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EXECUTIVE SUMMARY

The findings of a previous study, conducted for the Florida Department of
Transportation, on the effects of sulfur trioxide content of Portland cement did indicate that it has
significant role on concrete durability. It was found that there is an optimum SOj3 content that is
dependent on the alkali and tricalcium aluminate content of cements. Due to the intimate
interaction and effect of those two compounds the present study was initiated.

A point of concern that currently exists is that increasing the alkali content of cement
appears to increase the allowed amount of SO that can generate expansion within the set limits
of ASTM C1038. It is known that an increase in the latter can lead to delayed expansion in
concrete. Increasing the alkali content can subsequently lead to possible alkali-aggregate reaction
in concrete made with marginal aggregates.

Effects of higher sulfate or alkali content can also be exacerbated if concrete is exposed
to elevated temperature. This is possible for different conditions that include, mass placement,
precast elements or hot weather concreting. Other conditions that are known to be of significance
to this problem are subjecting elements to wet/dry cycles or submersion in a salt environment.

The objective of the current research is to address the role of alkali and sulfate content in
Portland cement on durability of Florida structural elements and infrastructure. In addressing the
objectives of the current research, five Portland cements were selected after careful review of
mill certificates. The selection of those cements was based on their mineralogy, fineness, alkali
and sulfate content. The selected cements had wide variation in alkali, SOz, Al,Og, tricalcium
silicate and aluminate content.

As-received cements were analyzed for their oxide and mineralogical composition. Based
on the findings, some of the cements were doped with Terra Alba gypsum and potassium
hydroxide in order to establish a comparative base for data analysis. Additionally, physical tests
and heat of hydration studies were conducted on cements.

Durability studies were conducted using mortar specimens. Strength and expansion
measurements were conducted on more than 1,000 specimens. Several tools were used in
assessing factors of significance to structural durability that include scanning electron
microscopy (SEM) coupled with energy dispersive x-ray (EDX), x-ray diffraction (XRD)coupled
with phase analysis and quantification software and optical microscopy. In addition to ambient
curing, elevated temperature curing at 60°, 80° and 90°C was adopted in order to simulate

precast and mass elements curing.
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As exposure conditions have been reported in the literature to be of significance on
structural elements durability, several exposure conditions were used in this study; namely, lime

solution, salt solution continuous submersion, and wet/dry cycles in salt solution.

Results and Recommendations

The findings indicate that there is a need to maintain low SOz and alkali content for
cements used in making structural elements that will be subjected during their service life to
elevated temperatures and/or marine conditions. While increasing the alkali content of cements
to 2.0% did not necessarily result in excessive expansion when mixes were cured at ambient
temperatures and exposed to a lime solution, curing at elevated temperatures and exposure to
marine conditions initiated excessive expansion at an alkali content of 1.5% and sulfate content
as low as 3.07%. For a given sulfate content, alkali content and curing temperature, the degree of
expansion was found to be dependent on tricalcium silicate and aluminate of cements.

Strength measurements indicated a strength loss of 2,000 psi when the alkali content of
cements was increased to 1.5%. This loss was recorded independent of the sulfate content of
cements. It was found that increasing alkalis results in a poor quality hydration gel that results in
strength regression. The findings also indicate that incorporation of fly ash, on replacement basis,
improved the expansion behavior of mortar mixes containing cements of high alkali content.

Since the findings of this study indicate that increasing alkalis and sulfates of cements
have negative impact on durability for most of the cements considered here, it is recommended
that the alkali content and sulfate maximum limit currently adopted in standards be sustained.
Additionally, it is recommended to mandate incorporation of fly ash, on replacement basis, in
concrete mixes used in mass structures or precast elements. It is also recommended that a study
needs to be initiated with the objective of addressing the effectiveness of other mineral
admixtures in alleviating the negative effects of high alkali and sulfate content on performance of

concrete elements subjected to elevated temperature and/or marine exposure.
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CHAPTERII
INTRODUCTION

As concrete becomes increasingly used as a construction material, durability issues
become more and more important. Its availability and relative low cost compared to other
building materials made it more versatile. With less skilled labor required as compared to other
construction techniques, the improvement in workmanship and quality control can only go so far,
if the quality of the material is compromised. One of the durability problems that may occur
during the service life of concrete structures is sulfate attack. It may result in expansion,
cracking, spalling and eventually strength reduction. These effects, may in turn, lead to other
forms of attack.

Ordinary Portland cement used in making concrete consists mainly of calcium silicates

and aluminates phases; namely, tricalcium silicates (CsS), dicalcium silicates (C,S), tricalcium

aluminates (C3A), tetracalcium aluminoferrites (C4AF) and gypsum (CSH,) . Tricalcium silicate

is responsible for early strength gain while dicalcium silicate contributes to later strength.
Tricalcium aluminate is very reactive and in order to control its hydration, calcium sulfates (in

one or more forms) are typically added. The reaction is presented in equation (1):

C3A + 3CSH2 +26H— C6AS3 H32 ............... 1

The hydration product given by the above equation is ettringite which is referred to as “primary”
when it forms during the initial stages of hydration. Primary ettringite formed during the initial
stages of hydration does not cause damage to concrete if its formation occurs during the plastic
stage of hydration which can accommodate volume changes. However, if initial ettringite
formation extends through the hardened stage, it might subsequently lead to structural damage.
“Secondary” or “delayed” ettringite are typical terms adopted for ettringite formation beyond the
onset of the hardening stage. It is typically accompanied by expansion that can prove detrimental
to concrete elements.

In Type I Portland cement (ASTM specification), the Al,O3/SOs ratio is mostly equal to
~ 1.6 and contains a maximum of 3.5 to 4% SOs (US and European standards (1)). At the



beginning of the hardening stage, primary ettringite will be converted to monosulfoaluminate

according to equation (2) since ettringite requires a Al,03/SO; ratio of 3 to remain stable.

C6AS3 Hi, + 2 CG;A +4H— 3C4ASH12 ................ 2

On subsequent exposure to a sulfate source, monophase may reconvert to ettringite according to

equation (3)

3C4ASH12 + 2CSH2 +16H—> C6AS3 H32 ............. 3

Additionally, monosulfate hydrate (C4ASH),) is known to be unstable at room temperature and

lower temperatures (1,2). The transformation of monosulfate to ettringite is well known to cause
2.3 times increase in the solid volume.

The occurrence of the above reaction is not restricted to an external sulfate source but
rather the availability of a sulfate source that can be for that matter internal. The latter
phenomenon is what has been identified in the literature as internal sulfate attack (ISA) which
occurs usually in heat treated concrete. The issue of internal sulfate attack started to receive more
attention in the mid-eighties when damage was reported in heat-cured prestressed concrete
railway ties. It was believed that this was due to elevated heat-cure followed by ambient cure.
However, ISA is not limited to heat-cured concretes. ISA potential under ambient temperature
cure exists under certain circumstances. This notion was emphasized by Collepardi (3) who
proposed a model for ISA. Collepardi’s model is based on a holistic approach where ISA could
occur, under ambient conditions, if the following is present: microcracks, delayed release of
sulfate and moisture. While microcracks in concrete exist whether due to loading effects, the
delayed release of sulfates is definitely worth careful consideration. It is not necessarily due to
slowly-soluble phases, but could rather be due to chemical changes occurring within the matrix.
These changes do not require high temperature. One possible way to define the possibility of ISA
(internal sulfate attack) due to DEF (delayed ettringite formation) is as follows: The formation of
ettringite after the cementitious material has substantially hardened and in which none of the

sulfate comes from outside the concrete or mortar.



From what has been reported in the literature, possible damage mechanisms due to
ettringite formation in ambient cured as well as in heat treated concrete can be summarized
through two major theories, crystal growth and swelling. In the latter, it is stated that if the
formed ettringite, whether primary or delayed, is micro-crystalline in nature, then it may cause
expansion pressure in hardened concrete on water adsorption. Mehta (4) reported that ettringite
formed in the presence of calcium hydroxide is colloidal in nature; it has a high surface area and
exhibit a net negative charge. On exposure to water, this type of ettringite attracts a large number
of water molecules that would surround the ettringite crystals creating inter-particle repulsion
that will eventually lead to expansion. Famy (5) expanded the theory by indicating that the high
negative charge is due to a high pH (resulting from the presence of the calcium hydroxide), and
in the absence of calcium hydroxide, ettringite is well-crystallized in nature and does not result in
expansion. Min and Mingshu (6) stated that the concentration of the hydroxyl ions is what
determines the nature of the formed ettringite rather than calcium hydroxide concentration in the
pore solution. This implies that in presence of a high alkaline pore solution, low in calcium
hydroxide, the same result would be expected due to high pH.

