, Termopaipa FA was selected to be fasquerformance evaluation

in concrete.
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5 Properties of Fresh and Hardened
Concrete

5.1 Introduction

Mixes with Termopaipa FA and activator 1 were uk®dhis part of the study.
As previously presented and as shown in Figuresit@yp, setting time and air content
were evaluated; slump loss was also considereddardo assess the effect of the
activator (sodium sulfate), plasticizer (lignosuiéde) and superplasticizer
(polycarboxylate). In the hardened state, compvessirength and shrinkage were

evaluated.

5.2 Concrete combinations

Concrete samples were developed using Termopaipaaid\ activator 1
(sodium sulfate). Figure 72 presents all the pataraseconsidered in the mix designs
for this phase. All the different fresh and engmagproperties evaluated in this phase

are also presented in this figure. Durability resale presented in the next chapter.

>
[}
Concrete evaluation =
<
o
S
0OS Termopaipa FA, optimum activator, plasticiser and superplasticiser &
#
W/CM: 0.557, 0.483, 0.426 g‘<:
Fly ash content: Control (0%, 20% and 50%), 50% + Act 1 g
Curing: Laboratory curing, outdoor curing §
2
Slump, Setting Time, § 2
Air Content = RS §
2 |w

Compressive Strength (1, 3, 7, 28, 56, 90, 360 days)

senJadoid
Suneauidu3

Drying shrinkage (4, 7, 14, 28, 56, 112, 224, 448 days)
Water permeability (90, 180, 270, 360 days)
Chloride permeability (28, 90, 180, 270, 360 days)
Carbonation (28, 90, 270, 260 days)
Sorptivity (28, 90, 360 days)

Diffussion Coefficient (90, 180, 270, 360 days)
ASR, Sulphate attack

Aungeang

Figure 72 Concrete parameters and tests conducted
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5.3 General procedure for concrete preparation and
tests
5.3.1 Concrete mix design

Concrete designs were developed to obtain a slump25 mm. The input
variables are considered in Table 16; all of thesportions were obtained for 1°m

and adjusted to the laboratory mixer capacity.

Table 16 Mixes evaluated

w/cm 0.554 0.482 0.427
f/agr 0.539 0.54 0.541
Fly ash [%] 0% | 20% | 50% | 50% | 0% [ 20% | 50% | 50% | 0% | 20% | 50% | 50%
fa/agr 0.462] 0.460] 0.459] 0.459] 0.449 [ 0.448 [ 0.446 | 0.446] 0.437] 0.435] 0.432] 0.432
Paste Volume [I] 277 | 286 | 301 | 301 | 292 | 303 [ 320 { 320 | 307 | 320 | 339 | 339
Cement [kg] 316 | 253 | 158 | 158 | 363 | 290 | 182 [ 182 | 410 | 328 | 205 | 205
Fly ash [kg] 63 158 | 158 73 182 | 182 82 205 | 205

Fine Aggregate 1(#4-4.75mm) [kg] | 696 | 683 | 667 | 667 | 663 | 650 | 631 | 631 | 631 | 616 | 594 | 504
Fine Aggregate 2 (#50- 0.3 mm)[kg] | 174 | 171 | 167 | 167 | 166 | 163 | 158 | 158 | 158 | 154 | 149 | 149
Coarse Aggregate (1/2" - 12.5 mm) [kg]| 1013 | 1003 | 983 | 983 | 1017 | 1002 | 981 | 981 | 1016 | 1001 | 977 | 977

Water [kg] 175 | 175 | 175 | 175 | 175 | 175 | 175 | 175 ) 175 | 175 | 175 | 175
Admixture 1 (Lignosulfonate) 0.45%10.45%]0.45%]0.45%] 0.45% [ 0.45% [ 0.45% [ 0.45%] 0.45%| 0.45%| 0.45% | 0.45%
Admixture 2 (Policarboxilate) 0.6% | 0.6% |0.85%]0.85%| 0.6% | 0.6% [0.85%|0.85%| 0.6% | 0.6% |0.85%|0.85%

Activator (Sodium sulfate) 1% 1% 1%

Description of each mix by Mix ID is needed dudhe number of parameters
studied in concrete; all of these parameters amtioreed in Table 17, including the

water to cementitious material ratio and curinggetyp

Table 17 Mixes ID a) Order/Description b) Code pewariable

1-wW/CM
0.675
0.557
0.483
0.426
2 - Cementitious Material Name
Mix ID (1/2/3/4/5) CE Cement
Letters and numbers order Description
1 W/CM TP Termopaipa FA
> Cementitious Material 3 - Cementitious Material Percentage
3 Cementitious Material Percentage 0 0%
4 Curing type 20 20%
5 Activator a) 50 50%
100 100%
4 - Curing type
L Lab Curing
(0] Outdoor Curing
5 - Activator
A Activator 1 b)

5.3.2 Concrete preparation

Each batch of concrete prepared in the laboratexgmwas 30 L. Each mixing

process took 7 minutes. The materials were mixetdrfollowing order:
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Coarse aggregates
Fine aggregates
Cement and fly ash
Activator

¥, of water

/5 of water with lignosulfonate (plasticizer)

No g bk~ wbdhE

Remaining water with polycarboxylate (superplagéc)

5.3.3 Concrete tests

Table 18 includes the standards followed for easst. tin order to test the
slump loss, slump testing was performed again &@and 60 minutes. Figure 72
presents the ages of evaluation for compressieagiin and drying shrinkage.

Table 18 Tests for fresh and engineering properties

CONCRETE
EVALUATION STANDARD TEST METHOD
Standard Test Method for Slump of Hydraulic-CementASTM C
Slump C
oncrete 143
Air content Standard Test Method for Air Content of Freshly &tix | ASTM C
Concrete by the Pressure Method 231
Setting time Standard Test Method for Time of Se_tting of Coreret| ASTM C
Mixtures by Penetration Resistance 403
Compressive Standard Test Method for Compressive Strength of| ASTM C
Strength Cylindrical Concrete Specimens 39
Maturity Standard Practice for Estimating Concrete Strehgtthe | ASTM C
Maturity Method 1074
Shrinkage Standard Test_Method for Length Change of HardengdASTM C
Hydraulic-Cement Mortar and Concrete 157

The ASTM standards were followed to evaluate fresid engineering
properties of samples. The same evaluations wer@rped for specimens in the
curing room and outdoors under ambient conditiéingufe 73). In order to understand
the variation of the ambient conditions, they waeeked with a Kestr&l weather
meter. The variables tracked in the ambient envi@mt were temperature, relative
humidity, heat index, evaporation point, wind spaed CQ concentration. Figure 74
shows the variation of these parameters. Somgdo@centrations were missed due to

the equipment calibration.
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b) Outdoor curing area

Figure 73 Curing conditions — Bogota, Colombia
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Figure 74 Variation of ambient conditions: temperatre, relative humidity, heat

index, evaporation point, wind speed, C@concentration

5.3.3.1 Slump test
Concrete consistency is evaluated with this test. dentioned before, the

design slump was 225 +/- 25 mm.

According to the results of mixes with a water émnentitious material ratio of
0.557, the slump was always between 225 +/- 12.5 fimere was not a negative
effect of the activator on slump. Error bars areluded for slump only. As shown
before, these mixes used lignosulfonates and pdigsslates as plasticizer and
superplasticizer respectively. The slump loss weagenhigher than 12.5 mm after one

hour. As seen in Figure 75, sodium sulfate didatfatct slump loss.
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Figure 75 Slump variation

5.3.3.2 Air content
The air content measured using Hh8TM C 231 (Figure 76) considers the

content included inside the voids within the aggteg. The content of air for the
evaluated mixes is the natural trapped air in cate¢rthis value was expected to be

between 1% and 3%.

Figure 76 Slump cone and air content equipment

For these mixes, the air content is part of themna&trapped air. According to
Figure 77, the air content always increased foresixvith 50% fly ash. This

behaviour could be due to the amount of superpiasti used in mixes with high
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content of fly ash (Lazniewska-Piekarczyk, 2014)stcan be seen in Table 16.

Generally, polycarboxylates cause an incremertienair content, to the point that in

some cases mixes with this type of admixtures reqthie inclusion of defoamers

(Lange and Plank, 2012). Although there was anement in the air content, the

values were in the normal range for concrete prvoiug1%-3%) (ACI 211.1, 2002).

This parameter is not relevant in Colombia as lreptountries where freezing and

thawing affect concrete structures.
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5.3.3.3 Setting tim

Figure 77 Air variation

e

This evaluation is carried out using mortar resgltifrom sieving a

representative quantity of concrete. As seen imr€ig’8, this mortar is stored in a

cylindrical container where is penetrated by nesdié different sizes at different

intervals of time (the Proctor method). The neetlas are 645, 323, 161, 65, 32 and
16 mnf. The initial and final setting time occur when peation resistance reaches
3.5 MPa and 27.6 MPa respectively.
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Figure 78 Setting time test

As is seen in Figure 79, there was a delay inrgewif the mix with sodium
sulfate; the difference between the sample witlvaitir and the control mix with 80%
cement and 20% fly ash was from 5 to 7 hours. Tifferdnce from the 50% fly ash
control sample was around 2.5 hours. In spite efdifference in setting time, concrete
with sodium sulfate can be used for different aggilons where early demolding is not
needed, for instance mass concrete. The same aféecseen in the previous chapter
by using calorimetry, where different activatorsddty ashes were evaluated. The
main causes of the delay were the reaction betwedium and sulfate of the activator
with the aluminium of the fly ash, and an additibreaction between this aluminium
and calcium from the solution, delaying C-S-H fotima (Wei, et al., 1985).
Additionally, the increment of the effective water cement ratio could also have a
relevant effect on the setting time increment (Desc,et al, 2012). Depending on the
application, Argos setting times vary from 13 hotws24 hours; for instance, for
industrialized constructions (Outinord and Conteth)hours are required while for
high compressive strengths and mass concretesgsétties take 24 hours due to the

importance of a slow process.
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Figure 79 Setting time

5.3.3.4 Compressive strength

Although Figure 80 (a) presents how most mixes $iadlar behaviour when
cured under different conditions, this is not aversal behaviour across the sample
set. For instance, samples with 50% fly ash wefectfd by the curing process. For
mixes with activator cured in the curing room, ieshcases the compressive strength
increased compared to mixes cured outside. Petoal., studied the influence of the
curing process on compressive strength evolutiangusixes with 55% fly ash and
calcium sulfate as activator; in this case, spengneere cured at 65°C per 6 hours
before continuing a normal curing. This curing s had a positive effect (increment
of 70% in compressive strength) compared to a obmtix (Poon,et al., 2001). In
another study, pastes with sodium sulfate (1% wedjlcementitious material) and
50% PC - 50% FA performed better when cured foaysdt 20°C, than when curing
them for the first day at 60°C and the remainirdpg@s at 20°C (Owenst al.2010).

As seen in Figure 80, mixes with sodium sulfaté%thad higher compressive
strengths after 3 days compared to mixes with 5§%dh without activator. This was

also evident in the study presented by Qetral, who also used N8O, as activator
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(Qian, et al., 2001). As mentioned before, this activator increatiee alkalinity,

accelerating fly ash dissolution, and increasesimdensity by increasing ettringite
formation. As in the mortar characterization in@ddin the previous chapter, the
compressive strength increment was evident from B days compared to the control
sample with 50% of fly ash. Compressive strength day was the lowest for mixes
with sodium sulfate due to the possible reactiotwben sodium and sulfate of the
activator with the aluminium of the fly ash; Delay C-S-H formation was also
another possible reason for the low 1 day compressirength due to an additional

reaction between fly ash aluminium and calcium ftbm solution.
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Figure 80 Compressive strength evolution
The data presented as a function of W/CM show lglémmw the curing process
had a significant effect on the compressive stirefgt mixes with 50% of fly ash; this
is evident in Figures 81 and 82. Considering FigBite a design with a W/CM of
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0.483, 50% of fly ash and activator, has a compresstrength f(.) of 24 MPa at 28
days. Additionally, it is important to consider tbempressive strength after this period
due to the significant evolution. On the other hahd W/CM did not have an obvious
effect at 28 days on mixes with a high volume gfdbh and cured outdoors. In this
case, it was not possible to obtain a clear tré&sdseen in Figure 82 and for control
mixes only, the compressive strength increased dguaing the W/CM, and as

mentioned before, there was not a notable effettteturing process.
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Figure 81 W/CM vs compressive strength curve — Sangs cured in the curing

room for 28 days
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Figure 82 W/CM vs compressive strength curve — Sangs cured outside for 28
days

It is important to mention that the main mix desigput was the water to
cementitious material ratio without considering arget compressive strength.
Comparing these curves with the DOE mix design oulogy (BRE, 1997), it is
found that for the 0% FA curve the values are m& $ame (see Table 19); for
instance, when a target mean strength of 40 Marisidered, the W/CM is 0.58 for
DOE and 0.63 for this study. This can be seen inléefT49. The previous scenario
considers cement strength of 42.5 and crushed e@@gregate. Although the W/CM
values considered for 20% FA concretes are siniiteay are different when fly ash
percentage is increased to 50%, especially for aMnd 60 MPa. When the
methodology of the DOE mix design is reviewed ohsiders that fly ash reduces total

water content and in this study fly ash does ndtce water due to the LOI level.
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Table 19 Tests for fresh and engineering properties

Fly Ash [%] | Target Mean Strength [MPa] w/cm
Correlations section 7.2.1 | DOE (BRE)
40 0.63 0.58
0% 50 0.54 0.49
60 0.47 0.42
40 0.51 0.5
20% 50 0.44 0.42
60 0.38 0.37
40 0.39 0.38
50% 50 0.36 0.32
60 0.33 0.28

Due to the effect of the curing process on smatlcspens (cylinders, 20 cm
length, 10 cm diameter), it is important to evaduabncrete maturity using higher
volume elements. In this case, the temperaturdnose the larger concrete mass could
improve the compressive strength of mixes withvattirs. The effect of the curing
process on mixes with high volumes of fly ash aodism sulfate will be evaluated

using the maturity method, in elements of 1204ditre

5.3.3.5 Maturity
Maturity allows estimation of the compressive syithnbased on the element
temperature. The correlations between strength raaturity are obtained in the
laboratory. There are two specified functions tlzw@ate maturity: Temperature - time
factor and equivalent age. The function used f@ groject was the temperature -
time factor. This curve is obtained using the feilog equation (ASTM C 1074).
M(t) = X(Ty — To)At (52)
Where
M (t) = Temperature time factor [degree-days or degreeshou
At = Time interval [Days or hours]
T,= Average concrete temperature at eacffC]
T,= Datum temperature [°C]
Figure 83 presents the equipment and concrete atsmesed for maturity

evaluation.
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c)

Figure 83 Maturity evaluation: a) Toevaluation chambers, b) Concrete

temperature logger and thermocouple, c) Concrete einents with thermocouples

The maturity calculations were performed for a @.%%ater to cementitious
material ratio and all the FA% replacement levdter the T calculation the
temperatures were 10°C, 20°C and 39°C. The teatyeg were 6 h, 12 h,1d, 2d, 8d,
16 d, 32 d. To calculate the,Tit is important to plot first the reciprocal dfength and

time for each temperature and each fly ash replanétavel as seen in Figure 84.
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c) 50% FA
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Figure 84K calculation
Based on Figure 67, the rate constant for strerdghelopment K) is
calculated from the slope and theaxis intercept of the trendlines; the intercept is
divided by the value of the slope. The Value is thex axis intercept from the
regression between the different temperatures sdfsealues, for the different fly ash
replacement levels. According to ASTM C 1074, tagression line must be the best

fit straight line. This is presented in Figure 85.
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Figure 85Ty calculation for 0% FA, 20% FA, 50% FA, and 50% FA +Nay;SO,

According to Nurse (1949) and Saul (1951), the mlatemperature is the
lowest temperature at which concrete will not gstirength (Nixonet al, 2008). As
seen in Table 20, the datum temperature increastsedly ash percentage increases;
the previous effect ongldue to fly ash increase was also evident by Ge/dadg (Ge
and Wang, 2007). The highesiwas for the sample with sodium sulfate. The differe

Tovalues are presented in Table 20.

Table 20 Tp Values for all the different replacement levels

FAQ | TomRere K To [°C]
10 0.279

0% FA 20 0.384 -4.16
39 0.779
10 0.133

20% FA 20 0.254 -2.51
39 0.451
10 0.137

50% FA 20 0.269 391
39 0.673
50% FA + 10 0.089

Na,50, 20 0.270 4.51
39 0.582

Considering theseghalues, Figure 86 presents the temperature - tantoif
vs. predicted compressive strength for the diffefignash percentages. The predicted
compressive strength is the same for all the mivaa 0 to 1000 °C-Hours. After this
period, the highest compressive strength is exgefctiethe sample with 0% fly ash
and the lowest for the sample with 50% fly ash. iRstance, for a maturity of 4000
°C-hours, the highest predicted compressive stheisgaround 40 MPa for the sample
with 0% FA, or 30 MPa for the sample with 20% FA&, MPa for 50% FA + N&O,
and around 15 MPa for the sample with 50% FA.
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Figure 86 Temperature — Time Factor vs. Compressiv8trength curves to

be used under different temperature conditions

Appendix 2 presents the ambient and beam tempegafbeams presented in
Figure 83). From each of the element temperatuaed, using the maturity curves
presented in Figure 86, the predicted compresdnength is calculated. The plots

presenting the correlations for each fly ash regtaent are included in Appendix 2.

Figure 87 presents the concrete element compressigrgth evolution with
time based on maturity for the different fly aslwdks (Figure 86). Figure 87 was
plotted using concrete element temperatures indlugdéppendix 2. According to this
figure, the element with sodium sulfate had a higtmmpressive strength at 28 days
compared to the sample with 50%; the differencevéen these two elements was 7.2
MPa. At early age, the compressive strength ofefleenent with sodium sulfate was
the lowest and just after the eighth day it stattegass the sample with 50% FA. The

element with 0% FA had the highest compressivengthes at different ages.

As seen in the previous chapters, the water to ogtioels material ratio for

each replacement level could be different dependingthe compressive strength
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design value; for instance, based on maturity,efleenent with sodium sulfate has a
compressive strength which classifies for a 21 MpPacification. As mentioned in
section 4, delays in reaction increase as fly asttent increases due to the effective
water to cement ratio increase; the reaction offrGa the solution with aluminium

from fly ash surface also delays C-S-H formatiore{(\#t al.,1985).

