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Executive Summary
1.1 Background

Mineral admixtures (supplementary cementitious materials, SCMs) are used extensively in
Florida structural concrete elements to enhance durability and service life. However, recent field
data indicate higher maximum temperatures occurring in structural elements constructed from
portland cement concrete blended with ground granulated blast furnace slag (GGBFS). Higher
temperatures were occurring during the first 18-24 hours instead of typical 3-5 days in massive
slag-concrete structural elements. Additionally, the current specifications are insufficient to
prevent the use of portland cement-slag concrete mixes with inadequate resistance to sulfate
expansion from being used in structural concrete exposed to extremely aggressive environments.
Premature concrete degradation due to sulfate attack will shorten the service life and increase
maintenance costs. This study emphasizes the materials characteristics of slag that affect the
performance and durability of slag-blended concrete mixtures to minimize the risk of concrete

degradation and extend the service life of structural concrete elements in the state of Florida.
1.2 Research Objectives

The objectives of this investigation are:

1. To investigate the effects of slag chemical and physical characteristics on
sulfate durability of cementitious systems.
2. Establish limits on the identified characteristics to ensure durability of

cementitious systems exposed to aggressive conditions during service.

Satisfying the objectives of this study will provide the Florida Department of
Transportation (FDOT) with the scientific knowledge needed to change specifications pertaining
to slag-containing structural concrete mixtures to ensure a sustainable and durable infrastructure

in the state of Florida.

In addressing the objectives of this study, several slag sources were identified that had
different chemical/physical characteristics. The as-received materials were characterized using X-
ray fluorescence, quantitative X-ray diffraction coupled with Rietveld refinement, laser particle

size distribution, Blaine fineness, and specific gravity. For sulfate durability studies, several
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ordinary portland cements (OPC) were used at slag replacement levels of: 0, 30%, 50% and 70%.
Strength evolution and expansion measurements were conducted for a period of 540 days or 18
months. In assessing the cracking indices of slag-blended concrete mixtures, two cements of
variable tricalcium aluminate content and 8 slags of variable physical and chemical characteristics
were prepared at a replacement level of 60%. Cracking indices were established using a rigid

cracking frame and an imposed temperature profile collected under semi-adiabatic conditions.
1.3 Main Findings

The findings indicate that sulfate durability of slag-blended mixtures depends on the
alumina content of the slag and the Blaine fineness/particle size distribution. Additionally, in a
limited number of experiments, it was determined that the effectiveness of using calcium sulfate
additions to improve the long-term durability of slags with high alumina contents is affected by
the cement chemistry, an effect that needs further research. The findings also indicate that the
cracking potential of slag-blended concrete is affected by the cement composition, slag alumina

content, slag alumina-to-magnesia ratio and Blaine fineness/mean particle size of the slag.
1.4  Recommendations

Based on the findings of this study, the following recommendations can be made:

1. The Florida Department of Transportation should implement modifications to slag
specifications to include Blaine fineness (BF) grade limits.

2. Slag Mill Certificate should identify if the slag is produced by blending granules
and/or blending of slags produced from different blast furnaces. If GGBFS granules
are blended, the source of the blends should not be changed without additional
reapproval.

3. For applications where temperature rise of a structural element is of concern,
cementitious content, cement fineness, slag alumina content and fineness must be
considered. Adiabatic temperature rise should be determined experimentally using
the same materials (including chemical admixtures) and proportions as used in the
mixture design of the structural element. The measured adiabatic temperature must

be used in the analysis performed to develop the thermal control plan for the
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structural element. Testing for adiabatic temperature rise should be conducted in an
approved laboratory facility.
The cementitious materials characteristics such as Blaine fineness, complete
chemical oxide composition, mineralogy, limestone additions to slag, calcium
sulfate additions to slag, and processing additions used in cement production must
be attached to the testing results and should match what is proposed to be used in
an approved mixture design. Variation of a cement source or a slag source should
be accompanied by retesting and reapproval.
It is recommended that when a concrete mixture design is submitted to the State
Materials Office for approval, where temperature rise or sulfate durability is of
concern, the submitter should identify alternative cementitious materials sources in
the event there is a shortage of supply in the cementitious materials submitted for
mixture approval. In this event, the submitter must provide the same testing data
for the alternative material as that used on the original mixture design.
It is recommended that the minimum amount of slag that can render a structural
element durable should be used due to the higher shrinkage and higher carbonation
in concrete elements prepared with high slag replacement levels (above 50%). The
effect is more pronounced in thin reinforced sections.
For external sulfate durability, testing was conducted for a limited period of 18
months using ASTM C1012 while maintaining a constant w/cm ratio of 0.485 for
control and slag-blended mortars. The following recommendations are provided for
slag-blended cementitious systems with Type [I(MH) OPC (ASTM C150-16)
according to ACI 201.2R-16 class of exposure criteria:

a. Type Il (MH)-Ground Granulated Blast Furnace Slag in Class S3

Exposure (SO4% > 10,000 ppm in water or water-soluble SOs> > 20,000

ppm in soil):

i. For slag cements with alumina contents < 8%, the following are
recommended:
1) Alumina-to-magnesia ratio (A/M) < 0.75,
2) Blaine fineness of < 640 m?/kg, and
3) Replacement of portland cement with 30% - 70% slag.
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For slag cements with alumina contents of greater than 8% and less
than or equal to 11%, the following are recommended:

1) A/M <0.95,

2) Blaine fineness of < 590 m?/kg, and

3) Replacement of portland cement with 70% slag.
Slag cements with alumina contents greater than 11% must be tested
according to ASTM C1012 using a constant w/cm ratio of 0.485.
The expansion for the specific portland cement-slag cement
combination must be less than 0.1% at 18 months to be used in a
structural element subjected to S3 exposure conditions. If the
expansion criterion is met, the approval for use is only for the
specific combination of portland cement and slag cement at the

specific replacement percentage used in the ASTM C1012 testing.

. Type II(MH) - Ground Granulated Blast Furnace Slag in Class S2

Exposure (SO4% content 1,500 - 10,000 ppm in water or water-soluble
S04 content 2,000 - 20,000 ppm in soil):

For slag cements with alumina contents < 8%, the following are
recommended:

1) A/M<0.75,

2) Blaine fineness of < 640 m?/kg, and

3) Replacement of portland cement with 30% - 70% slag.

. For slag cements with alumina contents of greater than 8% and less

than or equal to 11%, the following are recommended:

1) A/IM<0.95,

2) Blaine fineness of < 590 m?/kg, and

3) Replacement of portland cement with 30% - 70% slag.
Slag cements with alumina contents greater than 11% must be tested
according to ASTM C1012 using a constant w/cm ratio of 0.485.
The expansion for the specific portland cement-slag cement
combination must be less than 0.1% at 12 months to be used in a
structural element subjected to S2 exposure conditions. If the

iX



expansion criterion is met, the approval for use is only for the
specific combination of portland cement and slag cement at the

specific replacement percentage used in the ASTM C1012 testing.

For external sulfate durability, the following recommendations are provided for
slag-blended cementitious systems with Type | (ASTM C150-16):
a. Typel - Ground Granulated Blast Furnace Slag in Class S3 Exposure:
I.  For slag cements with alumina contents < 8%, the following are
recommended:
1) AIM<0.75,
2) Blaine fineness of < 640 m?/kg, and
3) Replacement of portland cement with 50% - 70% slag.
ii.  For slags with alumina contents of 8% to 11%:
1) A/IM<0.95,
2) Blaine fineness of < 590 m?/kg, and
3) Replacement of portland cement with 70% slag.
iii.  Slag cements with alumina contents greater than 11% must be tested
according to ASTM C1012 using a constant w/cm ratio of 0.485.
The expansion for the specific portland cement-slag cement
combination must be less than 0.1% at 18 months to be used in a
structural element subjected to S3 exposure conditions. If the
expansion criterion is met, the approval for use is only for the
specific combination of portland cement and slag cement at the
specific replacement percentage used in the ASTM C1012 testing.
b. Type I - Ground Granulated Blast Furnace Slag in Class S2 Exposure:
I.  For slag cements with alumina contents of < 8%, the following are
recommended:
1) A/M<0.75,
2) Blaine fineness of < 640 m?/kg, and
3) Replacement of portland cement with 30% to 70% slag.
ii.  For slag cements with alumina contents from 8% to 11% :
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1) A/IM<0.95,
2) Blaine fineness of < 590 m?/kg, and
3) Replacement of portland cement with 50% to 70% slag.

iii.  Slag cements with alumina contents greater than 11% must be tested
according to ASTM C1012 using a constant w/cm ratio of 0.485.
The expansion for the specific portland cement-slag cement
combination must be less than 0.1% at 12 months to be used in a
structural element subjected to S2 exposure conditions. If the
expansion criterion is met, the approval for use is only for the
specific combination of portland cement and slag cement at the
specific replacement percentage used in the ASTM C1012 testing.

It is recognized that the recommendations listed under item 7 and 8 can be modified if the
GGBFS Blaine fineness is decreased or if calcium sulfate/limestone additions are blended with
GGBFS. Since it is also recognized that performance of slag-blended cementitious systems is
influenced by the cement source and not just the slag, approval should be only issued for specific

cement-slag combinations. The GGBFS source should provide:

1) A detailed elemental oxide composition of the slag cement,

2) The Blaine fineness,

3) The amount and chemical composition of each calcium sulfate addition,

4) The amount and chemical composition (must show percent of CaCOs3) of limestone,
if added,

5) Identify any blending of granules from different blast furnaces. If blended, the slag
supplier should identify the granule source of each slag in the blend and
immediately notify the State Materials Office of any changes to the blend,

6) Any changes to the types or quantities of additions to the slag cement, or to the

granule proportions if blended, will require additional testing and reapproval.

It is also recognized that Blaine fineness of slag can affect the slag designated grade. The
findings of the current study indicate that slags of similar chemical composition but ground to

higher fineness have a negative effect on temperature rise, cracking indices and sulfate durability.
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The construction industry and regulating agencies should consider emphasizing durability and

strength when designing structural concrete elements rather than strength alone.
15 Recommendations for Future Study

Based on the findings of this study, the following is recommended;

1. Initiate a study on the effect of slag fineness and alumina content on the measured
adiabatic temperature rise in slag-blended concrete.

2. Initiate a study to assess sulfate optimization of higher-alumina slags in blended
cementitious systems and their effect on the slag-blended systems durability. This
will help minimize any potential shortage in the availability of quality slag cement

needed for durable structural concrete in the state of Florida.
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Chapter 1  Literature Review
1.1 Introduction

Supplementary cementitious materials (SCMs) are used extensively in Florida structural
concrete elements to enhance durability and service life. Portland cement concretes containing
ground granulated blast furnace slag (GGBFS) are generally expected to have good resistance to
sulfate attack and control of temperature rise. Recent field data from Central and South Florida [1]
indicate temperatures at the center of structural elements that reached 80° to 82°C (176° to 180°F)
during the first few days of hydration. The temperature rise was unusual in that its magnitude was
higher and the timing of its occurrence was earlier than what was typically experienced by field
engineers. In a recent study [2], a mixture containing GGBFS, similar in proportions to mixtures
typically used in the field, showed worse performance compared to a plain control mixture when

exposed to a sulfate medium.

The data indicate that GGBFS and all mixtures constituents used in the field or the lab
study were in compliance with current standard specifications. The pressing issue now is if the
current specifications governing the use or qualification of GGBFS in structural elements are
adequate to sustain and maintain quality field performance of mixtures incorporating GGBFS. The
current specifications for GGBFS have limited chemical and/or physical requirements that the
Florida Department of Transportation can use to ensure adequate field performance. The current
study was initiated in order to address the effects of chemical and physical characteristics of
GGBFS on durability of cementitious systems. The focus of the study is to address the role of
GGBFS characteristics on temperature rise, cracking potential, and external sulfate attack in

cementitious systems.

Ground granulated blast furnace slag (GGBS), or slag cement, is a commonly used
supplementary cementitious material (SCM). It is generally considered to improve workability
and reduce concrete temperature rise during initial hydration [3]. The temperature rise of slag
concrete and the resulting thermal cracking risk are a function of GGBFS reactivity. Sulfate
durability is also affected by the rate of slag reaction as well as the hydration products formed.
Therefore, it is important to understand the effects of GGBFS chemical composition and physical

characteristics on its reactivity.



GGBFS is a by-product of iron ore refinement. Although it is predominantly composed of
calcium aluminosilicate glass, its exact oxide composition varies depending on the oxide
composition of the ore, fluxing agents, and coke used to make the iron [4], [5]. Commonly,
limestone is used as a flux, but it can also be mixed with forsterite and dolomite [6]. The typical

range of chemical compositions for different slags [7] is summarized in Table 1-1.

Table 1-1: Typical Global Slag Composition.

Analyte Content (weight %o)
CaOo 30-50

SiO» 28-38

Al,O3 8-24

MgO 1-18

Fe203 1-3

MnO 1-3

S 1-2.5

TiO> <4
Na,O+K>0 <2

In order for slag to be suitable for use in concrete, it needs to contain a large amount of
amorphous material, between 90 and 100%, which is achieved by rapid cooling from 1400-1500°C
[6], [7]. Slow cooling results in a formation of large amounts of inert crystalline phases, which is
undesirable because they do not contribute to the development of mechanical properties, and the
reactivity of slag generally decreases with increasing the crystalline content [8]. However, Taylor
[9] suggested that, in small amounts, their presence may be beneficial to “improve reactivity, as
they provide nucleation sites.” Snellings et al. [6] stated that in addition to providing nucleation
sites, crystalline phases improve slag reactivity due to mechanical stress “introduced by the phase
separation.” After cooling, slags are ground to a fineness of about 350 m?/kg, with values above

500 m%kg having been reported as well [3], [10]. As with ordinary portland cement (OPC),



increasing fineness increases slag reactivity. Recent work by the Japanese has introduced slags of

lower Blaine fineness of 275 m?/kg for mass concrete [11].

Slag is a latent hydraulic material, which means that it does not require an activator to react
with water and develop cementing properties [3], [4], [10]. However, this reaction is very slow.
In a mixture with ordinary portland cement (OPC), hydration of GGBFS is activated by the high
pH of the pore solution resulting from cement hydration, and the presence of alkalis and sulfates
[4], [10], [12]. Hydration of slag releases alkalis into the pore solution, resulting in continued
hydration at later ages [3].

1.2 Slag Reactivity

Based on the review of the current literature, the reactivity of slag is affected by the
following factors: the characteristics of the slag (chemical composition, fineness, amorphous
content), characteristics of the activator (pH, alkali and sulfate content in the case of cement), and
hydration temperature. ASTM C989 [13] specifies an activity index, which is based on comparing
compressive strength of a 50/50 OPC-GGBFS blend to that of unblended reference cement, in
order to determine slag reactivity. Therefore, compressive strength will also be included in this
discussion as a measure of slag reactivity in addition to other methods, such as monitoring heat

evolution using isothermal calorimetry.
1.2.1 Slag Characteristics

As mentioned previously, slag chemical composition particularly SiO2, CaO, Al>Os, and
MgO contents have been identified as having an effect on slag reactivity [6]. Ramezanianpour
[14] stated that “the cause of the hydraulic activity and its relation to the physical state and
chemical composition of a slag has not been determined yet.” Several hydraulic moduli have been
proposed based on the mass ratios of these oxides in order to assess slag reactivity. A review of
these moduli can be found in [14]. However, the correlation between these moduli and properties
of hydrated slags are generally poor [6], [14]-[16]. While the oxide ratios have not been successful

in predicting slag performance, it is still important to understand their effect on slag reactivity.

As can be seen in Table 1-1, the majority of slag is composed of CaO and SiO,. It is
generally agreed that the CaO content has a positive effect on reactivity [15]. The presence of



alumina in the glass phase has been reported to improve GGBFS reactivity [6]. A number of
studies have been conducted on OPC/GGBFS blends; however, in these cases it is often difficult
to separate the reaction of slag from that of OPC. Whittaker [17] observed, based on isothermal
calorimetry measurements, that the addition of slag accelerates the rate of alite hydration, which
could be seen as an increase in the magnitude of the main hydration peak. This was attributed to
the filler effect as the same increase was produced by slag with a different chemical composition
and very similar particle size distribution. An increase in the aluminate peak with slag addition
was observed as well, and the magnitude of the peak increased with increasing Al.O3 content of
slag. This increase in the aluminate peak appears to suggest that some alumina present in the slag
may be reacting as well. Wu et al. [18] noted an increase in the aluminate peak with increasing
cement replacement level at temperatures of 27°C and above (slag Al>O3 of 9.56%). However, at
5°C, no differences were observed in the heat flow curves of pastes containing 40-65% slag. The
authors concluded that slag reaction contributes to early-age heat flow at temperatures of 27°C and
above. This view of early-age slag reactivity is also supported by Ballim and Graham [19], who
concluded, based on adiabatic calorimetry measurements of concretes with 20 to 80% slag, that
“the hydration of the GGBFS is contributing to the generation of heat in concrete, even at these
relatively early ages” (up to the maturity of 20 hours). However, Kocaba [15] states that the
increase in the aluminate peak in the presence of slag is solely due to the filler effect. In support
of this opinion, the author references a study [20] where a similar increase in the aluminate peak

was observed for 10% cement replacement with rutile as well as corundum.

Wang et al. [21] investigated reactivity of various slags in terms of heat evolution measured
by isothermal calorimetry and compressive strength. Isothermal calorimetry measurements were
performed on slags mixed with 2N caustic soda solution, while compressive strength
measurements were performed on slags mixed with ground clinker and anhydrite, with slag
comprising 75% of the mixture. The authors observed that heat evolution increased with
increasing Al>Os content in the slag. The Al>Os content range reported for heat measurements was
approximately between 6 and 15%. Additionally, an interaction between Al.O3 and CaO contents
was also observed. Wang et al. [21] stated that in order to maximize the reactivity (heat release),
CaO content in the slag should be maintained above 40%. Similar results were obtained for
compressive strength (Al2O3 range of 6-19.5%), except a decline in compressive strength was

observed after the age 2 days when Al>Os was increased above 15% with a corresponding CaO

4



decrease from 39.1 to 32.2%. In a high-lime slag, a continuous increase in strength was observed
at all ages with increase in Al,O3z. This was attributed to a change in Al coordination, as observed
by nuclear magnetic resonance (NMR), from tetrahedrally coordinated below 15% to forming a
“tricluster.” The tricluster arrangement results in a closer packing and increased charge neutrality
of the glass fraction of slag; however, the authors speculated that increasing CaO compensates for
the increased packing induced by tricluster formation through the increase of non-bridging oxygen
atoms. Therefore, Wang et al. [21] concluded that slag reactivity, in terms of total heat evolution
and compressive strength up to 28 days, can be improved by maintaining “Al.O3 over 10.5% and
CaO over 40%.”

However, Ben Haha et al. [22] did not observe a change in Al coordination for slag Al.O3
contents of 7-16.7%. This implies that increasing Al>Os content does not affect packing and
therefore reactivity of the glassy phase. The authors investigated the effect of Al.O3z content on
hydration of 3 GGBFSs activated with NaOH and water glass. The selected slags had similar
fineness (approximately 500 m?/kg), CaO content (about 35-39%) and MgO content (6.4-7.2%).
The authors stated that “for a given age, no significant difference in compressive strength” was
observed with increasing Al.Oz content regardless of the activator used. However, increasing
Al>O3 content in the presence of NaOH activator resulted in increased heat evolution during the
first 2 days, at which time a cross-over in the cumulative heat evolution curves was observed, with
the low-Al>O3 slag generating the most heat beyond 2 days. In the presence of water glass,
cumulative heat was always higher for the low-Al2O3 slag. Ben Haha et al. [22] suggested that
increasing the amount of aluminum ions in the pore solution may have decreased the dissolution

of the amorphous silica in the slag, as has been observed in other systems at high pH [23], [24].

Ben Haha et al. [22] also investigated the effect of MgO content on hydration of alkali-
activated GGBFS using 3 slags of similar fineness (approximately 500 m?/kg), CaO content (about
36-38%) and Al203 content (11.3-12.0%). MgO content of the slags varied from 7.7 to 13.2%.
Although Moranville-Regourd [25] states the Mg* can act as a network modifier thereby disrupting
the close packing on the silicate network of the amorphous phase, Ben Haha et al. [22] did not
observe any changes in the 2°Si NMR spectra with increasing MgO content. However, both
compressive strength and the total heat evolution increased with increasing MgO content. Similar

systematic studies are needed for OPC-GGBFS systems.