In the crystal growth theory, it is indicated that ettringite recrystallization in hardened
concrete, due to the moisture changes and accumulation of reactants, may lead to damages due to
crystallization pressures and volume increase. According to this theory, not all the formed
ettringite could cause expansion, as portions are deposited in available voids and cracks. It is
only the excess which could result in expansion. However, there are two different arguments
regarding this theory (1). The first argument indicates that for an expansion pressure to occur,
supersaturation must be achieved and this does not happen in hydrated cement solution. Another
argument points out that this theory does not take into account the nature of concrete being a
semi-brittle material and that partial saturation might be enough to exert pressure above the
concrete tensile strength. A tensile stress applied at the tip of a crack might be magnified
depending on the length and the geometry of the crack. Also, due to the heterogeneous nature of
concrete a uniform expansion is not always likely, so preferential crystal formation and the
heterogeneous nature may result in cracks due to non-uniform expansion.

Delayed ettringite formation can also occur from less-sulfate containing compounds
either due to temperature gradients, which might occur in massive concrete or heat treatment.
This can subsequently lead to nucleation and crystal growth that would be accompanied by

volume increase and stresses that exceed the tensile strength of concrete. The expansive nature of



ettringite, coupled with heterogeneous nature of concrete can result in non-uniform expansion.

1. Parameters of Significance in Internal Sulfate Attack

On reviewing the published literature, the following parameters have been identified as to
have significant role on durability of concrete with respect to internal sulfate attack (ISA):

1.1 Cement Composition

1.1.1 Tricalcium Silicates (C3S): This is the most abundant mineral in Portland cement,
and mostly responsible for strength by forming C-S-H gel on hydration. C-S-H has an affinity to
incorporate sulfates present in cement (5, 7). However, the affinity for sulfates increases with
increasing temperature and/or alkali content. Sulfates are critical in ettringite formation and, if
available at a later age, will participate in DEF (5). This could imply that increasing Cs;S content
may require higher sulfate content for proper retardation of cement hydration as there is
competition for sulfate ions consumption between C;A and C-S-H gel (8).Consequently, if
conditions exist that favors the release of sulfates from C-S-H, more sulfates would be available
to participate in DEF at a later age. It was reported in the literature (8) that C-S-H gel competes
for SO, ions with C3A. It was also reported that C-S-H gel incorporates sulfate ions in its
crystal structure (5, 7). The impact of the adsorbed sulfate on the nature of the gel is unclear (5).

These ions may be released later to form late ettringite (7) as was shown by Divet et. al.
(9). The uptake of sulfate ions by C-S-H gel is impacted by several parameters, the most
investigated parameter in the literature being the curing temperature. The increase in curing
temperature increases sulfate ions adsorption by the C-S-H gel (5). The desorption rate is
typically slower as the curing temperature increases. The adsorption also increases with alkali
content (10) for all curing temperatures. The desorption rate was slower than the adsorption rate;
actually, desorption rate was half the adsorption.

1.1.2 Tricalcium Aluminate (C3A): Regulating the hydration of tricalcium aluminate
requires the addition of sulfates, higher C;A content means higher sulfate requirement for proper
retardation. Lerch (11) indicates that cements with higher C3A require higher amounts of
gypsum for proper setting. Odler et al (12) showed that expansion decreases with decreasing C;A
and increasing C4AF, even with an increase in sulfate content. Their conclusion was ettringite
formed in presence of high iron content has different morphology. Chengsheng Ouyang (13)
showed that expansion due to internal sulfate attack increased with increasing C;A at the same
SOs level. The effect of increasing expansion due to increasing tricalcium aluminate content was

also reported by Kantro (14). Taylor (15) seems to believe that there is no danger of DEF at



ambient temperature cures in modern cements unless the SO; content exceeds 5-6%. The
research also indicates that safe limits of SOz content increases with C3A content. This is not
exclusively true as there are other factors that need to be considered when discussing safe limits
on sulfate content.

The primary concern regarding C;A content is its availability to participate in the
formation of ettringite, which could be expansive. Since the formation of ettringite requires both
sulfate and aluminate ions, it is expected that for the same SO; content, expansion will decrease
if there is an increase in C3A content. This will be entirely true if all the aluminates and sulfates
were available for reaction and formation of ettringite in the plastic stage, and whatever ettringite
forms during this stage will remain stable. Unfortunately this is not the case. First, not all the
aluminates and sulfates are released during early stages of hydration. Additionally, it was
mentioned earlier that C-S-H gel competes for sulfate ions with C;A. These sulfate ions,
captured within the gel, could be released at a later age and become available to participate in the
formation of delayed ettringite. Also, the presence of alkalis affects the rate of CsA hydration,
and it is known to increase the affinity of C-S-H gel for sulfate ions (8). In summary, it can be
concluded that in addressing the role of C3A on expansion in ISA phenomenon, the effects of
CsS, SOs, and alkalis can not be ignored.

1.1.3 Alkali Content: Cement alkalis are known to influence the rate of hydration of C;A
and ettringite stability (1). This in turn may affect the sulfate requirement for proper placement.
It also influences the nature of the hydration products including ettringite (morphology and
stability) and C-S-H gel (morphology and composition). The presence of alkali hydroxide may
increase the rate of sulfate ion release into solution, ettringite instability, and inclusion of these
sulfates in the C-S-H gel (10). As has been indicated earlier, ettringite formed in high pH
solutions has a morphology that renders it expansive (4,6). Additionally, pH directly affects the
stability domain of ettringite.

Stark and Bollmann (1) presented a summary of what has been reported in the literature
about the stability domain of ettringite. The domain covered a wide range of pH. The reason
for this wide range is the dependence of this phenomenon on other factors, such as cement
composition (SOs3 and C;S). It appears that even at high pH values, if there is enough supply of
sulfate ions, ettringite can still form. The implications are that in indicating whether ettringite

will form or not, the pH of the pore solution can not be considered as the sole parameter.



Lerch (11) reported the necessity to increase the amount of sulfate needed to control the
setting of cements with high alkali content. This was thought to be due to its effects on C3A
reactivity. An increase in rate of hydration of C;A with alkali content was also reported by
Sprung and Rechenberg (16). B. Osbaeck (17) also reported an increase in the reactivity of
Cs;A and C;S with total alkali content of cement. Odler and Wonneman (18) also reported
similar findings on doping clinker with K;O. However, Na,O did not affect tricalcium
aluminate reactivity. Way and Shayan (19) reported an increase in the gel production with
increasing alkali content; the increase was achieved through the addition of NaOH to the
mixing water. Juenger and Jennings (20) reported that the addition of NaOH to the mixing
water increases the initial hydration but retards the reaction beyond an age of one day. Similar
findings were reported by Bentz (21). Mori (22) reported acceleration in Cs;S hydration with
NaOH solution compared to pure water.

There appears to be contradicting findings in the literature on the effects of adding alkalis
as sulfates on cement hydration process. If alkalis are added as sulfates, the hydration of
tricalcium silicate or aluminate did not show significant change (23). Others (24) reported an
increase in the hydration rate on addition of alkali sulfates.

Generally, the evidence points to an increase in initial hydration with alkali content.
Additionally, the literature appears to have reports of inconsistent findings on the effects of
alkali sulfates and hydroxides. As an example, some researchers (18, 23) reported an increase
in the rate of hydration when alkalis were increased as hydroxides but not as sulfates, while
others (24) showed an increase in the rate of hydration when the alkalis were added as sulfates.

It is evident from the literature that the solubility of calcium hydroxide decreases with the
increase of the concentration of alkali hydroxide. The effect of alkali sulfates on the solubility
of lime is more complicated and depends on the concentration of each phase and the type of
alkalis. This result was reported by Sprung and Rechenberg (16). Ghorab et al (25) reported an
increase in the solubility of gypsum with the increase in NaOH concentration as well; this
means higher sulfate availability in solution. The solubility of silica is known to increase with
alkalinity and the respective pH value (26, 27). The high alkalinity was achieved through
additions of NaOH to the mixing water. Alkali sulfates did not show the same effect (28).

Up to this point, it is very clear from the literature that alkalis impact the hydration and
kinetics of hydration of Portland cements. This effect also extends to the nature of the

hydration products formed, especially the C-S-H gel. The results reported in the literature are



either incomplete or somewhat contradicting. This is believed to be due to the dependence of
the hydration process on many factors, especially sulfate content; the dependence of sulfate
content on alkali content as well as the cement composition appears not to be clearly
considered.