It is important to consider that some studies neenthat the maturity method
is accurate for early compressive strength preahist(Nixon,et al, 2008); in fact, the
maturity method is used for early demolding appiares. Concrete with high volume
fly ash is not suitable for high early compressuength concrete. Additionally to the
fact that fly ash increases the setting time (Gd ®ang, 2007), the inclusion of

sodium sulfate also increases it.
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Figure 87 Time vs. Compressive Strength for 20% FAQ% FA, 50% FA,
and 50% FA + NgSO,

Appendix 2 also includes all the results from coredinders and maturity
evaluation. According to the study of Obéd,al (2008), the maturity method is more
accurate than comparison of field and standarddcayéinders. From Figure 88, it is
evident that cores from the elements had the higltwspressive strength compared to

cylinders and calculations from maturity method.ré&%0 have the same size as
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laboratory cylinders, becoming comparable withounl aorrection. Nixon,et al.
consider that the accuracy of the maturity methegetids on the environment
temperature; maturity evaluation for concrete elgi:ien warm weather was not as

accurate as elements in cold weather (Nivaaral, 2008).

The lowest strength value at 28 days was obtaihedya using the maturity
method. The closest results between cores and ityatuethod were presented for the
50% FA + NaSO, element with a difference of 2.20 MPa at 28 days difference
between cores and maturity method for the 0% FAnete was 12.97 MPa. As
considered by Nixoret al, the method is accurate at early age and thisigest in
the 20% FA plot, where results are relatively tams up to 2 or 3 days (Nixoet al,
2008). The increase in long term strengths for H\WeAcretes when cured at higher

temperatures affect the accuracy of the maturitdeh@bla,et al, 2008).

It is important to mention that the points of métyrcylinders and cores curves
are not the average; there is only one result partpln this way, more research is
needed to improve maturity models for high volurhedash concretes with sodium
sulfate. Nixonget al. found that the average absolute percentage efrtbeonethod is
between 6% and 27% (Nixoet al, 2008). The method accuracy is reduced when
long-term strength is evaluated at the point thegt same author recommends to

evaluate up to 7 days.
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Figure 88 Compressive strength comparison using aglders, maturity and cores
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5.3.3.6 Dry shrinkage

The effect of external forces or temperatures i$ oonsidered in this
evaluation; in this way, the specimen is alwayseuna controlled temperature and
moisture. In order to accomplish these controlledditions for the specimen, a moist
cabinet is used after concrete is cast, and aftdratirs the sample must be stored in
lime water until accomplishing 28 days of age. Aftas age, the sample is stored in a
drying room with a relative humidity of 50 +/- 4% a temperature of 23 +/- 2°C
(Figure 89). The readings include 3, 7, 28, 56,, PP2 and 448 days, considering the
initial reading at 1 day.

c) d)
Figure 89 Shrinkage evaluation: a) Curing chamberp) Beams under water

curing, c¢) Drying room, c) Length comparator

According to Figure 90, the sample with the activavas the most affected
sample in terms of shrinkage. This mix expande®4706 (47 1¢) at the first 3 days,
and then it shrank -0.0747% (74%)jat 224 days. Readings remained almost the same
at 448 days. As mentioned before, the samples radleruvater for the first 28 days,
allowing them to expand during this period; durihgs initial period water remains
present in pores while some products from the m®sech as ettringite, monosulfate,
monocarbonate, portlandite and C-S-H are formedinguconcrete expansion. After

this period, concrete is stored in a drying rooioveihg it to shrink under controlled
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conditions. The lowest shrinkage was for the mighwiliO0% cement with a value of -
0.0644% (644 ) at 448 days. Shrinkage results did not agree sothe of previous
studies, considering that 100% cement mixes teritht@ higher values; for instance,
Sahmaran evaluated different mixes and found tfiat a year, the mix with 100%
cement had the highest shrinkage (Sahmaraa), 2009). Chindaprasirt mentioned
that mixes with high volume of fly ash and a low@W¥ have a lower shrinkage
(Chindaprasirtet al, 2004). ACI 232.2 mentions that shrinkage increas fly ash
increases due to the paste volume increment; sigenkould be the same as a control
sample with 100% cement if the water content isiced for the sample with fly ash.
Mixes with activators also tend to shrink signifidg. Collins and Sanjayan obtained
higher shrinkages with waterglass-slag mixes coetpavith a PC concrete (Collins
and Sanjayan, 1999).

Mixes with 20% and 50% fly ash shrank in a simikay. Shrinkage of the
specimen with 50% of fly ash was -0.0696 (62§ at 224 days being relatively close

to the control sample with 20% of fly ash.
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Figure 90 Shrinkage of samples with a W/CM of 0.557
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5.4 Summary

Fresh and hardened properties were evaluatedsrsdigition and the following is

a summary of the results:

In general, fresh properties were not affectednayimclusion of sodium sulfate in
the mix. Initial slump, slump loss and air conterdre in the acceptable ranges.
Initial slumps were between 225 +/- 12.5 mm andhglliosses were less than 12.5
mm. Although air contents increased by increasiolyqarboxylate content, they
were in a range of 1% to 3%. Setting time increasedh 1 to 2 hours due not
only to the effective W/C ratio increase but alsdhe reaction between sodium
sulfate and fly ash aluminium.

The curing process was important for concretes Wiytlash and sodium sulfate.
This type of concrete needs a curing process acaptd ASTM C 31 (23 = 2
°C). The 1 day compressive strengths were low foeemwith 50% fly ash but
after this time it increased significantly. Coneetwith sodium sulfate always
passed the control sample with 50% fly ash. The twayompare the performance
of the sodium sulfate mix is by considering differ&//CM. For instance, in order
to achieve the same performance of a 100% PC orRB0%nd 20% FA concrete,
it is necessary to reduce the W/CM. It is importemtconsider the W/CM and
compressive strength curve at 28 days as an iniflabdesign input.

Maturity test was performed for this concrete andhpared with cylinders and
cores taken from the element. The datum temperatereased as the fly ash
percentage increased. The highest datum temperatase obtained for the
concrete with the hybrid cementitious system andiwo sulfate. Predicted
compressive strengths were lower by using matuthg; highest compressive
strengths were obtained from the element cores.

Shrinkage was higher for mixes with fly ash duehe paste volume. The mix
with sodium sulfate had the highest shrinkage coagp#o the others. Although
concrete with fly ash had this pattern, the valuese close to each other
including mixes with 100% PC.
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6 Durability Properties

6.1 Introduction

Different durability tests were performed on sarmsptared in the lab and under
outdoor conditions. Tests performed include watneability, chloride penetration,
chloride diffusion coefficient, absorption, carbtoa, sulfate attack, and alkali silica
reaction. It is important to mention that for carhton, specimens were exposed to
ambient conditions while for alkali silica reacti@n reactive aggregate was used
according to ASTM C 1260. For carbonation the phanmbalein spray test was
followed to assess naturally exposed specimenghim chapter, one of the main
objectives is to characterize transport mechanidms the activated hybrid
cementitious system and from these results theuatiah of the initiation period; this
period is the time which is taken for chloridescarbon dioxide to pass through the
concrete cover and reach a concentration wheré reieéorcement starts to corrode
(Conciatori, 2005; Conciatoret al, 2008).

6.2 Concrete durability tests

The following table includes the standards usedefieh parameter evaluation.
These standards allowed evaluation of transporhar@sms: absorption, permeability
and diffusion. Alkali silica reaction and sulfatétamk were also included in the
performance evaluation. The curing treatments wee same mentioned in the
previous section, including laboratory and ambaming.

Table 21 Durability tests

CONCRETE EVALUATION STANDARD TEST METHOD AGE [Days]
. Measurement of Rate of Absorption of Water by Hydraulic-Cement
Sorptivity ASTM C 1585 | 28, 90, 360
Concretes
Metodo de ensayo para determinar la permeabilidad del concreto al 90, 180, 270,
Water permeability agua (Spanish) / Standard Test Method for Water Permeability NTC 4483 ! 366 !
Evaluation of concrete
Chloride penetration Standard Test Method for Electrical Indication of Concrete's Ability to ASTM C 1202 28, 90, 180,
P Resist Chloride lon Penetration 270, 360
Chloride diffusion coefficient Chloride Migration Coefficient fArom Non-Steady-State Migration NT BUILD 492 90, 180, 270,
Experiments 360
L Standard Test Method for Water —Soluble Chloride in Mortar and
Water - Soluble Chloride in Concrete ASTMC 1218 28, 90
Concrete
X 7,14, 21, 28,
P 168, 252
- X Standard Test Method for Potential Alkali Reactivity of Aggregates
Alkali silica reaction ASTMC 1260 |3, 5,916, 30
(Mortar-Bar Method)
Carbonation - 28,90, 270,
360
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6.2.1 Water permeability

The main objective of this test is to evaluate wagienetration depth in a
cylindrical specimen, with a diameter and lengthl@fcm. In this test, the sample is
exposed under a pressure of 0.5 MPa during 4 defyer the 4 days, the sample is
broken using the Brazilian method as seen in Fi§dréNater depth and permeability
coefficient are measured and classified accordinthé following table (NTC 4483,
1998):

Table 22 Water permeability classification

Parameter Units Permea.nblhty -
Low Medium High
Water permeability coefficient m/s <10 10" t0 10" >10™"°
Penetration depth mm <30 30to 60 >60

Penetration depth measurements apply for concretese steady state flow is
not possible to achieve. Water penetration dep#miaccurate value due to the fact of
being a direct measurement. When water passesgtirthe sample (up stream to
down stream), the permeability coefficient is cééed using Darcy’'s law (see
Equation 6, Chapter 2). In the case where waters du# penetrate or partially
penetrates the specimen, Valenta proposed a waygatoulate the coefficient

considering water depth and sample porosity (Eqoati 8).




i ) f
Figure 91 Water permeability test: a) Sample dimenisns, b) Water permeability
machine, ¢) Manometer, d) Sample splitting (Braziln test), e) Split samples, f)

Water penetration depth

In general terms, Figure 92 shows how the curimrgcgss had an effect on
water permeability, especially in mixes with higblumes of fly ash. Samples cured
outdoors had a higher water permeability. The guroom guaranteed the availability
of sufficient water for the formation of all the dnation products, while conditions
outdoors such as relative humidity and temperauee not favourable for hydration
products formation. Different studies have evalddtee effect of the curing process
for mixes with fly ash and it is evident that ingseng this period reduces water
permeability (Amnadnuaget al., 2013). In most cases, specimens with activator
presented lower water permeabilities than contmohdes at 180 days. The effect of
water to cementitious material ratio on water pexbildy was significant for mixes
with fly ash. Different studies have shown the sagffect on mixes with PC and
geopolymer concretes (Oliviat al, 2008). This was notable for mixes with lab
curing; mixes under environmental conditions didt iave a pattern in their

behaviour.
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Figure 92 Water permeability
In general, most of the mixes with sodium sulfaaéef@rmed better than control
mixes at later ages. Following the Colombian stashdend classifying penetration
depths, the hybrid activated mix is classified lasv" in permeability, after 180 days
for 0.557 W/CM under lab curing.

Although water permeability coefficient was not kexded at each age, the
effects of curing and the W/CM were evident. Thasseen in Figure 93. Based on
these results, it is important to consider the atffilnat hybrid mixes with sodium
sulfate could have on some of the chloride andareation service life models such as
the CEB (Comité Européen du Béton, 1997), EHE (bstruccion Espafiola del
Hormigon Estructural, 2008) and LNEC (Portuguesdiddal Laboratory of Civil
Engineering, 2007) models; the previous modelsataansider concretes with hybrid
systems with sodium sulfate and the low permegbjitesented by this type of

concretes suggests a microstructural improvement.
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Figure 93 Water permeability coefficients

6.2.2 Rate of Absorption (Sorptivity)

Rate of absorption or sorptivity is measured by emsmg in water one of the
specimen sections. The rate of absorption is baseithe weight variation with time
due to capillary suction of the unsaturated samfilspecial preconditioning for the
ends of the cylindrical specimen ends (10 cm imaer and 5 cm in length) is
required before measuring concrete absorption (Ei§4). First, 3 days at 50°C and
80% RH. After that, 15 days at 23°C in a contawbere the RH is between 50% to
70%. After one of the sections is immersed in watezights are recorded from 1
minute up to 8 days at different intervals. Theiahiand final sorptivities are obtained
from this test. The initial sorptivity is obtainém the slope of the initial absorption
curve in the first 6 hours and the final sorptivisythe slope of the final absorption
curve from 1 to 8 days. The following are the emret used for absorption and

sorptivity calculations.
I = % (53)
Where,

I = absorption [mm]
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m; = the change in specimen mass at different peribtme [g]
a = specimen exposed area [Ajm
d = water density [g/mri

The data are then fitted with a curve according to:

I =Sy it b (54)
I-b
Si,S = \/E (55)

Where

S;s = initial i or secondary sorptivity [mm/&]

t; s = time for initiali (up to 6 hours) or secondaryafter the first day)
absorption [s]

b = where the line crosses the y axis [mm]

Figure 94 Sorptivity test

As seen in Figure 95, the rate of absorption isngfly affected by the curing
process and fly ash content. Samples with outdoong had higher sorptivities than
samples cured in the lab. The effect of the watereimentitious material ratio was not

as evident as it was expected. Although differerthars reference a strong influence
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of the water to cementitious material ratio, (€gbehi, 2013), there was not a clear
trend in this study.
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Figure 95 Initial rate of absorption

There was a higher sorptivity for mixes with 50% #ish even at ages of 90
and 180 days; in this case, mixes with activatar &dower initial sorptivity compared
to mixes with 50% fly ash only. It is importantddferentiate that inclusion of fly ash
on a constant-mass basis increases the total vohiimpaste due to its lower density
than cement, increasing capillary pores (Dinakaral., 2008). In the same way, fly
ash had a high unburnt carbon content which cooltease absorption of the
specimens due to the porosity of these particles. iitial rate of absorption (initial
sorptivity) or the slope of the initial absorpti@murve (first 6 hours) did not vary
significantly as the secondary rate (from 1 to 8)laln some cases under outdoor
curing conditions, secondary rate of absorption higber for alkali activator mixes

than those without this admixture (Figure 96).
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Figure 96 Secondary rate of absorption

6.2.3 Chloride penetration

Samples for this test require pre-treatment; thegtrhave a coating at the side
surface of the cylinders (thickness: 5 cm, diameit@rcm), and three hours of vacuum
saturation is needed using de-aerated water. &fter samples are left for 18 hours in
de-aerated water (Figure 97). Then samples aregl@acan applied voltage cell as it is
illustrated in the ASTM C 1202 figures. Electricalrrent which passes through the
sample is monitored during 6 hours. The cell wdlediwith solutions, sodium
chloride in one side and sodium hydroxide in theeat A voltage of 60 V dc is held
constant during this period and the temperatummositored all the time. After this
period, the total charge (coulombs) can be clasbificcording to a table present in
ASTM C 1202.
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Figure 97 Chloride penetration test

According to the results presented in Figure 8% ¢uring had a strong
influence on samples with high water to cement#tiouaterial ratio. Mixes with
activator and 0.557 W/CM performed better than mdnhixes after 180 days. These
occurred earlier for lower W/CM ratios. Comparingtween mixes cured outdoors,
samples with activator had almost the same or laharged passed in most of the

cases.

Although chloride penetration is considered todauced by increasing fly ash
replacements in HVFA concretes (Velandia and Ecahigv2010), it is important to
consider that this only occurs at later ages arahgly depends on W/CM level. In
most cases, mixes with 50% of fly ash without adtiv did not perform better than
control samples. For these kind of mixes, Malhgir@posed to decrease water levels
by using high range water reducing admixtures (M@ and Bilodeau, 1999;
Dinakar,et al, 2008).
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On the other hand, some authors consider thathlmeide penetration test for
mixes with activators is not an acceptable procediue to the pore alkalinity and
ionic strength (Bernalet al, 2012; Puertast al., 2004). In this case, based on the
trends presented in Figure 98, there was not atimegaffect on mixes with activator,
probably due to low concentrations of the activaod the low mobility of sulfate

ions.

Although general trends can be seen for the effaictly ash percentages and
sodium sulfate as activator in these results, tfeeteof the curing process is not clear.
This is probably due to the low precision of thsttes considered in the standard, a
maximum percentage of repeatability is 42%. AlthHotigis test is widely used in the
concrete industry, it is necessary to consider sadditional tests to satisfactorily
evaluate concrete performance and the influenadifi@rent materials in the concrete

matrix.
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Figure 98 Chloride penetration test results
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6.2.4 Chloride migration coefficient

The Nordtest Chloride migration test allows detesaion of concrete resistance
to chloride penetration. Samples used for this @estcylindrical, 5 cm in length and
10 cm in diameter. In this test, chloride ions &eced to penetrate, and after the
cylinder is split by the Brazilian method, the ®&osection is sprayed with silver
nitrate, which allows measurement of chloride pexiein based on colour variation as
seen in Figure 99. In this standard, the chloridgramion coefficient, represented as a

diffusion coefficient, is calculated with the foling equation:
D= 0.0239(273+T)L <xd —0.0238 (273+T)Lxd) (56)
(u-2)t \] U-2
Where:

D = Diffusion coefficient [x10* m?/s]

U = Voltage [V]

T = Anolyte solution average temperature between ainitand final
measurements [°C]

L = Cylinder thickness [mm]

xq = Average of the penetration depths [mm]

t = Test duration [hour]

Figure 99 Diffusion Coefficient

Based on results presented in Figure 100 and asngationed before, curing
affects significantly mixes with fly ash. In most the cases, the 100% cement mix
performed better under outdoor curing. The effdcthe activator was not evident
when samples were cured outdoors. According to Q)zba al, the effect is the
opposite when an inadequate curing is performedadod fly ash fineness is included
in the matrix (Ozbayget al, 2012). The variation of the temperature in theingu
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process had an effect as mentioned by Reinhardtlassl (1998) where a change in
temperature from 20°C to 80°C for mixes with 40% Féduced the diffusion
resistance around 10% to 20%.

An increment in the chloride diffusion coefficiefar mixes with fly ash was
probably due to the absorption increment in thetfolays. In fact, Ismailet al.
mentioned that chloride sorption increases wheradly is included instead of slag in
alkali activated binders (Isma#t al.,2013). In this case Bernat al. also mentioned

a relation between diffusion coefficient and saipyi (Bernal,et al, 2012).

From 90 to 180 days, activated mixes had a lowdiugion coefficient
(< 7x10% m?/s) in comparison with control samples (Figure 108cording to
Burden, the performance of high volume fly ash cete (30%, 40% and 50%) is
improved after 90 days and a year, but beforeabes performance is poor (Burden,
2006). Although it is evident that the process whith activator was faster than the mix
without it, the latter presented a significant ioygment with time. The water to
cementitious material ratio showed an influencetandiffusion coefficient, but only

for mixes cured in the lab.
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6.2.5 Water - Soluble Chloride in concrete

For this evaluation, concrete cylinders were laftai solution of 3% sodium
chloride. Before submerging the samples in thisitsmt, cylinders were cured for 28
days in a curing room. After this curing procesamples were coated with an
impermeable layer on all surfaces except the csestion that was immersed in the
solution (Figure 101). Cylinders were always satdaluring the preliminary process,
before leaving them in the solution. After 28 arfiddays of being immersed, chloride
concentration was evaluated at the surface andcat tlepth following the ASTM C
1218 -Standard Test Method for Water — Soluble Chlorid®iprtar and Concrete

Figure 101 Concrete in chloride concentration

Figure 102 presents the results of chloride comagoh at the surface (a) and
at 1 cm from the surface (b). At 28 and 90 days,highest chloride concentrations at
both depths are for samples with high fly ash paeges. As seen in diffusion
coefficient results, at this age the benefit ohgshigh volume fly ash is not evident;
chloride sorption increases for fly ash bindersnés, et al., 2013; Bernal,et al,
2012). Although chloride concentrations were noaleated after 90 days, Burden
states that after this age, concrete performandmpsoved for high volume fly ash
concrete (Burden, 2006).