Binici et al. [26] investigated the effect of fineness on heat release and strength
development of cement blended with slag. The authors prepared blends of clinker, gypsum,
GGBFS, and ground basaltic pumice where the percentages of these materials were fixed at 66, 4,
20, and 20%, respectively. The authors report that each material was ground separately to obtain
three Blaine fineness values of 250, 400 and 550 m?/kg. The blends are reported to have the same
fineness values, so it is assumed that blends were produced by combining materials of the same
fineness. Binici et al. [26] observed an increase in the total heat as measured by isothermal
calorimetry with an increase in fineness. A similar trend was observed in the unblended
clinker+gypsum samples; heat release increased with increasing clinker fineness, which is a well-
documented phenomenon [27], [28]. The slag selected for this study contained 13.7% Al>O3 and
only 28.2% CaO, which, based on the preceding discussion of the study by Wang et al. [21], would
point to a possible low reactivity of this slag. An increase in the compressive and flexural strengths
with increasing fineness was observed as well. The effect of slag fineness remains unclear, since
it appears that the finenesses of clinker, GGBFS, and pumice was varied simultaneously in this

study.

In contrast to the study by Binici et al. [26], where grinding time was varied for each
material in order to achieve the specified fineness, Kumar et al. [29] used fixed grinding times for
cement-GGBFS blends to assess the effect of fineness on slag reactivity. GGBFS used in this
study had a high Al,O3 content of 21.6% and a CaO content of 33.0%. Slag and cement were
interground together as well as ground separately. Oner [30] pointed out that slag is more difficult
to grind compared to clinker, so fixed grinding times for slag and clinker would produce a slag
that is coarser than clinker. Unfortunately, fineness of the ground cement and slag was not
measured by the authors [29] prior to recombining them into a 50/50 blend, but particle size of this
blend was reported to be somewhat smaller than for the interground 50/50 cement-GGBFS blend.
Particle sizes for both of these blends were significantly smaller than those of the commercial slag
cement. Based on compressive strength measurements up to 28 days as well as SEM
measurements, where smaller slag particles were observed for the separately ground blend, the
authors concluded that increasing slag fineness increases its reactivity. However, it should be
noted that for both the interground and separately ground blends, cement fineness was increased

as well, and the filler effect of slag on cement hydration was not considered.



Oner [30] employed separate grinding procedures to evaluate the effect of slag fineness on
reactivity assessed in terms of compressive strength. Only one slag was used in this study with
CaO and Al203 contents of 37.35 and 10.56% respectively. GGBFS fineness was varied from 300
to 600 m?/kg, while clinker+gypsum fineness remained constant at 300 m?/kg. Oner [30] stated
that “compressive strength values increase with increasing fineness of slag”; however, this increase
only becomes notable at 28 days. At 2 days, compressive strengths appear to be the same
regardless of fineness, and at 7 days the increase is only marginal. It is interesting to note that
fineness had no effect on flexural strength between the ages of 2-28 days. Although this study
isolated the effect of slag fineness by maintaining cement fineness constant, only one slag was
examined, which raises the question of whether this conclusion can be applied to slags in general.
It is clear from the above literature review that additional research is needed into the effect of
fineness and slag chemical composition on reactivity, especially for the OPC-GGBFS systems.

1.2.2 Activator Characteristics

Although a number of activators can be used to accelerate GGBFS hydration, the focus of
this literature review is on the OPC-GGBFS systems. Therefore, cement will be the only activator
considered here.

1.2.3 Cement Composition

Slags are activated by calcium hydroxide (CH) released during cement hydration, and the
alkalis and sulfates from the as-received cement [4], [31]. However, there have been no systematic
studies on the effects of cement composition and reactivity and currently, there is no clear
agreement in the literature regarding the effects of these parameters on hydration of OPC-GGBFS
blends. Whittaker [16] compared the total heat evolution for OPC/GGBFS blends prepared with
2 different cements and concluded that “clinker composition had no apparent effect on the
hydration kinetics of the slag.” It should be noted that the cements studied by Whittaker [16] had
similar CsS (61.0 and 58.7 %) and CsA (7.5 and 8.0%) contents, which are the phases producing
notable calorimetric peaks on hydration. Alkali equivalent content of these cements was very
similar at 0.69 and 0.61%, and so was their anhydrite content. One cement had a slightly higher
amount of hemihydrate at 1.5% compared to 0.6% in the other. Their particle size distributions

were also very similar. The main difference between cements was in their content of C,S (11.9
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and 21.6%) and C4AF (8.3 and 2.9%) phases which are known for their low rates of reaction. On
the other hand, Kocaba [15] showed that the effect of slag on OPC hydration depends on the
mineralogical composition of the cement. She reported acceleration of the C3S reaction, based on
the isothermal calorimetry results, with addition of 40% slag for one cement (Cement A), and
retardation of the CsS reaction for two other cements (Cements B and C). No explanation was
offered for this phenomenon. CsS content for cement A was 68%, while for Cements B and C it
was 49 and 65%, respectively. Cement A also had the lowest C3A content compared to the other
cements, the lowest equivalent alkali, and the lowest sulfate content. Additionally, Cement A had
the highest fineness (dso = 9 um), and Cement C had the lowest fineness (dso =20 um). The dso
for Cement B was 14 um. It appears that for cements with high reactivity (high CsS, high fineness)

addition of slag may result in further acceleration of hydration reactions.

In 1995, De Schutter and Taerwe [32], who modeled hydration of OPC and of slag cements,
proposed that hydration of OPC/slag blends is comprised of two separate reactions, OPC hydration
and slag hydration. Observations by Whittaker [16] are consistent with this hypothesis; however,
a greater range of cement and slag compositions would have to be tested to conclusively state that
slag hydration is not affected by cement mineralogy.

It is clear that there is a general agreement in the literature that addition of slag accelerates
cement hydration. However, there still appears to be a disagreement on the explanation for this
phenomenon. While some researchers attribute the increased heat flow rate per gram of cement
merely to the filler effect, others suggest that a reaction of slag is a contributing factor as well.
Although this may seem to be a purely academic debate, identifying the exact mechanism of
acceleration will have important engineering implications. Slag is frequently used in mass
concrete, where temperature rise and thermal gradients are determined by the heat generation of
the cementitious components of the concrete mixture. If acceleration is only due to the filler effect,
temperature rise could potentially be controlled by adjusting slag fineness. However, if slag
participates in the early hydration stages of the cementitious system then the chemical composition

of slag will need to be considered.



1.3 Hydration Products

As for the effect of slag on hydration products, cement replacement with GGBFS results
in a decrease in the C/S ratio of C-S-H and an increase in Al incorporation into C-S-H [12].
Whittaker [16] demonstrated that Al uptake by C-S-H is dependent on the Al,O3 content of slag,
with the Al/Si ratio of C-S-H in hydrated samples increasing with increasing Al>Oz content of slag.
Increased Al incorporation into C-S-H was observed by [22] as well. Ben Haha et al. [22] also
reported that “Al incorporation in C-S—H decreases with increasing MgO content.” The authors
did not observe any Ca substitution by Mg. Jackson et al. [33] reported aluminum incorporation

in the tobermorite structure resulted in a significant increase in bulk modulus.

In addition to C-S-H, hydration products predicted by thermodynamic modeling for
OPCl/slag blends include CH, hydrotalcite, ettringite, calcite, monocarboaluminate and, at cement
replacement levels above 70%, stratlingite [12], [34]. Increasing MgO content of the slag results
in an increased formation of hydrotalcite in alkali-actvated slags [22]. This increased formation
of hydrotalcite was used to explain a decrease in the coarse capillary porosity during the first 28

days with increasing MgO content as measured by backscattered electron microscopy.

A possible change in ettringite morphology with slag addition has been suggested [35].
Experimental measurements revealed that hydration phase assemblage is affected not only by the
cement replacement levels as predicted by [12], but also by chemical composition of the slag.
Whittaker [16] reported that increasing Al2Os content of slag reduces CH, while increasing
formation of Aluminate-Ferrite-Monosubstituent (AFm) phases, in the form of mono- and

hemicarboaluminate, as well as monosulfoaluminate.
1.4  Effect of Slag on Temperature Rise and Thermal Cracking

Cement hydration is an exothermic process, which releases 150 to 350 joules per gram of
cement during the early stages of hydration [36] depending on the cement mineralogical
composition, fineness, w/c ratio, and temperature. At complete hydration, 400 to 500 joules are
released per gram of cement, which would result in a 60 to 80°C concrete temperature rise under
adiabatic conditions [37]. Cement replacement with slag is a commonly used strategy to decrease
concrete temperature rise [3], [10], [38]. However, since isothermal calorimetry measurements

showed an increase in aluminate peak magnitude with increasing Al.O3 content of GGBFS [17],
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[18], further research is needed to determine the effectiveness of cement replacement with high-

alumina slags for temperature control in mass concrete.

Bamforth [39] demonstrated that the effectiveness of slag in reducing concrete temperature
rise is dependent on the lift height of placed concrete; as the lift height increases, so does the
maximum concrete temperature. While greater temperature reduction was achieved with higher
volumes of cement replacement by slag at all lift heights, this reduction is minimized when lift
height is increased above 2 m. Increase in lift height decreases heat dissipation, so conditions for
thicker elements begin to approach adiabatic. Reactivity of slag has been shown to increase with
increasing temperature [8], [18], [40], and slag has been reported to have a higher temperature
sensitivity compared to OPC [41], [42], which explains the decrease in temperature rise reduction
with increasing lift height. Unfortunately, no information was provided on concrete mixtures used

to make these conclusions [39], so it is unclear if there were any differences in slag composition.

Bamforth [39] also compared field performance of 75% GGBFS concrete to that of OPC
in terms of temperature rise in mass concrete. Cement-rich concrete mixtures were selected for
this study with cementitious content of 400 kg/m3; w/cm ratio was slightly lower for the GGBFS
concrete at 0.41 compared to the OPC concrete at 0.45. The author observed that replacing 75%
of cement with high-alumina slag (13.62% Al>O3) produced only marginal improvement of 15%
in terms of reducing the temperature rise of mass concrete (lift height of 4.5 m). Additionally,
thermal tensile strains recorded in the 75% GGBFS concrete exceeded those observed in OPC
concrete and cracking of GGBFS concrete was detected as well in spite of lower maximum
concrete temperature and lower thermal gradients experienced by GGBFS concrete. The cracking
indicates tensile stresses exceeded concrete tensile strength. Tensile stress can be calculated using

Equation 1-1:

o, = Kr%aAT Equation 1-1

where ot is the tensile stress, K is the degree of restraint, E is the elastic modulus, « is the
coefficient of thermal expansion, AT is the temperature change, and ¢ is the creep coefficient [10].
Bamforth [39] calculated the coefficient of thermal movement based on the collected field strain
and temperature data, which was higher for GGBFS than for OPC concrete. An increase in «

results in an increase in tensile stresses, as can be seen from Equation 1-1.
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Additionally, further laboratory investigation revealed that addition of slag increased the
elastic modulus (E) of concrete at a given compressive strength and significantly reduced creep
(by approximately 70% at 75% cement replacement level). Improvement in later-age elastic
modulus with slag incorporation has been reported by others [43], [44]; however, at early ages of
3-28 days Darquennes et al. [44] concluded that E was unaffected by the level of cement
replacement with GGBFS. The lack of consensus on the effect of slag on the elastic modulus has
been highlighted by Ozbay et al. [45] in their review of the current literature. The disagreement
between the results reported by Darquennes et al. [44] and Bamforth [39] can be explained by
different curing conditions of the concrete specimens in these studies. Concrete cylinders tested
by Darquennes et al. [44] were cured at 20°C, while concrete specimens examined by Bamforth

[39] were subjected to the same temperature conditions as those recorded for field concrete.

An increase in E as reported by Bamforth [39] would lead to an increase in tensile stresses
according to Equation 1-1. It also implies a reduction in tensile strength and a reduced ability of
concrete to resist tensile stresses, which were shown to be higher in GGBFS concrete. Aly and
Sanjayan [35] reported lower elastic moduli and lower tensile strengths for OPC-GGBFS concrete
at the ages of 7-11 days compared to OPC concrete. On the contrary, Berndt [46] observed that
cement replacement with GGBFS improved the 28-day splitting tensile strength of concrete at
50% cement replacement level. No significant difference was observed between tensile strength
of the control sample and 70% GGBFS concrete at 28 days. Due to elevated temperatures
experienced by concretes in the study by Bamforth [39], samples tested by Berndt [46] may be of
more comparable maturity than those of Aly and Sanjayan [35]. Saito et al. [47] observed that the
degree of reaction of slag increases with increasing curing temperature in the studied temperature
range of 5 to 40°C, so the degree of hydration of concrete in [35] is expected to be significantly
lower than in [39]. The contradictory results of [39] and [46] can again be attributed to the
difference in the curing temperatures as all concretes examined by Berndt [46] were cured at 23°C.
It appears that curing temperature has a significant effect on the elastic modulus and tensile

strength development of slag concrete.

There is no agreement in the current literature regarding the effect of GGBFS on creep as
well [45], although curing temperature appears to have a similar effect on creep as on elastic
modulus and tensile strength. While creep is reduced under high temperature conditions [39],

under drying conditions and ambient temperature, as may be experienced by concrete during the
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steady-state stage of hydration, creep has been reported to increase with increasing slag content
[48]. Although the mechanism responsible for the creep behavior of concrete is not well
understood, it is generally believed to be a response of C-S-H to the applied stress that results in
redistribution of water from C-S-H to the capillary pores [31]. It would therefore appear that an
increase in curing temperature of OPC-GGBFS concrete, which can occur under mass concrete

conditions, may have a significant effect on the developed microstructure.

Harada et al. [49] reported that when concrete temperature exceeds 40°C, ettringite
transforms into monosulfoaluminate. This phase transformation has been shown to increase
capillary porosity [50], and can therefore have significant implications on cracking potential and
durability of concrete mixtures. Williams et al. [51] also reported an increased in the 3-100 nm
pores, as measured by nitrogen adsorption, that was attributed to the ettringite-to-
monosulfoaluminate transformation in the 10% metakaolin concrete. Ettringite stability is also
affected by the pH of the pore solution; if the pH falls below 11.5, ettringite will decompose to

gypsum [52], although it is unclear what effect this transformation has on porosity.

Tensile strength is predominantly affected by capillary porosity [3], [31], [53], [54], and
an increase in capillary porosity due to phase transformation of ettringite at higher temperatures

may, therefore, result in a decrease in tensile strength and an increase in cracking potential.

An increase in capillary porosity with GGBFS addition has been observed for concretes
cured at ambient temperature as well, which has been attributed to its lower degree of hydration at
early ages compared to plain OPC mixtures [3]. As a result, an increase in both drying and
autogenous shrinkage with GGBFS addition has been reported in the literature [3], [48], [49], [55],
although Hooton [41] states that “drying shrinkage should be similar regardless of the presence of
slag.” Aly and Sanjayan [35] point out that shrinkage testing according to ASTM C157 may be
inadequate to predict shrinkage cracking performance of structural concrete containing slag as
“tensile creep, tensile elastic modulus and tensile strength of concretes with slag-blended cements
also have significant influence on cracking potential and can vary between OPC and slag

concretes.”
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15 External Sulfate Attack

Sulfate attack is another durability issue that is of major concern in Florida. Sulfate attack
can occur when concrete is exposed to sulfate concentrations above 0.1% and is manifested by
expansion and/or loss of strength and cohesion [3]. Expansion is typically attributed to secondary
ettringite formation from the reaction of monosulfoaluminate present in concrete with the sulfate
ions from the environment and possibly gypsum formation from the reaction of CH with sulfates,
although the expansive nature of secondary gypsum formation is still debated in the literature [56]—
[62]. Loss of strength and cohesion is due to decalcification of C-S-H [31]; secondary gypsum
formation has been suggested to play a role as well [61]. Typical preventative measures include
reducing C3A content of cement in order to reduce secondary ettringite formation and decreasing
permeability of the concrete mixture [31], although reduction of C3S content in order to reduce
CH and secondary ettringite formation has been suggested as well [63], [64].

Gollop and Taylor compared deterioration processes during sulfate attack on OPC-slag
blends to those occurring in plain OPC mixtures [65] and concluded that these processes were
generally similar, except low quantities of gypsum were formed in the OPC-slag blends. This was
explained by the lower CH content and lower Ca/Si ratio of C-S-H in mixtures containing slag.

Cement replacement by GGBFS is generally reported to improve concrete performance in
sodium sulfate environments through reduction of the C3A content of the cementitious materials,
consumption of CH during slag hydration, and decrease in permeability [13], [45]. However,
ASTM C989 [13] cautions that sulfate resistance of OPC-slag blends may be dependent on the
Al>O3 content of the slag. While the standard comments on the effect of low-alumina (11% Al20s)
and high-alumina (18% Al.O3) slags on sulfate durability, there is no comment on the effect of the
slags with Al>Oz content of 11-18%.

1.5.1 Roleof Alumina

As stated in ASTM C989 [13], cement replacement by slags containing less than 11%
Al>,O3 appears to improve sulfate resistance regardless of cement characteristics or cements
replacement level. Hooton [41] demonstrated that expansion in sodium sulfate solution decreased
with increasing cement replacement by GGBFS for a slag with Al>O3 content of 8.4%.

13



A relationship between expansion and Al2O3 content of slag was observed by Hooton and
Emery [66], who reported that expansion increased with increasing Al>Os content from 8.4 to
11.4% at a constant cement replacement level of 50%. Slags used in this study had comparable
Blaine fineness and similar contents of other oxides. Higgins [67] examined performance of two
slags with Al>O3 contents of 11.8 and 12.5% exposed to 1.5 and 1.3% sodium sulfate solutions
respectively. The author reported that although initially replacing cement with these slags at a
60% level dramatically improved performance, where virtually no expansion was recorded, an
inflection point in the expansion curves was observed at 30 months for the 11.8% Al>Oz slag and
at 12 months for the 12.5% Al,Oz slag, after which the rate of expansion increased dramatically
and rapid expansion was recorded. However, this phenomenon was not observed when cement

replacement level was increased to 70% for each slag.

Increase in deterioration with increasing Al.O3z content of GGBFS was observed by other
researchers as well. Gollop and Taylor [68] compared sulfate resistance of concrete prepared with
3 different slags, X, Y and Z, at 69% cement replacement level. Al,O3 content of the slags was
11.2,13.4, and 16.0%, respectively. The authors observed, visually and under a scanning electron
microscope (SEM), an increase in deterioration with increasing Al.Oz content. For samples
prepared with slags Y (13.4% Al>O3) and Z (16.0% Al203), the deterioration was more extensive
than in OPC samples, while samples with slag X (11.2% Al>O3) performed better than OPC
concrete, although not as well as the samples prepared with sulfate-resistant portland cement (68%
CsS, 2% CsA based on oxide chemical composition provided in [69]). It appears that there may
be a threshold, in the slag Al>O3 content for a given cement replacement level, above which slag
addition does not provide any improvement in sulfate resistance. The least amount of damage was
observed in concrete prepared with 92% of slag Y. This suggests that perhaps an overall
cementitious Al2O3 content should be considered, especially since C3A content of cement has been
identified as one of the factors affecting sulfate durability of OPC-GGBFS blends [38].

Whittaker [16] evaluated sulfate resistance of 3 slags with Al.O3 contents of 11.6, 7.36,
and 12.33% A visual assessment of deterioration was made and expansion in sodium sulfate
solution was measured. Although minimal expansion was recorded for all OPC-GGBFS concretes
at 40% cement replacement levels, the highest amount of cracking was observed in the samples
prepared with 12.33% Al>Os3 slag, and decalcification was detected in all slag samples using

scanning electron microscopy (SEM). It appears that expansion measurements alone may not be
14



sufficient to evaluate deterioration of OPC-BFS blends. Yu et al. [70] make an important point
that “slag blends may not show expansion within the period of the tests, even though loss of

materials from the surface of the specimen may be quite significant.”

There are several reasons why increasing the slag AloO3 content may be problematic in
terms of sulfate resistance.  First, Whittaker [16] observed increased formation of
monosulfoaluminate with increasing Al,Os content. Formation of monosulfoaluminate prior to
sulfate exposure was also reported by Zayed et al. [2] in the 52% GGBFS mortar prisms prepared
with 14.25% Al;,O3 slag. Increase in monosulfoaluminate content would lead to increased
formation of secondary ettringite and consequently increased expansion. Second, increased heat
release may lead to an increase in field concrete temperature above 40°C causing decomposition

of ettringite to monosulfoaluminate [49] and its reformation at a later age.