Jawed et al (22) conducted a thorough literature review on the influence of the alkali on
the properties of hardened concrete. Generally, the higher alkali content, present in the form of
hydroxide or sulfate, results in quick setting. The alkali hydroxide favors the formation of
crystalline monophase around the C;A grains. Alkali sulfates, mostly as potassium, lead to the
precipitation of syngenite. These effects are strongly dependent on the ions concentration.

For strength development, most of the evidence pointed to an increase in the early
strength and a decrease in the 28-day strength. Other researchers, however, showed a positive
effect on strength development (22). Alexander and Davis (29) showed a 56% decrease in 28-
day strength in cement pastes on increasing alkali content from 0.15 to 2.8% (as Na,O, added
as alkali hydroxides). The authors indicated that the decrease occurred regardless of the type of
the alkali cation (sodium or potassium). The study was done on five different cements. The C;S
content of the cements varied from 31-51% (Bogue) and the C;A content varied from 4-14%
(Bogue). There was no mention of the sulfate content of these cements. The sulfate content is
believed to impact the effect of the alkalis. The authors did not offer an explanation for
strength reduction.

McCoy et al (30) reported that water-soluble alkalis constitute 10% to 60% of the total
alkalis present in clinker. The data indicated that the amount of water-soluble alkalis has very
little effect on the pH of the aqueous extract from cement pastes. This work was done using
w/c ratios of 0.5 at ’2 hour hydration and w/c ratio of 2 at ’2 hour and 24 hours hydration. The
pH ranged from 12.3-12.7 for cements with alkali contents ranging from .03%-1.19% NayO.. It
was also indicated that alkalis in clinker have a significant effect on compressive strength
development. The absence of alkalis resulted in an abnormally low early strength, and the
presence of alkalis resulted in higher early strength (1-3 days) and lower strength at 28 days.

Osabaeck (28) reported that increasing alkali content (through the addition of K,SO4)
increased the early strength and decreased the later strength. The data reported showed a
corresponding increase in air content with alkali. It was concluded that the effect of alkalis on
later strength development is due to its impact on early hydration and not governed by the

conditions of pore liquid at later ages. The study was done on one cement with a C3;S content of



75% (Bogue) and Cs;A content of 4% (Bogue). No details were given about the hydration
process or the hydration products. In another study by the same researcher (31), a negative
effect of total and soluble alkali content on the 28 day strength was reported. The effect was
dependent on SO; content. The study showed an increase in the rate of hydration of certain
phases (CsS, C3A, and C4;AF) at early ages. This was not necessarily responsible for the
increased strength. However, the general conclusion reflected on the nature of the hydration
products. No specific details were given about the hydration products. Osbaeck (17) reported
an increase in the early age strength and a decrease in the 28-day strength when soluble alkali
content was increased through doping with potassium sulfates. Doping levels were 0.5% and
1.0% K,O. It was indicated that the increase in early strength might diminish if a constant
slump is maintained through increasing w/c ratio, as the addition of alkalis increased the water
demand.

Sprung et al (16) reported higher reactivity of C;A in higher alkali solutions. If gypsum
was lacking, aluminate hydrates formed causing rapid setting. However, in presence of high
sulfate supply, large amounts of ettringite formed which also resulted in rapid setting. The
authors indicated that with higher amounts of alkalis in clinker, particularly alkali sulfates,
lower calcium hydroxide concentration existed in solution. This in turn increases the rate of
hydration of C3;A prior to the dormant period which may lead to rapid setting. They also added
that the solution composition during early hydration, not only impacts the setting, but also
strength development as well. The study, however, did not investigate the effect of alkalis on
the rate of hydration of C;S, which could have an effect on the setting behavior.

Johansen (24) indicated that the switch from wet to dry process, during clinkering,
resulted in higher alkali content in cements. Also, the use of cheap sulfur-rich fuels, led to
higher SO; content in clinker. The author suggested that this change is responsible for a
decrease in the 28-day strength. The author also reported that an increase in K,SO4 results in
28- day strength decrease. The decrease occurred regardless of the source of alkali sulfates,
whether coming from the clinker or externally added. It was shown that the 28-day strength
correlated negatively with the amount of combined water after 3 minutes of hydration
(chemically-bound water). This implies that the early hydration of C;S and the nucleation of
the gel early on is of significance.

Bhatty et al (32) reported that C-S-H gels with low C/S ratio retain more alkalis than high

C/S hydrates when these hydrates come in contact with alkali solutions of wvarious



concentrations. The authors mentioned that this change, depending on the alkali concentration
of the solution as well as the type of alkali cation, will change the nature of the C-S-H formed
as indicated by XRD pattern. This change was attributed to a change in the crystal structure.
The study did not mention the physical implications of this change.

Way et al (19) reported an increase in the rate of gel and CH formation on increasing the
concentration of sodium hydroxide in mixing water from 0 to IM. At a concentration of 2M
and higher, the formation of aluminosulfates was retarded and sodium-substituted monosulfate
formed instead of ettringite. It was also noted that the formation of a sodium-containing C-S-H
gel at these higher concentration occurred. The study did not provide firm analytical data to
support the increase in the rate of gel production. The cement used in the study had 52.7% C;S
and 5.9% C;A (Bogue) and 3.3% SOs.

Jelenic et al (33) studied the effect of gypsum on the strength development of two
cements that had identical chemical composition except in their alkali content. The cements
used in the study had 70% alite (XRD), 8-10% C3A (XRD), and alkali contents of 0.16 and
1.06%. The study showed an optimum sulfate content for strength gain. For a given age, an
optimum occurred which was higher for low alkali cement. It was noted that the optimum for
the high-alkali cement shifted to a higher value with age. The maximum strength was higher
for the low alkali cement up to 47 days. However, at 90 days the difference in the strength was
not noticeable. This was explained by the reaction of the adsorbed sulfate to form
sulfoaluminate phases and the redistribution of the sulfates in the gel. Higher strength was
attributed to better quality gel. Alite hydration was slightly higher for low alkali cement at all
sulfate contents (1-5%) up to 47 days of hydration.

Gebauer et al (34) reported an increased reactivity in higher alkali clinkers. The alkalis
were mainly sulfates. The early hydration rate increased with the clinker alkali-sulfates. Early
compressive strength (2 days) increased while the 28 day strength decreased. There was no
effect on the 28 days flexural strength. There was also no clear influence on the 28 day
compressive strength of concrete.

Odler et al (18) conducted a study on the influence of the alkalis added to the raw feed of
clinker preparation. Two clinkers were prepared through the addition of Na,O and K,O. In
both cases, the alkalis were incorporated preferentially into the lattice structure of C;A
modifying it from cubic to orthorhombic. It was reported that the hydration of C;A was

accelerated in the potassium-doped clinker and slowed down in sodium-doped one. The



hydration of C3;S was not altered. The strength development was not affected by the presence
of alkalis, yet the setting time was moderately extended in the sodium case and shortened in the
potassium case. In another study (23) conducted on the influence of alkalis added to the clinker
as sulfates (the doping levels were 0.72% and 1.26% Na,O as Na;SO,, and 0.88% and 1.48%
K,0 as K;,S0,), no significant effects on the hydration of Cs;S or C;A were noted. The setting
time was shortened in both cases, but significantly in the case of potassium sulfates. This was
attributed to the formation of syngenite, but there was no explanation for the case of the
sodium sulfate doping. The compressive strength decreased in both cases at all hydration ages.
Though the cause of this decrease was not obvious, it was postulated that changes in the
structure and intrinsic properties of the hydrates occurred due to changes in the liquid phase
caused by dissolution of the alkali sulfates. These two studies (18 and 23) were conducted on
one laboratory-prepared clinker having the following mineralogical composition: C3S=70%,
C,2S=10%, C3A=10%, C4AF=10% (based on Bogue). The SO; content for the control case was
maintained at 3.0% using interground gypsum, and the Blaine fineness was 300 m*/kg.

Suzuki et al (35) reported a lower Ca/Si mole ratio for C-S-H in systems of Ca-SiO,-
NaCl-NaOH. The authors suggested adsorption of Na ions by the C-S-H gel which lowered the
exothermal temperature in DTA. After dispersion with water, this temperature increased to the
same value reported for pure C-S-H gel. Smaoui et al (36) reported a reduction in mechanical
properties of concrete (compressive strength, splitting, direct tensile, and flexure, but not
modulus of elasticity) on increasing Na,O, from 0.6% to 1.25% through the addition of NaOH.
The authors attributed the findings to a more reticular porous cement paste as observed under
SEM though the hydration products did not show significant differences in both cases. Both
cases resisted freeze/thaw well. It was also concluded that additions of alkalis did not modify
the air-void system.