In terms of water to cementitious material ratiolocide concentration at 90 days for
concrete with sodium sulfate and W/CM of 0.426 imilar to the control concrete
with 20% FA and W/CM of 0.557. Although it is impant to consider the effect of
WICM, in some cases the chloride concentrationeiment from 28 to 90 days for

concrete with sodium sulfate is lower than for cohtoncrete with 20% of fly ash.
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This suggest that chloride concentration increases lower rate as age increases for
concrete with high volume of fly ash and sodiunfatel this is in agreement with the

diffusion coefficient parameter previously evaluhte
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Figure 102 Chloride concentration

6.2.6 Carbonation

Carbonation was evaluated measuring the impachefenvironment directly.
The average Cf£concentration environment was 350 ppm with a iredatumidity of
63%. During the evaluation period, not only £&xs monitored but also temperature,
relative humidity, evaporation rate and wind spestt the results were presented in
Figure 74.

Cylinders exposed to ambient carbonation were 5titk and 10 cm in
diameter. At the end of the exposure period, thezilan test was performed to divide
the cylinder in two sections. One of the sectioras wsprayed with phenolphthalein.
Based on this criterion, the carbonated area wasrie which retained the same grey
concrete colour, while the area with a pH highentl® was coloured pink as seen in
Figure 103.

Figure 103 Carbonation evaluation
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For carbonation analysis, specimens were evaluatetr lab and outdoor
curing conditions. Samples cured in the curing reme not included in Figure 104
due to the zero carbonation depth presented isgheimens. This analysis therefore
includes only specimens cured outdoors which wédfeci®d by the environment.
Variation of humidity, dry and wet cycles and £@oncentration strongly affect
carbonation depth (Castellowt, al, 2009; Parrot, 1987). There was a clear impact on
high volume fly ash samples in terms of carbonatisecording to Figure 104, there
was not a substantial effect of the water to cermieas material ratio for high volume

fly ash mixes.

Although carbonation depth was always lower for esixvith 50% fly ash and
activator than those without it at 90 days, theraswot a significant difference
between them. Carbonation depths for mixes with 2§%ash did not change with
time significantly as 50% fly ash mixes. The averaglative humidity in the
environment was between 50% to 70%, which is ammph range for carbonation
(Wierig, 1984; Saekiet al, 1991). The low portlandite content in mixes wsdP6 fly
ash led these specimens to carbonate faster tHah t@ment concretes (Younst,
al.,, 2011). Concrete permeability reduction for 5096 dsh mixes did not have an

effect on carbonation reduction.
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Figure 104 Carbonation depth

6.2.7 Alkali silica reaction

This evaluation is performed for 30 days using @uotars with different
cementitious materials (hydraulic cement, pozzglgnsund granulated blast-furnace
slag) and aggregates. In this way, the test allewaluation of all the possible
cementitious materials. Specimens are speciallylednbefore demolding, keeping
the temperature in a range from 20°C to 27.5°C amdlative humidity higher than
50%. After demolding, samples are submerged irdausohydroxide solution at 80°C
as seen in Figure 105. According to this standamdexpansion lower than 0.10% at 16
days is acceptable. A value higher than 0.10% is@icative of a potential deleterious

expansion.
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Figure 105 Alkali silica reaction evaluation

Four additional concrete beams were cast to evahi&ali silica reaction. The
volume of each beam was 120 |. Each beam includessteel pins to evaluate
expansions with comparators as seen in Figure TBése beams were exposed to

outdoor conditions presented in Figure 74.

.........

igure 106 Outdoor concrete beams with reactive agggate

Based on Figure 107, mixes with 50% fly ash hadempansion lower than
0.1% at 16 days. Even after 30 days, expansion laasr than 0.1% for mixes
including 50% fly ash.
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Figure 107 Alkali silica reaction evaluation

Expansion for the elements has been tracked faoW24 days; the highest
expansion is from the element with 0% fly ash; #gupansion is around 0.3%. On the
other hand samples with high percentages of flyteste the lowest expansions with
around 0.1% during this extended timeframe. Figd@8 shows the different
expansions for the elements. Shon evaluated mixtts 8% fly ash and found a
reduction in expansion using the accelerated me{&bn, 2002). According to
Figure 108, the specimen with activator had a sintdehaviour to the one with 50%

fly ash only.
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Figure 108 Elements expansion due to alkali silica&action

6.2.8 Sulfate attack

This test allows the evaluation of the effect offate using mortar bars
immersed in this solution and measuring length gkawith time (Figure 109). It is
important to mention that specimens (bars and qudrescured before being immersed
in sulfate until they reach a compressive strengfti?0 + 1 MPa (cubes). The
expansion of mortar bars is measured at 1, 2, 8, 43 and 15 weeks using a length
comparator. After this period, length change isleated at 4, 6, 9 and 12 months.
Different specifications or codes consider maximwrpansions depending on
environment conditions. For instance, the ACI 3&&lblishes maximum expansions at
6, 12 and 18 months from 0.05% to 0.1%, dependmghe environment to which

concrete will be exposed.
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Figure 109 Specimens exposed to sulfate attack
Additionally, beams (10< 10 x 28.5 cm) were left in a solution of sodium
sulfate to evaluate their expansion over a periotiBomonths. A concentration of 5%
of sodium sulfate was used and measurements wete atdl, 2, 3, 4, 8, 13, 15 weeks
initially. Figure 110 shows how beams are locatethe tank outdoors. This procedure

is based on Argos methodology.

According to Figure 111, mixes with 50% fly ash &aa tendency of lower
expansions than mixes with 80% and 100% cemens difect is due to the low total
CsA in mixes with 50% of fly ash. As seen before awtording to XRD results,
mortars with 100% cement have higher AFm conteatiming vulnerable to sulfate
attack. There is an evident difference comparedii@s with 50% fly ash. Specimens
with activator had the lowest expansion. Chindaprast al. mentioned that a denser
and stronger structure reduces expansion, in #sd achieved by using a fly ash with
an improved fineness (Chindapraset, al., 2004). In this way, probably the denser

structure of the activated mix also helped to redihe effect of the sulfate solution. It
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is important to keep checking expansion evolutiotime due to the fact that at this
point it is not conclusive yet. It is important ¢onsider that for geopolymers, the
effect depends on the sulfate salt solution (Isneaihl, 2013). Sodium sulfate is not
as aggressive as magnesium sulfate for alkali asdiactivated fly ash / slag
geopolymer, as the Ca-rich gel present in the sysi® decalcified due to the
magnesium present, precipitating gypsum and causiigne changes. In the same
study, sodium sulfate does not have a significéfieiceon the paste and the positive

effect of the reduction of W/CM is evident.
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Figure 111 Expansion of specimens exposed to suHadttack

Although there is some variability in the data présd in Figure 112, there are
clear trends of the effect of sulfate attack onctete beams. Concrete with 100%
cement is the most affected, presenting the higbegansion after 15 weeks. The
lowest expansion is presented by concrete includiodium sulfate. The lowest
expansion is 1/3 of the highest expansion. It ipdrtant to mention that expansions
present in these samples are due to sulfate attdgkno reactive aggregate was used
in these beams.
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Figure 112 Beams expansion due to sulfate attack

6.3 Effect of mix design inputs and compressive
strength on durability parameters

In this part, the effects of design inputs, curipge and compressive strength
will be evaluated. This analysis also includes Itesof mixes with a W/CM of 0.675,
and 0% FA and 20% FA. The objective of includingules from these two mixes was
to have one additional W/CM point for the 0% FA a2@ FA mixes. The mix
designs and results for these two mixes are indluddppendix 3.

Although it is a repetitive analysis using Minitabd Excel software, this is
needed to understand the factors influencing eachbility evaluation. The following
Minitab tools are used to perform the analysis.

Multi-Vari Chart: This chart considers a maximum of 4 factors. Iphdb analyse the
variance data with a visual evaluation. Each pofreach factor is the mean for each
level of analysis.

Main Effects Plot: It helps to compare the magnitudes of main effdttplots the
mean of the response variable at different leveksagh factor. A line is drawn from

point to point. As the slope of this line increggée effect increases. The previous is a
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visual analysis and the slope is an indicative ak hthe parameter has an effect on a
specific item.

Interaction Plot: This plot helps to visualize a possible interactimtween different
factors. Nine factors can be included in this mattiincludes the means for each level
of a factor with the level of a second factor hetthstant. Parallel lines indicate no
interaction. The greater the departure of the lines the parallel state, the higher the
degree of interaction.

As the compressive strength correlates with moshefdurability parameters,
the effect of the mix design inputs and curing tyge compressive strength was
evaluated first.

6.3.1 Parameters influencing compressive strength

The parameters considered in the Multi-vVari Chag #y ash percentage,
W/CM, curing and age. Each point is the mean insihecific level of analysis. As is
seen in Figure 113, the compressive strength engly affected by the water to
cementitious material ratio and fly ash percent&dgben samples are cured outdoors,
the effect of the water to cementitious materiall &A% cannot be perceived

compared to samples cured in the laboratory.
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The plot for the main effects for compressivergjth presented in Figure 114
allows visualization of how the variation of thetesato cementitious materials and FA
% affects the compressive strength. The fact dutfing the activator increases the
compressive strength significantly.
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Figure 114 Main Effects Plot for Compressive strertp

The interaction plot presents the influence of fedént parameters
simultaneously; for instance, the interaction betwéV/CM and different fly ash
content has a higher influence compared to theiguewariables interacting with the
curing conditions. This is presented in Figure 1TBe change in the slope when
sodium sulfate is included allows identification tife positive influence of this
component in the matrix. The curing effect becomese relevant with age; as the age
is increased the gap between curing in the laboaitdbors increases. In the same way,
concretes with 50% FA get closer to control samfrlas 90 to 360 days.
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6.3.2 Parameters influencing water permeability

Figure 116 presents the

relationship between watermeability

and

compressive strength. Although there is a trend, \tariability is seen because it

compiles different water to cementitious materaias, fly ash percentages and curing

types. In this way, the fact of using compressivergth as one of the main parameters

to correlate with water permeability means thaisiimportant to consider first the

influence of all the input parameters.
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Figure 116 Water permeability vs Compressive strerth

As seen in Figure 117, all the input parametete tasignificant role in terms
of influencing the water permeability depth. Itimportant to give relevance to the
combined effects. For instance, without consideramgnpressive strength and by
combining the effects of W/CM, fly ash percentagel @uring type, the final effect

becomes relevant.
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The main effects plot for the different inputs usesan values as seen in
Figure 118. In this way, it allows examination @wall the variables influence water
permeability. For instance, mixes with sodium delfeeduce the water permeability at
levels similar to control mixes with 20% FA. Curiagd W/CM strongly affects water

permeability.
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Figure 118 Main Effects Plot for Water permeability

As mentioned above, there are different paramedffecting compressive
strength and water permeability causing the vditgbin this way, Figure 119 allows
understanding of which combinations have the majéects on water permeability.
For instance, the combination of the W/CM and fsh @ercentage variables shows
how mixes with sodium sulfate behave similarly tmirol samples with 20% fly ash.
From this figure, it is also evident how mixes wfth ash need a controlled curing

process, as it affects water permeability signiftba
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Figure 120 is obtained based on the previous asalscording to this figure,
water permeability decreases with 50% fly ash wdreactivator is used. In the case of
the same compressive strength, water permealslitgduced as the levels of fly ash
are increased. Although the compressive strengtiigiser, the micro structure of the
samples with fly ash is less permeable due todtaation of the Ca(OH)ontent. For
instance, considering lab curing, a 20 mm watermpability depth can be
accomplished with a strength of around 50 MPa foribawith 100% cement, or with
30 MPa for a mix with 50% FA and sodium sulfate.
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Figure 120 Water permeability vs compressive strenf for 0%, 20% and
50% FA with sodium sulfate

6.3.3 Parameters influencing initial sorptivity

When the compressive strength is directly corrdldteinitial sorptivity, the
trend is of decreasing initial sorptivity as themgwessive strength is increased.
Although there is a clear correlation between casgve strength and initial
sorptivity (Figure 121), it is important to differgate the influence of the W/CM, fly
ash percentage and curing conditions. The multaléas chart, main effects plot, and

interaction plot allow examination of the influengiparameters on initial sorptivity.
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Figure 121 Initial sorptivity vs compressive strenth

In terms of initial sorptivity and according to ki@ 122, the curing type, FA%
and age affect it. Mixes with sodium sulfate hagguced initial sorptivity close to the
levels of the control sample with 20% fly ash. Tgezzolanic effect is evident after
270 days, where samples with fly ash match comiiges under laboratory conditions.
As can be seen in Figure 122, this is not the é@aseamples cured outdoors, where
sorptivities are higher for 50% fly ash concretes3@0 days; samples with sodium

sulfate are closer to control samples.
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Figure 122 Multi-Vari Chart for Initial sorptivity by Age-Curing-FA%-W/CM

In the main effects plot presented in Figure B8, curing and fly ash content
are the parameters affecting the initial sorptiviihere is not a relevant effect of the
WI/CM on the initial sorptivity. Although age redcéehe initial sorptivity, fly ash
percentage seems as a key parameter to control.
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Figure 123 Main Effects Plot for Initial sorptivity
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Figure 124 presents how, by considering simultagigo&A% and curing
conditions, the major changes on initial sorptiatg obtained. When FA replacement
level and curing type are evaluated simultaneowstize interaction plot, the latter has
a higher relevance as the level of fly ash replaens increased. Samples with high

percentages of fly ash have a higher reduction tintle compared to control samples

with 100% cement.
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Figure 124 Interaction Plot for Initial sorptivity

Figure 125 considers previous results and the mélaential parameters, such
as compressive strength, fly ash replacement leradscuring conditions. This figure
shows how samples cured outdoors have higher sibyptevels. In the same way,
curves of fly ash mixes have a higher slope, mepran important correlation
dependence of compressive strength on this parank@teinstance, a sorptivity close
to 0.005 mm/%¥? could be obtained with a compressive strength3okMPa for a 20%
FA mix or 40 MPa for a 50% FA with sodium sulfatexmBeyond 60 MPa, the

sorptivity values for all the replacement levels elose.
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Figure 125 Initial sorptivity vs compressive strenth for 0%, 20% and 50%

FA with sodium sulfate

6.3.4 Parameters influencing chloride penetration

As seen in Figure 126, when compressive strengthchioride penetration (as
measured by charge passed in the ASTM C1202 tesplatted, there is a trend but
with a high variability as expected according toTAS C1202, where the results
difference might be up to 42% for the same mix. pkesented with the previous
durability parameters, all the different input adolies have an impact on chloride
penetration.
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Figure 126 Chloride penetration vs compressive stregjth

In the multi chart plot presented in Figure 12°& #ifect of the curing is not
evident. Effect of water to cementitious materala is seen at early ages only; at later
ages, the values of chloride penetration are sirfolaall the different W/CM values.
Although this behaviour is similar for differentyflash percentages, chloride
penetration decreases with the inclusion of sodsuifate when it is compared to the

control sample with 50% FA.
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Figure 128 shows how the parameter affecting ddopenetration least is the
curing according to the main effects plot and gitpmffected by the other parameters.
According to this plot, the influence of sodiumfate is positive as the lowest value is
obtained from these mixes. From the main effeasipis possible to conclude that by
decreasing the water to cementitious material amaguhe mix with 50% fly ash and

sodium sulfate, chloride penetration could be reduc
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Figure 128 Main Effects Plot for Chloride Penetraton

The interaction plot presented in Figure 129 shdws the increments in
WI/CM and fly ash increase chloride penetration,winén sodium sulfate is added this
parameter is reduced. There is not a clear tremmaraBng mixes cured in the

laboratory from those left outdoors.

&
‘?*Xé &OQ.
<& &
\o \o \o &
e e v @ pePpy
A I 3000 W/CM.
—@— 042
—h _—A ‘\/ \ —m— 0483
L == _m | N [0 0,557
-~ - = o ‘\o;;\\ ~A —A - 0675
o1l FA%.
- 3000 —@— 0% FA
—l— 20% FA
o ‘\ - 50% FA
L3 — ‘\ﬁ‘\, 1500 | A - 50% FA + Na2504

Curing

= 0 conditions.

[~ 3000 —@— LAB
—m— OUTDOOR
Curing conditions. \\k‘.‘ - 1500
0

Age.

Figure 129 Interaction Plot for Chloride Penetration

208



Based on the previous results, the influencing patars are defined and
presented in Figure 130. In this way, the propasedelations depend on compressive
strength and fly ash replacement. The same valuehlfride penetration can be
obtained for a different compressive strength, ddp® on fly ash replacement and
the fact of including sodium sulfate in the matriMixes with high fly ash
replacements and low compressive strengths arehén “Very Low” chloride
penetration range, according to ASTM C 1202. Theusion of sodium sulfate
positively affects chloride penetration, with lowalues measured for moderate
compressive strengths. For instance, around 50006@das is accomplished with 80
MPa for a 100% cement mix while the same chloridiegtration can be accomplished
with almost half of the compressive strength by#5ly ash mix and sodium sulfate.
The previous comparison is for samples cured inaheratory.