Increase in Al,O3 content also results in an increased uptake of Al by C-S-H. It is not clear
what effect, if any, this may have on sulfate resistance. It has been established that Al incorporated
in to C-S-H (C-A-S-H) does not participate in secondary ettringite formation [68]. Jackson et al.
[33] speculated that increased Al/Si observed in the tobermorite of the ancient Roman concrete
may be beneficial for improving durability.

1.5.2 Effect of Calcium Sulfate Addition on Sulfate Resistance

There is no agreement in the literature regarding the effect of calcium sulfate addition on
sulfate resistance of OPC-GGBFS blends. Gollop and Taylor [68] observed improved sulfate
resistance with addition of gypsum to concrete containing 65% of slag Y (13.4% Al.Oz). SEM
examination of cubes stored in sodium sulfate solution revealed that addition of 5% gypsum
reduced the depth of decalcification of C-S-H from the cube surfaces compared to the mixture
containing 69% of slag Y without the addition of gypsum. Addition of gypsum also resulted in
formation of ettringite in addition to monosulfoaluminate, which was observed in the 69% slag Y
sample. The authors concluded that addition of gypsum to a blend of OPC with high-alumina slag

improves sulfate resistance due to formation of ettringite during initial hydration.

Improvement of sulfate resistance with addition of 3% anhydrite to OPC-GGBFS concrete

was reported by Whittaker [16]. However, addition of anhydrite resulted in an increase in total
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heat evolution during the first 7 days and increased chemical shrinkage and lowered compressive

strengths at all ages.

Yu et al. [70] reported that addition of 1.7% gypsum improved the performance of 70%
GGBFS mortar bars prepared with 15.85% Al2Os slag in terms of delaying the onset of expansion
and failure of the mortar bars exposed to the sodium sulfate solution. Addition of gypsum shifted
the onset of rapid expansion from approximately 180 days for the 70% GGBFS sample to 360 days
for the 70% GGBFS+gypsum specimens. Contrary to Gollop and Taylor [68], Yu et al. [70]
concluded that addition of gypsum does not have a significant effect on sulfate resistance of OPC-

slag blends.
1.5.3 Effect of Slag on Permeability

Although a number of sources state that slag incorporation in concrete mixtures decreases
permeability and porosity [13], [31], [45], contradictory reports can be found in the literature.
Whittaker [16] reported higher porosity in the OPC-GGBFS blends at early ages (after 1 day)
compared to plain OPC as measured by backscatter scanning electron microscopy (BSE SEM).
Increase in total nitrogen-accessible porosity at an age of 7 days was reported with 52% cement
replacement with slag [71]. This trend was maintained up to the age of 28 days, after which the
differences in porosity between the OPC-GGBFS systems and the plain OPC samples began to
decrease and eventually became comparable at later ages [16]. Canut [72] reported porosity
refinement with slag incorporation after the age of 28 days as measured by mercury intrusion

porosimetry.

Attari et al. [73] followed the porosity evolution of OPC-BFS blends at 0, 30, 50 and 70%
cement replacement during the first 24 weeks using BSE SEM. No consistent trend was observed.
This may be because the w/cm ratios were varied in the range of 0.5-0.56, although the authors
did not specify which w/cm corresponded to what mixture. Berndt [46] observed that cement
replacement with 50 and 70% GGBFS only had a slight effect on concrete permeability at the age
of 84 days; coefficient of permeability increased from 1.0 x 10°2° cm/s for the control mix to 1.4 x
101° cm/s for the 70% GGBFS concrete.

The increase in the early-age porosity can be attributed to the slower reaction of slag

compared to OPC, which would result in reduced filling of capillary pores with hydration products.
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Although porosity at later ages may be improved by continued slag hydration, concrete structures
in the field are exposed to sulfates shortly after casting. However, this does not appear to have a
detrimental effect on field performance of GGBFS concrete at high replacement levels. Stroh et
al. [74] compared the field performance of concrete samples containing 80% slag to those of plain
OPC after exposure to sulfate-bearing soils for a period of 19 years. The slag used in this study
had an Al,O3 content of 13.30%, but was relatively coarse, with a Blaine fineness of 268 m?/kg.
Cement used in this study contained 8.5% C3A and had a Blaine fineness of 326 m?/kg. The w/cm
ratio for both mixtures was 0.53. The 80% slag sample exhibited lower degradation in the sulfate
environment compared to OPC concrete. This was attributed to improvement in the pore structure

with slag addition, as sulfate penetration depths were lower in the slag concrete.
1.5.4 Role of Fineness

The effect of slag fineness on sulfate resistance has not received much attention in the
literature. Wee et al. [75] reported that, at 65% cement replacement level, there was no clear trend
between GGBFS fineness and sulfate resistance. Locher [76] studied the effect of increasing slag
fineness from 300 to 500 m?/kg using 3 clinkers of tricalcium aluminate of 0%, 8% and 11% and
2 granulated blast furnace slags with alumina contents of 11.0% and 17.7%. The gypsum content
was 5% and several replacement levels were studied. The findings indicate that increasing slag
fineness had a negative effect on sulfate durability. A replacement level above 65% is indicated

for slags of higher fineness (500 m?/kg) to improve sulfate resistance.
1.6 Conclusion

The above review indicates the importance of considering the effect of GGBFS
composition and fineness on the reactivity of slag. It also indicates that the hydration temperature
might reveal different behavior for slag in terms of increasing its reactivity and therefore the
potential of a mixture for excessive temperature rise, especially if a concrete mixture is used in
massive structural elements where placement is not limited to low ambient temperature. In
summary, there are a number of open questions in the literature regarding the effect of the physical
and chemical characteristics of ground granulated blast furnace slag on the cracking potential and
sulfate resistance of concrete mixtures. In both cases, Al.O3 content of slag appears to be of major

importance. Slag fineness and C3A content of cement appear to be of significance as well.
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Chapter 2 Chemical, Mineralogical and Physical Characterization of As-Received

Cementitious Materials
2.1 Introduction

The goal of this study is to assess the effect of ground granulated blast furnace slag
chemical and physical characteristics on the durability and performance of slag-blended
cementitious systems. Two cements and three slags were initially selected for this study. The
matrix design was subsequently expanded to include 4 cements and 8 slags to better assess the
blended systems’ performance. The cements were selected, based on their mill certificates, to have
variable equivalent-alkali (Na2Oeq) content and C3A but similar Blaine fineness and CsS content.
Cs3A was selected as a variable in this study because ASTM C989 [1] states that durability
performance of slag may be affected by the C3A content of the cement and the slag chemical
composition. ASTM C150 [2] specifies a maximum of 8% CsA for Type Il cements, while for
Type | cements there is no limit on the CsA content. The cements were selected to have C3A
contents at the mid- and high-end levels of the Type | and Type Il cements available on the market.
One cement was selected to have a C3A content that meets ASTM specifications for Type Il
cement, while the other cement was selected to have the C3A content in excess of the 8% limit.
Two more cements (Type | and Type I11) were subsequently added to the matrix to study the effect

of higher alkali content and fineness on the performance of these blended systems.

Slag selection was primarily based on the Al>O3 content. While there is no limit on the slag
Al>03 content in ASTM C989 [1], the standard points out that low-alumina slags (Al.O3 < 11%)
are expected to improve sulfate durability of cement-slag blends, while high-alumina slags (Al2Os
> 18%) are expected to decrease it. However, there is no guidance on the effect of mid-range
alumina slags (11% to 18%) on durability. Therefore, three slags were selected with alumina
contents below the 11% limit, at the 11% limit, and between 11 and 18%. Subsequently, three
additional slags were added to the matrix to assess the effect of slag fineness on durability of the
blended system. Two slags, at low and moderate alumina contents, were collected from the
suppliers at two different finenesses. The slag with the highest alumina content was ground in the
laboratory. This chapter discusses the laboratory experiments performed to characterize the as-

received materials. Two more slags were added, for a limited number of experiments, with a
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variable sulfate content to assess the significance of sulfate optimization on the blended system
performance. In this chapter, the chemical, mineralogical and physical characteristics of the as-

received materials will be presented.
2.2  Elemental Oxide Composition of As-Received Cements and Slags

The elemental oxide compositions of the as-received cements (A, B, C and D) and slags
(S8, S8F, Sllc, S11f, S14, S14(S) and S16) used in this study were determined using x-ray
fluorescence spectroscopy (XRF) according to ASTM C114 [3] and are listed in Table 2-1 and
Table 2-3, respectively. For the as-received cements, the potential compound composition was
calculated following ASTM C150 [2], and the results are depicted in Table 2-2. Cements for this
study were selected based on their mill certificates to have a similar C3S content and a variable
C3A content, as C3A content has been indicated by ASTM C989 [4] to have a significant effect on
durability of cement-slag blends. Additionally, Cements A and B were selected to have similar
alkali content but lower than Cements C and D, since alkalis are known to affect cement reactivity

[5]. [6].

Slags were selected to obtain a range of Al.O3 contents, as Al.Oz content has been reported
to have a significant effect on slag reactivity [7] as well as durability of slag-blended cementitious
systems [4]. Table 2-3 shows that the Al>Os content of slags varied from approximately 8% (S8)
to 16% (S16). Slag reactivity has also been reported to increase with increasing CaO and MgO
content [7]-[9]. The CaO content was similar for all the slags, while MgO content was highest for
S8, S8F, and S11c and lowest for S14. Typical US slags can have higher MgO contents compared

to Asian slags, which have an upper limit in their MgO content of 10%.

ASTM C989 [4] allows slags to be interground with gypsum, which would be reflected in
the SOz content determined by XRF. However, this technique cannot distinguish between sulfur
present in the form of sulfate and sulfur present as sulfide. The sulfide is formed within the molten
slag and is present in the slag granules, whereas the sulfate is intentionally added during the
grinding process. Therefore, sulfide content of all the slags was determined in accordance with
ASTM C114 [3], and the total SOs content obtained from XRF was corrected to account for the
presence of sulfide. The sulfide content, the total SOz content as determined by XRF, and the

corrected SOz content are reported in Table 2-3. The results showed that the sulfur in all the slag
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is predominantly present in the form of sulfide, indicating that these slags have not been

interground with gypsum or other forms of calcium sulfate except for S14S.

Table 2-1: Oxide Chemical Composition of As-Received Cements

Cement A Cement B CementC | CementD
Analyte Type II(MH) Type | Type | Type 1
(wt %) (wt %) (wt %) (wt %)

SiO2 21.2 20.1 19 18.8
Al>O3 5.15 5.6 5.9 5.7
Fe203 3.61 2 2.8 2.5
CaOo 63.91 64.4 60.8 61
MgO 0.7 0.9 2.5 2.7
SO3 2.59 3.6 4 4.2
Na2O 0.14 0.08 0.32 0.3
K20 0.31 0.47 1.1 1.02
TiO2 0.29 0.18 0.26 0.25
P20s 0.15 0.33 0.26 0.25
Mn20s3 0.03 0.03 0.11 0.09
Sro 0.06 0.07 0.28 0.27
Cr203 0.02 0.01 0.01 0.01
Zn0O 0.06 0.03 0.07 0.06
L.O.1. (950°C) 1.66 1.8 2.4 2.9
Total 99.89 99.56 99.82 100
Na20eq 0.35 0.39 1.05 0.97
SO3/Al203 0.5 0.64 0.68 0.74

Table 2-2: Bogue-Calculated Potential Compound Content for As-Received Cements

Phase CementA | CementB | CementC | CementD
CsS 52 59 48 52
C2S 22 13 18 15
CsA 8 11 11 11
CsAF 11 6 9 8
CiAF+2C3A 26 29 30 29
CsS+4.75C3A 88 113 100 103
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Table 2-3: Oxide Chemical Composition of As-Received Slags

Slags
Analyte
S8 S8F Sllc | S1if S14 | S14(S) | S16
SiO, 38.59 | 38.61 | 36.15 | 35.67 | 35.44 | 33.7 | 32.86
Al,O3 8.09 7.73 | 10.71 | 10.82 | 14.25 | 13.67 | 16.29
Fe,03 0.51 0.58 0.7 0.54 0.45 0.69 0.36
Ca0 38.11 | 39.52 | 37.41 | 41.93 | 41.06 | 41.48 | 37.98
MgO 10.83 | 10.40 | 11.27 7.9 5.25 5.33 8.88
Total SO_3 (includes sulfur as 591 595 533 101 199 3.0 5 61
sulfide and sulfate)
Sulfide Sulfur (S) 0.89 | 0.946 - 0.68 0.67 | 0.635 | 0.952
Sulfate Sulfur (as SO3) -0.02 | -0.12 | 0.24 0.22 0.31 1.43 0.23
Na.O 0.3 0.33 0.26 0.2 0.2 0.25 0.37
K20 0.38 0.26 0.37 0.37 0.3 0.26 0.44
TiO2 0.37 0.36 0.47 0.59 0.5 0.54 1.21
P205 <0.01 | <0.01 | <0.01 | <0.01 | 0.01 0.02 | <0.01
Mn203 0.59 0.63 0.23 0.25 0.22 0.26 0.25
SrO 0.05 0.05 0.04 0.08 0.05 0.06 0.1
Cr203 <0.01 | <0.01 | <0.01 | <0.01 | <0.01 | <0.01 | <0.01
Zn0O <0.01 | <0.01 | <0.01 | <0.01 | <0.01 | <0.01 | <0.01
BaO 0.03 0.04 0.03 0.08 0.07 0.07 0.08
L.0.1(950°C) -0.17 | -0.72 0.1 -0.48 | 0.05 0.42 -1.03
Corrected L.O.1 (950°C) 1.15 - - 0.53 1.06 1.37 0.4
Total 99.89 | 100.04 | 100.09 | 99.85 | 99.84 | 99.77 | 100.41
Na20eq 0.55 0.51 0.51 0.44 0.4 0.42 0.66

2.3 Mineralogical Analysis

Mineralogical compositions of the as-received cements and slags were determined using
x-ray diffraction (XRD) measurements conducted in accordance with ASTM C1365 [10]. Prior
to XRD measurements, each cement was wet-ground in ethanol in a McCrone micronizing mill to
a particle size between 1 and 10 um. The wet grinding method was used to minimize temperature
increases during grinding to avoid dehydration of gypsum to hemihydrate or anhydrite. The

samples were then dried in an oven at 40°C.

For as-received cements, selective dissolutions (extractions) were performed to aid the

identification of the minor phases as well as the CsS and CsA crystal structures. Salicylic
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acid/methanol (SAM) extraction was performed to dissolve the silicates and free lime, and isolate
a concentrated residue of aluminates, ferrites, and minor phases, such as periclase, carbonates,
alkali sulfates, and double alkali sulfates [11], [12]. Potassium hydroxide/sucrose extraction was
used to dissolve aluminates and ferrites and obtain a residue of CsS, C,S, alkali sulfates, and MgO
[11].

XRD scans were collected using the Phillips X’Pert PW3040 Pro diffractometer equipped
with the X’Celerator Scientific detector and a Cu-Ka x-ray source. Tension and current were set
to 45 kV and 40 mA respectively, and 5-mm divergence and anti-scatter slits were used in the
automatic mode. Scans were collected for the 7-70° 28 angular range. The back-loading technique
was used to load samples into the sample holder in order to minimize preferred orientation. The
sample was rotated at 30 rpm during data collection to improve counting statistics [13]. Three
samples were prepared for each as-received material, and the average values are reported here.

Phase quantification was performed using the Rietveld refinement functionality of the
Panalytical HighScore Plus 4.5 software. An external standard method was used to calculate the
amorphous content of the as-received cements and slags [14]-[17]. Corundum (Standard
Reference Material (SRM 676a)) obtained from the National Institute of Standards and
Technology (NIST) was used as an external standard in this study. The mass absorption coefficient
(MAC) of corundum, calculated using the MAC calculator functionality in the Panalytical
HighScore Plus 4.5 software, was equal to 30.91 cm?/g. MAC values for cements and slags were
calculated based on their respective elemental oxide compositions listed in Table 2-1 and Table

2-3. Loss on ignition content was attributed to carbonate decomposition and release of COx.

Table 2-1, Table 2-4 and Table 2-5 list the values for each major phase determined from
Bogue calculations and from X-ray diffraction for all as-received cements. The values of the main
cement phases obtained through Rietveld refinement were lower than those calculated according
to ASTM C150 [2] (Table 2-2). This was not surprising, as this discrepancy has been well-
established in the literature [6], [11], [18]. Itis noted from XRD analyses that cements had similar
CsS content except Cement B which has a higher value. Also noted is that cement A has the lowest
CsA content (5.5%) while Cements B, C, and D have the same C3A content of 8%.

Table 2-5 lists the average values for each phase together with their corresponding standard

deviations (o) for slags. XRD analysis showed that all slags were predominantly amorphous, with
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only a few weight percent of crystalline phases. Amorphous content has the most significant effect

on slag reactivity as crystalline phases are not reactive and do not contribute to mechanical

property development [6], [19].

Table 2-4: Cement Phase Content Using XRD

Phase Cement A o Cement B o Cement C o Cement D o
(wt %) (wt %) (wt %) (wt %)
CsS 48.1 0.1 54 0.5 48.1 0.9 49.5 0.3
C2S 23.1 0.2 17.3 0.4 15.6 0.1 13.4 0.6
Cs:A 55 0.2 8.4 0.1 8.3 0.1 8.1 0
Ferrite 9.9 0.1 5.6 0 7.6 0.1 6.8 0.2
Gypsum 2.6 0.2 4.3 0.1 3.8 0.2 2.2 0.1
Hemihydrate 15 0.1 14 0.1 1.7 0 3 0.1
Anhydrite 0 - 0.1 0 0 0 0
Calcite 1.2 0.2 0.3 0.1 1.6 0.1 1.8
Portlandite - - 0.2 0 0.2 0.1 0.2 0.1
Syngenite 0.7 0.1 0.4 0 0.9 0.1 0.7 0
Quartz 0.1 0 0.1 0 0.2 0 0.3 0
Aphthitalite - - 0.2 0 0.5 0.5 0.4 0
pmorpnous! | 7.2 0.4 7.8 0.4 9.1 0.7 105 1
Table 2-5: Slag Phase Content Using XRD
Slag Slag Slag Slag Slag Slag Slag
Phase S8 c 8F c Slic c S11f c S14 6 | S14S) | © S16
(wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %)
Calcite 0.7 0.1 0.4 0.1 0.5 0 0.3 0 0.6 0.1 0.6 0.1 0.3
Melilite 05 |01| 02 0 04 |01| 0.2 0 0.5 0 05 (01| 07
Merwinite - - 08 |01| 07 0 0.7 0 - - - - -
Quartz - - - 0.1 0 - - 15 0 0.1 0 -
Gypsum - - - - - - - 0.4 0 1.1 0 -
ﬁ;‘ggﬁgﬁgg’ 989 |02|986 |01| 983 |02| 988 (01| 97 01| 97 | O | 99
Hemihydrate - - - - - - - - - - 0.7 0 -

2.4

Physical Characteristics

The physical characteristics of the as-received materials determined in this study were

density, fineness, and particle size distribution. Density was determined in accordance with ASTM
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C188 [20] and the results are listed in Table 2-6 and Table 2-7 for cements and slags, respectively.
The measurements were performed in triplicate, and the standard deviation was within the limit
specified by ASTM C188 [20]. Fineness was measured using the Blaine method as described in
ASTM C204 [21]. Particle size distribution was determined using the LA-950 laser scattering
particle size analyzer manufactured by HORIBA Instruments using the wet method. The as-
received materials were measured in reagent-grade ethanol, and one drop of superplasticizer was
added to improve particle dispersion. The obtained differential and cumulative particle size
distributions are plotted in Figure 2-1 through Figure 2-4. The measurements were performed in

triplicate and the average values are reported here.