Shayan et al (37) conducted a study on the influence of alkalis through the addition of
NaOH in the mixing water. The alkali levels ranged from 0.8 to 10.5% Na,O.. An increase in
expansion with alkali level was observed. The study also noted a delayed formation of
ettringite and enhanced formation of calcium hydroxide. However, as the alkali level was
increased (2 and 4.5 M NaOH), neither ettringite nor monosulfate were formed; rather, the
formation of a new phase (sodium-substituted monosulfate, referred to as U-Phase) and a
crystalline form of C-S-H gel were observed. There was also a decrease in the compressive

strength as well as the modulus of rupture with an increase in alkali level. This change was
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attributed to the formation of the new phase and to the substitution of sodium in the C-S-H gel
structure, a (Na,O/S10,) ratio of 0.17 was reported. It was also observed, through SEM, that
high-alkali cement pastes had a less dense microstructure as opposed to low-alkali cement
pastes. This could possibly contribute to loss of strength. The study did not provide the cement
mineralogical composition, or the sulfate content which may have influenced the effect of
alkalis on strength and expansion.

Luxan et al (38) conducted a study on the potential expansion of Portland cement with
the addition of alkali salts (Na,COs or K;SO4). Aside from the expansion results, it was found
that the addition of these alkali salts at 1, 2, and 3 % by weight reduced the expansion of
Portland cement mortars. The authors found that the addition of the sodium carbonate altered
the hydration reaction by causing abnormal setting (false or quick set). This problem was
corrected through additions of natural pozzolans. For the potassium sulfate, it was reported that
additions of 1, 2 or 3% did not cause abnormal setting; however, it did accelerate cement
setting. The addition of <1% of this salt delayed both initial and final set. The addition of this
salt caused a decrease in compressive strength at early and late ages; the reduction was
attributed to modifications in clinker hydration due to the presence of alkalis in the liquid
phase.

Juenger et al (20) reported that increasing the alkali content through the addition of
NaOH (IM) accelerated the initial hydration; however, after the first day high alkalinity
retarded the hydration process. The total surface area, determined by nitrogen absorption,
decreased due to a decrease in gel pores with radii of 1-4 nm. It was also noted that the
presence of NaOH led to the preferential formation of denser C-S-H gel, which resulted in
heterogeneous structure. A slower rate of drying shrinkage was also observed. The authors
offered the following explanation: since NaOH-containing samples had heterogeneous
structure, localized stresses caused larger cracks. These cracks helped reduce the measured
shrinkage. Also the samples continued to shrink without water loss, suggesting that this is due
to microstructural rearrangement. The total alkali content for this study was 1.2% as NayO..
The study was done on one cement with 54% C;S and 10% Cs;A (Bogue). The SO; content was
2.84%, and the Blaine Fineness was 368 m’/kg. This cement was used for all the results
reported in the study except for the heat of hydration data which was done on similar cement
having a C;S content of 64%, and C;A content of 8% (Bogue). Although the cements are

similar, the higher C;S content may impact the results of this test.

11



Bentz (21) reported that increasing alkali content (using both sodium and potassium
sulfates and hydroxides) of cement paste increased the early age hydration and retarded the
hydration at later ages. It was also concluded that the presence of alkalis results in depercolated
capillary pores. The author attributed the findings to the nature of the gel formed, being plate
lath—like with higher crystallinty rather than random. This morphology might result in slower
diffusion rate and slower hydration at later ages. The depercolation may be advantageous since
it results in less freezable water in the pores.

Shayan et al (37) reported an increase in the expansion of mortar bars using sodium
hydroxide doping. The expansion was reported to be approximately 0.04% at 12 weeks at 3.8%
Na,Oe. This study did not provide details about the cement composition or the sulfate content.

Luxan et al (38) reported that incorporation of alkali carbonate and sulfate salts (Na,COs
1 and 2% by weight; K,SO4 1.2 and 3% by weight) reduced the expansion of Portland cement
mortars, mainly when C;A content is low (<5%). It was concluded that there is an optimum
concentration for the alkali salt for each cement. Again, this study did not provide any details
about the hydration products, or any details on the Na,O. levels. Vivian (39) showed no
significant expansion to occur when the alkali content of the cement was increased to 4.08%
using NaOH in the mixing water. The study was done on mortar prisms (1 in x lin x 10 in). The
expansion did not exceed .007% at 196 days. The study did not show any details about cement
composition.

1.1.4 Sulfate Content: As presented earlier in this document, sulfates are added mainly
to control the hydration of C;A. They participate in the formation of ettringite. Sulfate
requirements are complicated, due to several factors presented earlier. Optimizing sulfate content
for proper retardation, placement, strength development, shrinkage, expansion and durability is
not an easy task. This is especially true with stricter environmental regulations, and the need for
less expensive fuels. Cement producers are pushing and advocating relaxing the restrictions on
sulfate contents. The complicated cement hydration mechanisms make it hard to just allow
higher sulfate levels than currently acceptable without more understanding of the interaction of
all involved phases and their impact on long term durability.

1.1.5 Sulfate form: The late formation of ettringite is indicative of a source(s) for
delayed release of sulfates. Among possible sources that are offered in the literature are sulfates
in some silicate phases of clinker such as dicalcium silicates, or due to the presence of sulfates in

slowly soluble forms, such as anhydrite or even in some sulfate-rich aggregates. While the idea
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of slowly-released sulfates was supported by several researchers (3, 41, 41) it was opposed by
others (42, 43, 44, 45, and 46). This should not be a point of controversy; even if all the sulfates
were to be very soluble, the late release may occur due to the other factors mentioned above.

1.2 Cement Fineness

Fineness influences the rate of hydration; consequently, it will influence the sulfate
requirement needed for proper placement and long term durability of concrete.

1.3 Curing Temperature

The temperature affects hydration rate and the nature of the gel formed. The higher
temperature results in higher porosity and a coarser C-S-H structure (47). It also impacts the
stability of ettringite (5).

It has established in the literature (1, 2, 5, 15) that ettringite decomposes to monosulfate
hydrate on exposure to elevated temperature >80 °C. The monophase is further converted to the
sulfate free calcium aluminate hydrate at a long exposure time to boiling water temperature.
Other published data offers a maximum curing temperature of ~70 °C as a safe curing
temperature. Because ettringite is the stable calcium sulfoaluminate hydrate phase at room
temperature, it will then reform in concretes stored at ambient temperature following heat curing.
While high temperature cure can be one source of temperature rise that triggers such
transformation, temperature rise in concrete to levels where ettringite becomes unstable and
decomposes, does not have to be due to heat-curing. It was reported in the literature (48) that in
large concrete sections with high cement content, the internal temperature could rise up to 85 °C.
The stability of ettringite depends on factors other than temperature. Heinz et. al. (10) detected
the presence of ettringite after 12 hours of curing at 90 °C when cement had 8.6% by weight SO;

This could be due to the fact that the density of the matrix and the exposure time were not
sufficient for its decomposition. It can be concluded that the exposure time has an effect, in
addition to SO; content as well as cement composition, especially C;S. C-S-H is known to
incorporate sulfate ions (5,7). The C-S-H gel affinity for sulfate increases with the increase in
curing temperature (10).

High temperatures in concrete are known to lower pore solution pH (49, 50). It is not
known whether this affects the stability of ettringite directly. However, the drop in the pH results
from the precipitation of calcium hydroxide, which in a cement system will be supplied through
the hydration of calcium silicate phases. The literature indicates that the solubility of calcium

hydroxide decreases with increasing temperature. This implies less calcium hydroxide available

13



for the formation of ettringite. However, the decisive factor seems to be the availability of the
sulfate in solution according to the experiments conducted by Heinz (10). Researchers (5)
assessed an increase in sulfate ion concentration with increasing the curing temperature; at the
same time, no ettringite was detected under these conditions. Since high temperatures decrease
the solubility of calcium hydroxide, it may result in less calcium available for the formation of
C-S-H gel. This can result in a lower Ca/Si ratio. Also, it was reported in the literature that the
nature of the gel formed at elevated temperature differs from that formed at ambient temperature
(47). The gel formed at higher temperature has been reported as coarser with higher porosity.
Many researchers (8-10, 15, 40-46, 49, 50, 61-69, 70-72) have tackled the issue of DEF due to
heat-treatment offering different hypotheses on the mechanism of the attack. However, the
published literature still offers conflicting theories. However, it appears that temperature rise in
concrete elements will have a direct effect on sulfate availability in pore solution, CH
availability, C-S-H morphology and ettringite stability. It is therefore a very important factor to
be considered in studying ISA.