= 1E+07x2278
0% FAlab ------ Yy IE X
3500 Lol R?=0.8831

- -1.662
'\ ; . W20%FALab  eeesses y/=“261685x
b R? = 0.8437
3000 T 3 450% FA Lab SR y = 1E+08x 36
L% : \ R?=0.8346
AR k 2827
oA L e © 50% FA + Na2504 Lab ¥ = 2E407°*
R T ) R? = 0.9261
2500 i M’ 0% FA Outdoor y = 6E+06x°2177
<\ R?=0.8202
=\ % L W 20% FA Outdoor y = 963525x1755
A R?= 0.8855
VA ) Ly 4 e
1A L8 A A 50% FA Outdoor . ¥
i Ak : 3 R? = 0.807

2000

, \ s -3.231
vy \ 4| ©50% FA + Na2504 Outdoor v AE 0
ALY R? = 0.8215
1500

Charge passed [Coulombs]
L/

1000

500

0 10 20 30 40 50 60 70 80 90 100
Compressive Strength [MPa]

Figure 130 Chloride Penetration vs Compressive Strgth for 0%, 20% and
50% FA with sodium sulfate

6.3.5 Parameters influencing diffusion coefficient

According to Figure 131, as the compressive sttengtreases the diffusion

coefficient is reduced. This behaviour is clear dod some compressive strength

20¢



ranges, the difference in diffusion coefficiensimall, compared to the other durability

parameters.
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Figure 131 Diffusion coefficient vs Compressive s#ngth
It is important to evaluate the correlation betwebarge passed and diffusion
coefficient. As seen in Figure 132 as charge passgdases, the diffusion coefficient
increases, showing that there is (as expected) m@elatbon between these
measurements. As presented for compressive strethgtivariability in the data needs
to be analysed. For chloride penetration, ASTM @l&entions a high variability
between samples from the same mix, affecting theeladion with the diffusion

coefficient.
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Figure 132 Diffusion coefficient vs chloride penettion

Before finding the relationship between these patars, the effect of each
variable on diffusion coefficient is evaluated &ers in Figure 133. At 90 days, the
effect of sodium sulfate mix is positive for labtmg curing and the effect is the
opposite when cured outdoors. The reduction of WWEM reduces the diffusion
coefficient for most of the samples. The curing hasgnificant impact at early ages.
After a year, the diffusion coefficient is low ftre activated mixes for laboratory and
outdoor curing.
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As mentioned, the main effects plot does not inelutle interaction of
additional parameters; instead, each parametevatuated separately. Figure 134
shows how W/CM, fly ash percentage, curing andlee a significant effect on the
diffusion coefficient.
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Figure 134 Main Effects Plot for Diffusion coefficent
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According to the interaction plot presented in Fgyd35, by considering the
WI/CM and FA% simultaneously, the effect of mixegshwsodium sulfate is clear,
reaching the diffusion coefficient levels of sansplgith 20% FA. It is important to
consider that the positive effect in samples witljhhvolume fly ash can be seen at
later ages. For instance, mixes with 50% fly askelha greater decreasing slope from
90 to 360 days than mixes with 0% FA and 20% FA.
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Figure 135 Interaction Plot for Diffusion coefficient

The variation of the diffusion coefficient is comted to the variation of the
compressive strength and the fly ash content. 8imtd the water permeability case,
keeping constant the cementitious material typeéh(wr without sodium sulfate), as
the compressive strength is increased the diffustmificient is reduced. When fly ash
is increased and sodium sulfate included, and keepinstant the compressive
strength, the diffusion coefficient can be reduddds behaviour can be seen in Figure
136. For instance, a chloride diffusion coefficieftd x10? m?/s for a 0% FA mix is
accomplished with a compressive strength of 80 Mid, for a 50% FA and sodium
sulfate mix with around 40 MPa.
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Figure 136 Diffusion coefficient vs compressive stngth for 0%, 20% and
50% FA with sodium sulfate

According to Figure 137, the correlation is mocewate for laboratory curing;
in this case, concretes with 50% FA and sodiumaseithave the lowest diffusion
coefficient for most of charge passed values. énddse of outdoor curing the trend for
concretes with 50% FA and sodium sulfate preselnés dpposite behaviour; the
highest diffusion coefficients are present for eliint charge passed values. This
shows the importance of the curing process for tigisrid system. It is important to
highlight that ASTM estimates the variability inetichloride penetration test results to
be as high as 42% between two samples from the daateh. When chloride
penetration was evaluated, the highest variabidgyween two set of samples of the
same mix design but different batch was 33%. ithjgortant to mention it occurred for
samples cured outdoors with 50% fly ash. The véitaldecreased with age.

These correlations become important when they ppéeal in different projects
where diffusion coefficient or chloride penetratimnspecified. It allows the user to
predict any of these parameters considering flymsicentage and curing conditions.
For instance for port foundations some construcgpscify a diffusion coefficient
lower than 10 x 18 m?/s while others specify a passing charge lower tha®0
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Coulombs, and Figure 137 shows that a number ofrtixes tested will pass one of
these criteria and fail the other.
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Figure 137 Diffusion coefficient vs chloride penetation for 0%, 20% and
50% FA with sodium sulfate

6.3.6 Parameters influencing carbonation

As seen in Figure 138 (a), presence of fly asheim®es the carbonation levels.
Inclusion of sodium sulfate reduces carbonatiorelexompared to the sample with
50% fly ash. The effect of the water to cementgianaterial ratio is not clear.
Carbonation increases as the age increases. Thenadion coefficient is constant at
different ages for each fly ash replacement legepr@sented in Figure 138 (b). This
coefficient was calculated using Equation 12 frohagter 2.
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Figure 138 Multi-Vari Chart for Carbonation by Age- Curing-FA%-W/CM

Considering the main effects plot from Figure 18p\(V/CM does not have as
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significant an influence as the other parameters.isAseen in Figure 139 (a) and
Figure 139 (b), the carbonation depth and carbonatioefficient do not change
significantly as the W/CM changes. The other patamsehave an influence on

carbonation depth increment. In terms of carbonatmefficient as presented in Figure




139 (b), the increase of fly ash content increassbonation coefficient but with

sodium sulfate it decreases.
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Figure 139 Main Effects Plot for Carbonation

Figure 140 (a) and (b) shows how the influencehef combination of factors

such as the W/CM with age does not present a stihgence on the carbonation
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depth and carbonation coefficient as FA% does. €hgbonation coefficient is

constant at different ages but varies dependintp@mrementitious system.
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Figure 140 Interaction Plot for Carbonation

Based on the previous analysis, the carbonatiorificeat is constant at

different ages and strongly influenced by the ceitiens material composition. The
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benefits of activating a high volume fly ash comerith sodium sulfate is evident in
Figure 141. It is evident that the only relatiomshs between PC content and
carbonation rate; the increase of fly ash contesisdhot help to reduce carbonation
rate.

27 4

Carbonation Coefficient [mm/yr~1/2]

0% FA 20% FA 50% FA 50% FA + Na2S504

Figure 141 Carbonation coefficient vs fly ash peragage

When fly ash percentage and W/CM are consideredl&ineously to estimate
carbonation coefficient, there is an increase is pffarameter as the FA% and W/CM
are increased; this is presented in Figure 1421d)(b). Although the increase of fly
ash increases the carbonation coefficient, thisdtneas not followed for mixes with
sodium sulfate. The difference in terms of carbimmatoefficient between the sample
with 0% FA and 50% FA + NSO, reaches levels close to 5.5 mmAr
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Figure 142 Carbonation coefficient vs W/CM and flyash percentage: Correlation
curves

6.4 Evaluation of large outdoor concrete elements

To evaluate and compare results and correlatioes sethe previous section,
beams of 0.3x 0.4 x 1 m were cast as seen in Figure 143. These elsmesre
exposed to ambient conditions and cores were taidpe evaluated in the lab as
presented in Figure 144. The evaluated beams M&C#& of 0.557 with 0% FA, 20%
FA, 50% FA and 50% FA + N8O, The age of evaluation was 360 days. It is
important to mention that only one result for eacix and test was obtained due to

number of cores available.

Figure 143 Elements left outdoors: a) front view, pback view
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Figure 144 Cores extraction process

Figure 145 presents the compressive strength fromesc These compressive
strength results were applied in the correlatidnsioed in the previous section from
lab specimens to predict water permeability, ihiSarptivity, chloride penetration,
diffusion coefficient and carbonation. These prasticvalues are compared with

results from large specimens.
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Figure 145 Compressive strength of cores from largelements at 360 days
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Results from correlation equations are presentetienright-hand side of the
following figures. These are compared to the leifitdh results obtained directly from
measurements on cores from the large outdoor spesimAs seen in Figure 146 (a),
water permeability calculated values were clos¢hto concrete element values. The
calculated values were obtained from compressik@ngth and water permeability
correlation equations. Initial sorptivity calculdtealues were similar to cores with the
exception of 50% fly ash which was higher for trecalated one. Figure 146 (c)
shows that all the samples are under 1000 Couloddssified as ‘Very Low’ chloride
penetration, according to ASTM C 1202. Predictedults are similar to those
presented for the element with the exception of abetrol sample with 20% FA,
which was higher. In general, the elements haddmigiffusion coefficients compared
to correlations results. In the same way, all tifegion coefficient values were lower
than 10x10? m%s. In both cases 50% FA mixes had the lowest siiffu coefficients.
Diffusion coefficients from correlations were irange from 2 x18° to 4x10*? m?/s
while for elements from 4x18¥ m%s to 7x10"* m%s; calculated values were almost
half of the actual elements values. As seen inreid46 (e), carbonation trends are
similar for all the set of results; the calculatedues from correlations are similar to
results from cores. It is important to mention thavironment conditions are presented

in Figure 74 becoming relevant for samples undesarzation.
In order to keep testing the correlations, it isassary to obtain more data for

each evaluation due to the fact that in this stonly one core per mix was used for

each test.
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6.5 Summary

The following summary includes the main findingtated to durability properties of

the hybrid cementitious system with sodium sulfate:

Curing under controlled conditions reduced initedd secondary absorption,
water permeability, chloride penetration and cllerdiffusion. These parameters
also reduced as W/CM was reduced. The hybrid cetioerst system needs a
curing process due to the high volume of fly ashspnt in the matrix. It is

important to guarantee the hydration process of ghstem and hence the
pozzolanic reaction. It is important to mentionttbamparing all the samples with
the same W/CM, the hybrid cementitious system witium sulfate had a better
performance than control samples in most of thesabhe previous scenario was
completely different when concrete was exposed@g; Carbonation was always
higher for concretes with fly ash. As fly ash iresed the carbonation depth
increased. On the other hand, alkali silica reactemd sulfate attack were
mitigated by increasing the fly ash volume of th&.m

Compressive strength was correlated with all thealility parameters. As the

compressive strength increased the durability patars improved. Although it

225



was possible to evidence trends, there was soniabildy; this variability was
reduced by also including curing conditions, flyhakevels, and activators
simultaneously.

In order to evaluate correlations, large specinvesi® left outdoors. Results were
similar to those obtained from correlation equatiorResults from water
permeability, initial sorptivity, chloride peneti@t and diffusion coefficient were
similar for the mix with 50% FA and sodium sulfatad the mix with 20% FA at
360 days. In this way, the pozzolanic effect of théx with 50% FA was
improving its performance with time; this mix haogp performance at early age.
Alkali silica reaction was also measured using dagpecimens. The 0% FA
concrete had the highest expansion. The lowestnsima was for the mix with
50% FA and sodium sulfate due to the higher lev@loeleased by the fly ash.
The lowest expansions were also obtained for 50% apfl sodium sulfate
concrete when exposed to sulfates. The fact ofnigaailow total GA helped to
reduce expansions.

Chloride penetration data showed similar penetnatimr the mix with 50% fly

ash and sodium sulfate, and the mix with 20% fly. as
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7 Service Life

7.1 Introduction

Based on the literature review and the resultsemtesl in the previous chapters,
initiation periods for degradation are modelled sidaring chloride diffusion and
carbonation. The mix design parameters and compeessrengths are included in
each model. A nomogram is obtained at the end earlaonation model, while an
algorithm is programmed using Matlab to calculat;arete initiation period for

chloride diffusion.

7.2 Carbonation model

In order to model carbonation for concretes evaldaunder Bogota’s
environmental conditions (Figure 74), the followipgpcedure was considered based
on the previous results and correlations obtainedelations were calculated based on
trends between W/CM, compressive strength, carbmmabefficient and carbonation
depths. In this way, the main objective is to pnéshe influence of input design
parameters on carbonation initiation period. TH®¥ang procedure was considered.

1. Calculation of the compressive strength at 28 dagsed on the water to
cementitious material ratio and fly ash percentagealculation of the water to
cementitious material ratio from the compressiveersgth and fly ash
percentage.

2. Calculation of the carbonation coefficient from theter to cementitious
material ratio and different fly ash replacementls.

3. Correlation of the carbonation coefficient with tbarbonation depth and the

initiation period.

7.2.1 Water to cementitious material ratio vs compressive
strength at 28 days for different fly ash replacemet

As discussed in the previous section, Figure 147etaies the compressive
strength with the concrete mix design W/CM anddBh percentage. The previous
inputs also apply for the mix design with 1% sodisuifate. This curve is essential

not only to know the mix design inputs for a speatfoncrete compressive strength,
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but also to correlate the final initiation periofitoe element with the selected 28 day
compressive strength. Although mixes with fly ashsodium sulfate could present
significant residual compressive strength evolytimost concrete specifications and
codes consider 28 days as the age to use in gstaualesign. The correlation
functions are based on Duff Abrams’ law published 919 (Sear, 2001).

80 4

Compressive strength [MPa]

0.40 0.45 0.50 0.55 0.60 0.65 0.70

wW/cMm
m0% FA ®20% FA 50% FA X 50% FA + Act

Figure 147 Compressive strength at 28 days vs Watéw cementitious material
ratio for different fly ash replacement levels
The following are the correlations for the differéig ash replacements:
For 0% FA

F=-"22% (57)

For 20% FA

F=" (58)

For 50% FA

For 50% FA+NaSQ
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7.2.2 Carbonation coefficient vs W/CM and FA content

There is a linear correlation between W/CM and eaaton coefficient for
different fly ash contents. As seen in Figure 1th&, carbonation coefficient increases
by increasing the levels of fly ash. This was asa@enced by Ho and Lewis, where
carbonation for concrete with fly ash was fastemthiPortland cement concrete; the
variation of this parameter depended on PC conveiy (Ho and Lewis, 1987,
Burden, 2006). As mentioned in the literature revgection, a reduction in the water
to cementitious material ratio reduces carbonatoe to pore reduction (Claisse,
2005; Helene and Castro-Borges, 2009; Ralefd], 2013). The complete analysis of
this graph was presented in the previous secti@6.6.

Carbonation coefficient [mm/yrr1/2]

0 T T T T T T T T T T T T T T T 1
0.23 0.26 0.29 032 035 0.38 0.41 0.44 047 050 053 0.56 0.59 0.62 0.65 0.68 0.71

wW/cMm

Figure 148 Carbonation coefficient, W/CM and fly ak percentage

The following are the carbonation coefficiet) (equations for the different

water to cementitious material rati@%) and fly ash percentages, obtained from

Figure 148:
For 0% FA
k = 762222 — 15875 (61)
CM
For 20% FA
k=753 —-02769 (62)
CcM
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For 50% FA
k=9.73472 — 38312 (63)
CM
For 50% FA+NaSQ,
k = 8.0503 — 3.8644 (64)
CM

7.2.3 Carbonation coefficient vs carbonation depth and
time
By calculating the carbonation coefficient, thebwaration depth is obtained for

different periods using Tutti’'s model (Tutti, 198F&jgure 149 presents the variation of

carbonation depth and carbonation coefficient witte.
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Carbonation coefficient [mm/s"1/2]
[e)]

I’
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Carbonation depth [mm]
——10 years —&-20 years 30 years =40 years =#=50 years
60 years 70 years 80 years 90 years 100 years

Figure 149 Carbonation coefficient vs carbonation epth and time

7.2.4 |Initiation period nomogram

The nomogram is developed based on Figures 147,ahd8149. The main
objective of the nomogram presented in Figure X5@oicorrelate all the different
parameters with the initiation period. In this walge carbonation depth and time is
correlated to compressive strength, W/CM, fly asircpntage and activator and

carbonation coefficient. This nomogram applies Baigotd’s conditions. In order to
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see the influence of each parameter, it is impottaoonsider the following procedure
for Figure 150:

1. Select the required compressive strength, W/CMflgrakh percentage.

2. Draw a line, keeping constant the W/CM and findihg selected fly ash
percentage.

3. Draw a line from the FA% and carbonation coeffitiearve to the selected
period of time.

4. Different periods of time are correlated to carbimmadepths.

This procedure could also be applied in the inversier from the last to the first step.
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7.3 Chloride diffusion model

The model equations are proposed based on thetsrgmaisented in sections
6.2.4 and 6.3.3, and compared with Life 365 mod&lomas and Bentz, 2008). This
model is referenced and described in more detdihénliterature review section. As
mentioned in the background section, this modelsdoet consider chemical
interactions or electrical coupling between ions.

Procedure to calculate the initiation period (eachstep is explained after

section 7.3.1)

* Calculation of the compressive strengths at differavater to
cementitious material ratios at a reference agi8afays.

» Calculation of the diffusion coefficients for theffdrent compressive
strengths at a reference age of 28 dAyss(2s days)-

» Calculation of the diffusion decay index,

« Calculation of the diffusion coefficient at tinneD (T).

» Calculation of the diffusion coefficient considegitemperature changes.

* Calculation of the chloride concentration dependamgthe temperature
and chloride surface concentration.

» Solution of the finite difference using the Cranichblson method for a

variable temperature and chloride surface concenitra

The equations for the diffusion coefficient at &erence age, the diffusion decay
index and the diffusion coefficient at timteare modified from the Life 365 model,
with the exception of the equation for the tempeaeeffect which remains the same
as presented in that model. The following is thelaxation of how the proposed

equations are obtained and the way the finite @ffee solution is applied.