Fineness has a significant effect on reactivity of cements as well as slags, with increase in
fineness corresponding to an increase in reactivity [22]-[24]. Traditionally, the Blaine test is used
to determine the fineness of both cements and slags. This is an indirect method of determining
fineness as the test actually measures the flow of air through a compacted bed of cement or another
powdered material. First, air permeability is measured for a calibration material, typically
SRM114q obtained from NIST, with a known Blaine fineness. The fineness of all subsequently
analyzed materials is calculated based on the values obtained for SRM114q. While this test is rapid
and simple to perform, there are several drawbacks that have to be taken into account, especially
when the Blaine test is used to measure fineness of materials other than cement. Arvaniti et al.
[25] point out that the “reference material must have similar shape, particle size distribution, and
surface properties to the material of interest or it cannot be a valid comparison.” In another study,
Arvaniti et al. [26] also pointed out that for SCMs, it is particularly difficult “to form a good
compacted bed of specific porosity.” Additionally, for materials other than cement, ASTM C204
[21] specifies that a b-value has to be determined before the actual fineness measurement. This b-
value is then used for fineness calculation, and for cement is taken to be equal to 0.9. A recent
discussion at the slag subcommittee meeting at the ASTM C204 December 2016 meeting revealed
that slag producers consider experimentally-determined b-values for slag to be unreliable and use
the b-value of 0.9 in their Blaine fineness calculation for slag. Subsequently, ASTM C989-18
indicates using a b value of 0.9 in determining slag Blaine fineness. In this investigation, Blaine
fineness was determined for the as-received cements as well as slags using a b value of 0.9. As

can be seen in Table 2-6, cement fineness was very similar with cement D showng the highest
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for S8F and S11f were highest while S16 was the coarsest among the slags studied here.

Table 2-6: Cement Particle Size Analysis, Blaine Fineness and Density

fineness among the cements studied here. For slags, Table 2-7 indicates that the Blaine fineness

Physical Properties Cement A | CementB | Cement C | Cement D
D1o (Mm) 2 2.73 2.69 2.05
Dso (Um) 10 11.46 12.59 9.14
Dgo (UM) 24.96 27.56 35.28 19.62
Mean size (MPS) (um) 12.26 13.81 16.50 10.32
Blaine Fineness (m#/kg) 485 474 436 522
Density (g/cm?3) 3.15 3.15 3.15 3.13

Table 2-7: Slag Particle Size Analysis, Blaine Fineness and Density

Physical Properties S8 S8F Slic S11f S14 S14(S) S16
D1o (um) 1.04 1.17 1.32 0.77 1.49 1.93 1.57
Dso (Um) 7.8 6.98 9.33 7.34 9.88 10.33 10.04
Doo (Um) 18.81 | 16.10 | 22.09 | 16.94 | 22.29 | 24.82 23.68
Mean size (MPS) (um) 9.16 8.03 10.86 8.36 1115 | 12.34 11.8
Blaine Fineness (m#/kg) 642 698 589 680 574 595 466
Density (g/cm?®) 2.87 2.90 2.89 2.86 2.89 2.90 2.90

An alternative method of measuring fineness, and one that has been shown to have a better
correlation with heat of hydration of cements [23], is laser particle size analysis. The main concern
with laser diffraction particle size analysis is adequate sampling and dispersion of the particles as
the presence of agglomerates can lead to incorrect results [25], [26]. The results of laser particle
size analysis are presented in Table 2-6 and Table 2-7 as well as Figure 2-1 through Figure 2-4.
Particle size distribution results were in general agreement with Blaine fineness. S8F had the
smallest mean particle size (MPS) followed by S11f, while S16 MPS had the highest value.
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25 Conclusions

As-received cements and slags were characterized in terms of their chemical and
mineralogical compositions as well as their physical properties. Comparing all cements, Cement
B had the highest CsS content. Cement B also had a higher C3A content than cement A, but a
content similar to Cement C and D. Cement C had the highest alkali content, similar to Cement
D; however, the latter had the highest Blaine fineness and therefore the smallest mean particle size.
It is also noted that cements with the highest alkali contents had the highest sulfate demands, as
shown by Cements C and D. According to the characterization tests performed here, it is therefore
to be expected that Cement A will have the best performance in terms of durability and concrete

temperature rise.
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Slag properties, however, varied not only in terms of their alumina content, but also in
terms of their fineness and magnesia-to-alumina ratio (M/A). S16 slag had the highest Al2Os
content, but also the lowest fineness, while the highest fineness was observed for the S11f slag.
While slag reactivity is expected to increase with increasing Al>Og, it also increases with increasing
fineness. Therefore, alumina content and fineness are expected to have a competing effect on
early-age reactivity and concrete temperature rise. Reactivities of S11f and S16 are expected to
be similar and higher than that of S8 due to the higher alumina contents (S16) and higher fineness
(S11f1).
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Chapter 3  Effects of Slag Properties on Strength Evolution of Cementitious Mixtures
3.1 Introduction

Sulfate attack is a common durability issue for structural concrete in Florida. Sulfates can
be present in groundwater, soil, and marine environments. Three mechanisms have been proposed
to explain concrete deterioration during sulfate attack: 1) conversion of monosulfoaluminate
(C4ASHy1») to ettringite (CeAS3Ha32), 2) reaction of CH with sulfate ions to form gypsum, and 3)
decalcification of C-S-H. Cements with C3A contents above 5% will form monosulfoaluminate
during initial hydration due to the lack of sulfate ions [1]. When external sulfates penetrate the
concrete, monosulfoaluminate reacts with this new source of sulfates and is converted to ettringite.
This reaction is accompanied by an increase in solid volume causing expansion [2]-[5]. At later
ages, sulfate ions react with CH to form gypsum, which has also been shown to result in expansion
[6]-[8]. Formation of gypsum may result in a decrease in the pH of the pore solution, depending
on the cation associated with the external sulfate ions. In the case of sodium sulfate, sodium
hydroxide forms as the other product, in addition to gypsum, of the reaction of sulfate with CH.
Na(OH): is readily soluble, which maintains the high pH in the pore solution. However, when CH
reacts with magnesium hydroxide, the resultant Mg(OH): is not soluble, which decreases the pH
of the pore solution. The decrease in alkalinity causes decalcification of C-S-H leading to loss in

strength and cohesion [1].

Ground granulated blast furnace slag (slag) is frequently used in concretes exposed to
sulfate environments to improve their resistance to sulfate attack. Cement replacement with slag
can improve sulfate resistance by reducing the CzA and CsS content, through cement dilution, and
through pore structure refinement. However, even though slag addition decreases C3A, the total
cementitious Al2O3 content may increase depending on the Al>O3 content of the slag, although
Whittaker et al. [9] argued that alumina coming from slag is not readily available to form
monosulfoaluminate and ettringite. Slags used in their study had relatively low Al,O3 contents of
7.3 and 12.3%. According to ASTM C989 [10], slags with low alumina (11%) offer increased
resistance to sulfate attack whereas slags with high alumina content (18%) negatively affect
concrete sulfate durability. However, the standard does not provide any information regarding

slags with an alumina content in the range of 11 to 18%.
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As stated earlier in Chapter 1, sulfate attack can occur when concrete is exposed to sulfate
concentrations above 0.1% and is manifested by expansion and/or loss of strength and cohesion.
Loss of strength and cohesion is due to decalcification of C-S-H. This chapter will evaluate
compressive strength development of OPC-slag mortar in saturated lime solution at different
cement replacement levels as well as in sodium sulfate solution in order to determine the effect of

slag chemistry and physical characteristics on loss of cohesion.
3.2  Experimental Methods

In order to evaluate the effect of slag composition on compressive strength development,
mortar mixtures were prepared with Cements A and B and slags S8, S11c, and S16 at 0, 30, 50,
and 70% cement replacement levels. Mortars were prepared in accordance to ASTM C109 [11]
and ASTM C305 [12], with the exception of the water-to-cementitious materials (w/cm) ratio. For
mortars containing cementitious materials other than portland cement, ASTM C109 [11] specifies
that the amount of mixing water should be adjusted to maintain constant flow of 110 + 5. However,
w/cm is a major factor affecting compressive strength, permeability, and consequently sulfate
resistance [2]. Since the objective of this study was to compare compressive strength development
of mortars prepared with different slags in lime and sulfate environments, the w/cm ratio was

maintained constant at 0.485 in order to eliminate it as a variable.

After demolding, mortar cubes were cured in saturated lime and exposed to 5% sodium
sulfate solutions. The saturated lime solution was prepared by adding 3 grams of calcium
hydroxide per liter of deionized (DI) water. The sulfate solution was prepared following ASTM
C1012 [13] and changed at the intervals specified in this standard in order to match the schedule
for the expansion bars. Mortar cubes were tested at the ages 7, 28, 91, 180, 360 and 540 days.
Some mixtures did not have their 540-day strength data available at the time this report was

written.

Additionally, heat flow of Control A and Control B mortars was measured at 23°C using a
TAM Air 3-channel isothermal calorimeter manufactured by TA Instruments. Isothermal
calorimetry was performed in accordance with ASTM C1702 [14], Method B, external mixing.
The mixing procedure outlined in ASTM C305 [12] was used for isothermal calorimetry as well.
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3.3 Results and Discussion

Sulfate resistance of cement-slag mixtures was evaluated with two cements, A and B.
Before comparing the performance of slags with these cements, it was important to examine the
behavior of these cements alone in lime and sulfate environments. Figure 3-1 shows that
compressive strengths of Control A and Control B mortars in lime solution were very similar up
to 180 days. For cement mortars with constant w/c ratio and curing temperature, and similar
cement fineness, early-age compressive strength was primarily a function of the CsS content of
the cement. It is not surprising, therefore, that the compressive strengths of Control A and B
mortars were similar. Cements A and B had similar Blaine fineness (485 and 474 mz2/kg
respectively), and a slightly higher CsS content for Cement B (54%) compared to that of Cement
A (48%), which was reflected in slightly higher strengths of the Control B mixture.
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Figure 3-1: Compressive strength development of Control A and Control B mortars in saturated
lime solution
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In sulfate solution (Figure 3-2), strengths were similar at 7 and 28 days, after which
compressive strength of Control BS mortar began to decrease. At 91 days, Control BS strength
decreased by 10% compared to its 28-day value, and at 180 days the drop was approximately 25%.
For Control AS, the drop in strength was observed after 91 days. At 180 days, Control AS strength
decreased by 17% compared to its 28-day strength and by 19% compared to the 91-day strength.
At 540 days, mixture BS completely disintegrated while AS mixture showed a strength ratio of
29% compared to its 28-day strength. The faster deterioration of Control BS mortar is not
surprising, as Cement B has a higher C3A content (8.4% determined by Rietveld refinement and
11% based on the Bogue calculations) compared to Cement A (5.5% determined by Rietveld
refinement and 8% based on the Bogue calculations). The negative effect of CsA on cement sulfate
resistance has been well-established in the literature [1], [2]. ASTM C150 [15] limits the C3A
content of portland cements to a maximum of 5% for high sulfate resistance and 8% for moderate
sulfate resistance. Therefore, Cement B could not be considered sulfate resistant, while Cement
A would be expected to provide moderate resistance to sulfate attack. In addition to C3A, increase
in C3S has also been reported to have a negative effect on sulfate durability [5], [7], [8], [16]-[18]
and could have possibly contributed to lower compressive strengths of Control BS.
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Figure 3-2: Compressive strength development of Control A and Control B mortars in 5%
sodium sulfate solution

As can be seen in Figure 3-3, all 30% cement replacements with slag and that were cured
in a saturated lime solution had higher compressive strengths compared to Control A at 180 days.
At 28 days, 30S16-A exceeded Control A by more than 600 psi. This is attributed to the higher
alumina content S16 resulting in higher early-reactivity. However, only modest strength increases
were observed for S16 after 28 days, while 30S8-A had the highest rates of strength gain after 28
days. This is likely due to a higher later-age reactivity of this slag. Ben Haha et al. [19] showed
that although early-age reactivity of low-Al>O3 slags is lower, their cumulative heat evolution is
higher at later ages compared to the high-Al2Os slags, indicating a higher later-age reactivity. In
another study, Ben Haha et al. [20] also reported higher later-age heat evolution for slags with
higher MgO content. Slags studied by Ben Haha et al. [20] were ground to similar fineness (500
+ 100 m?/kg) and had similar Al,O3 contents (11.3-12%). Although the heat evolution of cement-
slag mixtures was not measured in this study, Bentz et al. [21] showed that compressive strength
of mortar mixtures prepared at different w/cm ratios is a linear function of the heat of hydration
normalized by the amount of water present in the mixture. Oey et al. [22] applied this concept to
OPC+SCM mixtures containing accelerator. All the mixtures in the current study had the same
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w/cm ratio; therefore, compressive strength development of the cement-slag mixtures can be
assumed to be indicative of their heat evolution and consequently reactivity. Slag S8 had the
lowest Al,O3 and the highest MgO contents of all the slags in this study. Therefore, its high rate
of strength gain with Cement A at later ages is not surprising.
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Figure 3-3: Compressive strength development of Cement A-30% slag mortars stored in
saturated lime solution

Figure 3-4 shows the strength development of the 30% slag mortars with Cement B. At 28
days, only 30S16-B mortars had compressive strengths comparable to that of Control B, which is
similar to the trends observed with Cement A. However, leveling off in strength evolution was
observed for all mixtures incorporating Cement B at 91 days, indicating higher reactivity of
Cement B. Cement B had higher C3sS and CsA contents compared to Cement A, and would
therefore be expected to have a faster rate of reaction at early ages. This is confirmed by isothermal
calorimetry results (Figure 3-5), which show higher heat evolution for Cement B during the first
7 days, confirming its higher reactivity.
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Figure 3-4: Compressive strength development of Cement B-30% slag mortars stored in
saturated lime solution

400

350 -
300

250 -

200

——~Control A

100 - ——~Control B

a1
o
L

Total Heat (J/g of cement)
(BN
a1
o

0 T T T T

0 20 40 60 80 100 120 140 160 180
Age (hour)

Figure 3-5: Heat evolution of Control A and Control B mortars measured by isothermal
calorimetry at 23°C
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At 50% cement replacement with slag, 30S16-A again had the highest strengths of all the
Cement A-slag mortars at 7 days. At 28 days, all the slag mixtures exceeded the strength of Control
A. At 180 and 360 days, compressive strengths of all the slag mortars was significantly higher
than that of Control A. Interestingly, the low-alumina slag (S8) had the highest strength.
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Figure 3-6: Compressive strength development of Cement A-50% slag mortars stored in
saturated lime solution

For Cement B at 50% cement replacement with slag, the highest compressive strength was
observed for 50S16-B starting at 28 days (Figure 3-7). After 28 days, compressive strength of the
slag mortars appeared to increase with increasing Al>Os content of the slag. By 360 days, the effect
of the slag alumina content (8% to 16%) did not generate any differences in the observed strength
trends in the slag-blended mixtures. However, at 540 days, the lower-alumina slag showed slightly
higher strength.

With Cement A, a similar trend was observed at 70% cement replacement as at 30%
replacement (Figure 3-8). Increasing slag alumina content increased strength. However, by 540
days, no significant strength differences were noted in slag-blended mixtures of variable alumina
content.
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saturated lime solution
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Figure 3-8: Compressive strength development of Cement A-70% slag mortars stored in
saturated lime solution
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Similarly, Cement B slag-blended mortars showed lower strength than the control at 7 days.
By 180 days, all slag-blended mixtures showed higher strength than the control (Figure 3-9). At

540 days, the strength of all the slag-blended mixtures did not show any significant differences
related to the alumina content of the slags.
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Figure 3-9: Compressive strength development of Cement B-70% slag mortars stored in saturate
lime solution

Generally, the highest compressive strengths at 540 days for cement-slag mixtures in lime
solution were obtained at 50% cement replacement level. A decrease in compressive strength with
increasing slag content above an optimum value has been reported in the literature [23]-[26]. Oner
and Akyuz [23] suggested that the optimal replacement level is approximately 55-59% of the total
amount of binder material, while others proposed a 40% cement replacement level [24], [25] to
maximize compressive strength. A more accurate determination of the optimal slag content may

depend on the desired testing age. In this study, 50% slag content appears to be optimal for the
ages reported here.
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Additionally, it was observed in this study that for most slag mixtures, the 28-day
compressive strengths of the 30% and 50% slag mortars were similar, while compressive strength
of the 70% mortar was lower. This is not surprising as slag reacts slower than portland cement

[2].

Figure 3-10 through Figure 3-15 show compressive strength evolution of cement-slag
mortar mixtures exposed to 5% sodium sulfate solution. It was observed that cement replacement
with 30-70% slag improved strength evolution in a sulfate environment, indicating higher sulfate
resistance, during 540 days of exposure regardless of cement or slag composition, except for
30S16.

Figure 3-10 shows that the trends for the Cement A-slag mortars in sulfate solution were
very similar to those observed in lime solution (Figure 3-3), except the 30S11c-AS mixture had
the highest compressive strength at 360 days.
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Figure 3-10: Compressive strength development of Cement A-30% slag mortars stored in 5%
sodium sulfate solution

In order to quantify any potential decrease in strength due to sulfate attack, compressive
strength ratios expressed in terms of their respective 28-day strength of all the mortars at 91, 180,
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360 and 540 days were determined. Table 3-1 shows that out of all the slag mortars only the
30S16-A mixture experienced a drop in relative strength at 180 days. Slag S16 had the highest
Al>03 content of 16%, which is likely responsible for the observed decrease in strength.

Table 3-1: Compressive strengths at later ages relative to the 28-day strength (%) for Cement A-

30% slag mixtures exposed to 5% sodium sulfate solution

Age (days) Control A 30S8-A 30S1lc-A 30S16-A
91 103 119 111 105
180 83 113 118 98
360 59 99 118 80
540 23 103 N/A 21

For Cement B with 30% slag (Figure 3-11) the trends in sulfate solution were also similar
to those observed in lime solution (Figure 3-4), except for 30S16-BS mortar. As with Cement A,
a decrease in strength was observed for 30S16-BS compared to its 28-day value (Table 3-2), except
the drop in strength was higher than that of 30S16-AS and started earlier, at 91 days rather than at
180 days. Although ASTM C989 [27] does not address the effect of slags with Al>O3 contents in
the range of 11-18%, the standard states that addition of slag with Al.O3 content of 18% or higher
can have a negative effect on sulfate resistance when cement replacement levels are 50% or lower.
Although a decrease in sulfate resistance compared to the control was not observed in this study,
it appears that low additions of 16% Al.O3 slag only delay the drop in strength associated with
sulfate attack, and that improvement in sulfate resistance decreases with an increase in CsA content

of cement and increase in the slag alumina content.
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Figure 3-11: Compressive strength development of Cement B-30% slag mortars stored in 5%
sodium sulfate solution

Table 3-2: Compressive strengths at later ages relative to the 28-day strength (%) for Cement B-
30% slag mixtures exposed to 5% sodium sulfate solution

Age (days) Control B 30S8-B 30S11c-B 30S16-B
91 90 111 108 97
180 75 108 101 90
360 16 101 103 60
540 disintegrated 99 N/A 27

At 50% cement replacement, and for 180 days of exposure, no strength drop was observed
for any of the Cement A-slag mixtures compared to their respective 28-day strength values (Figure
3-12 and Table 3-3). The same trend was observed for Cement B-slag mortars (Figure 3-13 and

Table 3-4). It appears that increasing cement replacement from 30 to 50% improves sulfate
resistance of cement-slag mixtures.
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Figure 3-12: Compressive strength development of Cement A-50% slag mortars stored in 5%
sodium sulfate solution

Table 3-3: Compressive strengths at later ages relative to the 28-day strength (%) for Cement A-
50% slag mixtures exposed to 5% sodium sulfate solution

Age (days) Control A 50S8-A 50S11c-A 50S16-A
91 103 107 118 108
180 83 114 114 116
360 59 104 101 96
540 23 102 N/A 50
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Figure 3-13: Compressive strength development of Cement B-50% slag mortars stored in 5%
sodium sulfate solution

Table 3-4: Compressive strengths at later ages relative to the 28-day strength (%) for Cement B-
50% slag mixtures exposed to 5% sodium sulfate solution

Age (days) Control B 50S8-B 50S11c-B 50S16-B
91 90 106 117 114
180 75 118 121 104
360 16 105 116 62
540 disintegrated 100 N/A 30

Improvement in sulfate resistance with 70% slag addition compared to 30% slag addition
was observed as well (Figure 3-14, Figure 3-15. Table 3-5, Table 3-6). At 180 days, all the Cement

A-slag and Cement B-slag mixtures maintained compressive strengths above their respective 28-
day strength values.
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Figure 3-14: Compressive strength development of Cement A-70% slag mortars stored in 5%
sodium sulfate solution

Table 3-5: Compressive strengths at later ages relative to the 28-day strength (%) for Cement A-
70% slag mixtures exposed to 5% sodium sulfate solution

Age (days) Control A 70S8-A 70S11c-A 70S16-A
91 103 110 124 126
180 83 113 122 122
360 59 118 120 116
540 23 114 N/A 121
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Figure 3-15: Compressive strength development of Cement B-70% slag mortars stored in 5%
sodium sulfate solution

Table 3-6: Compressive strengths at later ages relative to the 28-day strength (%) for Cement B-
70% slag mixtures exposed to 5% sodium sulfate solution

Age (days) Control B 70S8-B 70S11c-B 70S16-B
91 90 105 117 130
180 75 117 113 118
360 16 113 109 115
540 disintegrated 102 N/A 102
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3.4 Conclusions

Compressive strength data were collected for mortar cubes exposed to lime and sulfate

solution for mixtures prepared using Type Il and Type | cements. The findings indicate:

1. Compressive strengths of cements A and B in lime solution were very similar.

2. Cement replacement with slag decreased compressive strengths at 7 and, in some cases, 28
days in lime solution. However, by 91 days compressive strengths of all the slag mixes
were comparable to those of their respective control and exceeded the strength of the
control at 181 days.