From the above presented review of the literature conducted on ISA it can be concluded
that there are several parameters with specific contributions that need to be considered in
addressing ISA. It is also quite evident that each factor has implications on the others. While
there is ample of information regarding single parameters effect, there is a lack of identification
and consideration of the effects of varying several parameters in the same study. In other words,
if data are presented that address the effects of alkalis on ISA, cement composition and sulfate
content might not be addressed or even recognized as of significance to the conclusions reached
by the researchers.

This study was initiated in order to address primarily the effects of alkalis and sulfates on
concrete durability. In pursuing this objective, cement composition, exposure conditions (cycling
moisture, salt environment), fineness and curing conditions were all recognized in assessing

alkalis and sulfate content on ISA durability issues in concrete elements.
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2. Research Objective

Role of alkalis at ambient cure temperatures

As mentioned above, the cement composition greatly influences the phenomenon of the
ettringite formation as well as its reformation. Increased fuel costs and tightened environmental
regulations have led to increased levels of alkalis and sulfates in modern cements. The switch
from wet to dry processes in order to conserve energy and the lack of low-alkali raw materials
resulted in higher alkali levels (22 and 73). Since any attempt to remove the alkalis from the raw
materials is not a cost-effective nor is a practical solution, the presence of alkalis in cements is
inevitable. The ASTM specifications do not limit the alkali content of OPC where there is no
potential for alkali-aggregate reaction. The limit imposed by ASTM C-150 is 0.6% Na,O, for
potential ASR, however, the typical alkali content of Portland cements range from 0.3%-1.3%
expressed as NayO, (22). In fact, since high alkalinity is favorably viewed to prevent the
initiation of corrosion, high alkali-cements are being used as a measure to prevent corrosion.
Recently, some DOT’s received requests from concrete suppliers to uses alkali-containing
aggregates due to the lack of better aggregates in those localities.

Higher alkalis are believed to have a detrimental effect on the durability of Portland
cement concrete. The effect of alkalis on cement hydration and mechanical properties of concrete
has been studied by many authors. However, the effect on the expansion potential due to internal
sulfate attack, which is believed to be impacted greatly by alkalis, has not been studied
thoroughly. In recent years however, this topic received more attention. This is due to the
emergence of delayed ettringite formation especially in heat-cured concrete elements. Most of
the research conducted in this area considered the influence of alkalis on expansion of
cementitious systems exposed to elevated temperatures.

The objective of this research is to study the effect of alkali content on the expansion
potential of PC systems. While these compounds are not deliberately added to the cements, they
may be present in the raw materials used in the manufacture of cement; namely, clays and

limestone.
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CHAPTER II
EXPERIMENTAL FINDINGS

1. Introduction

The objective of the current study is to address the roles of alkalis and sulfates in Portland
cement on the properties and durability of concrete. Towards satisfying the above objective, five
ASTM Portland cements were used in this investigation. The results of the study will be

presented in this chapter.

2. Characterization of the As-Received Materials

2.1 Blaine Fineness

Cement reactivity and therefore its rate of hydration depends on its particle fineness and
particle size distribution. Increasing particle fineness corresponds to an increase in the total
surface area available for interaction when cement is in contact with water during hydration. The
cements used in this investigation were selected to reflect similar fineness but variable
mineralogical phase content. Blaine fineness assessed for the as —received cements are depicted
in Table-1. The results indicate that the cements share similar fineness except of MH4 which has
higher fineness.

Table 1. Blaine Fineness of As-Received Cements

Cement C E ERDOQ7 MH3 MH4
Blaine Fineness (mz/kg) 384 380 408 395 427

2.2 Oxide Chemical Composition of As-Received Materials

Oxide chemical composition of as-received materials was determined using x-ray
fluorescence spectroscopy. The results are presented in Tables 2 and 3 where it can be seen that
cement ERDO7 has the highest sulfur trioxide content. In addition, alkali content of cements C
and E are lower compared to the other three cements. Cement C had the lowest alkali content
among all cements. In addition, Cements ERD07 and MH3 share higher potassium oxide content
while MH4 has higher sodium oxide and moderate potassium oxide.

Oxide chemical analysis on fly ash (Table 3) indicates that it can be classified as Class F

in accordance with ASTM C-618.
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Mineralogical phase content for the as-received cements determined through Bogue
calculations and x-ray Rietveld analysis are depicted in Tables 4 and 5 respectively. The results
indicate the discrepancy between both quantification techniques. This finding is not surprising as
it is well established that cement compound content as determined through Bogue calculations
are essentially an approximation. X-ray quantification of the as-received cements reveals
differences in the phase content of the as-received cements. First, tricalcium silicate content for
cements E and ERDO7 is similar and at average of about 57 % approximately while for cements
MH4, C and MH3 it is higher (65, 67 and 72% respectively). Also, Cements C, E and MH3 share
similar tricalcium aluminate content in the crystalline cubic form of approximately 2% while
cements ERD0O7 and MH4 are characterized by a higher aluminate content of about 10%. While
MH4 has a total tricalcium aluminate content of 10%; it only contains 2% of its aluminate in a
cubic form while 8% in a crystalline orthorhombic form. So, among all cements, ERDO7 has the
highest cubic tricalcium aluminate, with all other cements having approximately 2%, while MH4
is the cement with the highest tricalcium aluminate content that is predominately present in an
orthorhombic form. Additional differences exist in the form and content of calcium sulfate as
will be discussed later. Fly ash mineralogical analysis indicates the presence of four crystalline
phases; namely, quartz, mullite, hematite and magnetite.

In conclusion it can said that cement E is an ideal cement in terms of its sulfate, alkali,
tricalcium aluminate and tricalcium silicate content and fineness for sulfate durability.
Additionally, the above cements were selected carefully to serve in data analysis as to the effect
of different mineralogical phases in cements on the role of alkalis and sulfates in concrete
durability. That is to say, if a comparison is desired to study the effect of higher alkali and
aluminate content on moderate tricalcium silicate cements, it can be easily done through
comparing Cement E and Cement ERDO7. Similar comparison can be done for their role in high
tricalcium silicate cements through considering Cement C which was introduced in this study
due to its high tricalcium silicate content but low alkali and tricalcium aluminate content.
Matching Cement C in its silicate content is Cement MH4 with the exception of its high alkali

and high tricalcium aluminate content.
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Table 2. Oxide Chemical Composition of As-received Cements

Analyte C E ERDO7 MH3 MH4
Si0, 20.52 21.15 20.08 20.20 20.99

AL O3 4.92 4.78 4.98 4.02 4.92

Fe O3 3.70 3.76 2.22 2.78 2.24

CaO 64.31 64.41 62.21 64.02 63.93

MgO 1.71 0.95 3.65 2.47 2.14

SO3 2.81 2.58 3.47 3.09 2.55

Na,O <001 0.18 0.3 0.21 0.43

K,O 0.41 0.34 1.12 1.10 0.67

TiO, 0.27 0.33 0.21 0.22 0.21

P,0:s 0.03 0.07 0.2 0.15 0.16
Mn,05 0.04 0.03 0.1 0.06 0.04

SrO 0.04 0.12 0.34 0.04 0.13

Cry,03 <0.01 <0.01 0.01 <.01 <.01

ZnO <0.01 0.02 0.01 0.04 <.01
L.0.1(950° C) 1.08 1.15 0.66 1.40 1.36
Total 99.83 99.84 99.57 99.79 99.77
Alkalis as Na,O 0.27 0.4 1.03 0.93 0.87

Table 3. Oxide Chemical Composition of Class F Fly Ash

Chemical Oxide Weight Percent (w/0)
SiO, 53.34
ALO; 19.71
FGQOQ 8.27
Sum of SiOz ,Aleq . FGQOQ 71.32
SO, 0.60
CaO 11.18
Moisture Content 0.10
Loss On Ignition 0.13
Alkalies as Na,O 0.72

Table 4. Phase Content of Cements (Bogue Formulae)

Compound Cement
(%) C E ERDO7 MH3 MH4
GsS 60 57 54 67 57
C.S 14 18 17 7 17
C5A 17 6 9 6 9
C4AF 11 11 7 8 7
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Table 5. Rietveld X-Ray Mineralogical Analysis of Cements

0 Cement
Compound (%) C E ERDO7 | MH3 MH4
CsS 67 54 59 72
B-C,S 15 25 15 12 14.5
Cubic 2 4 9 2
CiA Ortho - - - -
C4AF 14 13 4 9
Gypsum (CaS0O4.2H,0) - 2 - 0.3
Bassanite (CaS0,4.0.5H,0) 1.5 1.6 2.4 14
Anhydrite (CaSQy) 1.3 - -
Potassium Sodium Sulfate - - 1.6 0.7
Syngenite 1.4
Arcanite (K,SOj)
MgO 0.6 - 4 1.0

Counts

3000 -

2500 -

2000 -

1500 -

1000 -

Fly Ash used in Concrete Mix XRD Scan

Major Crystalline Phase identifyed

from XRD Analysis

Mullite
Quartz
Hatrurite
Magnetite

—Raw Data from Scan
—— Peaks
Background

5 15 25

35
2 theta

45

55

Figure 1. X-Ray Diffraction Pattern of Class F Fly Ash
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Expansion (%)

3. Role of Sulfates

3.1 Expansion

In addressing the role of sulfur trioxide content mortar prisms and cubes were prepared

for all cements. Each data point measurement reflects average reading for 4 bars or 3 cubes.