7.3.1 Diffusion coefficients for different compressive
strengths at a reference age (28 days)

Based on correlation equations derived from tha datrigure 136 and as seen
in Figure 151, mixes with 50% FA performed betteterms of diffusion coefficient
for a given compressive strength. For instancesidening the same compressive
strength, the level of diffusion coefficient for xas with 50% FA is lower compared
to control samples with 0% FA and 20% FA.
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Figure 151 Compressive strength vs diffusion coeffient at a reference age (28

days)

For 0% FA

Dyep = 15934F 1918 (65)
For 20% FA

Dyep = 125230F 2611 (66)
For 50% FA

Dyof = 630.85F 1288 (67)
For 50% FA+NaSQ,

Dyep = 7152.7F 72016 (68)

7.3.2 Chloride diffusion coefficient variation with time for
different water to cementitious material ratios
0% FA
For mixes with 0% fly ash, the diffusion coeffictes affected by the W/CM.
The reduction of the W/CM positively influences thatrix, reducing the values of the
diffusion coefficient. This is shown in Figure 152Zhe W/CM of 0.426 was not
considered for the diffusion decay index due touitexpected behaviour in Figure
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Figure 152 Time vs Diffusion coefficient for diffeent W/CM and 0% FA
For W/CM=0.675
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D =Dy (tref)0.36 (69)

t

For W/CM=0.557

tro ) 0-856
D= Dref( tf) (70)
For W/CM=0.483
tror) 1048
D =Dy (%) 7
For W/CM=0.426
tror)0-572
D = Dyey (%) (72)

20% FA

In general, the way the chloride diffusion coe#idd is reduced in time, seems
to be similar for different W/CM. Figure 153 preterhow there is an evident
reduction in diffusion from mixes with a W/CM of@¥5 to 0.426. The behaviour was
similar for mixes with 0.557 and 0.483 of W/CM. &ig 153 (b) presents the trend in
log scale including extrapolation up to 100 yearke W/CM of 0.483 was not
considered for the ageing exponent due to its ure®po behaviour.
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Figure 153 Time vs Diffusion coefficient for diffeent W/CM and 20% FA

For W/ICM=0.675

tror) 0449
D = Dyey (2) (73)
For W/CM=0.557
tror) 0538
D = Dyop (L) (74)
For W/CM=0.483
tor) 0-598
D = Dyop (2£) (75)
For W/ICM=0.426
£ror) 0-966
D = Dyop (L) (76)

50% FA
At the first months the diffusion coefficient deases as the W/CM decreases

but after 4 months (0.33 years) concrete with 0/5&§ a lower diffusion coefficient in

comparison to the W/CM of 0.483 as seen in Fig4; 1t also occurred for mixes

with NaSOy in Figure 155. It is important to mention thatsthiariation in the
diffusion coefficient for W/CM of 0.557 occurred lgrin mixes with 50% FA. This

trend with a W/CM of 0.557 was not expected andh& moment there is not a
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possible explanation for this

diffusion decay index.

behaviour. This W/GA&s not considered for the
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Figure 154 Time vs Diffusion coefficient for diffeent W/CM and 50% FA
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For W/CM=0.557

tref 0.893
D = Drer (%) 77)
For W/CM=0.483
¢ 0.597
D = Dyey (%) (78)
For W/CM=0.426
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Figure 155 Time vs Diffusion coefficient for diffeent W/CM and 50% FA +
Na,SO4
For W/CM=0.557
trer) 1364
D = Drer (%) (80)
For W/CM=0.483
trer) 0731
D = Dyop (2£) (81)
For W/CM=0.426
trer)0-928
D= Dref( tf) (82)

7.3.3 Diffusion decay index

The diffusion decay index or ageing exponent igluseconsider changes with

time of the diffusion coefficient due to the comtaul hydration of the system. The

diffusion decay indexes are calculated from figuaed equations presented previously

in section 7.3.2. As seen in Figure 156, the indexffected by both W/CM, and FA
replacement, as well as the presence ofSBa It is important to mention that the
following data were not included: W/CM equal to ®/5for 50% FA mixes, W/CM
equal to 0.483 for 20% FA mixes and W/CM equal.&26 for 0% FA mixes.
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There is a difference in the decay index curve§.817 between mixes with
0% FA and 50% FA + N&O,. The lowest decay levels are present in mixes 90&b
FA. The decay indexes for mixes with J$&, are higher than mixes with 50% FA
only. As the W/CM is reduced, the decay index iases, and in this case samples
with 0% FA have the highest values. According te thife 365 method (Bentz and
Thomas, 2008), as the cement replacement levetisased the diffusion decay index

increases, but in this study this pattern is naden.

1.4

1.2
y =-3.6406x+2.8358

1 y =-2.0981x+1.8105
[m]

£ A
x o
- +
E_ 0.8
8 A
[
[a] y =-3.4561x+2.4003
§o6
§ y =-3.0351x+2.0629 o
a .
0.4
L 2
0.2
0
0.4 0.45 0.5 0.55 0.6 0.65 0.7
w/cm
0% FA —20% FA 50% FA 50% FA + Na2S0O4

Figure 156 Diffusion decay index for 0% FA, 20% FA50% FA, and 50% FA +

Na,SO, at different W/CM
For 0% FA
m = —3.6406% +2.8358 (83)
For 20% FA
m = —2.0981% +1.8105 (84)
For 50% FA
m = —3.0351 % +2.0629 (85)

For 50% FA+NaSQ,
m = —3.4561 % + 2.4003 (86)
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7.3.4 Chloride concentration for a constant temperature
and surface chloride concentration using Crank’s
solution

The following equation is used to find the diffusi@oefficient and it is
referenced as Crank’s solution (Collepaddial, 1972; Crank, 1975; Martys, 1995). It

is used when the temperature and the surface ctvatien are assumed to be constant:

C(x,t) = C, <1 —erf (2LDct>> (87)

Where:

Cixr) = chloride concentration at a defined deptind timet
C, = chloride concentration on the surface

D, = diffusion coefficient (rf/s)

erf = error function

The following is an example using the proposedahiquations and Crank’s
solution with input data defined by the authoiislimportant to mention that the main
objective of the example is to present the calaiaprocedure. The comparison is

included in section 7.3.6 using the programmedréalyn, Life 365 and test results.

Co = 1%

Reference age = 28 days
Age of the sample: 1 year
Analysis depth: 3 cm
Temperature: 17.7°C

W/CM: 0.483
Fly ash percentage: 50%
Mix with Na,SOy
Compressive strength calculation at 28 days
82832
w
1180.05¢cM
828.32
~ 1180.050483
F = 27 MPa
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Diffusion coefficient calculation at 28 days
D,g = 7152.7F 2016
D,g = 7152.7 - 2772016

Dye = 9.3 x 10-12M?/

Diffusion decay index calculation
w
m = —3.4561— + 2.4003
cm

m = —3.4561 x 0.48 + 2.4003
m = 0.731

Diffusion coefficient at 1 year

tref>m

D =Dr (%

0.731

28
D =59 x 10712 (—)
365

D = 1.4 x 10-12 Mm%/

Diffusion coefficient change depending on the temperature

S v/l 1 1
= Dreexp |4 Toor T

D(17.7°C) = 1.4 x 10~ ?ex [ 35000 ( t 1 )]
' - P|83144621\293.15 290.85

D(17.7°C) = 1.3 x 10-12M%/

Chloride concentration

C(x,t) =C, 1—erf<2 th)

0.03
€(0.03m,31536000s) = 1%( 1 — erf( )
2v/1.7 x 10-12-31536000

€(0.03m,31536000) = 0.0009%

The calculated chloride concentration obtainednfrGrank’s solution is low
considering that an approximate chloride conceintnator corrosion initiation is
0.05% (Thomas and Bentz, 2008), depending on tleokide concentration in the

pore solution.
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7.3.5 Chloride concentration for a variable temperature
and surface chloride concentration using the Crank-
Nicolson method — Finite difference solution

The finite difference solution used to find the arfde concentration at the
surface is the Crank-Nicolson method (Crank andoNan, 1947; Wilmottet al,
1995). The following is the method (Figure 157):

2
a_C:Da Cz:
ot 0x
n+l n n+l n+l n+l n n n
C"-Cf _ | gCis —zci2 +C! +(1_g)cj_l—zc£ +Cl,
At AX AX

cr —%e(cj“_*f ~2ct+Crt)=Cr +12(1- 6)ci., -2c] +Cl,)

j+l

n+l n+l n+l _
aCL +bCm +¢Cly =d,

A =2PA
AX

a; = —Hi

2

b, =1+64

C, ——Hi
2

d =cr +%(1—6?)(C;‘_1 _oc +cp+1)2)%c
Where
C =Chloride concentration
n=Time - step
j =Distance - step
At = Delta of time
Ax =Delta of distance

6 =0.5 (Semi-implicit)

n+1 A
Athece e
n Y

jt1
Figure 157 Crank-Nicolson method
As seen in the previous equations, the concentratichlorides in the element
is a function of chloride concentration at the aae, time, and depth. The solution of
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the system allows calculation of chloride concdrdres at different depths when

varying time and chloride concentration at the atef The number of iterations
depends on the total period for the analysis atich @é time; each step or iteration is
one delta of time, and based on the time theretesrgerature and surface chloride
concentration. Depending on these variables, tffasitin is affected as seen in the
previous analysis (for constant time, temperatune surface chloride concentration).
After the diffusion is calculated, the system idved, finding the concentration

variations depending on depth. In this case, the ¢tdoride concentration is added to

the previous value obtained in the last iteration.

The following is an example using the proposedah#quations and using the
Crank-Nicolson method to solve the system (Figus8)1lin this case, the concrete
includes 50% FA without sodium sulfate. This exaen presented to show the
calculation procedure only. The comparison of rssidr different W/CM and fly ash
levels using the programmed algorithm, Life 365 tewd results is presented in section
7.3.6.

Reference age = 28 days

Analysis depth: 3 cm

W/CM: 0.45

Fly ash percentage: 50%

At = 30 days = 2592000 seconds

Ax =1cm

Temperature= Variable

C, = Variable

Chloride concentration for corrosion initiation 8%

Concretr

. Steelba - :

. cm
Figure 158 Concrete section
Figure 159 presents the monthly average temperdtura year; chloride

concentration per month is presented in Figure 160.
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Figure 159 Monthly average temperature
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0,0%
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Figure 160 Chloride concentration per year
The following are the results fér, D,g, andm, based on the previous analysis:
Compressive strength calculation at 28 days
F = 27 MPa

Diffusion coefficient calculation at 28 days

Dy = 9.2 x 10-12M*/

Diffusion decay index calculation
m = 0.6971
These values are held constant for the rest cditlagysis. The following values

vary with time and distance; these values arehferfirst month.
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Diffusion coefficient at 1 month

tref)m

D:DT'ef( ¢

0.6971
D =9.26 x 10712 (2—)
30

D =88 x10"12m?/

Diffusion coefficient change depending on the temperature

D(T) = Dyepexp [g( ! _ l)]

R\T,; T
D(18.9°C) = 8.8 x 10712 [ 35000 ( 1 ! )]
=5 ¢XP | 83144621 \293 ~ 292.05

D(18.9°C) = 8.4 x 10-12M?/

Using the previous result, the calculation of tidodde content at different

depths is performed:

n+l n+l n+l _
a;C; +b,C"" +¢,C/; =d,

DAt _ 84x10" x 2592000 _

A=2220= : = 0.4329
AX 001
6=05
a, = 92 = _059432%_ 51082
2 2
b, =1+ 61 =1+ 05x 0.4329=1.2165
c, = —9/‘5 = —o.5—0'42329: -0.1082

d, =Cl +2.4-0)(Cl, - 2C] +C]

j+1

Ccomonth — 0250 Chloride concentraibn at the surface

Ocm

comenth = 04  Chloride concentraibn at 1cm

Icm

Comenth — 04 Chloride concentraibn at 2cm

2cm

Ccomonth — 004 Chloride concentraipn at 3cm

3cm

Ccomenth — 304 Chloride concentraibn at 4cm

4cm
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o = CE™"+ 2. (1= B)(CLB™ - 2G5 + CL™) =
0+ 0'42329(1— 05)(025% - 2x 0+ 0) = 2.7056x10"
O = CI+ 2 (L= 6)(CI"" = 203 + ) =
o+#’a— 05)(0—2x0+0) =0
i = CI 42 (1= )(CE™ — 202 + C™) =
0+ 0'42329(1— 05)(0-2x0+0) =0
-0.1082C,m"" 1,216 - 0,108 = 2 7056x10™*
~ 01081 1 216ESITNN 0 0gaC moN = 0
~ 01081 1 216ESINN 08T N = 0

2cm 3cm 4cm

ReplacingCir®™" with 0.25% andCim°™ with 0%:

4cm

-0.1082x 025% 1.216%"°" -0.108™°"" = 5 7056x10"

2cm

-0.108L, ™" 1.216F1"™ - 0,1082CL" = 0
-0108Z;x™  1.216LI™"™  —0.1082x0= 0

1.2165:f$$mh - OlOBZ:;cmrgmh 0= 5.4106x10™
~0.108ZcImom 1 21pFCIeM - 0.10825 " = 0
0 ~0.108ZCImen  1.216830"" = 0

Clmonth = 0045

Icm

CLmonth = 0004%

2cm

Camon = 0,00038%

3cm

The following are the results for the first year considetivgprevious procedure

and using Matlab for the iterative process:

C,2months = 011%
ClZmonths - 0'04)&

2cm

ClZmonths - 0'0 1%

3cm

It is important to consider that every new analysis includes chloride

concentrations obtained in the previous iteration. Theritgn programmed with

Matlab is presented in Appendix 3. This algorithm alloadewation of the end of the

initiation period. After five years and eight months thigation period ends and the

propagation period starts (0.05% chloride concentration mached at 3 cm depth).

When the same input data are modelled using Life 365nitiation period ends after

one year and eight months.
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CGBmOﬂthS - 0'44)/0

lcm

C68months - 01 @/0

2cm

CGBmOﬂthS - 0'05)/0

3cm

7.3.6 Results comparison from programmed algorithm,
Life 365 and test results

Life 365 software was used in order to evaluate redwdts the programmed
algorithm. Additionally, Matlab results were compared wital alues from chloride
concentrations at 1 cm depth for samples left in 3%oridd concentration
environment; unfortunately this chloride evaluation was pedadrrafter 28 and 90
days only. The following are the tables with the resultenfidatlab and Life 365.
Table 23 does not include the comparison for mixes witliugo sulfate because Life
365 does not consider hybrid cementitious systems with &mtsvalrable 24 presents
chloride concentrations including mixes with sodium sulfatd eomparing Matlab

with real results from section 6.2.5.
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Table 23 Results comparison: a) 0% FA, b) 20%, c)®B%

0.483/TP/0/ 0.557/TP/0/
Parameters - -
Matlab Life 365 Matlab Life 365

Diffusion Coefficient at a 1 u 1 u

reference age - Dyg [mZ/S] 6.77x10 1.26x10 9.70x10 1.89x10

Diffusion decay index m 1.08 0.2 0.81 0.2

End of the initiation period

[Months] 1 2.4 1 2.4

0.426/TP/20/ 0.483/TP/20/ 0.557/TP/20/
Parameters - - -
Matlab Life 365 Matlab Life 365 Matlab Life 365
Diffusion Coefficient at a 12 12 12 u u u
reference age - D, [Mm%/s] 4.25%10 9.17x10 6.85%10 1.26x10 1.27x10 1.89x10
Diffusion decay index m 0.92 0.36 0.80 0.36 0.64 0.36
End of the initiation period
[Months] 1 2.4 1 2.4 1 2.4
0.426/TP/50/ 0.483/TP/50/
Parameters - -
Matlab Life 365 Matlab Life 365

Diffusion Coefficient at a 12 12 u u

Diffusion decay index m 0.77 0.6 0.60 0.60

End of the initiation period

[Months] 1 2.4 1 2.4
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It can be seen from the previous tables that Life @@sented only threB,g
values for all the evaluated mixes, while with the pregoalgorithm, this parameter
was different for each mix. Life 365 presented threéediht D,g values because it
depends only on W/CM, as mentioned in the literature wevide proposed equations
for the Dyg in the algorithm vary depending on W/CM, fly ash contend a

compressive strength.

The diffusion decay indexes using Life 365 were défgrdepending on the fly
ash percentage; the equation used to calculate this peracensiders fly ash
percentage as an input. These values were agdaredif for each mix with Matlab;
the diffusion decay index equation depends on fly ashemntage and W/CM. For all
the cases, the end of the initiation period is the samallfthe mixes. In the case of

Life 365 the initiation period ends after 2.4 months whiiéhWiatlab it was 1 month.

In terms of chloride concentration, the following tabtegents the comparison
between Matlab calculated values and real results fection 6.2.5. There are some
similar results as seen for 0.483/TP/50/A mix. For mosthef mixes the chloride
concentration is higher using the proposed algorithme Thghest chloride
concentration using the algorithm is for the mix 0.557/TPi2€his case the real value
is also high. As mentioned before, chloride concentnaimalysis includes information
up to 3 months only, which does not allow conclusionsuibloe accuracy of the
model; thus, it is recommended to perform an additional eoisyn tracking chloride

concentrations in the coming years.
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Table 24 Results comparison: a) 0% FA, b) 20%, c)®%b, d) 50% + NaSO,

0.483/TP/0/ 0.557/TP/0/
Parameters
Matlab Real value Matlab Real value
Chloride concentration 1 0.030% 0.004% 0.050% 0.000%
month @ 1cm
Chloride concentration 3 0.080% 0.024% 0.170% 0.008%
months @ 1 cm
0.426/TP/20/ 0.483/TP/20/ 0.557/TP/20/
Parameters
Matlab Real value Matlab Real value Matlab Real value
Chloride concentration 1| 409, 0.000% 0.030% 0.007% 0.080% 0.001%
month @ 1cm
Chloride concentration 3| 4, 0.012% 0.1% 0.052% 0.280% 0.154%
months @ 1 cm
0.426/TP/50/ 0.483/TP/50/
Parameters
Matlab Real value Matlab Real value
Chloride concentration 1 0.030% 0.000% 0.080% 0.060%
month @ 1 cm
Chloride concentration 3 0.110% 0.162% 0.270% 0.124%
months @ 1 cm
c)
0.426/TP/50/A 0.483/TP/50/A
Parameters
Matlab Real value Matlab Real value
Chloride concentration 1
month @ 1 cm 0.010% 0.053% 0.050% 0.048%
Chloride concentration 3 0.040% 0.146% 0.160% 0.164%
months @ 1 cm
d)
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7.4 Summary

The following section includes a summary related to thebanation and

chloride models to predict the initiation period.

The carbonation nomogram is a tool where all the variaednlesonsidered to
obtain the carbonation depth or the initiation period. Thad was developed
for a specific environment conditions presented indagCQ ~ 400ppm, RH
~ 60%). The model also considers concretes with 50%rfgAsadium sulfate.
The carbonation model includes compressive strengttGCMVANnd fly ash
percentage as the main inputs to find the initiation petiad.evident that an
increase in fly ash percentage reduces the initiationgsigmificantly. For the
case of concretes with 50% fly ash, the lowest W/CM do¢selp to level 0%
FA and 20% FA performance. A carbonation depth ofrd is reached in 100
years with a concrete with 0% FA and W/CM of 0.71 oAtyears with a
concrete with 50% FA and sodium sulfate.

The chloride diffusion model also considers differaWCM, fly ash
percentages and a reference compressive strengthcdrttinued hydration is
considered by using the diffusion decay index. In ¢hise, the diffusion decay
index decreases when the fly ash percentage incre@easidering the same
compressive strengths, the diffusion coefficient is lower doncretes with
50% FA and sodium sulfate than concretes with 0% FA288d FA.

The initiation period using the chloride diffusion modeh dze increased by
increasing fly ash percentage and keeping constantdhmpressive strength
compared to 0% FA and 20% FA concretes; to keep th@mssive strength
constant it is important to reduce the W/CM for 50% KAl sodium sulfate
concrete.

An algorithm was needed to calculate the initiation medae to the required
iterative process. This algorithm was programmed usingallaThe inputs
include W/CM, period of analysis, reinforcement depthtiseavidth, x delta,
time delta, temperature per month and surface chlorideecdration per year.
Chloride concentrations for different depths and the @ the initiation period

are the outputs of the software.
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8 CO, Emissions and Cost Comparison of
the Activated Hybrid Cementitious
Systems

8.1 Introduction

To give a complete assessment of the viability of sodawifate activated
hybrid cementitious systems for the production of realrfiired concrete, this chapter

concentrates on G@missions and cost evaluation.