3. In lime solution, 50% slag addition resulted in maximum compressive strength for most
slag mixtures compared to 30 and 70% cement replacement.

4. Both control mixtures, exposed to sulfate solution, experienced a significant strength drop
by 180 days. Control B disintegrated at an age of 540 days due to the higher tricalcium
aluminate and silicate content of the cement.

5. Cement replacement with slag content of 70% improved sulfate resistance compared to the
plain cement mixtures regardless of slag composition. However, mixtures with cement A
sustained better performance compared to their respective 28-day strength up to an age of
540 days.

6. At lower replacement levels of 30 and 50%, the slag with lower alumina (S8) content
showed better performance than slag with higher alumina (S16). A substantial drop in
strength was observed for S16 at 540 days of exposure to a sulfate solution, corresponding
to 30% of its respective 28-day compressive strength. This was attributed to the high Al,O3

content of this slag.
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Chapter 4  Effects of Slag Properties on Sulfate Durability of Cementitious Mixtures
4.1 Introduction

As discussed previously, sulfate attack is a durability issue of major concern in Florida.
ASTM C1012 [1] is a laboratory test that is most commonly used to assess sulfate resistance of
ordinary portland cement (OPC) and cementitious materials [2] exposed to an external sulfate
source. This test measures expansion of mortar bars exposed to sulfate solution. Both secondary
ettringite formation (conversion of monosulfate (CsASH12) to ettringite (CeASsHs2)) and
secondary gypsum formation (reaction of CH with external sulfate ions to form gypsum) are
accompanied by overall expansion caused by an increase in solid volume [3]-[9]. Sulfate attack
by either of these mechanisms can be identified using ASTM C1012 [1]. Although more common
in the presence of magnesium sulfate rather than sodium sulfate [10], sulfate attack can also be
manifested through decalcification of C-S-H [11]. This form of sulfate deterioration is not
accompanied by an increase in volume, but results in microcracking and loss of strength and
cohesion [2], [10].

Cement replacement with supplementary cementitious materials (SCMs) is one of the
common approaches to improve concrete sulfate durability. ASTM C989 [12] states that cement
replacement with low-alumina slag, defined as slag of alumina content of 11%, can improve sulfate
resistance of the mixture, while cement replacement with high-alumina slag (18%) can decrease
sulfate resistance at replacement levels of 50% and lower. However, the standard does not address
the effect of slags with alumina contents between 11 and 18% on sulfate resistance of the blended
mixtures. Since commercials slags with alumina contents of 12% and higher are commonly
available in Florida, it is imperative to assess the effect of slag AloOs content in this range on

sulfate durability.
4.2 Materials and Experimental Methods

Four cements (Cement A, Cement B, Cement C and Cement D) and five slags (S8, S11c,
S11f, S14 and S16) were used in this part of the study. Cements A and B were ordinary portland
cements (OPCs) with similar fineness and an equivalent alkali (Na2Oeq) content of less than 0.6%,

62



and differed mainly in their CzA and CsS contents. Cements C and D had oxide compositions
similar to Cement B except they had higher SOz and higher equivalent alkali contents
(approximately 4% and 1%, respectively). Cement D had a higher fineness compared to Cement
C. Slags were selected based on Al>O3 contents (8-16%), finenesses, and MgO contents. The

characterization of these cements and slags is presented in Table 4-1, Table 4-2,
Table 4-3 and Table 4-4.

Table 4-1: Chemical oxide composition and physical properties of cements

Analyte Cement A | CementB | CementC | Cement D
(wt %) (wt %) (wt %) (wt %)
SiOz 21.2 20.1 19 18.8
Al2O03 5.15 5.6 5.9 5.7
Fe203 3.61 2 2.8 2.5
CaOo 63.91 64.4 60.8 61
MgO 0.7 0.9 2.5 2.7
SO3 2.59 3.6 4 4.2
Na.O 0.14 0.08 0.32 0.3
K20 0.31 0.47 11 1.02
L.O.1. (950°C) 1.66 1.8 24 2.9
Total 99.89 99.56 99.82 100
Na2Oeq 0.35 0.39 1.05 0.97
Mean size (MPS) (um) 12.26 13.81 16.50 10.32
Blaine Fineness (m#/kg) 413 474 436 522
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Table 4-2: Mineralogical composition of cements determined by Rietveld analysis

Cement A Cement B Cement C Cement D

Phase Type 11(MH) Type | Type | Type I

wt %) (wt %) (wt %) (wt %)
CsS 48.1 54 48.1 49.5
C2S 23.1 17.3 15.6 13.4
C3A 55 8.4 8.3 8.1
Ferrite 9.9 5.6 7.6 6.8
Gypsum 2.6 4.3 3.8 2.2
Hemihydrate 1.5 1.4 1.7 3
Anhydrite 0 0.1 0 0
Calcite 1.2 0.3 1.6 1.8
Portlandite - 0.2 0.2 0.2
Syngenite 0.7 0.4 0.9 0.7
Quartz 0.1 0.1 0.2 0.3
Aphthitalite - 0.2 0.5 0.4
Amorphous/
nidentified 72 8 o1 10.5

Table 4-3: Chemical oxide composition and physical properties of slags

Slags
Analyte
S8 Sllc | S1if S14 | S14(S) | S16
38.59 | 36.15 | 35.67 | 3544 | 33.7 | 32.86
8.09 | 10.71 | 10.82 | 14.25 | 13.67 | 16.29
0.51 0.7 0.54 0.45 0.69 0.36
38.11 | 37.41 | 41.93 | 41.06 | 4148 | 37.98
10.83 | 11.27 7.9 5.25 5.33 8.88
Total SO3 2.21 2.33 1.91 1.99 3.02 2.61
S as sulfide (slag) 0.89 - 0.68 0.67 | 0.635 | 0.952
SOs as sulfate (slag) -0.02 - 0.22 0.31 1.43 0.23
0.3 0.26 0.2 0.2 0.25 0.37
0.38 0.37 0.37 0.3 0.26 0.44
L.0.1(950°C) 1.15 - 0.53 1.06 1.37 0.4
99.89 | 100.09 | 99.85 | 99.84 | 99.77 | 100.41
0.55 0.51 0.44 0.4 0.42 0.66
Mean particle size (MPS) (um) | 9.16 | 10.855 | 8.36 11.15 | 12.344 | 11.80
Blaine fineness (m#/kQ) 642 589 680 574 595 466
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Table 4-4: Mineralogical composition of slags determined by Rietveld analysis

Phase Slags
S8 Slic S11f S14 | S14(S) | S16
Calcite 0.7 0.5 0.3 0.6 0.6 0.3
Melilite 05 0.4 0.2 0.5 0.5 0.7
Merwinite - 0.7 0.7 - - -
Quartz - 0.1 - 1.5 0.1 -
Gypsum - - - 0.4 1.1 -
ﬁ;‘:‘ggﬁ[‘lz‘g 989 | 983 | 988 | 97 | 97 | 99.0

The effect of slag characteristics on sulfate durability were evaluated by measuring length
change of mortar bars stored in 5% sodium sulfate solution in addition to mortar cube strength
discussed previously in Chapter 3. Mortar bars were prepared and tested following ASTM C1012
[1], except the water-to-cementitious materials (w/cm) ratio was maintained constant at 0.485 for
all the mixtures. Initial curing was conducted in an oven maintained at 35°C (+/-3°C). Per
specifications mortar cubes, of matching mixture design to the mortar bars, must reach a strength
of 3000 (+/-150) psi prior to mortar bar exposure to the sulfate environment. Slag mixtures were
prepared with Cements A, B, C and D. According to the Mill Certificates, Cement A is a Type
IH(MH) OPC while Cement B and C are Type | OPC and Cement D is a Type Il OPC cement,
ASTM C150 [13]. Four cement replacement levels of 0, 30, 50, and 70% were used in this study
to assess the effect of slag alumina content. Additional mixtures were prepared to study the effect
of slag fineness at a replacement level of 70%. For this part, two slags of different grinds S11c
(Blaine fineness = 589 m?/kg) and S11f (Blaine fineness = 680 m?/kg) were obtained from the
same commercial source. Mixtures were prepared with the 4 cements (Cement A, B, C and D). A
limited expansion set prepared with a slag of alumina content of 14% was initiated to study the
effect of calcium sulfate addition on the expansion trends of high-alumina slag using Cements B,
C and D. Both unsulfated slag (S14) and its sulfated form (S14(S)) were obtained from the same

commercial source.

For all expansion bars, length change measurements were carried out at 1, 2, 3, 4, 8, 13,

and 15 weeks, and also at 4, 6, 9, and 12 months after immersion in the sulfate solution as
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prescribed by ASTM C1012 [1]. The sulfate solution was changed at these intervals as well. For
some mixtures, data was collected for 18 months and for those mixtures the solution was changed
also at 15M. Additional length change measurements were taken when rapid expansion of the bars
was observed, although the solution was not changed after these additional readings. Each time
the solution was changed, the pH of the freshly prepared solution was measured using a pH meter,

to ensure its value is within the specified range (pH= 6-8).

The effect of slag characteristics on microstructure was studied using x-ray diffraction
(XRD) for selected mixtures prepared with slags of low, medium and high alumina content and
Type 1I(MH) cement (Cement A). In order to characterize phase content before sulfate exposure,
pastes were prepared by hand mixing for 5 minutes and cured at the same conditions as the mortar
bars, at 35°C during the first 24 hours and then at 23°C until the age of immersion into sulfate
solution. Additionally, XRD measurements were performed on the high (16%) and low (8%)
alumina slag-blended mortar bars after 1 year of sulfate exposure. The phase composition was
determined at the surface of the bars, which would have the highest concentration of external
sulfate ions, and the core, which should only contain background levels of sulfates [14], [15].
Approximately 1 mm of the bar was removed from the surface for the XRD measurements, and
the remainder was used to prepare the core sample for samples that did not show deterioration.
For deteriorated samples that exhibited spalling and softening of the surface, the softened material
was removed until the intact solid core remained. After crushing, mortar samples were gently
ground by hand with mortar and pestle in order to minimize formation of additional x-ray
amorphous content due to the grinding effects [16]-[18]. The material was then sieved through a
45-um sieve to separate the sand. The fraction passing 45 pum was then mixed with an internal
standard in order to determine the amorphous/unidentified content of each sample [19], [20].
Standard reference material (SRM) 676a obtained from the National Institute of Standards and
Technology was used as an internal standard in this study. SRM 676a is a corundum (a-Al203)
powder of high purity and high crystallinity (99.02% crystalline) [21], which is considered to be
the best material for this application [22]. SRM 676a was mixed with the sample by hand in order
to avoid increasing the amorphous content. No specific technique was used to stop the hydration,

as samples were loaded into the diffractometer immediately after preparation.
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XRD measurements were performed using a Phillips X Pert PW3040 Pro diffractometer
equipped with the X’Celerator Scientific detector and a CuKa Xx-ray source. Tension and current
were set to 45 kV and 40 mA, respectively. Scans were performed in the range of 7 - 70° 26, with
a step size of 0.0167° 26. Samples were then loaded into the sample holder using a back-loading
technique in order to minimize preferred orientation, and placed onto a spinner stage that was
rotating at 30 rpm in order to improve counting statistics [23]. Phase quantification was performed

using the Rietveld refinement functionality of the PANalytical HighScore Plus 4.5 software.

In addition, thermodynamic modeling was performed on the same mixtures analyzed by
X-ray diffraction using the Gibbs free energy minimization software GEMS 3 [24]-[26].
Thermodynamic data was taken from the default Nagra-PSI database [27] and CEMDATA14 [28]
for cement-specific compounds. GEMS models phase assemblage at equilibrium. Therefore,
100% and 70% degrees of hydration were assumed for ordinary portland cement (OPC) and slag,
respectively. This degree of slag hydration is widely used in the literature for GEMS modeling of
OPC-slag blends [29], [30] and can be expected in samples at the age of 1 year [31]. Sulfate attack
was modeled by varying the cementitious-materials-to-Na>SOs solution ratio. This assumes that
the cores of the bars are exposed to very small amounts of sulfate solution, while the surfaces are
exposed to large volumes of solution. This approach has been described in several publications
[32]-[35], and, as Lothenbach et al. [32] pointed out, is fast and convenient, although “the
calculated data relate neither to time nor to distance and merely the sequence of changes is
reproduced.”

4.3 Results and Discussion
4.3.1 Length change measurements
4.3.1.1 Effect of slag alumina content

Figure 4-1 shows the expansion of the control mortar mixtures prepared with as-received
cements A and B. Control B had a well-defined induction period of approximately 50 days, during
which only minor changes in length were recorded. After 50 days, the rate of expansion of Control

B increased dramatically, and expansion of almost 1% was recorded at 105 days. Although the
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induction period for Control A was not as well-defined, it was approximately 180 days. The
subsequent rate of expansion was significantly lower compared to Control B. This was expected
based on the lower C3A and CsS content of Cement A as both are known to influence cement
sulfate durability [3], [6], [36]-[38]. Control B bars broke following the 105-day measurement as
indicated in Figure 4-1, where “X” indicates the last measurement, after which the set could not be

measured.

Compressive strength results for the control mixes were in line with the expansion results.
The drop in compressive strength for Control B cubes stored in sulfate solution was observed after
28 days, while for Control A the strength started to decrease after 91 days, Figure 3-2.
Additionally, the drop in strength for Control B at 360 days compared to its 28-day strength was
significantly higher than for Control A.
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Figure 4-1: Length change of as-received cements mortar bars in 5% sodium sulfate solution

Addition of S8 slag significantly reduced expansion compared to Control A (Figure 4-2a).

In fact, no significant expansion was recorded for S8-A mixtures regardless of the cement
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replacement level. At 1 year, the expansion of S8-A bars was well below 0.1%, and all the
mixtures appeared to still be in the induction period. Expansion of 0.10% at 1 year is specified by
ACI 201.2R [39] as the limit for the S2 (severe) category of sulfate exposure. At an age of 18
months, all S8 replacement levels were below 0.1% expansion, thus passing the expansion limit

specified for the S3 (very severe) exposure condition, [39].

The same trend was observed with S8 addition to Cement B (Figure 4-2b) for the first 360
days. This is consistent with the findings reported in the literature [40], [41] and ASTM C989
[12], which states that low-alumina (11%) slags improve sulfate resistance regardless of cement
characteristics or cement replacement level. However, when data collection was extended to 18
months, the low replacement level mixture (30S8-B) showed an expansion of 0.34%, well above
the S3 exposure limit. This is not surprising as Cement B has tricalcium aluminate content of 11%
and S8 has a Blaine fineness of 640 m?/kg; both factors can increase the sulfate demand for
optimum performance in a sulfate environment. It is to be noted that compressive strength data for
all replacement levels for S8 mixtures with cement A or Cement B did not show significant
strength drop at 540 days of exposure to sulfate solution, though performance in blended mixtures
with Cement A was better than those with Cement B.
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Figure 4-2: Length change of S8 mortar bars blended with a) Cement A and b) Cement B
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Slag S11c behavior was very similar to that of S8 with Cement A up to 300 days, except
expansions recorded for the S11c-A mixtures (approximately 0.08%) were slightly higher than
those recorded for the S8-A mixtures (0.06%) (Figure 4-3a). All Figures have been noted with “0”
to indicate the first broken bar and “X” to indicate the last measurement, after which the set could
not be measured. With Cement B, addition of S11c slag also significantly reduced expansion
compared to Control B, and had similar expansion compared with Cement A during the induction
period (Figure 4-3b). However, the onset of rapid expansion was observed at an earlier time than
with Cement A, and 30S11c-B bars had the highest expansion (0.36%) out of the S11c-B mixes at
360 days. The end of the induction period for this mixture was observed at 240 days. As with
Cement A, none of the S11c-B bars exceeded the 0.10% expansion at 1 year except for the 30S11c-
B mixture. The higher expansion of S11c compared to S8 is not unexpected. Hooton and Emery
[41] reported an increase in expansion with increasing Al.Oz content from 8.4% (Blaine fineness
of 396 m?/kg) to 11.4% (Blaine fineness of 398 m?/kg) at a constant cement replacement level of
50%. Only slight differences in expansion, similar to those observed in the current study, were
reported during the induction period, after which time the expansion rate of the 11.4% Al.Os slag
increased dramatically. Slag replacement levels above 50% are expected to increase sulfate
durability [12], [42], [43] and has been noted here for S11c with Cement A and Cement B. Both
mixtures showed expansion less than 0.1% at 18 months.

As discussed earlier in Chapter 1, the literature indicates that the Blaine fineness of slag
affect its rate of reaction. It is therefore expected to affect phase assemblage and subsequently
sulfate durability. The 11.4% Al.Os slag used in [41] had a Blaine fineness of 398 m?/kg compared
to S11c with a Blaine fineness of 589 m?/kg. Higher slag fineness increases slag reactivity and
subsequently the blended system sulfate demand. While assessing phase assemblage prior to and
post sulfate exposure can be helpful in explaining expansion trends noted here, it would be
interesting to assess expansion trends with different grinds of slag. This data will be presented later

in this chapter.
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72




Increasing slag Al>Os content from 8-11% to 16% dramatically changed the behavior of
slag mortar bars in sulfate environment (Figure 4-4). Addition of S16 slag to Cement A at 30 and
50% cement replacement decreased sulfate resistance compared to Control A mixture, as it
reduced the length of the induction period by almost half, (Figure 4-4a). While no large expansions
were recorded, length change measurements for these mixtures had to be terminated as all the bars
broke when they reached an expansion of approximately 0.15-0.2%. As mentioned previously,
based on the Bogue-calculated C3A content (8%), Cement A is classified as moderate-sulfate
resistant according to ASTM C150 [13]. Rietveld refinement showed that the actual C3A content
of this cement was even lower (5%). Based on Figure 4-4a, it appears that replacement of a
moderate-C3A cement with high-Al>O3 slag at 50% or lower had a negative effect on sulfate
durability. 70% cement replacement, however, was sufficient to improve sulfate resistance as
70S16-A bars were still in the induction period at the age of 1 year, and their expansion was below
0.1%. However, extending measurements to an age of 540 days, all bars failed prior to an age of
540 days whether prepared with Cement A or B. This indicates that data monitoring for a period
of 12 months might not be adequate to assess performance of slag-blended mixtures exposed to a

sulfate environment or where high sulfate resistance is required.

Addition of S16 slag to Cement B improved the sulfate resistance compared to Control B
(Figure 4-4b). The induction period was extended to 90 and 150 days with 30 and 50% cement
replacement, respectively, and at 70% cement replacements no onset of expansion was observed
up to the age of 300 days though all bars broke by an age of 480 days. However, the 30S16-B and
50S16-B bars broke when their expansion reached approximately 0.1%, which indicates that even
though the onset of expansion was delayed compared to Control B with addition of S16 slag, 30-
50% cement replacement was not adequate to provide improvement in sulfate resistance. This is
in agreement with compressive strength data (Chapter 3) where S16 blended mixtures at 30% and

50% replacement showed substantial strength loss at 360 and 540 days.