For expansion measurements, the specimens were prepared and monitored in accordance

with ASTM C1038. The results are presented in the Figures 2 through 6. It is to be noted that

the condition defined by the symbols AR indicate the as-received content of the specific

oxide. For example, 3.6%-AR set represents mortar with cement that has sulfur trioxide

content doped to 3.6% and alkali oxide content that corresponds to the oxide content of the

as-received cement with no additions.

0.08000

0.06000

0.04000

0.02000

0.00000

——5-AR
——3.6-AR
—&— AR-AR
_A—— % x
/k—""/‘/
I g e :
e |
40 80 120 160 200 240 280 320 360
Age (days)

Figure 2: Effect of Sulfate Content on Expansion Behavior for Cement E
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Figure 4: Effect of Sulfate Content on Expansion Behavior for Cement ERD07
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Figure 6: Effect of Sulfate Content on Expansion Behavior for Cement MH4
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It is quite evident that there is an increase in expansion with the increasing sulfate
content. For the AR cases, where sulfate content was between 2.58% and 3.47%, expansion did
not exceed 0.03%, with the highest reported for cement ERDO7. This could be due to the fact
that cement ERDO7 has the highest SO3 content, although the values for all cements were within
close range.

In order to assess the effects of varying cement composition and alkali content on the
response of cements to increased levels of SOs, all cements were doped to a constant SO; content
of 3.6% and 5.0% using Terra Alba gypsum. The increase in the expansion values from the AR
case to the 3.6% case was almost negligible. There was no 3.6% case for cement ERDO7 since
the AR-SO; content was close to that value. The increase in expansion values in the 5% case is
clear; the values are almost double those of the AR case for cements C, E, MH3 and MH4.
However, all the values were under .05%, up to the ages reported, in cases of C and E and
ERDO7, and just slightly above that in case of cement MH3. The increase from the AR case to
the 5% case in cement ERDO7 was not much; this could be due to the fact that the original
cement has high sulfate content.

Cement MH3 recorded the highest expansion, followed by cement C. These two cements
have high CsS content and low C;A content. Cement ERD07 showed the lowest expansion value
at 5% sulfate followed by MH4. For the latter, C3A content (in cubic form) was the highest
among the cements studied here. MH4 has a high C;A content as well, but it is predominately in
the orthorhombic form. It appears that cements with high C;A content expand less for the same
sulfate contents.

In general, increasing sulfate content is expected to increase the expansion experienced
by cements due to a corresponding increase in ettringite formation. This can be seen from
quantification of ettringite that was conducted using x-ray diffraction and Rietvield analysis as
depicted in Figure 7 and 8 for cements C and E. Ettringite was detected as early as 8 hours
counted from mixing cement with water. This work also indicated the persistence of gypsum up
to 24 hours for mixes with 5% sulfate. However, gypsum completely disappeared by an age of 3
days. This late persistence of gypsum is indicative of late ettringite formation beyond the plastic
stage. This effect implies that the later formation into the hardened stage can generate more
direct expansion than if ettringite formation was restricted to the plastic stage of concrete
hardening. Though both of the examined cements are characterized by similar lower tricalcium

aluminate content, they have a significant difference in their tricalcium silicate content. It
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appears from the data collected here that ettringite formation and expansion are more for Cement
C that has higher tricalcium silicate content. Ettringite formation requires in addition to
aluminates, calcium ions which is expected to be ample for cements higher in their tricalcium

silicate content.
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Figure 7: Effect of Sulfate Content on Ettringite Formation in Cement C
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Figure 8: Effect of Sulfate Content on Ettringite Formation in Cement E
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3.2 Compressive Strength

In addressing the role of sulfates on durability, mortar cubes were prepared. Each testing
data point reflects an average for 3 mortar cubes. All specimens and testing procedures followed

appropriate ASTM specifications. The results are depicted in Figures 9 through 13.
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Figure 9: Effect of Sulfate Content on Strength Gain for Cement E
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Figure 11: Effect of Sulfate Content on Strength Gain for Cement ERD07
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Figure 13: Effect of Sulfate Content on Strength Gain for Cement MH4
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Strength data indicates that for cements with higher tricalcium aluminate content,
increasing sulfates to 5% SOs did not have a positive contribution to long term strength at 360
days. This can be observed when considering the strength gain curves for cements ERDO7 and
MH4. Beyond 180 days, the both cements experienced strength loss at this level of sulfate. It is
to be remembered that both cements have 9 and 10% tricalcium aluminate content respectively.

X-ray diffraction patterns collected for cements C and E depicted the effect of sulfate
content on the rate of hydration of alite as can be seen from Figures 14 and 15. The effect of
sulfate content on the rate of hydration of tricalcium silicate was appreciable within the first 24
hours with the rate decreasing with an increase in sulfate content. Beyond 7 days, differences in

amounts of unreacted tricalcium silicates seem to be negligible.
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Figure 15: Effect of Sulfate Content on C3;S Hydration in Cement C
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From diffraction data, the amorphous content of the hydration products could also be
determined. Typically, it is attributed to C-S-H gel formations. The data indicate that increasing
sulfate content of cements decreases the amorphous content or nature of the hydration products.
This can possibly have an effect on mortar strength due to existence of weaker cleavage planes in

gels with higher degree of crystallinity.
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Figure 16: Effect of Sulfate Content on Formation of Amorphous Content for Cement E

Data analysis indicates that increasing sulfates in the as-received cements has a variable
effect depending on cement mineralogy and oxides. To further our understanding of the effects
of increasing cement sulfate content on its behavior, solution chemistry was also studied. Such
study assists in addressing the effectiveness of sulfates on ion dissolution and phase formation.

Figures 17 and 18 show the results collected on cements E and C sulfate ions concentration.
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Figure 17: Effect of Sulfate Content on SO4'2 Concentration for Cement E
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Figure 18: Effect of Sulfate Content on SO4'2 Concentration for Cement C

Figures 17 and 18 show the variation of sulfate ion concentration within the first few
days for Cements C and E. Both cements showed similar profiles for all sulfate levels for the first
eight hours. The main distinction is the amount of dissolved sulfates for the 5% case. This is in
agreement with the findings from diffraction analysis where it was indicated that there was a
delay in sulfate dissolution as evident from the persisting gypsum peak up to 24 hours of age.

In regards to ettringite formation, x-ray data analysis and sulfate depletion studies
indicate that ettringite formation continued after sulfates were depleted from solution. In
accordance with XRD studies, ettringite continued to form up to 28 days while solution analysis
indicates depletion of sulfates at 160 hours. This implies that sulfates required for further
ettringite formation might come from another source, other than through solution. An example of

such source can be C-S-H gel.
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4. Role of Alkalis

In addressing the role of alkalis on structural elements durability, potassium hydroxide
was used as a doping agent to vary the alkali content. In addition to studying the effects of
variable alkali content on cement, sulfates were also varied to two concentrations: 3.6% and 5%
in addition to the as-received content. The alkali content that was studied here for all specimens
are: as-received, 1.5 and 2.0%. For selected cements, a higher alkali content of 3.8% was used in
order to establish alkali effect at excessive high concentration within a period of one year. Mortar
prisms and cubes were also prepared to assess the effect of alkali content on compressive
strength and durability. In addition, paste specimens were also prepared for analytical work

aimed to understand and interpret durability data. The results are depicted in Figures 19 through

24.

4.1 Expansion
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Figure 19: Effect of Alkali on Expansion Behavior for Cement E-SO;=AR
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Figure 23: Effect of Alkali on Expansion Behavior for Cement C-SO3=3.6%
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Figure 24: Effect of Alkali on Expansion Behavior for Cement C-SO3=5.0%
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Figures 19 through 24 show the expansion patterns for both cements E and C at all
doping levels. As observed earlier where sulfates varied but and no alkali additions; that is as-
received content, expansion increased with increasing sulfate content at the same alkali level. For
cement E, the expansion for the 5-AR case was just above .04%, and about .016 for the AR-AR
case, case 3.6-AR showed an expansion of just above .018%. Expansion behavior for cement C
followed the same trends observed for cement E with the exception that numerical values were
higher.