8.2 CO, emissions

The calculation of C@emissions includes material production and delivery.
The following is the input and output data presentecannExcel sheet. All the
calculations for all the mix designs are included in Amjie 4; below are the values
presented for the 0.557/TP/50/L/A mix (50% Temopaipa W/CM of 0.557). It is
important to mention that the GQactors for cement and fly ash are based on
Cementos Argosternal database. The @®©alculation considers a Bogota delivery
radius of 20 km. Recycled water is used in concretedymtion according to

Colombian standard NTC 342Qjua para la elaboracion de concreto

Mix design quantities

Mix design quantities kg/m®

Total cementitious

. 316
material
Cement (10% slag) 158
Fly ash 158
Fine Aggregate 834
Coarse Aggregate 983
Admixtures (Plasticizer +
superplasticizer + 7.27
Sodium sulfate)

Water 175
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CO, emission per material

Material |CO, [t/kg] / Materials €O, [t/m’] Source
Cement a
(10% slag) 7.22x10 0.11408
Fly ash 0.00221
Fine 4x10° 0.00334
Aggregate
Argos
Coarse 4x10° 0.00393
aggregate
Admixtures 2.2x10™ 0.00160
Recycled
Water 0 0
TOTAL CO, [t/m’] 0.1251554
Production
Item Unit/m’ CO, [t/unit] CO, [t/m’] Source
Plant Diesel [I] 1.51 0.0032 0.004872
Diesel for internal 0.38 0.0032 0.001218 Argos
material transport [l]
Energy [kWh] 2.2 0.0005 0.0011594
TOTAL foZ 0.0072494
[t/m’]
Distribution and delivery
Item Unit/m® | CO,[t/unit] | CO,[t/m’] Source
Diesel [I] 3.41 0.0032 0.010962 Argos
TOTAL CO,
[t/m’] 0.010962

Total CO, per 1 m°of concrete (for 20 km radius)

TOTAL CO, [t/m?] | 0.143

TOTAL CO, [kg/m’] | 143.37

Figure 161 summarizes the total £6mission for each mix design. As it is
seen, the mix with the lowest W/CM and with 50 % of fly asd sodium sulfate has a

lower CQ emission compared to control mixes (100% cement and BO&sl) with
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the highest W/CM. C@emission decreases around 40%. Appendix 4 presents the
Excel sheets for all the combinations. The analyses of €@issions linked to

compressive strengths are included in section 8.4.
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Figure 161 CQ,emissions

8.3 Costs comparison

Table 25 presents the costs per cubic meter for mixés WICM = 0.557.
Tables with the rest of the costs comparison are includégpendix 5. These costs,
in current values are initially presented in Colombiasogeand converted to US
dollars and British pounds. The source of the costenpéerial is Argos.
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Table 25 Costs evaluation for W/CM=0.557

Materials Costlkg 0.557/TP/ 20/-/- 0. 557/CE/ 100/-/- 0. 557/TP/ 50/-/- 0. 557/TP/50/-/A
Quantity Cost Quantity Cost Quantity Cost Quantity Cost
Cement [kg] $ 347.06 253 $ 87,807 316 $ 109,672 158 $ 54,836 158 $ 54,836
Fly ash [kg] $ 104.48 63 $ 6,582 $0 158 $ 16,508 158 $ 16,508
Fine aggregate 1 [kg] $54.71 683 $ 37,364 696 $ 38,075 667 $ 36,488 667 $ 36,488
Fine aggregate 2 [kg] $ 30.50 171 $5,216 174 $ 5,308 167 $ 5,094 167 $ 5,094
Coarse aggregate [kq] $54.71 1003 $ 54,877 1013 $ 55,424 983 $ 53,783 983 $ 53,783
Water [kg] $ 8.50 175 $ 1,488 175 $ 1,488 175 $ 1,488 175 $ 1,488
Admixture 1 (Lignosulfonate) [kg] $ 1,508.00 1.42 $2,144 1.42 $2,144 1.42 $2,144 1.42 $2,144
Admixture 2 (Polycarboxylates) [kg] $ 6,403.00 1.90 $ 12,140 1.90 $ 12,140 2.69 $ 17,198 2.69 $ 17,198
Activator (Sodium sulfate) [kg] $ 1,600.00 3.16 $ 5,056
Cost [COP] $ 207,618 $ 224,250 | $ 187,539 | $ 192,595
Cost $ [USD] $ 110 $ 118 $ N9 $ 102
Cost £ [Pounds] £ 65| £ 71| £ 59| £ 61




As it is seen in Figure 162, the increase in the flyraplacement reduces the
cost of the concrete, per cubic meter, by around &#ough the fact of including
the activator increases the cost, these mixes areostiirlin cost than control samples
with 20% fly ash and 100% cement. Appendix 5 inclutiescbst evaluation for all the

combinations. The analysis, including costs per MPa is piesgén section 8.4
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Figure 162 Cost comparison

8.4 CO, emissions and costs analysis

In order to make a realistic comparison of ;C&mnissions and costs, the
following technical aspects must be considered. Asepitesl in the previous sections
of this work, the compressive strength is one of thenrparameters to correlate with
different performance indicators such as water pebitigaand diffusion coefficient.
It was also mentioned that for the same compressivegsiramd increasing the level
of fly ash replacement, concrete performance is imgtaveerms of permeability and
chloride diffusion coefficient. One additional conclusifstom the previous sections
was the importance of reducing W/CM in order to imprdwe ¢compressive strength
for samples with fly ash. In this way, based on the iptess conclusions and
considering Figure 147 (Section 7.2.1), a mix with activated a W/CM of 0.427
could reach the same compressive strength of a 20%slfiynax with a W/CM of
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0.482 or a 100% cement mix with a W/CM of 0.557. Itngortant to mention that

compressive strengths at 28 days are normally speéifiestructural design.

After the previous technical considerations, it is impdrtaranalyse the CO
emissions and costs of the mix with the lowest W/CM anaor compared to the
sample with 20% fly ash and W/CM of 0.482, and with%C and W/CM of 0.557.
These mixes have the same compressive strengths ay28Thble 26 includes these
values to compare them. Although the Cad cost levels for the mix with activator
are for the lowest W/CM, they are still lower than the mansamples with higher
W/CM. The CQ levels are reduced from 25% to 30% compared to confsesnin
terms of costs, the savings are from £1.68 to £2.54 #imong these three mixes, the
highest values for costs and £€€é€missions are for the mix with 100% cement and
WI/CM of 0.557.

Table 26 CQ,emissions and costs analysis

Mix Code CO, [kg/m®] | Cost [£/m?]
0.427/TP/50/-/A 178,00 68,10
0.482/TP/20/-/- 236,70 69,78
0.557/CE/100/-/- 254,60 70,64

Additionally, the efficiency curves presented in Fgu63 show how the
binder, cost and CQOemissions behave in terms of compressive strength. It is
important to highlight that these plots are based on 2&dienypressive strength due to
the fact of this being the parameter and age used in noostete specifications.
Although compressive strength at 28 days does notdiglylay the benefits of fly ash,
not only in terms of compressive strength but also diisglthis is the reference age
for most concrete producers and constructors. Theulasilen considers the binder
(kg), CO (kg) or cost per rhper MPa.

Figure 163 (a) presents how, for low compressive gthen higher amounts of
binder per MPa are required as the fly ash percentageases. Concrete with sodium
sulfate reduces the amount of binder per MPa companaikés with 50% fly ash. On
the other hand, as the compressive strength is incteheegap between 0% FA and
50% FA is reduced.
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Figure 163 (b) shows how, for low compressive strengtbacretes with 0%
FA are more expensive per MPa than samples with 58%A8 the compressive
strength increases, cost per MPa is similar for the rdifiteFA replacement levels.
Most of the benefits of using high fly ash replacementssodium sulfate are seen in
Figure 163 (c). This figure presents how for the saompressive strength the lowest
CO, emission per MPa is produced by mixes with 50% fty. &sound 2 kg/(rﬁMPa)
is the difference between samples with 0% FA and 50%lt@an be seen that for all
the cases, samples with 50% FA were always lower in €@@issions per MPa at
different compressive strength levels. For instanceafoompressive strength of 40
MPa, the difference is 1.87 kg/erPa) between concretes with 50% fly +. Sy
and 0% FA. Although these curves considered howdty@ercentage, sodium sulfate,
and compressive strength influenced &missions, there are some other mix design
parameters that may be considered: workability, supdigptess and aggregates
(Purnell and Black, 2012).
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8.5 Summary

The following is a summary of the analysis of £®@missions and cost

comparisons for a hybrid cementitious material with sodiuifate:

One of the main benefits of using this green alternatviné reduction of
CO, emissions. When this concrete was compared to a 0% WwAs evident
that it is possible to achieve a reduction of 45%.

When the comparison of G@missions was performed considering the same
compressive strength, it was necessary to reduce the WAGRNbugh the
total cementitious content for the hybrid cementitious systas increased,
CO, emissions were still lower by 25% in comparison to th&rol sample.
When costs were compared, a reduction of 15% wasnelkaby using
concrete with 50% FA and sodium sulfate. When costs wenegpared on
equal compressive strength basis, the reduction weanar2-4% only.
According to these results, concrete with 50% fly ashsaatium sulfate can
be considered a sustainable alternative, as it can resaliuing the carbon

foot-print significantly even when compared on a kg/§1Pa) basis.
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9 Conclusions and Recommendations for
Future Research

9.1 Introduction

The complete evaluation of the activated hybrid cementitiossesy using
Colombian fly ash and sodium sulfate covered matedh#sacterization, fresh and
hardened concrete properties, and durability perfoceaf laboratory and outdoor
cured specimens. Additionally, models were used basédaboratory results to predict
the service life (initiation period) of this concrete comgghto control samples.
Concrete elements (beams) were monitored and analyisedtasmeously. The
complete study ends with the impact on the environraedtcosts; C@emissions and
cost calculations were included and analysed in term®mipressive strength for the

different fly ash percentages.

In this part, conclusions are presented based on dkelts obtained and
analyses carried out in this study. Recommendationsfuture studies are also

included, considering the need to obtain suitable altessato reduce COemissions.

9.2 Materials characterization and paste and mortar
evaluation

According to the results, the amorphous content of fly wsls the most
influential factor on the compressive strength for miwéh low fly ash content (20%)
and without any activator. Fly ash composition was &by increasing its fineness;
the amorphous silica and LOI contents changed fderdift fineness. As the fineness
increased the LOI content decreased; although the amwsplontent changed as the
fineness was increased, there was not a trend. Th@phous content increase
improved the compressive strength; in some cases elven the particle size and the
LOI content decreased, the compressive strength deckeakich occurred probably
because the amorphous content was low. Dependingeonittal amorphous content,
fly ash may not need mechanical treatment to impits/eeactivity for use in such

high volume blends.
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For mixes with activators, the effect of sodium sulfate niixes with
Termopaipa FA and Fabricato FA was significant at theainiiages of the reaction.
The amount of ettringite and the accelerated portlamdisumption were reflected in
the compressive strength evolution. On the other hawliLireosulfate did not have the
same effect on Termoguajira FA and Tampa FA; the amoahtsttringite and
portlandite consumption were not as significant as thosehk first two fly ashes.
This was probably due to the higher amount ofCzepresent in Termoguajira and

Tampa fly ashes.

In general, different activators were evaluated ks with sodium sulfate
presented an acceptable behaviour compared to tliiceample. In the case of the
commercial fly ash (Tampa FA), it did not perform as exge, probably due to its
high FeO; content. Initially the low fineness of Termopaipa and Falwoidly ash and
their high LOI content were seen as possible activatioblpms but it was found that
the main influencing factors were the reactive alumina sitica contents and the
amount of FgOs.

The standards for fly ash for use in concrete needhenge to enable
innovation in construction materials, and hybrid activasdtems need to be
proposed. For instance, the ASTM C 618 does not incdudeinimum amorphous
content value; the results of this investigation showed tipertance of considering it.
In the same way for activated systems, fly ash standatds include not only the

amorphous content but also a lowGgvalue.

9.3 Fresh and hardened concrete properties

In the fresh state, the interaction between sodium sulfaigcarboxylates and
lignosulfonates did not have a negative effect. The initiampluvas always as
expected in the mix design (between 225 +/- 12.5 nmmierms of slump loss, it was
low (less than 12.5 mm). Air content was affected leydbsage of polycarboxylate. In
mixes where polycarboxylate was increased, there wascaement in air content
between acceptable ranges (1% - 3%). The setting tiasealgo affected with a delay
between 1 and 2 hours, influenced by the increase ireffeetive W/C, and the
reaction between the activator sodium sulfate and theimilwm in the fly ash. This

delay in terms of setting time for these mixes could eueble for mass concrete
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applications where due to the dimensions and the digsntif required concrete, as the

amount of heat released is otherwise too high.

In the hardened state, the compressive strength ofateneas influenced by the
curing process in mixes with sodium sulfate. Considetiegproper curing, a W/CM
of 0.483 for a mix with activator classifies for 24 M&a28 days which is equivalent
to a W/CM of 0.675 for the control mix with 20% FA. Itimportant to highlight that
samples with 50% FA and sodium sulfate have higher cessjwe strengths than
samples with 50% FA but no sodium sulfate at the sameMVVRZom plots of the
W/CM vs compressive strength at 28 days for differeptash replacement and
sodium sulfate, concrete mix designs could be deeeldpr different compressive

strength specifications and applications.

Compressive strength values were lower using the nyatmethod compared to
values obtained from testing cores and cylinders. It poitant to mention that for the
first time, maturity evaluation for a concrete with 50%dlh and sodium sulfate was
performed. The highest datum temperature was for etmavith sodium sulfate while
the lowest was for 0% FA concrete. This shows the impoetaof a high curing
temperature for concrete with 50% FA and sodium sulfatzording to maturity
results, for elements exposed to low temperatures widady de-moulding process, it
is not recommended to use a concrete with 50% flyaamshsodium sulfate. On the
other hand, this concrete is recommended for massreten such as dams or

foundations.

Although most construction projects specify the compvessirength at 28 days,
the benefits of using high volumes of fly ash are sgenlater age. In the case of some
of the high compressive strength projects, mixes with kigume fly ash and sodium
sulfate could be favourable if the target compressiwngth is specified at 56 days. In
terms of shrinkage, although samples with fly ashemesl higher volume reductions
probably due to the paste volume increment, there isanbigh impact on this
parameter compared to control samples; in fact, shrinkagges do not increase

significantly after 112 days.
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9.4 Durability properties

Mixes with fly ash and sodium sulfate were either caraple or superior to
control concretes of the same W/CM in terms of watempability and chloride
diffusion coefficient, when water cured. Outdoor cgriadversely affected the
performance of the fly ash concretes. The reductiothe@fW/CM also reduces water
permeability and diffusion coefficient. The initial and secondsorptivity were
mostly affected by the curing process; in this caseWtheM did not play a significant
role in reducing the values of this parameter. Carbonatites were not favourable for
mixes with sodium sulfate. Specimen expansions due toi alli@la reaction and

sulfate attack were lower for mixes with sodium sulfate.

Most of the durability parameters correlate with the casgive strength; as this
property increases, the results of durability evaluatienimproved. By combining
parameters such as the compressive strength, the ¢ypegfly ash percentage and

activator, the durability prediction value is more aatelr

Water permeability, initial sorptivity, chloride penetration addfusion
coefficient are directly correlated with compressive streagthfly ash percentage for
indoor and outdoor curing. In general, concrete bielavis improved in terms of
these parameters when the compressive strength aadHlpercentage increase, and
there is an efficient curing process. For instance,different fly ash percentages,
among concretes with the same level of compressive #treargl under the same
curing, the lower values for water permeability, sorpgivchloride penetration and
diffusion coefficient are observed for samples with tighést fly ash content. It is
important to consider that in the case where sodium sui$atacluded, concrete

performance is improved over that of correspondmmceete without activator.

Concrete elements allowed the evaluation of the durabildyretations
obtained from the laboratory and outdoors samples. [Resbtained from the
correlation equations were in agreement with those obtaired the concrete
elements. In general, concrete with 50% fly ash and sodiulfate at 360 days
exhibits similar performance to that of the control sampligls 20% fly ash in terms
of water permeability, initial sorptivity, chloride penetratiand diffusion coefficient.

Although at early ages, durability performance for cotesrevith sodium sulfate did
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not reach the levels of control samples with 0% and 2Q%sh, with time their

performance is improved to the point of levelling thatoa sample with 20% fly ash
at 360 days. For evaluation of concrete elements, thee s@ater to cementitious
material ratio was considered but as mentioned beflmreoncretes with activator the

reduction of this parameter allowed improvement in égrmance significantly.

The trends observed in the durability parameters mentiahede are not the
same for concrete carbonation. In this specific casantiease in fly ash percentage
increases carbonation depth. Although the reduction inwtaier to cementitious
material ratio reduces the carbonation coefficient, $ly percentage has more impact
on this parameter. Although concrete with sodium sulfate lbaver carbonation
coefficient compared to control concrete with 50% FA, & hah values compared to
0% FA and 20% FA concretes. Carbonation results focrete elements with sodium
sulfate were as negative as expected according to thelatmn equations; results

from these equations were similar to concrete elenaesots.

Additional concrete elements were cast to test alkali sieation using 100%
reactive aggregate in the matrix. The element with 0% efAibited the highest
expansion and the lowest expansion found was for gmegit with fly ash and sodium
sulfate. ASR was reduced due to the higher Al releasethd fly ash. The total

cement alkalis in concrete were reduced by includigh fiolumes of fly ash.

Concrete beams left in a sulfate solution for 6 montesemted expansions. In
this case, concretes with 50% fly ash presented thestogvgansions due to the low
total GA in the matrix. Finally, concrete was left in a chlorg@ution up to 90 days.
Although chloride penetration was high at 90 days forcoete with fly ash and
sodium sulfate, the effect of water to cementitious matextal reduction was evident;
obtaining a similar chloride penetration at 90 days camg#&0% fly ash and sodium

sulfate concrete with 20% fly ash concrete.

Concretes with high volume fly ash and sodium sulfatsetd on the results
achieved, comply with specifications for concrete usedtructures exposed to sea
water; for instance, in the Colombian coastal zone diffepents have been built in

recent years and one of concrete specification regemés has been a diffusion

267



coefficient lower than 10xI8 m?/s. Water tanks and elements exposed to soils are
some additional applications for this concrete; expansfonsmortars exposed to
sulfates lower than the limits mentioned by the ACI 318 aocomplished using the
activated hybrid cementitious system. High reactive silggregate can be used with
this concrete. On the other hand, elements exposed loQ@y concentrations or in
high polluted cities should not be produced with this oetec due to its high
carbonation coefficient values. For elements exptsega water or C{emissions, it

is important to calculate the initiation period based on tbdais presented not only in

this study but also in the literature.

9.5 Initiation period

The model developed in this study is unique due to tbl@sion of equations
considering concrete with 50% fly ash and sodium sulfahe chloride diffusion
model considers a water to cementitious material ratioaaneference compressive
strength at 28 days. The initial reference diffusion coefit is calculated with the

reference compressive strength using the correlatioat®ns obtained in this study.