73



a) 30S16-A, x = 150 d —e— Control-A
0.9 1 X VSl . -30516-A
0.8 4 50S16-A, x = 150 days —o—50S16-A
' --m--70S16-A
70S16-A, x = 450 days
0.7 A1
06 -
s
‘s 0.5 1
C
S
S 0.4 -
N
0.3 4
0.2
0.1 - = SR T
0 T T T T T T T
0 60 120 180 240 300 360 420 480 540 600
Time (days)
. ) —e— Control-B
0o | D f 30S16-B, x = 104 days —o Sontrol
50S16-B, x = 180 days —e—50S16-B
08 A --=--70S16-B
70S16-B, 0 =420 days, x = 480 days
0.7

E)_(CBan!s:l)on gﬁ))
B (&) o

o o
N W

o

o
.‘
i
E
jlﬁ

Time (days)

240 300 360

420 480 540 600

Figure 4-4: Length change of S16 mortar bars blended with a) Cement A and b) Cement B

74




4.3.1.2 Effect of slag fineness

In order to study the effect of slag fineness on performance and durability of slag-blended
cementitious systems, a finer grind or a Grade 120 was requested from the commercial S1lc
source. The fine grind of S11c, S11f, had a Blaine fineness of 680 m?/kg compared to S11c, which
had a Blaine fineness of 589 m?/kg. The results are presented in Figure 4-5 for S11 blends with
Cement A (Type I1(MH), Na2Oeq = 0.35), Cement B (Type I, Na;Ogq = 0.39), Cement C (Type I,
Na2Oeq = 1.05) and Cement D (Type Ill, Na:Oeq = 0.97) at 70% replacement. The highest
replacement level was selected here as it showed the lowest expansion among all replacement
levels of 30, 50 and 70% studied with S11c. Though 70S11c samples showed performance similar
to S8 in that it passed the criteria for the most aggressive exposure to sulfates (Class S3, ACI
201.2R-16 Table 6.1.4.1b), 70S11f samples (Slag S11f was Grade 120 and had a significantly
higher Blaine fineness than S11c) did not perform well in three out of the four cements blends
used here. The mixtures for Cement D, with the coarse and the fine grind of S11, are not yet
available for data collection at an exposure time of 18 months. The rate of reaction of cementitious
materials is known to affect phase assemblage [44]. Higher slag fineness indicates more surface
area available to participate in the hydration reactions and can affect the sulfate balance in the pore
solution, alumina availability, and therefore affect the calcium aluminate hydration products. This
can result in a higher sulfate demand for durable performance. Locher [45] indicates that
increasing slag fineness from 300 m?/kg to 500 m?/kg decreased sulfate resistance, and a slag
replacement higher than 65% is needed to improve sulfate resistance of the higher fineness slag.
Though the low- and high-fineness slags used in Locher’s study had lower fineness than the
coarsest slag used here, slag 70S11c of Blaine fineness of 589 m?/kg did improve sulfate resistance
with Type I, Type I1(MH) and Type 11l cements and met “S3” exposure classification. However,
slag 70S11f (680 m?/kg), though improving performance compared to its respective controls with
Type | and Type 1I(MH) cements, cannot be used for “S3” exposure classification, even at such a

high replacement level.
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Figure 4-5: Effect of slag fineness on expansion behavior (Blaine fineness of S11c is 589 m?/kg
and Blaine fineness of S11f is 680 m?/kg)

4.3.1.3 Effect of sulfate optimization

Calcium sulfate and limestone are added in order to improve performance of high-alumina
slags in regions where there is shortage of low-alumina slag [46]. Addition of sulfates stabilizes
ettringite in the high-alumina slag while addition of limestone results in the formation of hemi- or
monocarboaluminates. Though hemi-and monocarboaluminates will eventually convert to
ettringite, the phenomena of external sulfate attack will be substantially delayed. A commercial
slag with alumina content of 14% was collected without calcium sulfate addition, S14, and with
about 1.4% calcium sulfate addition, S14(S). The elemental oxide composition and Blaine fineness

are reported in
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Table 4-3. Expansion data were collected for three cements at 3 replacement levels and are
depicted in Figure 4-6 through Figure 4-8. At 30% replacement, Cement B blended with slag
S14(S) passed the 180 days criteria (ASTM C989-18), for moderate sulfate resistance (expansion
< 0.1% at 6 months), but all specimens broke beyond the 6 month reading, while S14 broke prior
to the 6 month reading. This is similar to the behavior noted at the 50% replacement level where
all specimens broke in the time interval between 4 months and 6 months for the unsulfated slag,
while the sulfated slag broke between 6 months and 9 months. Expansion of S14(S) at 6 months
was 0.07%. At 12 months and a replacement level of 70 % , mortar bars showed expansion of
0.08% and 0.06% for S14 and S14(S), respectively. The S14 expansion at 18 months exceeded the
ACI criteria of 0.1% for very severe sulfate exposure (S3) [2] by 0.01%. Data is not yet available
for S14(S) at 18 months to verify meeting the 0.1% criteria for Class S3 expsoure. It appears that
at lower replacement levels of slags, the chemical characteristics of the parent cement are of
significance to the performance of high-alumina slag-blended systems. Cements B had a sulfate
content of 3.6% and SOs/Al>Os3 ratio of 0.64 while for Cement C the sulfate content was 4.0% and
a SO3/Al203 ratio of 0.68 and Cement D has an SOz content of 4.2% and SOs/Al.Oz ratio of 0.74.
Using cements of the same tricalcium aluminate content of 11% but higher sulfate content lowered
the expansion at all replacement levels for the sulfated S14(S) as well as the unsulfated S14 slag-
blended systems. This can be seen when comparing Cement B blends versus Cement C or Cement
D blends. For S14 at 30% replacement of Cement B, the specimens had expansion of 0.35% at 4
months and broke at 5 months while for Cement C blends, expansion for the same replacement
level was at 0.19% at 6 months and the specimens broke at a later age of 7 months. Cement D had
an expansion of 0.56% at 12 months when it broke. At 50% replacement, it appears that for high-
alumina slags, sulfate durability is affected by the cement chemistry as well as the slag sulfate
content. The SO3/Al>O3 ratio of the slag as well as the portland cement affects sulfate durability
of the slag-blended system. Though the blended systems performed better than their respective
control at higher replacement level, the performance of high-alumina slag-blended systems was

not as good as the low-alumina slag even when sulfated, Figure 4-9 through Figure 4-11.
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Figure 4-6: Length change of mortar bars for unsulfated slag (S14) and sulfated slag S14(S)

blended with Cement B
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Figure 4-7: Length change of mortar bars for unsulfated slag (S14) and sulfated slag S14(S)
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Figure 4-9: Comparison of expansion behavior of low-alumina slag S8 and sulfated high-alumina
slag S14(S) blended with Cement B
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Figure 4-11: Comparison of expansion behavior of low-alumina slag S8 and sulfated high-
alumina slag S14(S) blended with Cement D

4.3.2 Visual observation at 1 year

The visual progress of deterioration for slag mortars differed from OPC mortars. Figure
4-12a shows the appearance of Control B bars at 91 days, at the first signs of warping, which
corresponded to an expansion of approximately 0.52%. Some deterioration and spalling were
observed at the corners, as well as overall warping of the bars. Increased warping and warping-
induced cracking that initiated at the bottom of the bars were observed at 105 days (Figure 4-12b),
which corresponded to an expansion of 0.97%. By 120 days, most of the bars were broken and
could not be measured (Figure 4-12c). For Control A, only minor spalling at the edges and corners

was observed at 1 year (Figure 4-13).
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Figure 4-12: Control B sample after a) 91 days, b) 105 days and c¢) 120 days of exposure to 5%
sodium sulfate solution
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Figure 4-13: Control A sample after 1 year of exposure to 5% sodium sulfate solution

As for the slag mixtures, no visual deterioration has been observed for mortars with S8 at
any cement replacement level, whether with Cement A (Figure 4-14) or B. This is consistent with
the length change measurements that showed no expansion for the S8 mortars with either cement

up to the age of 1 year.

Figure 4-14: S8-A bars after 1 year of exposure to 5% sodium sulfate solution
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Similar to S8 samples, the S11c-A samples did not show any deterioration for the first year
at all replacement levels. However, for mixtures prepared with S11c and Cement B, deterioration
was observed at the 30% replacement level at one year. The higher slag fineness (Blaine fineness
of 680 m?/kg) of the S11f-A samples resulted in deterioration, even at the highest replacement
level (70%), as can be seen in Figure 4-15. This is consistent with the expansion measurements,
where higher expansion was recorded for the 70S11f-A mortar bars (Figure 4-5). Deterioration of
the S11f-A mortar bars was observed in the form of spalling, and was mostly confined to the ends

of the bars.

70S11f-A

Figure 4-15: S11f-A bars at 1 year of exposure to 5% sodium sulfate solution

The most rapid deterioration was observed for the 30S16-B bars; however, the deterioration
progress was different from the control mixture. Only one measurement could be taken after the
onset of rapid expansion as shown in Figure 4-4. At 105 days, more extensive spalling was
observed (Figure 4-16a) than in the Control B samples, despite significantly lower expansion
(0.11%). At 120 days, a majority of the bars had a single crack as shown in Figure 4-16b, and
extensive spalling at the edges was observed (Figure 4-16c), more severe than in Control B
samples. No evidence of warping was observed. Similar deterioration was observed for 30S16-
A bars.
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This difference in failure between the OPC and OPC-slag mortars is in line with the
observations by Yu et al. [14], who also reported that test failure in OPC-slag mortar bars that were
exposed to sodium sulfate solution occurred by cracking rather than by excessive expansion. They
proposed that deterioration of slag mixtures in sodium sulfate environments was due to progressive
spalling of the surface layer, rather than internal expansion and cracking, as found with OPC
mortars. The authors attributed this to pore refinement in sulfate-exposed OPC-slag samples since
sulfate ions in the slag samples were concentrated within 1 mm of the surface. Whittaker et al.
[15] also reported that the depth of sulfate ion penetration was lower for slag-containing mortars,
with the highest concentration observed at 0.5-1 mm below the surface. A sharp drop in sulfate
concentration was observed after 1 mm, while a concentration gradient existed in the plain OPC

mortar.

Figure 4-16: 30S16-B bars after a) 105 days and b) 120 days of exposure to 5% sodium sulfate
solution; c) close-up view of the deterioration at 120 days.
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More extensive spalling was observed for 50S16-B bars as can be seen in Figure 4-17.
Deterioration was noted at 91 days, before the onset of rapid expansion, and became severe by 180
days, even though expansion at this age was only 0.12%. Similar deterioration was observed with
Cement A for 50S16-A bars after 150 days (0.09% expansion), which was the last measurement
age before all the bars broke (Figure 4-18). It appears that the length change measurements alone
are not able to capture the progress of deterioration due to sulfate attack in the slag-containing
mortars, as expansion of slag mortars prior to failure was significantly lower than that of their
respective control mixtures. Visual signs of damage should also be used as a performance
indicator. It has also to be noted that the strength measurements presented in Chapter 3 for S16
showed a substantial drop in strength on exposure to the sulfate environment at the 30 and 50%

replacement levels for both Cement A and Cement B blends.

a)

Figure 4-17: 50S16-B bars after a) 91 days and b) 180 days of exposure to 5% sodium sulfate
solution.
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Figure 4-18: 50S16-A bars after 150 days of exposure to 5% sodium sulfate solution

Greater visual deterioration of sulfate-exposed OPC-slag mortar samples with increase in
slag Al,O3 content was previously reported by Gollop and Taylor [42]. The authors also reported
increased decalcification of C-S-H with increasing Al>O3 content of slag. They speculated that
due to the low amount of CH observed, the calcium ions from C-S-H were used in the formation
of ettringite [42], [47].

4.3.3 Microstructural Characterization
4.3.3.1 Characterization of Microstructure Prior to Sulfate Exposure

ASTM C1012 [1] specifies that the compressive strengths for companion cubes, prepared
and match-cured together with the mortar bars, must reach 20.0 + 1.0 MPa [3000 + 150 psi] or
higher prior to exposure of the bars to sulfate solution. Both bars and cubes are stored in saturated
lime solution until this strength is reached. The control bars had reached minimum strengths at 24
hours and did not need curing in lime solution; however, the OPC-slag samples required curing in
lime solution for lengths of time that were proportional to the cement replacement level. The
lengths of curing time in lime solution needed to reach minimum strengths for cement
replacements of 30%, 50%, and 70% were 1 day, 2 days, and 3 days, respectively. In order to
assess the phase assemblage and characteristics of the pore network at the time of sulfate exposure,
which play an important role in determining sulfate resistance, pastes were cured under the same

conditions as the mortar bars and selected mixtures were analyzed to better understand the effect
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of slag alumina content on the performance of slag-blended cementitious mixtures in sulfate

environment.
4.3.3.1.1 X-Ray Diffraction Analysis of Pastes

Table 4-5 presents the phase composition of selected samples made with Cement A prior
to sulfate immersion, at an age of 2 days for 30% replacement and 3 days for 50% replacement
and 4 days for 70% replacement. Those ages correspond to the ages at which the specimens
reached the specified strength requirement per ASTM C1012 for sulfate immersion. Generally,
cement replacement with slag lowered the amounts of CH, ettringite, and unreacted clinker phases
due to reduction of cement content. Formation of hemicarboaluminate (hemicarbonate) and
hydrotalcite was noted in the presence of slag, and their amounts increased with increasing slag
content. Monosulfoaluminate (monosulfate) was also observed in 70S11f-A, 50S16-A, and 70S16-
A samples. Formation of monosulfoaluminate and hydrotalcite in OPC-slag samples has been
previously reported in the literature and is attributed to the release of alumina during slag hydration
[15], [47], [48], [49]. Presence of monosulfoaluminate indicates potentially lower durability of
these mixes in sulfate environments as monosulfate will convert to ettringite on exposure to
sulfates. It can also indicate that the system might not be sulfate-optimized for external sulfate
exposure. However, the pore structure of the paste component will be an important factor in
determining how much sulfate will reach these phases to cause secondary ettringite formation.
Also noted is the belite content at 70% replacement with S16 and S11f, which is lower compared
to 70S8 and 70S11c mixtures. This can possibly indicate that the blended system belite reactivity

is higher in the presence of high-alumina slag, high-fineness slag, or both.
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Table 4-5: Phase quantification before sulfate exposure of paste samples using Cement A

Phase (osoamplelD Control A | 30S8-A | 50S8-A | 70S8-A | 30S11c-A | 50S11c-A | 70S11c-A | 70S11f-A | 30S16-A | 50S16-A | 70S16-A
Alite 8.5 1.8 11 0.3 1.6 11 0.2 0.7 1.2 0.6 0.5
Belite 10.1 6.4 5.0 2.9 5.9 4.0 2.8 2.0 o5.7 4.2 1.6
Aluminate 1.2 0.2 0 0 0.2 0.0 0.0 0 0.2 0 0
Ferrite 2.1 0.9 0.4 0 0.8 0.0 0.0 0 0.4 0 0
Calcite 0.2 0 0 0 0.0 0.0 0.0 0 0 0 0
Quartz 0 0 0 0 0.1 0.1 0.1 0.1 0 0.1 0.1
CH 8.2 6.8 3.9 14 6.6 3.6 11 11 o5.7 3.4 1.2
Ettringite 4.2 3.3 2.1 1.7 3.8 1.8 1.0 0 3.8 0.4 0
Monosulfate 0 0 0 0 0.0 0.0 0.0 0.5 0 11 1.3
Hemicarbonate | 0 0.6 1.2 1.6 0.8 1.4 1.4 0.5 0 0.8 1.0
Hydrotalcite 0 0 0 0.19 0.0 0.0 0.6 0.5 0 0.1 0.6
Amorphous 65.5 80.0 |86.2 92.0 80.1 87.9 92.9 94.6 82.9 89.4 93.51
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4.3.3.1.2 Mercury Intrusion Porosimetry

Mercury intrusion porosimetry was used to evaluate the effect of slag composition and
replacement level on pore structure of the paste samples prior to sulfate exposure at the same ages
as the XRD samples. Figure 4-19 through Figure 4-21 present the cumulative and differential
intruded pore volumes for all the samples. Examination of these plots shows that cement
replacement with slag generally resulted in an increase in the intruded pore volume compared to
the control, except for the 70S11f-A and the 70S16-A samples. Slag additions also produced a
broadening of the intruded pore size distribution, indicated by reduced slopes of the cumulative
curves, in which there was both coarsening (more larger pores) and refining of the pore structure
(more smaller pores). The 70S11f-A and 70S16-A samples also showed a broadening of the
intruded pore size distribution; however, only refining of the pore structure occurred, resulting in
a reduction in cumulative intruded pore volume, which may have been related to the higher

fineness of the S11f slag and the higher reactivity of S16 high-alumina slag.
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Figure 4-19: a) Differential pore size distribution and b) cumulative intruded volume for Control
A and S8-A pastes prior to sulfate immersion.
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Figure 4-20: a) Differential pore size distribution and b) cumulative intruded volume for Control
A and S11-A pastes prior to sulfate immersion
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Figure 4-21: a) Differential pore size distribution and b) cumulative intruded volume for Control
A and S16-A pastes prior to sulfate immersion
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Three parameters are typically obtained from the MIP curves: total intrudable porosity
(4in), critical pore diameter (dc), and threshold pore diameter (di) [50], [51]. Total porosity
corresponds to the maximum volume of mercury intruded on the cumulative porosity curve and
describes the volume of mercury-entering the accessible interconnected pores in the sample.
Critical pore diameter can also be obtained from the cumulative porosity curve and is defined as
the pore size corresponding to the steepest slope, but it is more easily determined from the
differential porosity curve and corresponds to the pore diameter at the highest peak. In terms of
the pore network, dc describes the most common size of interconnected pores or “the maximum
continuous pore radius” [50]. Critical pore diameter has been related to transmissivity and
permeability of the material [50], [52]-[54]. Halamickova et al. [54] also reported a linear

relationship between dc and the coefficient of chloride ion diffusion.

Threshold pore diameter is defined as “the largest pore diameter at which significant
intruded pore volume is detected” [50]. While ¢in and dc can be unequivocally determined,
determination of dw is still rather ambiguous [50], [51]. The following methods have been
proposed to establish the di value: using the first inflection point in the cumulative intruded
volume curve [50], the diameter corresponding to 5% of the total intruded volume [55], the lowest
point on the difference curve between first and second cumulative intruded volumes [56], and the
tangent method, where d is found at the intersection of tangents before and after the inflection
point [51], [57]. The tangential method is illustrated in Figure 4-22. Due to the ambiguity of di
determination and subjectivity in its determination, only the values of ¢in, and d. are listed in Table
4-6.

Another parameter included in Table 4-6 is the volume of pores in the 10-50 nm diameter
range labeled as ¢10-50. Millauer et al. [58] attributed deterioration due to sulfate attack to ettringite
crystallization in pores of this size. He reported that ettringite crystallization in these pores can
generate crystallization pressure well above the tensile strength of the hydrated cementitious
system, resulting in expansion and cracking, while ettringite formation in larger pores is not

expansive.
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Figure 4-22: Tangential method illustration
Table 4-6: Porosity Indices Obtained from MIP
¢ in (cm*/g) dc (nm) ¢10-50 (cM®/g)
Control A 0.278 175 0.043
30S8-A 0.318 217 0.044
50S8-A 0.329 250 0.054
70S8-A 0.347 206 0.078
30S11c-A 0.267 167 0.045
50S11c-A 0.274 195 0.051
70S11c-A 0.294 176 0.081
70S11f-A 0.254 178 0.076
30S16-A 0.290 185 0.049
50S16-A 0.318 251 0.052
70S16-A 0.278 193 0.085
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As can be seen from Table 4-6, addition of slag resulted in a higher value of ¢, for S8, at
all replacement levels compared the control. This is in line with the results of Choi et al. [59], who
also reported an increase in intruded pore volume with increasing cement replacement by slag at
the age of 3 days. However, 70S11f showed the lowest intruded pore volume, among all slags and
at all replacement levels, consistent with its highest fineness and lower belite content at testing age

and thus confirming its higher reactivity.

While dc increased with addition of slag compared to Control A, at hydration time of 1 to
3 days, its value decreased with increasing slag content to 70% but was still above Control A. This
is not surprising as slag reactivity is lower than portland cement, at early ages. This also indicates
that increasing slag content to 70% would decrease permeability and, consequently, reduce
penetration of the sulfate ions to the core of the mortar bars as indicated by decreasing dc, which
explains the better performance of mixes containing 70% slag. Additionally, the cummulative
intruded volume curves for the 70% slag samples showed the presence of multiple inflection points
or “choke points” [60], the presence of which has been associated in increased tortuosity [57]. It
is also noted that 70S11f had a d. value consistent with Control A, even at such high replacement

level, indicating again the effect of fineness and reactivity on the pore structure at early age.