Increasing the alkali level to 1.5, and 2% did not show significant effect on the expansion
behavior for the ages reported here, for all three sulfate levels, for both cements. However, at
3.8% alkali content, deterioration in specimens was quiet apparent as early as 56 days. During
early measurements, differences due to variation in alkali content could not be detected until 56
days for cement E. However, beyond this age, the onset of deterioration was sudden and rapid as
evident for the abrupt increase in the expansion rate. An expansion of approximately 1.0% was
reported for Cement E at 56 days. Mortar prisms started to crack at 180 days, as can be seen in
Figure 25. Similar behavior was observed for Cement C with the only significant difference

being the timing of rapid deterioration initiation occurring at a shorter time; that is, 28 days.

Figure 25: Mortar bar for cement E 5-3.8 at 180 days

The results presented here for both cements E and C indicates that expansion

measurements using ASTM C1038 might not be sensitive to assessing alkali effects for
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durability considerations. Additionally, the results indicate that the alkali effect on durability is
impacted by the sulfate and mineralogical composition of the cement. Increasing sulfate content
increased expansion for the same alkali content. Expansion data indicates that the significance of
alkalis on durability at 3 different sulfate levels appears to increase expansion. The increase is of
significance only at an alkali level of 3.8% at all sulfate levels; that is, as-received, 3.6% and 5%.
Increasing the alkalis or sulfate content had the effect of initiating rapid expansion in shorter
time. Expansion data for cements MH3, MH4 and ERDO7 are presented in Figures 26 through

where it can be seen that no significant effect was observed for the alkali levels of 1.5 and 2%.

1.00
0.80 -
—¢ AR-2.0
_ —— AR-15
<060
£ —=— AR-AR
o
5040
0.20
0.00 Ba—RE— = = * — ¥
0 30 60 90 120 150 180

Age (days)

Figure 26: Effect of Alkali on Expansion Behavior for Cement MH3-SO3;=AR
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Figure 27: Effect of Alkali on Expansion Behavior for Cement MH3-S03=3.6%
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Figure 28: Effect of Alkali on Expansion Behavior for Cement MH3-SO3=5.0%
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Figure 29: Effect of Alkali on Expansion Behavior for Cement MH4-SO3;=AR
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Figure 30: Effect of Alkali on Expansion Behavior for Cement MH4-S03=3.6%
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Figure 31: Effect of Alkali on Expansion Behavior for Cement MH4-S03=5.0%
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Figure 32: Effect of Alkali on Expansion Behavior for Cement ERD07-SO3=AR
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Figure 33: Effect of Alkali on Expansion Behavior for Cement ERD07-SO3=5.0%
4.2 Compressive Strength

In addressing the role of alkalis on the durability of structural elements, compressive
strength measurements were conducted for a period of a year at three different sulfate levels and
several alkali content. The results are shown in Figures 34 through 46.

For cements C and E that share similar low alkali and triclaicum aluminate content, the
alkali was varied from as-received to 1.5, 2.0 and 3.8%. It can be seen from Figures 34 through
39 that for all sulfate levels considered here, increasing the alkali content for constant sulfate
content results in strength regression that can be as high as 4,000 psi (28 MPa) for cement E at an
alkali content of 3.8% and sulfate content of 2.58% (AR) and 3.6% and 5,000 psi (35 MPa) for
cement C. However, at an alkali content of 3.8% and sulfate content of 5%, the strength
decreased from approximately 8,000 psi to approximately 2000 psi at an age of 180 days for both
cements. Increasing the alkali content from the as-received condition for cements C and E results
in similar trends. The significant difference between the trends observed here for those two
cements is that for cement C regression started at an earlier age and at lower sulfate content.
Cement C has significantly higher tricalcium silicate content in comparison to cement E (67%

versus 54%).
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Figure 34: Effect of Alkali on Strength Gain for Cement E-SO;=AR
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Figure 36: Effect of Alkali on Strength Gain for Cement E-SO3=5.0%
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Figure 38: Effect of Alkali on Strength Gain for Cement C-SO3=3.6%
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Figure 39: Effect of Alkali on Strength Gain for Cement C-SO3=5.0%
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Figure 40: Effect of Alkali on Strength Gain for Cement MH4-SO3;=AR
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Figure 41: Effect of Alkali on Strength Gain for Cement MH4-S03=3.6%

CEMENT MH4 CUBES, Alkali Effect

@ SO3=5%
10000
8000 —8— MH4-5-AR
——MH4-5-1.5
S —
/ — L] \\\\‘
~ 6000 | —1 T %~ MH4_5_2
7 | — \k\
= %Q
=)
c
g
B 4000
2000
0
0 30 60 90 120 150 180 210 240 270 300 330 360
Age (days)

Figure 42: Effect of Alkali on Strength Gain for Cement MH4-S03=5.0%
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Figure 43: Effect of Alkali on Strength Gain for Cement ERD07-SO3;=AR

CEMENT ERDO7 CUBES Alkali Effect

@ S03=3.6%
10000
8000 ——3615
——
S S —=—3.6-AR
= 6000 4 — |
[ \\
= | E—
<
=)
£
g
@ 4000 4
2000
0
0 30 60 9 120 150 180 210 240 270 300 330 360

Age (days)

Figure 44: Effect of Alkali on Strength Gain for Cement ERD07-S03=3.6%
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Figure 45: Effect of Alkali on Strength Gain for Cement ERD07-SO3=5%
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Figure 46: Effect of Alkali on Strength Gain for Cement MH3-SO3;=AR
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Figure 47: Effect of Alkali on Strength Gain for Cement MH3-S03=3.6%

Considering cements with high tricalcium aluminate and alkali oxides; that is cements
MH4 and ERDO07, it can be observed that increasing the alkali content at lower sulfate content
results in a similar lower strength at all ages. Also, strength for both cements is significantly
lower than cements E and C for all ages. Comparing Figures 34 and 37 for E and C cements with
Figure 40 for MH4 cement, it can be concluded that the behavior of cements is quiet similar.
However, this is not true for higher sulfate contents. In those cases, when alkali content was
increased to 1.5 and 2% for MH4, at sulfate content of 3.6 and 5%, the effect of increasing alkali
content on strength values beyond 180 days was noted as a strength drop of approximately 1,000
psi at 360 days compared to 90 days strength. Similar observations were noted for cement
ERDO7 with an as-received alkali and sulfate content of 1.03% and 3.47%, respectively. Such

drop was only observed for cements E and C at an alkali content of 3.8%.
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The effect of alkali content on compressive strength does not appear to be positive.
Increasing the alkali content, at a constant sulfate level, results in a decrease in the compressive
strength of mortar. Strength deterioration trends appear to be dependent on cement composition.
For cements with higher tricalcium aluminates, the effect is more pronounced at sulfate levels of
3.6% and 5% and alkali content as low as 0.83%. For cements with low tricalcium aluminate
content, increasing the alkali content results in an immediate decrease in strength. Additional
regression was only reported at much higher alkali level, 3.8%.

It is rather interesting to note that while strength data indicate the significance of alkali
content on durability, expansion measurements in accordance with ASTM C1038 showed no

significant effects of higher alkali content on durability.
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4.3 X-Ray Diffraction

X-ray diffraction was used to follow phase formation and transformation during different
stages of hydration. Results [Figures 48 through 51] indicate that while increasing sulfates results
in an increase in the amount of ettringite, addition of alkalis did not. The main effect of
increasing the alkali content was in delaying ettringite formation. This is in agreement with the
findings in the literature where it is indicated that ettringite is unstable at high pH [1]. The timing
of formation appears to be dependent on the sulfate content of the cement. Increasing the sulfate
content of as-received cement appears to alleviate the effects of alkalis on delaying ettringite
formation as can be seen in Figures 50 and 51 for cement C. The effect of pH on ettringite
formation will subsequently affect sulfate distribution in other phases. Additionally it will have
its consequences on durability especially if conditions become favorable for its formation at later

age, beyond the plastic stage of concrete hardening.
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Figure 48: Effect of Alkali on Ettringite Formation for Cement E-SO;=AR

0.4

—+— AR-3.8
o) —>— AR-2
=
9 ——AR-1.5
]
f‘; 0.2 -a— AR-AR
& .
.8
£
s3]

0 60 120 180
Age (days)

Figure 49: Effect of Alkali on Ettringite Formation for Cement C-SO3;=AR
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Figure 50: Effect of Alkali on Ettringite Formation for Cement C-SO3=3.6%
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Figure 51: Effect of Alkali on Ettringite Formation for Cement C-SO3=5.0%