For this model, the reference diffusion coefficientlasver for 0% fly ash
concrete than for 50% FA + B&O, concrete when compared on the same water to
cementitious material ratios (W/CM>0.32) basis. Concretéls 50% FA + NaSO,
have lower reference diffusion coefficients comparesiatmples with 0% and 20% fly
ash for the same reference compressive strengthhidmtodel, the diffusion decay
index decreases as the fly ash percentage increabés) is consistent with the
experimental results obtained here, but reversed compareuich of the literature

regarding the effect of fly ash addition on concreteirag

Although increasing the fly ash percentage for the sasngressive strength
increases the initiation period, in order to keep constantdhmpressive strength it is
necessary to reduce the water to cementitious matetiial Far instance, most of the
specifications to build concrete piles at ports specify fusion coefficient of
10x10%%m?/s at 28 days, and for this case concrete with 50% sty and sodium
sulfate, and a compressive strength of 27 MPa allows rdugsirement to be
accomplished. On the other hand, to accomplish thisresgant using a concrete with

0% fly ash it is necessary to have a compressive gitremgher than 48 MPa. To
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obtain a compressive strength of 27 MPa with a 50%a#llf and sodium sulfate
concrete, a W/CM of 0.48 is needed while for 48 MPagia 0% fly ash concrete a
W/CM of 0.54 is required. It is important to have thefgenance curves for the
different fly ash levels to compare with technical sieations for different

construction projects.

A carbonation model presented as a nomogram usesateg to cementitious
material ratio and fly ash percentage to obtain the catiooneoefficient. The same as
for the chlorides diffusion model, this nomogram is uniguwe to the inclusion of
concrete with 50% fly ash and sodium sulfate. In the aishigh fly ash percentage
concretes, there is not a W/CM level to give a perforaasimilar to that of 0% or

20% FA concretes.

The effect of the W/CM on each of the fly ash percentagels is the same,
having a similar slope in the plots of W/CM vs carbonatioefficient; this ends in
parallel lines, where the distance between 0% FA conarede50% fly ash concrete
with sodium sulfate is 5.7 mmA# For instance, according to the nomogram a
carbonation depth of 40 mm is reached with a concréte % fly ash and a W/CM
of 0.71 in 100 years whilst the same depth of carbomagiachieved in 40 years for a
concrete with 50% FA and sodium sulfate. This is bamedogota’s environment
conditions (CQ= 400ppm, RH: 60%).

9.6 CO,emissions and cost comparison

The positive effect of including high volumes of flyhag terms of CQ
emissions and cost is evident from the analysis carried Tang reduction of C®
emissions is around 45%, almost half of what a concréte0fo fly ash produces of
the same water to cementitious material ratio. In terms sif teere is a reduction of
15% comparing 0% FA concrete with 50% FA and sodium wutfancrete. Although
these comparisons are valid, it is important to congtutrcomparing concrete at the
same compressive strength level shows the benefitehiding high volumes of fly
ash with sodium sulfate in terms of performance; thgossible by reducing the water
to cementitious material ratio. In this way, the &€duction is from 25% to 30% for
the same compressive strength when comparing 50%nBAsadium sulfate concrete
with 0% and 20% FA concretes. In terms of cost, thaatoh is from 2% to 4%.
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The binder efficiency evaluation indicates that as the cesspre strength is

increased, the difference in the binder content betweecrete with 0% fly ash and

50% fly ash and sodium sulfate is reduced; at some pibiat,amount of binder

becomes similar to accomplish the same compressivegsirefhe reduction of CO

emissions is also evident in the concrete efficiency ewalo; in this case, when the

same compressive strength is considered, the lowestiensiss CQ in kg/(n°. MPa)

are produced by concrete with 50% fly ash and sodiufats.

9.7 Future research

Following this research, a number of recommendationifare can be made:

In the characterization of materials section, the influeidbe amorphous content
on compressive strength evolution was evident. It iessary to develop more
studies on the correlation between the amorphous cofiilgrgsh fineness and
compressive strength. Depending on these studies, théityi@f including the

amorphous content as a characterization parameter imatitaral standards

should be considered.

In the evaluation of sodium sulfate with different fly asisashes with higher
iron oxide content presented a low reactivity. Themfdris important to develop

studies on the effect of the iron content on the actingirocess.

To reduce the setting time of hybrid cementitious systemeretes activated with
sodium sulfate. Although setting time increment was ngi,ht is important to
evaluate what exactly is influencing this setting time im@et and how to reduce
it.

Based on maturity evaluation, thg Vialue was higher for concrete with sodium
sulfate. According to these results, it is important &eagch on the parameters
influencing datum temperature. A reduction in datum temperatould help

make this concrete suitable for early demoulding applicatio places with a
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mild average temperature such as 18°C (Bogota’s awdeagperature), or under

UK conditions.

To study different alternatives to reduce carbonation woerfit for concretes with
high fly ash content, as it was found that there wagaificant carbonation in
concretes exposed to 400 ppm LQBogota’s conditions) with critical reductions

in the initiation periods.

To continue monitoring the concrete elements left outdoorstarsdart a new
study where the obtained correlations are evaluatedbafZ3and 10 years. For this
study, it is important to evaluate element cores and ieghedrography, especially

for elements with reactive aggregate.
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Appendix 1
SEM/EDS ANALYSIS

The following table presents the SEM images includingsiia analysis. For
the spot analysis a region is selected to visualizedibibution of a component.
Depending on what is seen in the SEM image, an asgasted to confirm a possible
structure formation. In some cases the spot analysisrierped in the complete
image instead of a selected square region.

# Mix ID Spot analysis

C-S-H

2-S TP/OS/50/A/1/7
[OS/50/A// ETTRINGITE

13 | TP/OS/50/A/1/28
CaKal
TP/OS/50/A/1/28 PORTLANDITE
135
C-S-H
TP/OS/50/A/1/28 PORTLANDITE
135 C-s-H

X5,000 Sum 0418 1140 SEl

10-1 FB/OS/50/A/1/7

SiKal
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Appendix 2
AMBIENT AND ELEMENT TEMPERATURES
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CORRELATIONS BETWEEN TEMPERATURE —
TIME FACTOR AND COMPRESSIVE STRENGTH
FOR DIFFERENT FLY ASH REPLACEMENTS

y = 2E-08x2 - 4E-05x + 40.588
y = 0.0048x + 20.038

y = 5E-06x2 + 0.0066x + 1E-13

Compressive Strength [MPa]
w
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Figure 165 Temperature — Time Factor vs. Compressév/strength

COMPRESSIVE STRENGTH COMPARISON
USING CYLINDERS, MATURITY AND CORES

Table 27 Compressive strength comparison using cylilers, maturity and cores

a) 0% FA
0% FA od 1d 3d 7d 14d 28d
Compressive Strength (MPa) - Cylinders 0 5.09 28.95 40.75 41.61 45.41
Maturity (°C-hours) - Cylinders 0 547 1842 4280 8595 17196
Maturity (°C-horas) - Elements 0 618 1802 3835 7765 15431
Compressive Strength (MPa) - El 0 5.99 28.12 38.45 41.48 4473
Compressive Strength (MPa) - Cores 0 12.33 45.3 49.95 57.7
b) 20% FA
20% FA od 1d 3d 7d 14d 28d
Compressive Strength (MPa) - Cylinders 0 3.88 22.3 30.49 34.84 42.46
Maturity (°C-hours) - Cylinders 0 480 1578 3804 7803 15820
Maturity (°C-horas) - El 0 529 1519 3472 6929 14016
Compressive Strength (MPa) - El 0 4.54 22.04 29.34 33.85 40.87
Compressive Strength (MPa) - Cores 0 4.43 21.4 28.92 37.1 44.7
c) 50% FA
50% FA od 1d 3d 7d 14d 28d
Compressive Strength (MPa) - Cylinders 0 2.46 8.7 14.13 15.33 18.32
Maturity (°C-hours) - Cylinders 0 346 944 2556 5503 11618
Maturity (°C-horas) - El t 0 396 1174 2552 5043 9814
Compressive Strength (MPa) - Elements 0 2.97 12.45 14.20 14.96 17.03
Compressive Strength (MPa) - Cores 0 13.2 16.5 19.5 20.3
d) 50% FA + Na,SO,
50% FA + Na2504 od 1d 3d 7d 14d 28d
Compressive Strength (MPa) - Cylinders 0 9.58 14.19 23.40 24.40
Maturity (°C-hours) - Cylinders 0 1166 2845 5783 11397
Maturity (°C-horas) - Elements 0 276 989 2379 4749 9150
Compressive Strength (MPa) - Elements 0 2.26 8.11 12.80 19.99 24.20
Compressive Strength (MPa) - Cores 0 11 15 26 26.4
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Appendix 3

W/CM=0.675 - 0% FA, 20% FA

Mix Designs
Mix Code 0.675/CE/100/ | 0.675/TP/20/
w/cm 0.675
f/agr 0.538
Fly ash [%] 0% 20%
fa/agr 0.475 0.475
Paste Volume [I] 258 266
Cement [kg] 259 207
Fly ash [kg] 52
Fine Aggregate 1 [kg] 734 726
Fine Aggregate 2 [kg] 183 181
Coarse Aggregate [kg] 1014 1003
Water [kg] 175 175
Admixture 1 (Lignosulfonate) 0.45% 0.45%
Admixture 2 (Polycarboxylate) 0.60% 0.60%
Compressive strengths
Mix Code 1 Day |3 Days | 7 Days 28 Days 56 Days 90 Days 360 Days
[MPa] | [MPqd] [MPa] [MPa] [MPa] [MPa] [MPa]
0.675/TP/20/L 4 14 19 23 32 32 39
0.675/CE/100/L 8 22 20 38 40 41 46
0.675/TP/20/0O 6 15 20 23 29 33 34
0.675/CE/100/0O 9 20 20 34 37 41 44
Water permeability
Mix Code 90 Days [mm] | 180 Days [mm] | 270 Days [mm] | 360 Days [mm]
0.675/TP/20/L 60.36 24.27 15.11 145
0.675/CE/100/L 51.49 57.76 52.86 41.07
0.675/TP/20/0O 81.28 75.7 70.21
0.675/CE/100/0 85.09 76.53 70.41
Initial Sorptivity
28 Days 90 Days 270 Days 360 Days
Mix Code
S initial (mm/s/2) | S initial (mm/s'/2) | S initial (mm/s'/2) | S initial (mm/s!/2)
0.675/TP/20/L 0.0049 0.0063 0.0006 0.001
0.675/CE/100/L 0.0036 0.0045 0.001 0.0024
0.675/TP/20/O 0.0134 0.0171 0.0113 0.0091
0.675/CE/100/0 0.0046 0.0053 0.0022 0.0084
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Secondary Sorptivity

90 Days 360 Days
Mix Code
S final (mm/s'/2) | S final (mm/s'/2)

0.675/TP/20/L 0.0023 0.004

0.675/CE/100/L 0.002 0.0025

0.675/TP/20/0 0.0008 0.0013

0.675/CE/100/0O 0.0021 0.0013

Chloride Penetration
Mix Code 28 Days 90 Days 180 Days 270 Days 360 Days
[Coulombs] | [Coulombs] [Coulombs] [Coulombs] [Coulombs]

0.675/TP/20/L 2488 2906 1166 467 553
0.675/CE/100/L 2191 3301 2225 163 122
0.675/TP/20/O 4450 2077 1326
0.675/CE/100/0O 1467 1898 1898 865

Chloride Diffusion Coefficient

Mix Code 180 Days [x10-'2m?2/s] [ 270 Days [x10-'2m?2/s] | 360 Days [x10-2m2/s]
0.675/TP/20/L 10.770 9.280 6.67
0.675/CE/100/L 17.290 11.310 10.12
0.675/TP/20/O 11.650 9.630 9.95
0.675/CE/100/0O 8.410 7.370 6.64
Carbonation depth
Mix Code 28 Days [mm] | 90 Days [mm] [ 270 Days [mm] | 360 Days [mm]
0.675/TP/20/L 1.05 0.3 11 9.99
0.675/CE/100/L 0.6 0 6.1 6.02
0.675/TP/20/0 1.4 3.46 4.48 5.24
0.675/CE/100/0O 0.7 1.64 3.32 4.69
Carbonation Coefficient
Mix Code 28 Days 56 Days 90 Days 180 Days 270 Days 360 Days
[mm/yr'/?] | [mm/yr'/2] | [mm/yr'/?] | [mm/yr'/2] | [mm/yr'/2] | [mm/yr'/2]
0.675/TP/20/L 3.79 0.77 0.60 1.79 15.66 10.06
0.675/CE/100/L 217 1.28 0.00 1.44 8.69 6.06
0.675/TP/20/O 5.05 679 6.97 6.00 6.38 5.28
0.675/CE/100/O 2.53 3.93 3.30 4.60 473 472
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ALGORITHM PROGRAMMED IN MATLAB
INPUT 1

% WI/CM Period of analysis Reinforcement depth
0.45 10 .03

% Width Delta x Delta Time

2 .01 2592000

INPUT 2

%Month Temperature
18.9
17.6
18
19
17.6
18.5
17.2
17.3
17.5
10 16.6
11 171
12 175

INPUT 3

% Year Surface chloride concentration
.0025
.005
.0075
.01
.01
.01
.01
.01
.01
10 .01
11 .01
12 .01
13 .01
14 .01
15 .01
16 .01
17 .01
18 .01
19 .01
20 .01

O©CoOo~NoOUhWNPE

O©CooO~NOULhWNBE

Gauss

function  uv=gauss(Kff)
[N,H]=size(Kff);
Aug=Kff;
for c=1:N
P=Aug(c,c);
for j=1:H
Aug(c,j)=Aug(c,j)/P;
end
for i=c+1:N
P=Aug(i,c);
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for j=1:H
Aug(i,j)=Aug(i,j)-P*Aug(c.j);
end
end

end

for i=N-1:-1:1
for j=i+1:N
Aug(i,H)=(Aug(i,H)-Aug(i.))*Aug(j,H));
end

end

for i=1:N

uv(i,1)=(Aug(i,H));
end
uv

Main algorithm

clear all

load INPUT1 -ASCII
load INPUT2 -ASCII
load INPUT3 -ASCII

amc=INPUT1(1); %water to cementitious material ratio
Ta=INPUT1(2); %Period of analysis
Re=INPUT1(3); %Reinforcement depth
Esp=INPUT1(4); %Width
DeltaX=INPUT1(5); %Delta X
DeltaT=INPUTL1(6); %Delta Time
Te=INPUT?Z; % Temperature
Cs=INPUT3; %Surface chloride concentration
n=Ta;
L=Esp/DeltaX+1;
in=L-2;
RB=Re/DeltaX
CC=zeros(1,L);
C=zeros(in,1);
DD=zeros(in,1);
k=zeros(in,in);
uv=zeros(in,1);
for s=1:n
for mm=1:12
CC(1,L)=0;
CC(1,1)=Cs(s,2);
F=576.5/924.06"amc;
d1=630.85*F"-1.288*1e-12;
m=-3.0351*amc+2.0629;
y=s-1;
Time=mm*30*24*60*60+y*12*30*24*60*60;
dt=d1*((28*24*60*60)/(Time))"m;
Tem=273.15+Te(mm,2);
df=dt*exp(35000/8.3144621*(1/293.15-1/(Tem)));
Lambda=2*df*DeltaT/DeltaX”"2;
Teta=0.5;
d=2*(n-1)+2;
a=-Teta*Lambda/2;
b=1+Teta*Lambda;
c=-Teta*Lambda/2;
TE=Te(mm,2);

for i=1:in
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CC(1,i+1)=C(i,1);
end
CC(1,1)=Cs(s,2);

for i=1:in
if i==1
DD(1,1)=CC(1,i+1)+Lambda/2*(1-Teta)*(Cs(s,2
2%(CC(1,i+1))+CC(1,i+2));
else if i==in
DD(in,1)=CC(1,L-1)+Lambda/2*(1-Teta)*(CC(1,
1)+Cs(s,2));
else
DD(i,1)=CC(1,i+1)+Lambda/2*(1-Teta)*(CC(1,i
2*(CC(1,i+1))+CC(1,i+2));
end
DD;
end
end

for p=Ll:in

if p==
DD(1,1)=-Cs(s,2)*a+DD(1,1);
k(p,1)=b;
k(p,2)=c;
else if p==in
DD(in,1)=-c*Cs(s,2)+DD(in,1);
k(p,p)=b;
k(p,in-1)=a;
else
k(pvp'l):a;
k(p,p)=b;
k(p,p+1)=c;
end
end

end

Kff=[k DD];
Kff;
uv=gauss(Kff);
for i=1:in
C(i,1)=uv(i,1);
if uv(RB,1)>=.0005
‘'end of the initation period'
end

end
y=s-1
mm
end

end
for i=1:in
C(i,1)=uv(i,1);
end
uv;
%BY DIEGO VELANDIA
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Appendix 4

CO, EMISSIONS CALCULATION
0.557/CE/100/-/-

Mix design quantities

320

Mix design quantities kg/m?
Total cemer.wtltlous 316
material
Cement (10% slag) 316
Fly ash 0
Fine Aggregate 870
Coarse Aggregate 1013
Admixtures (Plasticizer + 3
superplasticizer)
Water 175
CO, emission per material
Material CO, [t/kg] / Materials €O, [t/m?] Source
Cement (10% slag) 7.22x10™ 0.22816
Fly ash 0.00000
Fine Aggregate 4x10® 0.00348
Coarse aggregate 4x10® 0.00405 Argos
Admixtures 2.2x10™ 0.00066
Recycled Water 0 0
TOTAL CO, [t/m®] | 0.236349056
Production
Item Unit/m? CO, [t/unit] €O, [t/m’] Source
Plant Diesel [l] 1.51 0.0032 0.004872
Diesel for int I
esel for interna 0.38 0.0032 0.001218 Argos
material transport [l]
Energy [kWh] 2.2 0.0005 0.0011594
TOTAL foZ 0.0072494
[t/m’]




Distribution and delivery

Iltem | Unit/m?| CO, [t/unit]

CO, [t/m?] Source

Diesel [I]| 3.41 0.0032

0.010962

Argos

| TOTAL cO, [t/m*] | 0.010962 |

Total CO, per 1 m°of concrete (for 20 km radius)

TOTAL CO, [t/m®] | 0.255
TOTAL CO, [kg/m?] | 254.56
0.557/TP/20/-/-
Mix design quantities
Mix design quantities kg/m®
Total cemer.wtltlous 316
material
Cement (10% slag) 253
Fly ash 63
Fine Aggregate 854
Coarse Aggregate 1003
Admixtures (Plasticizer + 3
superplasticizer)
Water 175
CO; emission per material
Material CO, [t/kg] / Materials €O, [t/m’] Source
Cement (10% slag) 7.22x10™ 0.18267
Fly ash 0.00088
Fine Aggregate 4x10°® 0.00342
Coarse aggregate 4x10° 0.00401 Argos
Admixtures 2.2x10™ 0.00066
Recycled Water 0 0
TOTAL CO, [t/m®] | 0.19163904
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Production