As for the volume of pores in the 10-50 nm range, it appeared to be dependent on cement
replacement level. The values of ¢10s0 were similar for Control A and 30% slag mixes and
increased with increasing slag content. No significant differences were observed between slags at
the same replacement level. This indicates that if the same trend in ¢1050 IS maintained at later
ages, higher-Al2O3 slags would be more prone to cracking as they have a higher potential for
secondary ettringite formation, but the same volume of pores as the lower-Al2O3 slags that can

accommodate this ettringite.
4.3.3.2 Thermodynamic Modeling

Figure 4-23 and Figure 4-24 show the predicted phase assemblages for Control A and
Cement A with 50% Slag S8 replacement. The left side of the plots represents the phases at the
core of the bars, while the right side of the plots represents the surface of the bars in contact with
sulfate solution. For Control A, the phases predicted at the core are C-S-H, CH, ettringite,
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monocarboaluminate, hydrogarnet and hydrotalcite (Figure 4-23). At large volumes of Na;SO4
solution, decomposition of CH and formation of gypsum is predicted as well as decomposition of
monocarboaluminate. These phases are generally consistent with the XRD results at 1 year. In
addition, this modeling approach is able to predict the effects of leaching [32], which can be

observed as a decrease in the volumes of C-S-H, ettringite and gypsum.
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Figure 4-23: Control A phase assemblage prediction

When 50% of cement was replaced with slag S8, thermodynamic modeling predicted an
increase in C-S-H solid volume and a decrease in ettringite compared to the Control A mixture
(Figure 4-24). Addition of slag S8 also significantly reduced the overall predicted solid volume
increase, which is consistent with the observed length changes (Figure 4-2). While no monosulfate
was predicted with S8 addition, this phase was predicted for 50S16-A mixture at low sulfate
solution amounts (Figure 4-24 and Figure 4-25). Additionally, the predicted solid volume increase
for this mixture was higher than for 50S8-A, and appeared to increase with the Al,O3 content of
slag. This is consistent with expansion measurements and the increase in deterioration with
increasing Al>Os content of slag. Itis interesting to note that for 50S16-A mortar, GEMS modeling
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predicted a slight decrease in the solid volume of C-S-H due to leaching at a solution to binder

mass ratio of 1, while a later decrease in C-S-H solid volume was predicted for other mixtures.

This decrease in C-S-H solid volume for 50S16-A coincides with a notable increase in predicted

volume of ettringite. Gollop and Taylor [47] stated that in slag-OPC mixes some calcium ions

necessary for formation of ettringite are obtained through decalcification of C-S-H. The higher

overall alumina content of 50S16-A may, therefore, be responsible for this decrease in C-S-H solid
volume. Additionally, Whittaker et al. [15] reported that decalcification of C-S-H in OPC-slag

samples occurred at earlier ages compared to the plain cement paste, which is consistent with the

results of thermodynamic modeling.
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Figure 4-24: 50S8-A phase assemblage prediction
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Figure 4-25: 50S16-A phase assemblage prediction

4.3.3.3 X-ray Diffraction Analysis

Phase quantification results of selected core and surface samples of the bars prepared with
Cement A and 50% slag at 1 year are presented in Table 4-7. Amorphous content refers to the
sum of C-S-H and unhydrated slag. For the clinker phases, only a small amount of belite was
observed in all the samples, indicating that cement hydration was nearly 100%, as assumed in the
GEMS modeling. Comparison of the core and surface samples for Control A showed a higher
amount of CH in the core, while gypsum and ettringite were higher in the surface sample, which
is expected during sulfate attack [6], [11], [61], and is consistent with the results of thermodynamic
modeling (Figure 4-23). Calcite formation on exposure to high amounts of Na,SO4 solution was
also predicted by GEMS, and is observed in the surface of Control A mortar. Cement replacement
with slag significantly decreased the amount of CH and ettringite in the core samples both due to
the reduction of cement content and the pozzolanic reaction of slag with CH. However, the amount
of monosulfate increased. Although thermodynamic modeling predicted formation of monosulfate

at the core only for 50S16-A samples, it was observed in the Control A and S8 slag sample by
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QXRD. Some authors state that monosulfate formation due to slag hydration is not likely to cause
damage in sulfate environments [15]. Whittaker et al. [15] reported that “less ettringite had formed
in the slag systems despite the higher AFm content prior to sulfate attack.” Additionally, the
authors stated that “the C-A-S-H phase and hydrotalcite would have consumed all of the
aluminium released by the slag” [15]. This is contrary to the increase in ettringite observed in the
current study both in the core and surface samples with increasing Al.O3 content of slag (Figure
4-26). The amount of ettringite in the 50S16-A surface sample was very similar to that observed
in the Control A surface. Based on the length change measurements (Figure 4-2, and Figure 4-4),
it appears that the increase in ettringite content caused some expansion, particularly in the mortars
prepared with S16 slag, and its formation resulted in cracking, which lead to spalling on the surface

and cracking of the bars.

Table 4-7: Phase quantification of the core and surface samples of mortar bars stored in

5% Na>SO4 solution for 1 year

Sample ID Control A 50S8-A 50S16-A
Phase Core | Surface | Core | Surface | Core | Surface
(wt.%0)

Belite 1.5 1.0 1.3 0.5 11 0.0
Calcite 1.3 9.3 1.1 15.9 0.6 11.9
CH 17.6 4.9 5.9 0.2 3.1 0.0
Gypsum 1.8 8.8 1.3 4.1 1.2 0.6
Ettringite 14.6 21.4 4.0 9.5 8.0 20.0
Monosulfate 0.2 0.0 1.3 0.0 1.8 0.0
Hydrotalcite 0.0 0.0 1.7 0.0 1.7 0.8
Amorphous 63.0 54.5 83.5 70.0 82.5 66.7

102



N
(6]

m Surface
20 A
m Core
§ 15
2
gv 10
=
b 5
0 i

8
Al,O, content of slag (%0)

Figure 4-26: Variation in ettringite amount with Al>O3z content of slag in the core and surface of
the mortar bars prepared with 50% slag (S8, S16) and Cement A at 1 year

4.4 Conclusions

Cement replacement with slag had a varied effect on durability of mortar in 5% sodium
sulfate solution tested according to ASTM C1012-18, and appeared to be related to the slag
alumina content, A/M ratio, Blaine fineness, slag replacement level, and the parent cement
chemistry and mineralogy. Generally, addition of slag at a replacement level of 70%, regardless
of its characteristics, improved sulfate resistance of the high-C3A Cement B by extending the
induction period. However, the extent of the improvement in durability was related to the chemical
and physical characteristics of slag. For Cement A with the lower C3A content, improvement in
sulfate resistance was only observed with low-Al2O3 slags S8 and S11c. Bars prepared with S8
slag (8% Al203) showed excellent performance, with no expansion observed during the first year.
XRD analysis showed that no monosulfate was formed in mixes prepared with S8 prior to sulfate
exposure. The smallest amount of ettringite formed in OPC-slag samples after 1 year of sulfate
exposure was observed for bars prepared with slag S8 and Cement A. Additionally, for slag-OPC
samples, thermodynamic modeling predicted the lowest solid volume increase for S8-OPC
samples. The higher alumina content of S11c-OPC samples resulted in higher expansions
compared to S8-OPC mixes. Increasing slag fineness, alumina content and A/M ratio (S11f)
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resulted in higher expansion. The highest solid volume increase was predicted for S16, which
corresponded to the earliest deterioration of the mortars bars. Monosulfate was detected prior to
sulfate exposure in S16 mixes, and S16 bars had the highest amount of ettringite at the age of 1

year.

Extending the measurements to 18 months or 540 days, showed clear trends on the effect
of the slag chemical and physical characteristics as well as replacement levels on durability,
especially for the Type Il (MH) OPC cement (Cement A). At replacement levels between 30% and
70%, slag S8-blended samples showed excellent performance and can be used for the most
aggressive sulfate exposure conditions. For slag alumina content of 11% (S11c), 70% replacement
level was required to attain similar performance to the S8 slag. The data also showed that grinding
slag of the same alumina content to higher fineness (from 589 to 680 m?/kg) increased the
susceptibility of S11 to sulfate attack and renders the slag unsuitable for Class “S3” exposure [39],
up to 70% replacement. Increasing slag alumina content to 16% (S16) did not result in improving
sulfate resistance when compared to the control at replacement levels of 30 and 50%. Increasing
replacement level of S16 to 70% improved performance compared to Control A; however, the
slag-blended mixtures broke at an age of 480 days. Though strength measurements for 70S16
showed good performance at 540 days of exposure to the same sodium sulfate solution used for
mortar bar exposure, it appears that mortar bar expansion and failure was due to a substantially
higher ettringite formation as confirmed by quantitative X-ray diffraction and thermodynamic
modelling.

The mode of failure for the mortar bars containing slag differed from those prepared with
plain cement. While the control bars showed significant expansion that was accompanied by
warping until cracking eventually occurred, bars containing slag showed lower expansion;
however, significant surface deterioration was observed, in the form of spalling, that was followed

by cracking.
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Chapter 5  Effect of Slag Composition and Fineness on Cracking Potential
5.1 Introduction

Granulated blast furnace slag is extensively used in mass concrete to reduce concrete
temperature rise and improve resistance to early-age cracking [1]. Although cement replacement
with slag is expected to reduce concrete temperature rise, several studies have shown that heat
evolution during slag hydration varies significantly with slag chemistry [2]-[7]. An increase in
heat evolution, especially at early ages, has been observed with increasing Al>O3 content of the
slag [2], [3], [6]. Ben Haha et al. [7] also observed that at the same Al>O3 content, a decreasing
MgO content increased the cumulative heat release during the first 2 days. Since heat evolution is
indicative of reactivity, which affects the mechanical properties and stress development in
restrained concrete elements, slags with higher reactivity may not be as effective in preventing
early-age cracking as those with lower early-age reactivity. While the effect of slag composition
has been studied with regard to heat evolution, there are currently no systematic studies that

examine the effect of slag chemistry on cracking potential.
5.2 Methodology

Two cements, A and B, and seven slags (S8, S8F S1lc, S11f, S14, S16 and S16G) were
used to investigate the effect of slag characteristics on early-age cracking potential. Originally,
four slags were obtained for this research. Slag S16 was ground using the Micronizer jet mill
manufactured by Sturtevant to a mean particle size (MPS) of approximately 5 um to examine the
effect of fineness. This slag was named S16G. At a later date, a finer grind was obtained for S8,
S8F, from the same source to examine the effect of fineness on cracking potential of concrete.
Mean particle size (MPS) of the slags determined via laser scattering particle size analysis (wet
method) is listed in Table 5-1.

111



Table 5-1: Slag alumina content, Blaine fineness and mean particle size

Slag Blaine fineneis Mean particle size
(m#/kg) b-value = 0.9 (um)
S8 642 9.16
S8F 698 8.03
S11f 680 8.36
Sllc 589 10.86
S14 574 11.15
S16 466 11.80
S16G N/A 4.83

Control and slag concrete mixtures were prepared at a constant water-to-binder (w/b) ratio
of 0.385 by mass and a total cementitious content of 395 kg/m?® (666 Ib/yd®). In the blended
mixtures, slag content was fixed at 60% replacement level on a mass basis (Table 5-2). Plain
cement mixes were also prepared with each cement and were designated as Control A and Control
B. The dosage of high-range water-reducing admixture (HRWR) was varied to maintain adequate
workability. A dosage of 196 ml/100 kg (3.0 fl 0z/100 Ib) of cementitious material was used in
mixes 60S8-A, 60S8f-A, 60S11c-A, 60S11c-B, 60S16-A, and 60S16-B. Mixes 60S11f-A, 60S14-
A, 60S8-B and 60S14-B contained 280 mi/100 kg (4.3 fl 0z/100 Ib) of HRWR, while 365 ml/100
kg (5.6 fl 0z/100 Ib) of HRWR was used in mix 60S11f-B due to the higher slag fineness. In order
to maintain a constant w/b ratio, mixing water was adjusted to account for the water contributed
by the HRWR.
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Table 5-2: Concrete mix proportions per 1 m*

Material Control A Control B Slag mixes

Cement (kg) 395 395 158

Slag (kg) 0 0 237

Coarse Agg(;gesgg;e(ﬁg; limestone 1047 1047 1047
Fine Aggregate (SSD) (kg) 696 696 696

HRWR (ml/100 kg) 196 365 196 /280 / 365

AEA (ml/100 kg) 6.5 6.5 6.5
w/b 0.385 0.385 0.385

Concrete mixtures were prepared in the laboratory following ASTM C192 [8]. Aggregates
we first separated into different sieve sizes, washed, dried and recompiled to the specified grading
curve prior to concrete mixing. The aggregates were brought to the SSD condition by re-soaking
for a period of 24 hours prior to mixing. In order to simulate fresh concrete temperatures in the
field, mixing water and aggregates were preheated prior to mixing. For semi-adiabatic
calorimetry, which was performed following the guidelines provided by RILEM [9], a 150 mm x
300 mm fresh concrete cylinder was placed inside the calorimeter immediately after mixing. The
concrete temperature at the beginning of the test was approximately 34.5°C. Semi-adiabatic
calorimetry was used to generate concrete temperature profiles for each mixture that were then
imposed in the rigid cracking frame (RCF). The use of semi-adiabatic profiles is also favored as

the effect of temperature on autogenous shrinkage is found to be unsystematic [10].

A rigid cracking frame, as shown in Figure 5-1, was used to evaluate the uniaxial stress
development of the concrete specimens under restrained temperature profiles obtained for each
concrete mixture from semi-adiabatic calorimetry during the first 96 hours. After 96 hours, cooling
was induced at the rate of 1°C/hr. until the age of 120 hours. The RCF restrains the concrete
against thermal and autogenous volume changes and records resultant uniaxial stresses. It is

noteworthy that development of the concrete modulus of elasticity, creep and stress relaxation
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affects the stress in the concrete [11]. Further information about cracking frame testing can be
found in [12], [13].

Figure 5-1: Rigid cracking frame

The following descriptors on the stress development curve were used as the indices for

assessing the risk of early-age cracking:

1. 2" Zero-Stress Temperature. This is the temperature at which the stress state shifts from
compression to tension. 2" Zero-Stress Temperature is expected to be higher than the final
setting temperature as a large percentage of the early-age compressive stresses are relaxed
due to the low modulus of elasticity of concrete at early ages. Higher autogenous shrinkage
can increase the 2" Zero-Stress Temperature [14]. Any decrease in temperature below the
2"d Zero-Stress Temperature would be expected to produce tensile stresses, therefore a 2"
Zero-Stress Temperature below ambient temperature could indicate a lower cracking

tendency.
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2. Cracking Temperature (Ter). This is the temperature at which the concrete specimen
cracks. A lower cracking temperature is global indicator lower cracking tendency [15]. The
measured concrete temperature at the start of data collection in the RCF was approximately
31°C due to the longer placement time required. Prior to starting the test, the RCF was
heated by circulating water at 45°C through the pipes for approximately 1 h before placing
the concrete in the form. After the start of data collection, concrete temperature was in
step with the imposed temperature profile typically within 30-45 minutes. The longer
induction period observed for the slag mixtures was also helpful in ensuring that the
concrete in the RCF was able to reach the imposed temperature profile within a short
period. Temperature profiles imposed in the RCF were those recorded in the semi-
adiabatic calorimeter for each mix during the first 96 h, after which time artificial cooling

was imposed at the rate of 1°C/h in order to induce cracking.

In order to assess mechanical properties development, 100 mm x 200 mm concrete
cylinders were match-cured to their respective semi-adiabatic temperature profiles. Elastic
modulus and tensile splitting strength were determined in accordance with ASTM C496 [16] and
C469 [17], respectively, at the ages of 1, 3, 4 days and at the time of cracking. Two cylinders were
tested at each age, and their average value is reported here. Mechanical properties of 60S8f and
60S16G-A were not tested due to limited available quantities of these slags.

5.3 Results and Discussion

5.3.1 RIigid Cracking Frame

Temperature profiles imposed in the cracking frame for Cement A-slag mixtures, based on
the temperature of each mixture recorded in the semi-adiabatic calorimeter, are shown in Figure
5-2(a). Slags S8F, S11f and S16G had the highest fineness and were excluded from this initial
comparison in order to separate the effect of fineness on stress development from the effect of
alumina content. Their behavior is compared to that of their respective coarser counterparts (slags
S8, S1ic and S16) later in this report.

In general, incorporation of slag significantly reduced the maximum concrete temperature

compared to the control as well as the rate of initial temperature rise (Figure 5-2(a)). However,
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the maximum temperature for the slag mixes varied from approximately 46°C to 49°C for the
Cement A concretes. Comparison between OPC-slag mixtures prepared with Cement A appears
to suggest an increase in maximum temperature is attained as the alumina content increases from

approximately 8 to 16%.

Although these differences between slag maximum temperatures may appear small, they
are expected to be more exaggerated in mass concrete elements, where concrete in the center is
better insulated than inside the semi-adiabatic calorimeter and approaches adiabatic conditions.
Wei and Hansen [18] suggested that improvement of early-age cracking potential with the use of
slag is due to reduction of cement content; however, the variability in the temperature profiles of
the slag mixes indicates that slags are reacting at these early ages and contributing to the concrete

temperature rise, and that their reactivity is likely different from one slag to another.

Stress development in the RCF is largely affected by the imposed temperature profile,
although Wei and Hansen [18] reported a large contribution of autogenous shrinkage to stress
development in mixes with high slag content. Stress development profiles displayed in Figure
5-2(b) show that while imposed temperature has a clear effect on stress development, thermal
effects alone cannot explain the behavior of all the slag mixes.

The 60S8-A mix showed the largest reduction in tensile stress development in comparison
to Control A, which is attributed to its lower maximum temperature and lower rate of subsequent
cooling during the first 96 h. Although 60S14-A mix did not have the highest temperature profile,
it showed the highest tensile stress development throughout the testing period. The main
difference between S14 and the other slags used in this study, apart from its second highest Al>O3
content, was its low MgO content. Ben Haha et al. [7] reported that slag reactivity at early ages

increases with decreasing MgO content (at the same Al>Oz content).
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Figure 5-2: a) Temperature and b) stress development in the RCF for Cement A mixes
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Figure 5-3(a) and Figure 5-3(b) show the temperature profiles and stress development for
Cement B-slag mixes, respectively. A similar trend in temperature profiles was observed for the
Cement B series to that of Cement A series. Addition of slag reduced the rate of heat evolution
and maximum temperature rise compared to Control B regardless of slag characteristics. The
maximum temperature for the slag mixes increased from approximately 46°C to 53°C with

increasing Al.O3 content of the slag.

In terms of stress development of the Cement B series, 60S8-B mixture had the best
performance, while the difference in the stress development of 60S14-B and 60S16-B was notably
lower than between 60S14-A and 60S16-A mixes. This cannot be explained by the differences in
their respective temperature profiles, as the difference in temperature development of these slags
was more significant with Cement B. The major difference between Cements A and B was in their
C3A content. Therefore, it appears that cement chemistry has an important effect on stress

development in OPC-slag blended mixtures.

Figure 5-4 through Figure 5-6 show a comparison of slags with similar alumina contents
but different fineness. It appears that decreasing the slag MPS from 9.2 to 8 um had no significant
effect on temperature or stress development (Figure 5-4). However, an increase in fineness shifted
the appearance of the first microcrack to an earlier time in the 60S8F-A mixture compared to 60S8-
A (Table 5-3).

A larger difference in MPS (10.9 pm for S11c and 8.4 pm for S11f) resulted in an increase
in temperature rise and a higher tensile stress development for the mixture with the finer slag
(Figure 5-5). It is likely that the larger increase in fineness had influenced the hydration kinetics
of the cementitious mixture by providing particles fine enough to act as nucleations sites that speed
up the nucleation process [19]. Again, perhaps the most significant effect of increased fineness
was observed in the earlier cracking time of the 60S11f-A mixture (Table 5-3).
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Table 5-3: RCF cracking indices

2nd Zero-Stress Cracking Slag
Mix Time (h) | Temperature (°C) | Time (h) | Temperature (°C) MgO/Al20s
Control A 33.7 49.6 105.6 21.6 -
60S8-A 64.4 35.9 117.1 10.5 1.34
60S8F-A 61.7 36.0 113.7 13.5 1.33
60S11f-A 51.9 41.3 112.1 15.8 0.73
60S11c-A 57.6 37.2 116.1 10.2 0.90
60S14-A 42.0 43.4 110.1 16.5 0.37
60S16-A 53.0 41.6 1134 15.0 0.55
60S16G-A 46.3 44.7 106.6 21.6 0.55
Control B 28.5 55.9 103.4 24.6 -
60S8-B 53.7 38.3 119.4 7.9 1.34
60S11f-B 45.8 43.7 107.8 18.9 0.73
60S14-B 37.1 44.6 111.8 17.7 0.37
60S16-B 40.9 46.4 108.4 19.1 0.55

Although an increase in temperature and stress development was also observed for the S16

slag ground in the laboratory (Figure 5-6), it was similar to that the increase observed for 60S11c-
A and 60S11f-A mixtures despite a much larger difference in MPS (11.8 pm for S16 and 5.7 um

for S16G). This may be due to the difference in particle morphology between the laboratory air-

jet mill and commercial ball-mill grinders. Nonetheless, Tcr was further reduced upon reduction

in MPS (Table 5-3). An increase in fineness is expected to result in increased autogenous

shrinkage, which Wei and Hansen [18] identified as the main reason for early-age cracking in slag

mixtures. It is likely that increased autogenous shrinkage contributed to the increase in the Te

with decreasing MPS.
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5.3.2 Mechanical Property Testing

Mechanical property testing revealed cement replacement with slag resulted in lower
elastic moduli of the slag mixes at 1 day, with the exception of 60S14-A, compared to Control A
(Figure 5-7). The elastic modulus of 60S14-A was notably higher at 1 day, which indicates that
this mixture would be expected to have lower creep at this age. While lower modulus and
increased creep are beneficial in reducing concrete stresses, all the slag mixes were still
experiencing compressive stresses at 24 hours, which are beneficial in reducing subsequent tensile
stress development. After 1 day, the use of slag did not have a significant effect on the elastic
modulus. While there is no agreement on the effect of slag on elastic modulus in the current
literature, most studies report either no effect or a decrease at early ages [20]-[24], which is in line
with the results of this study.
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Figure 5-7: Elastic modulus for concrete mixtures
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Tensile strengths of the slag mixes were also lower compared to Control A (Figure 5-8),
but this did not have a negative effect on cracking resistance as the slag mixes were still in the pre-

compression stage. After 1 day, tensile strengths of all the mixes were similar.
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Figure 5-8: Splitting tensile strength for concrete mixtures
5.3.3 Relationship between Cracking Indices and Slag Characteristics

Based on semi-adiabatic temperature profiles, RCF testing, and mechanical property
measurements, it is clear that MgO and AlO3 contents of slag have an important effect on
reactivity, creep, stress development, and ultimately cracking probability. While MgO or Al>O3
content alone did not correlate well with RCF cracking indices listed in Table 5-3, an increasing
MgO/Al,Os ratio appears to decrease the 2" Zero-Stress Temperature for mixtures with both
cements (Figure 5-9). A decrease in 2" Zero-Stress Temperature indicates a lower probability of

cracking since any drop in temperature below the 2" Zero-Stress Temperature results in tensile
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stress development. A linear relationship was also observed between the MgO/Al.O3 (M/A) ratio
and 2"4 Zero-Stress Time, as well as tensile stress at 96 hours (Figure 5-10 and Figure 5-11). An
increasing MgO/Al,Os ratio increased the time to 2" Zero-Stress and decreased tensile stresses at
initiation of cooling. The relationship between cracking temperature (Tcr) and MgO/AlO3 ratio
had a low R? value when the ground S16G-A slag was included for Cement A (Figure 5-12a);
however, plotting cracking temperatures only for the as-received slags improved the coefficient of
determination (Figure 5-12c¢). Since the MPS of S16G was significantly lower than that of
commercially available slags, the 60S16G-A mixture may have experienced significantly higher
autogenous shrinkage compared to the other slag mixes, which could explain the low coefficient
of determination in Figure 5-12a. Expectedly, when the M/A ratio is scaled by the MPS (Mean
Particle Size), such that the product of MPS and MgO/Al,Oz ratio is used as the parameter
indicating early-age cracking sensitivity of slag at the same replacement level, the R? for the linear
relationship cracking temperature (T¢r) and parameter improves from 0.52 to 0.86 for mixtures
tested with Cement A (Figure 5-13), with a noticeable decrease in scatter, emphasizing the role of
particle fineness of slag on autogenous shrinkage and consequently early-age cracking tendency

indicated in Figure 5-4 through Figure 5-6.
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5.4 Conclusions

Combinations of two cements with variable C3A content and slags with variable Al.03 and
variable fineness were evaluated in terms of their early-age cracking potential. In all cases, semi-
adiabatic calorimetry and rigid cracking frame results showed that 60% cement replacement with
slag reduced concrete temperature rise and improved cracking resistance compared to the plain
concrete mixtures. However, an increase in the maximum concrete temperature was observed with
increase in alumina content from 8 to 16%. Stress development also increased with increasing
alumina content, with exception of the 60S14-A mix. Although this mix did not have the highest
temperature profile, it showed the highest tensile stress development throughout the testing period.
This was attributed to the low MgO content of slag S14. The propensity of slag with similar
chemical composition to S14 to produce higher autogenous shrinkage, reported in earlier
investigations ([20], [25], [26]), is likely a contributing factor. Linear relationships between
various cracking indices (2" Zero-Stress Temperature, 2" Zero-Stress Time, Tensile Stress at 96
hrs. and Cracking Temperature) and the MgO/Al.Os ratio of slag were indicated by the results as

previously noted in [27].
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Increase in slag fineness, at the same alumina content, also had an effect on stress
development, particularly on the time and temperature of cracking. Increasing slag fineness
resulted in an earlier cracking time and a higher cracking temperature, indicating an increased risk
of early-age cracking. This was reflected in the reduction of scatter when the mean particle size
was included in the parameter characterizing early-age cracking tendency of slag used against the

cracking temperature (Figure 5-12a and Figure 5-13) for mixtures tested with Cement A.
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Chapter 6  Summary, Conclusions and Recommendations
6.1  Summary and Conclusions

An extensive experimental matrix was designed to assess the durability of slag-blended
cementitious systems. The initial testing matrix included 2 cements and 3 slags but had to be
expanded to 4 cements and 8 slags. The cements selected here reflect the effects of variation in
tricalcium silicate, tricalcium aluminate, alkalis and sulfates, while slags primarily had differences
in their alumina and magnesia contents in addition to considering sulfate optimization in one slag
of high alumina content. Additionally, slag fineness and particle size distribution effects were also
considered in the test matrix design. The as-received cementitious materials were evaluated with
methods including X-ray fluorescence, X-ray diffraction, laser particle size analysis, Blaine
fineness and specific gravity. The aggregates were also characterized for their grading, bulk
specific gravity, and adsorption capacity. Sulfate durability was assessed using ASTM C1012-18
with a constant w/cm ratio. In assessing the effects of the slag alumina content, the slag-portland
cement mixtures were prepared at three replacement levels (30%, 50% and 70%) in addition to
their control. The exposure solution was 5% sodium sulfate for all sulfate durability tests.
Specimens were examined visually, and X-ray diffraction coupled with Rietveld refinement was
used to identify phase assemblages at 12 months. Phase assemblage studies, using thermodynamic
modeling, were also implemented for specific mixtures in addition to mercury intrusion
porosimetry. The findings from external sulfate durability testing of slag-portland cement mixtures

can be summarized as follows:

1. Higher cement tricalcium aluminate contents resulted in greater expansions.

2. Higher cement tricalcium silicate and aluminate contents decreased external sulfate
durability.

3. Comparison of Type | and Type II(MH)cements indicates that higher tricalcium
aluminate, tricalcium silicate, and alkali contents in the as-received cements decreased

external sulfate durability.
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4. The durability of slag-blended systems, when exposed to an external source of sulfate,

depends on the chemical and mineralogical composition of the cement as well as the

chemical, mineralogical and physical characteristics of the GGBFS.

a.

For a Type II(MH) cement, incorporation of slags with alumina content of 8%,
A/M ratio of 0.75, and Blaine fineness 640 m?/kg at replacement levels of 30%,
50% and 70% are recommended for “Class S3” exposure (ACI 201.2R-16
Table 6.1.4.1b).

For a Type 1I(MH) cement, incorporation of slag with alumina content of 11%,
A/M ratio of 0.95, and fineness 590 m?/kg satisfied “Class S2” exposure at all
replacement levels. The bars were predominately intact after 18 months except
at 30% replacement where some bars showed cracking after 15 months. Only
the 70% replacement was in compliance with “Class S3” expansion
requirements.

For a Type II(MH) cement, incorporation of slag with alumina content of 16%
(S16) satisfied Class S2 exposure only at 70% replacement. Mortar bars
prepared at lower replacement levels of 30% and 50% disintegrated between 4
months and 6 months. The control mixture performed better than the lower
replacement levels of 30% and 50% for S16.

For Type | cements, incorporation of slags with 8% alumina, A/M = 0.75 and
Blaine fineness of 640 m?/kg, improved the sulfate resistance substantially. At
50 and 70% replacement, the blended system was in compliance with “Class
S3” criteria while 30% replacement was in compliance with “Class S2”
exposure but not “Class S3” exposure.

For Type | cement, incorporation of slag of alumina content of 11%, A/M =
0.95, and Blaine fineness of 589 m?/kg satisfied “Class S3” exposure expansion
requirements at 70% replacement. The 30% and 50% replacement satisfied the
“Class S2” expansion limit. However, 30% mixture bars cracked following 12-
month measurements and the test had to be discontinued.

For Type | cement with the 16% alumina slag, all bars disintegrated prior to the

18-month measurements for all replacement levels reported here. However, the
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70% blended mixture passed “Class S2” expansion limits but disintegrated
beyond 15 months.

g. Slag Blaine fineness was found to have a significant role on performance of the
slag-blended mixtures exposed to an external sulfate source. Testing two slag
Grades (Grade 100 with Blaine fineness of 589 m?/kg and Grade 120 of Blaine
fineness of 680 m?/kg) with alumina content of 11% (but different M/A ratios)
at 70% replacement level showed that “Class S3” performance designation
cannot be assigned to the higher fineness slag of alumina content of 11% (and
lower M/A).

h. Considering the effect of sulfate optimization on a slag of an alumina content
of 14%, the findings indicate that sulfate optimization varies with the parent
cement alkali content, sulfate content, fineness and slag replacement level.
Testing limited to 12 months is not adequate to reveal performance trends

especially for replacement levels between 30% and 70%.

The second part of the study focused on assessing the effects of slag chemical, physical
and mineralogical characteristics on the temperature rise and cracking potential of slag-blended
concrete mixtures. Thirteen concrete mixtures were designed at cement factor of 666 Ibs/yd®. The
w/cm ratio was maintained constant at 0.385. Two types of cements were used; namely, Type |
and Type II(MH). The cement replacement level was maintained at 60%, which is a typical
replacement level for mixtures used in the state of Florida for mass concrete. Twenty-six concrete
mixtures were prepared to assess the temperature rise, under semi-adiabatic conditions, and the
cracking potential using a rigid cracking frame operated under the temperature profile collected

from semiadiabatic testing. The following are the conclusions based on the experimental findings:

1. Combinations of two cements with different C3A contents and slags with different
Al>O3 contents, M/A, and fineness were evaluated in terms of their early-age cracking
potential. In all cases, semi-adiabatic calorimetry and rigid cracking frame results
showed that 60% cement replacement with slag reduced concrete temperature rise and

improved cracking resistance compared to the plain concrete mixtures.
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2. Anincrease in the maximum concrete temperature attained was observed with increase
in alumina content of the slag from 8 to 16%.

3. Tensile stress development also increased with increasing alumina content, with the
exception of the 60S14-A mix. Although this mixture did not have the highest
temperature profile, it showed the highest tensile stress development throughout the
testing period. This was attributed to the low MgO content of slag S14. The propensity
of slag, with similar chemical composition to S14, to produce higher autogenous
shrinkage, as reported in earlier investigations ([1]-[3]), is likely a contributing factor.

4. A linear relationship between various cracking indices (2" Zero-Stress Temperature,
2" Zero-Stress Time, tensile stress at 96 hrs. and cracking temperature) and the
MgO/Al20s ratio of slag was established [4]. The linear relationship improved when
the slag fineness was also included in the relationship.

6.2 Recommendations

Based on the findings of this study, the following recommendations can be made:

1. The Florida Department of Transportation should implement modifications to
slag specifications to include Blaine fineness (BF) grade limits [5].

2. Slag Mill Certificate should identify if the slag is produced by blending granules
and/or blending of slags produced from different blast furnaces. If GGBFS
granules are blended, the source of the blends should not be changed without
additional reapproval.

3. For applications where temperature rise of a structural element is of concern,
cementitious content, cement fineness, slag alumina content and fineness must
be considered. Adiabatic temperature rise should be determined experimentally
using the same materials (including chemical admixtures) and proportions as
used in the mixture design of the structural element. The measured adiabatic
temperature must be used in the analysis performed to develop the thermal
control plan for the structural element. Testing for adiabatic temperature rise
should be conducted in an approved laboratory facility.
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4. The cementitious materials characteristics such as Blaine fineness, complete
chemical oxide composition, mineralogy, limestone additions to slag, calcium
sulfate additions to slag, and processing additions used in cement production
must be attached to the testing results and should match what is proposed to be
used in an approved mixture design. Variation of a cement source or a slag
source should be accompanied by retesting and reapproval.

5. Itisrecommended that when a concrete mixture design is submitted to the State
Materials Office for approval, where temperature rise or sulfate durability is of
concern, the submitter should identify alternative cementitious materials
sources in the event there is a shortage of supply in the cementitious materials
submitted for mixture approval. In this event, the submitter must provide the
same testing data for the alternative material as that used on the original mixture
design.

6. Itis recommended that the minimum amount of slag that can render a structural
element durable should be used due to the higher shrinkage and higher
carbonation in concrete elements prepared with high slag replacement levels
(above 50%) [6], [7]. The effect is more pronounced in thin reinforced sections
[6].

7. For external sulfate durability, testing was conducted for a limited period of 18
months using ASTM C1012 while maintaining a constant w/cm ratio of 0.485
for control and slag-blended mortars. The following recommendations are
provided for slag-blended cementitious systems with Type 1I(MH) OPC
(ASTM C150-16) according to ACI 201.2R-16 class of exposure criteria:

a. Type Il (MH)-Ground Granulated Blast Furnace Slag in Class S3
Exposure (S04 > 10,000 ppm in water or water-soluble SOs%> > 20,000

ppm in soil):

i. For slag cements with alumina contents < 8%, the following are
recommended:

1) Alumina-to-magnesia ratio (A/M) < 0.75,

138



2) Blaine fineness of < 640 m?/kg, and
3) Replacement of portland cement with 30% - 70% slag.

ii. For slag cements with alumina contents of greater than 8% and less

than or equal to 11%, the following are recommended:
1) A/M <0.95,
2) Blaine fineness of < 590 m?/kg, and
3) Replacement of portland cement with 70% slag.

iii. Slag cements with alumina contents greater than 11% must be tested
according to ASTM C1012 using a constant w/cm ratio of 0.485.
The expansion for the specific portland cement-slag cement
combination must be less than 0.1% at 18 months to be used in a
structural element subjected to S3 exposure conditions. If the
expansion criterion is met, the approval for use is only for the
specific combination of portland cement and slag cement at the
specific replacement percentage used in the ASTM C1012 testing.

. Type II(MH) - Ground Granulated Blast Furnace Slag in Class S2

Exposure (SO4> content 1,500 - 10,000 ppm in water or water-soluble

SO4* content 2,000 - 20,000 ppm in soil):

I. For slag cements with alumina contents < 8%, the following are
recommended:
1) A/M<0.75,
2) Blaine fineness of < 640 m?/kg, and
3) Replacement of portland cement with 30% - 70% slag.
ii. For slag cements with alumina contents of greater than 8% and less
than or equal to 11%, the following are recommended:
1) A/IM <£0.95,
2) Blaine fineness of < 590 m?/kg, and
3) Replacement of portland cement with 30% - 70% slag.
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Slag cements with alumina contents greater than 11% must be tested
according to ASTM C1012 using a constant w/cm ratio of 0.485. The
expansion for the specific portland cement-slag cement combination
must be less than 0.1% at 12 months to be used in a structural element
subjected to S2 exposure conditions. If the expansion criterion is met,
the approval for use is only for the specific combination of portland
cement and slag cement at the specific replacement percentage used in
the ASTM C1012 testing.

8. For external sulfate durability, the following recommendations are provided for
slag-blended cementitious systems with Type | OPC (ASTM C150-16 and

ASTM

C150-18):

a. Type | - Ground Granulated Blast Furnace Slag in Class S3 Exposure:

For slag cements with alumina contents < 8%, the following are
recommended:

1) A/M<0.75,

2) Blaine fineness of < 640 m?/kg, and

3) Replacement of portland cement with 50% - 70% slag.
For slags with alumina contents of 8% to 11%:

1) A/M <0.95,

2) Blaine fineness of < 590 m?/kg, and

3) Replacement of portland cement with 70% slag.
Slag cements with alumina contents greater than 11% must be tested
according to ASTM C1012 using a constant w/cm ratio of 0.485.
The expansion for the specific portland cement-slag cement
combination must be less than 0.1% at 18 months to be used in a
structural element subjected to S3 exposure conditions. If the
expansion criterion is met, the approval for use is only for the
specific combination of portland cement and slag cement at the

specific replacement percentage used in the ASTM C1012 testing.
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b. Type I - Ground Granulated Blast Furnace Slag in Class S2 Exposure:

For slag cements with alumina contents of < 8%, the following are
recommended:

1) A/M <0.75,

2) Blaine fineness of < 640 m?/kg, and

3) Replacement of portland cement with 30% to 70% slag.
For slag cements with alumina contents from 8% to 11% :

1) A/M <0.95,

2) Blaine fineness of < 590 m?/kg, and

3) Replacement of portland cement with 50% to 70% slag.
Slag cements with alumina contents greater than 11% must be tested
according to ASTM C1012 using a constant w/cm ratio of 0.485.
The expansion for the specific portland cement-slag cement
combination must be less than 0.1% at 12 months to be used in a
structural element subjected to S2 exposure conditions. If the
expansion criterion is met, the approval for use is only for the
specific combination of portland cement and slag cement at the

specific replacement percentage used in the ASTM C1012 testing.

It is recognized that the recommendations listed under item 7 and 8 can be modified if the

GGBFS Blaine fineness is decreased or if calcium sulfate/limestone additions are blended with

GGBFS. Since it is also recognized that performance of slag-blended cementitious systems is

influenced by the cement source and not just the slag, approval under testing provision should be

only issued for specific cement-slag combinations. The GGBFS source should provide:

1)
2)
3)
4)

A detailed elemental oxide composition of the slag cement,

The Blaine fineness,

The amount and chemical composition of each calcium sulfate addition,

The amount and chemical composition (must show percent of CaCOg) of limestone,
if added,
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5) Identify any blending of granules from different blast furnaces. If blended, the slag
supplier should identify the granule source of each slag in the blend, supply
complete oxide compositions of each slag granule source and immediately notify
the State Materials Office of any changes to the blend,

6) Any changes to the types or quantities of additions to the slag cement, or to the

granule proportions if blended, will require additional testing and reapproval.

It is also recognized that Blaine fineness of slag can affect the slag designated grade. The
findings of the current study indicate that slags of similar chemical composition but ground to
higher fineness have a negative effect on temperature rise, cracking indices and sulfate durability.
The construction industry and regulating agencies should consider emphasizing durability and

strength when designing structural concrete elements rather than strength alone.
6.3 Suggestions for Future Work

Based on the findings of this study, the following is recommended,;

1. Initiate a study on the effect of slag fineness, alumina content and A/M ratio on
the measured adiabatic temperature rise in slag-blended concrete.

2. Initiate a study to assess sulfate optimization of higher-alumina slags in blended
cementitious systems and their effect on the slag-blended systems durability.
This will help minimize any potential shortage in the availability of quality slag

cement needed for durable structural concrete in the state of Florida.
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