Item Unit/m’? CO, [t/unit] €O, [t/m’] Source
Plant Diesel [I] 1.51 0.0032 0.004872
Diesel for internal 0.38 0.0032 0.001218 Argos
material transport [l]
Energy [kWh] 2.2 0.0005 0.0011594
TOTALfOZ 0.0072494
[t/m’]
Distribution and delivery
Iltem | Unit/m?| CO, [t/unit] CO, [t/m’] Source
Diesel [I]| 3.41 0.0032 0.010962 Argos

| TOTAL €O, [t/m®] | 0.010962 |

Total CO, per 1 m°of concrete (for 20 km radius)

0.557/TP/50/-/-

Mix design quantities

TOTAL CO, [t/m®] | 0.210
TOTAL CO, [kg/m?] | 209.85
Mix design quantities kg/m?
Total cemermtlous 316
material
Cement (10% slag) 158
Fly ash 158
Fine Aggregate 834
Coarse Aggregate 983
Admixtures (Plasticizer + 4
superplasticizer)
Water 175
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CO, emission per material

Material CO, [t/kg] / Materials €O, [t/m’] Source
Cement (10% slag) 7.22x10™ 0.11408
Fly ash 0.00221
Fine Aggregate 4x10° 0.00334
Coarse aggregate 4x10® 0.00393 Argos
Admixtures 2.2x10™ 0.00088
Recycled Water 0 0
TOTAL CO, [t/m®] | 0.124436

Production
Item Unit/m® CO, [t/unit] €O, [t/m’] Source
Plant Diesel [I] 1.51 0.0032 0.004872
Diesel for internal 0.38 0.0032 0.001218 Argos
material transport [I]
Energy [kWh] 2.2 0.0005 0.0011594
TOTAL CO,
[t/m?] 0.0072494
Distribution and delivery
Iltem | Unit/m?| CO, [t/unit] €O, [t/m?] Source
Diesel [I]| 3.41 0.0032 0.010962 Argos

| TOTAL €0, [t/m’] | 0.010962 |

Total CO, per 1 m°of concrete (for 20 km radius)

TOTAL CO, [t/m?] | 0.143

TOTAL CO, [kg/m’] | 142.65
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0.557/TP/50/-/A

Mix design quantities

Mix design quantities kg/m?
Total cemer\tltlous 316
material
Cement (10% slag) 158
Fly ash 158
Fine Aggregate 834
Coarse Aggregate 983
Admixtures (Plasticizer +
superplasticizer + 7.27
Sodium sulfate)
Water 175
CO, emission per material
Material CO, [t/kg] / Materials CO, [t/m’] Source
Cement (10% slag) 7.22x10™ 0.11408
Fly ash 0.00221
Fine Aggregate 4x10° 0.00334
Coarse aggregate 4x10° 0.00393 Argos
Admixtures 2.2x10™ 0.00160
Recycled Water 0 0
TOTAL CO, [t/m°] | 0.1251554
Production
Item Unit/m’ CO, [t/unit] €O, [t/m’] Source
Plant Diesel [l] 1.51 0.0032 0.004872
Diesel for int I
esel for interna 0.38 0.0032 0.001218 Argos
material transport [l]
Energy [kWh] 2.2 0.0005 0.0011594

TOTAL CO, [t/m’] \ 0.0072494
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Distribution and delivery

Item
Diesel [l]

CO, [t/m?] Source

0.010962

Unit/m?
3.41

Cco, [t/unit]
0.0032

Argos

| TOTAL cO, [t/m*] | 0.010962 |

Total CO, per 1 m°of concrete (for 20 km radius)
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TOTAL CO, [t/m®] | 0.143
TOTAL CO, [kg/m?] | 143.37
0.482/CE/100/-/-
Mix design quantities
Mix design quantities kg/m?
Total cemer\tltlous 363
material
Cement (10% slag) 363
Fly ash 0
Fine Aggregate 829
Coarse Aggregate 1017
Admixtures (Plasticizer + 4
superplasticizer)
Water 175
CO, emission per material
Material CO, [t/kg] / Materials €O, [t/m?] Source
Cement (10% slag) 7.22x10™ 0.26209
Fly ash 0.00000
Fine Aggregate 4x10® 0.00332
Coarse aggregate 4x10® 0.00407 Argos
Admixtures 2.2x10™ 0.00088
Recycled Water 0 0
TOTAL CO, [t/m®] | 0.270355808




Production

Item Unit/m’? CO, [t/unit] €O, [t/m’] Source
Plant Diesel [l] 1.51 0.0032 0.004872
Diesel for internal material 038 0.0032 0.001218 Argos
transport [I]
Energy [kWh] 2.2 0.0005 0.0011594
TOTAL 3c°2 0.0072494
[t/m’]
Distribution and delivery
Iltem | Unit/m?| CO, [t/unit] €O, [t/m?] Source
Diesel [I]| 3.41 0.0032 0.010962 Argos

| TOTAL €O, [t/m*] | 0.010962 |

Total CO, per 1 m>of concrete (for 20 km radius)

TOTAL CO, [t/m®] | 0.289

TOTAL CO, [kg/m?] | 288.57

0.482/TP/20/-/-

Mix design quantities

Mix design quantities kg/m®
Total;zr:eer?atlmous 363
Cement (10% slag) 290

Fly ash 73
Fine Aggregate 813
Coarse Aggregate 1002
Admixtures (Plasticizer + 4
superplasticizer)
Water 175
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CO, emission per material

Material CO, [t/kg] / Materials €O, [t/m’] Source
Cement (10% slag) 7.22x10™ 0.20938
Fly ash 0.00102
Fine Aggregate 4x10° 0.00325
Coarse aggregate 4x10°® 0.00401 Argos
Admixtures 2.2x10™ 0.00088
Recycled Water 0 0
TOTAL CO, [t/m®] | 0.218545472

Production
Item Unit/m’ | CO,[t/unit] | CO,[t/m’] Source
Plant Diesel [I] 1.51 0.0032 0.004872
Diesel for internal material 038 0.0032 0.001218 Argos
transport [I]
Energy [kWh] 2.2 0.0005 0.0011594
TOTAL CO,
[t/m’] 0.0072494
Distribution and delivery
Iltem | Unit/m?| CO, [t/unit] €O, [t/m?] Source
Diesel [I]| 3.41 0.0032 0.010962 Argos

| TOTAL €0, [t/m’] | 0.010962 |

Total CO, per 1 m°of concrete (for 20 km radius)

TOTAL CO, [t/m’]

0.237

TOTAL CO, [kg/m?]

236.76
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0.482/TP/50/-/-

Mix design quantities

Mix design quantities kg/m?
Total cemermtlous 363
material
Cement (10% slag) 182
Fly ash 182
Fine Aggregate 813
Coarse Aggregate 1002
Admixtures (Plasticizer + 5
superplasticizer)
Water 175
CO, emission per material
Material CO, [t/kg] / Materials €O, [t/m’] Source
Cement (10% slag) 7.22x10™ 0.13105
Fly ash 0.00254
Fine Aggregate 4x10° 0.00325
Coarse aggregate 4x10® 0.00401 Argos
Admixtures 2.2x10™ 0.00110
Recycled Water 0 0
TOTAL CO, [t/m®] | 0.141944
Production
Item Unit/m® | CO,[t/unit] | CO,[t/m’] Source
Plant Diesel [I] 1.51 0.0032 0.004872
Diesel for internal material 038 0.0032 0.001218 Argos
transport [I]
Energy [kWh] 2.2 0.0005 0.0011594
TOTAL CO,
[t/m3] 0.0072494
Distribution and delivery
Iltem | Unit/m?| €O, [t/unit] CO, [t/m’] Source
Diesel [I]| 3.41 0.0032 0.010962 Argos
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TOTAL €O, [t/m’] | 0.010962 |
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Total CO, per 1 m°of concrete (for 20 km radius)

TOTAL CO, [t/m®] | 0.160

TOTAL CO, [kg/m®] | 160.16

0.482/TP/50/-/A

Mix design quantities

Mix design quantities kg/m?
Total cementitious
material 363
Cement (10% slag) 182
Fly ash 182
Fine Aggregate 813
Coarse Aggregate 1002

Admixtures (Plasticizer +
superplasticizer + 8
Sodium sulfate)

Water 175
CO, emission per material

Material CO, [t/kg] / Materials €O, [t/m’] Source

Cement (10% slag) 7.22x10™ 0.13105

Fly ash 0.00254

Fine Aggregate 4x10° 0.00325
Coarse aggregate 4x10® 0.00401 Argos

Admixtures 2.2x10™ 0.00176

Recycled Water 0 0
TOTAL CO, [t/m®] | 0.142604

Production
Item Unit/m? CO;, [t/unit] €O, [t/m’] Source
Plant Diesel [I] 1.51 0.0032 0.004872

Diesel for internal
material transport [I]

Energy [kWh] 2.2 0.0005 0.0011594

0.38 0.0032 0.001218 Argos

TOTAL CO, 0.0072494
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Distribution and delivery

Item

Unit/m?

COZ [t/unit]

CO, [t/m’]

Source

Diesel [l]

3.41

0.0032

0.010962

Argos

0.427/CE/0/-I-

| TOTAL cO, [t/m*] | 0.010962 |

Total CO, per 1 m°of concrete (for 20 km radius)

TOTAL CO, [t/m®] | 0.161
TOTAL CO, [kg/m’] | 160.82
Mix design quantities
Mix design quantities kg/m®
Total cemer.wtltlous 410
material
Cement (10% slag) 410
Fly ash 0
Fine Aggregate 789
Coarse Aggregate 1016
Admixtures (Plasticizer + 4
superplasticizer)
Water 175
CO, emission per material
Material CO, [t/kg] / Materials €O, [t/m’] Source
Cement (10% slag) 7.22x10™ 0.29603
Fly ash 0.00000
Fine Aggregate 4x10° 0.00316
Coarse aggregate 4x10° 0.00406 Argos
Admixtures 2.2x10™ 0.00088
Recycled Water 0 0
TOTAL CO, [t/m’] | 0.30412656
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Production

Item Unit/m? CO, [t/unit] €O, [t/m?] Source
Plant Diesel [I] 1.51 0.0032 0.004872
Diesel for internal 0.38 0.0032 0.001218 Argos
material transport [l]
Energy [kWh] 2.2 0.0005 0.0011594
TOTALfc’Z 0.0072494
[t/m7]
Distribution and delivery
Iltem | Unit/m?| CO, [t/unit] €O, [t/m?] Source
Diesel [I]| 3.41 0.0032 0.010962 Argos

| TOTAL €O, [t/m*] | 0.010962 |

Total CO, per 1 m>of concrete (for 20 km radius)

0.427/TP/20/-/-

Mix design quantities

TOTAL CO, [t/m’] 0.322
TOTAL CO,
322.34
[kg/m’]
Mix design quantities kg/m®
Total cemermtlous 410
material
Cement (10% slag) 328
Fly ash 82
Fine Aggregate 770
Coarse Aggregate 1001
Admixtures (Plasticizer + 4
superplasticizer)
Water 175
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CO, emission per material

Material CO, [t/kg] / Materials €O, [t/m’] Source
Cement (10% slag) 7.22x10™ 0.23682
Fly ash 0.00115
Fine Aggregate 4x10° 0.00308
Coarse aggregate 4x10°® 0.00400 Argos
Admixtures 2.2x10™ 0.00088
Recycled Water 0 0
TOTAL CO, [t/m®] | 0.245931936

Production
Item Unit/m® CO, [t/unit] CO, [t/m’] Source
Plant Diesel [I] 1.51 0.0032 0.004872
Diesel for internal 0.38 0.0032 0.001218 Argos
material transport [l]
Energy [kWh] 2.2 0.0005 0.0011594
TOTA"SCOZ 0.0072494
[t/m’]
Distribution and delivery
Iltem | Unit/m?| CO, [t/unit] €O, [t/m?] Source
Diesel [I]| 3.41 0.0032 0.010962 Argos

| TOTAL €0, [t/m’] | 0.010962 |

Total CO, per 1 m°of concrete (for 20 km radius)

TOTAL CO, [t/m’] | 0.264

TOTAL CO, [kg/m’] | 264.14
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0.427/TP/50/-/-

Mix design quantities

Mix design quantities kg/m?
Total cemer\tltlous 410
material
Cement (10% slag) 205
Fly ash 205
Fine Aggregate 743
Coarse Aggregate 977
Admixtures (Plasticizer + 5
superplasticizer)
Water 175
CO; emission per material
Material CO, [t/kg] / Materials €O, [t/m’] Source
Cement (10% slag) 7.22x10™ 0.14801
Fly ash 0.00287
Fine Aggregate 4x10° 0.00297
Coarse aggregate 4x10° 0.00391 Argos
Admixtures 2.2x10™ 0.00110
Recycled Water 0 0
TOTAL CO, [t/m’] | 0.15886
Production
Item Unit/m’? CO, [t/unit] CO, [t/m’] Source
Plant Diesel [I] 1.51 0.0032 0.004872
Diesel for internal 0.38 0.0032 0.001218 Argos
material transport [I]
Energy [kWh] 2.2 0.0005 0.0011594
TOTAL fOZ 0.0072494
[t/m’]
Distribution and delivery
Iltem | Unit/m?| €O, [t/unit] €O, [t/m’] Source
Diesel [I]| 3.41 0.0032 0.010962 Argos

| TOTAL €0, [t/m’] | 0.010962 |
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Total CO; per 1 m>of concrete (for 20 km radius)

334

TOTAL CO, [t/m?®] | 0.177
TOTAL CO, [kg/m?®] | 177.07
0.427/TP/50/-/A
Mix design quantities
Mix design quantities kg/m?
Total cemer\tltlous 410
material
Cement (10% slag) 205
Fly ash 205
Fine Aggregate 743
Coarse Aggregate 977
Admixtures (Plasticizer +
superplasticizer + 9
Sodium sulfate)
Water 175
CO, emission per material
Material O, [t/kg] / Materials €O, [t/m’] Source
Cement (10% slag) 7.22x10™ 0.14801
Fly ash 0.00287
Fine Aggregate 4x10°® 0.00297
Coarse aggregate 4x10° 0.00391 Argos
Admixtures 2.2x10™ 0.00198
Recycled Water 0 0
TOTAL CO, [t/m?] | 0.15974
Production
Item Unit/m’ CO, [t/unit] CO, [t/m?] Source
Plant Diesel [l] 1.51 0.0032 0.004872
Diesel for internal 0.38 0.0032 0.001218 Argos
material transport [I]
Energy [kWh] 2.2 0.0005 0.0011594
TOTAL foZ 0.0072494
[t/m’]




Distribution and delivery

Iltem | Unit/m?| CO, [t/unit] CO, [t/m?] Source
Diesel [I]| 3.41 0.0032 0.010962 Argos

| TOTAL cO, [t/m*] | 0.010962 |

Total CO, per 1 m°of concrete (for 20 km radius)

TOTAL CO, [t/m®] | 0.178

TOTAL CO, [kg/m®] | 177.95
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Appendix 5

COST EVALUATION

Table 28 W/CM=0.482

59 3 | €9 3|9, 3|0 F [spunod] 7 1500

80T $ | soT $ |21 $ | 21T $ lasn] ¢ 1s0D

S8/'v0¢C $ | 196'86T $ | 9s8‘0re $ | ves'tee $ [dOD] 1s0D
¥28's ¢ ¥9'€ 00°009'T $ [63] (81eyINs WNIPOS) Joyennoy
TI8'6T $ 60°€ T18'6T $ 60°€ 9v6'cT $ 81'¢ 9v6'cT $ 81C 00'e0v'9$ | (6] (serejAxoqreshjod) z ainixiwpy
0/v'C$ ¥9'T 0/v'Z$ ¥9'T £r'Z $ €97 £or'Z $ €97 00'80S'T $ [63] (8yeUOyINSOUBIT) T BINIXIWPY
88r'T $ ST 88r'T $ ST 88r'T $ ST 88r'T $ ST 058 ¢ I
€/9'e5 $ 186 €/9'eS5 $ 186 £79'6S $ /10T 228'vS $ 200T TLYS $ [6%] erebaibbe asieod
028'v $ 8GT 028'v $ 8GT ¥90'S $ 997 2L6'r$ €97 0G0 $ [6%] g a1ebaibbe suly
61S'VE $ TE€9 61S'VE $ TE9 692'9€ $ £99 8GG'GE $ 059 TLYS $ [6%] T a1ebaibbe suly
STO'6T $ Z81 STO'6T $ Z8T 0% 129'L $ €L 8v'v0T $ [6x] yse A4
G9T'€9 $ 28T G9T'€9 $ 28T ¥86'S2T $ £9¢ 89'00T $ 062 90°/¥E $ [6x] wawad

150D b_ﬁ._m:o 150D a:.%:o 150D a_E.%o 150D a:.%:o B%/1500 —
V/-/0S/dL/28Y 0 -/-/0S/dL/Z8V 0 -/-/00T/3D/28% 0 --102/dL/Z8V 0
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=0.427

Table 29 W/CM

89 3 | 99 3|18 3 |v2 3 [spunod] 7 1500

vTT $[TTT $ | 9gT $ | vet $ lasn] ¢ 1s00

502'9T¢ $ | sv9'602 $ | eve'sse $ | 88s'sez $ [d0D] 150D
0959 $ 0TV 00°009'T $ [6] (s¥eyins WnIpoS) Jojeninoy
v1€'22 $ 6v'E v1e'22 $ 6v'c 1S.'GT $ W'z 162'GT $ 9v'e 00€0r'9$  |[Bx] (serejAxoqreakiod) z amnxiwpy
28.'C$ S8'T 28,7 $ G8'T 28L'C$ G8'T 28.C$ S8'T 00'80S'T $ [6] (syeU0ynsoubiT) T ainxiwpy
887'T $ ST 88r'T $ G/T 88y'T$ G/T 887'T $ G/T 058 $ (6] 918\
GGP'eG $ 116 GGv'eS $ 116 88565 $ 9701 89/'vS $ T00T T.¥5$ [6] a1ebaibBe asie0d
SvS'v $ 67T SYS'v $ 67T 0Z8'v $ 8GT 869'v $ ¥ST 0S50S $ [6x] ¢ erebaibbe auly
S6V'Z€ $ 765 S6v'Z€ $ 765 6TSVE $ 1€9 869'€E $ 979 TL¥S$ [6x] T ereba.bbe auly
8Tv'12 $ 502 8IV'1C $ 502 0% 19G'8 ¢ Z8 80T $ [6x] yse A4
SYT'T. $ 502 SYT'TL $ 502 G62°ZVT $ 0Ty 9e8'€TT $ 8z¢ 90°/VE $ [6x] uswa)d

1s0D b_ﬁ.a:o 1S0D b:.%:o 1S0D a_fm:o 1s0D a:.cm:o Bri1509 S[EUSTEI
V/[-10G/dL//2¥"0 -/-/0S/dL//2¥0 -/-/00T/3D/.2¥°0 --/02/dL//2¥0
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