Diffraction patterns and Rietveld analysis on hydration phases indicates that increasing
the alkali content, increases the amount of calcium hydroxide. The results are depicted in Figures
52 through 57 for cements C and E at several sulfate and alkali concentrations. The findings do
not necessarily indicate a faster rate of hydration for tricalcium silicate. Previous research [49]

indicates the effectiveness of higher alkalinity on reducing the solubility of calcium hydroxide.
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Figure 52: Effect of Alkali on Calcium Hydroxide Formation for Cement E-SO;=AR
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Figure 53: Effect of Alkali on Calcium Hydroxide Formation for Cement E-SO3=3.6%
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Figure 54: Effect of Alkali on Calcium Hydroxide Formation for Cement E-SO3=5.0%
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Figure 55: Effect of Alkali on Calcium Hydroxide Formation for Cement C-SO;=AR
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Figure 56: Effect of Alkali on Calcium Hydroxide Formation for Cement C-SO3=3.6%
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Figure 57: Effect of Alkali on Calcium Hydroxide Formation for Cement C-SO3=5.0%
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4.4 Heat of Hydration

To further our understanding to the role of alkalis and sulfates on durability, heat of
hydration measurements were conducted on cements doped with alkalis and sulfates. The results
are depicted in Figures 58 through 61. The results indicate that increasing sulfates results in
retardation of the first exothermic peak that occurs due to the rapid initial hydration of tricalcium
silicates and aluminates as can be seen from comparing the 5-AR with AR-AR cases for both
cements. Increasing the alkali content while maintaining the sulfate content in the as-received
condition, results in an increase in the rate of hydration of C;A as clearly depicted in Figures 59
and 61. The first peak occurred at 2.5 minutes for AR-3.8 case versus 4.5 minutes for AR-AR.
Another significant difference is the rate of heat generation was doubled on increasing the alkali
content.

The results revealed by calorimetric measurements are consistent with mortar flow
measurements depicted in Table 14 where mortar flow appears to decrease with increasing the
alkali content at all sulfate levels.

While heat of hydration measurements indicate higher hydration reaction rates for
tricalcium aluminate with increasing alkali content, XRD data indicates that ettringite is not the
persistent phase during early stages of hydration. It was previously mentioned that ettringite is

not stable at high pH pore solution.

40

35 1
- = AR-33

£ 304 /7

£ 25 — - AR-2.0

a =

w L0 —

52 90 AR-AR

£ 8

=

=}

38

<

-4

0 T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

Time (hours)

Figure 58: Effect of Alkali on Heat of Hydration for Cement E-SO;=AR
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Figure 60: Effect of Alkali on Heat of Hydration for Cement C-SO;=AR
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Table 6. Mortar Flow Values for Cements C and E

Cement C Cement E
Alk
AR 2 3.8 AR 2 3.8
SO;
AR 111 110 92 103.5 90.5 63
3.6 115.5 104 90 113 96 87.5
5 116 79 106.5 | 104.5 102 96
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4.5 Pore Solution Chemistry

Analysis of pore solution chemistry is critical in understanding the role of alkalis on
durability. Profiles for sulfates and calcium ions were assessed and the results are depicted in
Figures 62 through 73. From sulfate ion concentration measurements it was found that increasing
alkali content of cement results in two effects. First, sulfate ions persisted longer in solution.
Second, for the same age, the ion concentration was higher for higher alkali content.

Diffraction studies (section 4.3) on AR-3.8 did not indicate any ettringite formation for
up to 14 days in cement E and 28 days for cement C. These results together with solution
analysis might indicate that sulfate ion concentrations available for AR-3.8 cases were below the
solubility limit of ettringite. Though solubility limits of ettringite was not addressed in this study,
the formation of ettringite in case 3.6-3.8 and 5-3.8 at 8 hours of hydration corroborate the
proposed explanation. Furthermore, sulfate concentration in 5-3.8 case was almost double what
has been determined for 5.0-AR, yet the same amount of ettringite was determined by XRD for
both cases. In addition to the high sulfate ion concentration, for higher alkali content, sulfates
persisted for longer periods in higher alkali content. This finding again indicates the persistence
of sulfates in solution at high alkali content. This makes sulfates unavailable to participate in
ettringite formation or their incorporation in C-S-H gel formation.

Calcium ion concentration measurements indicate that increasing alkali content results in
a decrease in the ion concentration. The results are in agreement with diffraction pattern analysis
on calcium hydroxide presented earlier. Increasing the alkali content of cement appears to lower
the solubility of calcium hydroxide and enhances its precipitation and nucleation in available
space. Consequently, this might interfere with the nucleation and bridging of C-S-H gel. This
might ultimately compromise the quality of the gel which is the main strength contributing
binder in the cement hydrated paste. Additionally, a high calcium ion concentration in solution

may also result in a lower Ca/Si ratio in C-S-H gel.
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Figure 62: Effect of Alkali on SO4'2 Concentration for Cement E-SO;=AR
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Figure 63: Effect of Alkali on SO, Concentration for Cement E-SO;=3.6%
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Figure 65: Effect of Alkali on SO4'2 Concentration for Cement C-SO3;=AR
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Figure 66: Effect of Alkali on SO, Concentration for Cement C-SO3=3.6%
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Figure 67: Effect of Alkali on S04 Concentration for Cement C-SO3=5.0%
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Figure 68: Effect of Alkali on Calcium Ions Concentration for Cement E-SO;=AR
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Figure 69: Effect of Alkali on Calcium Ions Concentration for Cement E-SO3=3.6%
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Figure 70: Effect of Alkali on Calcium Ions Concentration for Cement E-SO3=5.0%
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Figure 71: Effect of Alkali on Calcium Ions Concentration for Cement C-SO;=AR
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Figure 72: Effect of Alkali on Calcium Ions Concentration for Cement C-SO3=3.6%
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Figure 73: Effect of Alkali on Calcium Ions Concentration for Cement C-SO3=5.0%



5. Role of Elevated Temperatures and Service Conditions

The effect of sulfates and alkalis on structural durability, at ambient conditions, was
presented in the previous sections. The findings indicate that increasing alkali content of cements
up to 2% was accompanied by strength loss but not significant expansion. However, increasing
alkali content to 3.8% resulted in strength loss and excessive expansion. The curing regime
adopted for this part of the study was at room temperature and mortars were maintained in a lime
solution tank for the duration of the experiments. In order to address temperature rise effects on
structural durability, another set of experiments were conducted. The main focus of those
experiments was to simulate encounters in precast concrete and massive structural elements
where temperature can be as high as 90° C. Three temperatures were selected for this set;
namely, 60°, 80° and 90° C. For heat curing, mortar bars were placed in a humidity chamber for
one hour following mixing. They were then placed in plastic sealed bags and moved to an oven
with the set point adjusted to the specific curing temperature. The rate of heating was such that
the oven reached the selected temperature in 1.25 hours. The soaking time for all selected
temperatures was 12 hours, following which the oven was turned off. The specimens were
allowed to cool to ambient temperature while in the oven so that the time to reach ambient
temperature was approximately 4 hours. Once the bars reached ambient temperatures, they were
placed in distilled water and allowed to soak for an hour. Following that, the initial bar length
was collected. The bars were then placed in a lime solution for the duration reported in this
study. Specific alkali and sulfate doping levels were selected. The selection criterion was based
on conditions that did not initiate deterioration under ambient conditions. Based on that, alkali
content of 3.8% was not selected for any of the heat curing experiments. Expansion

measurements collected for cements C and E are depicted in Figures 74 through 90.

58



Expansion (%)

1.00

0.80

0.60

0.40

0.20

Cement E
S0O3= As Received
Curing Temperature=90C

0

40

0.00 MEENENm=t-a-tg—t—tte et e
80 120 160 200 240 280 320 360
Age (days)

Figure 74: Expansion for Cement E
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Figure 75: Expansion for Cement E
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Figure 76: Expansion for Cement E

60

320

360

—>*—AR-2

—+—AR-15

—#— AR-AR

—>—AR-2

—+—AR-15

—#— AR-AR




Expansion (%)

Expansion (%)

Cement E
S03=3.6%
Curing Temperature= 90C

1.00
0.80
0.60
0.40
0.20
0.00 W"*‘# 2 — hd — hd ¥
0 40 80 120 160 200 240 280 320 360
Age (days)
Figure 77: Expansion for Cement E
Cement E
S0O3=3.6%
Curing Temperature= 80C
1.00
0.80
0.60
0.40
0.20
0.00 IS4t NrrvrrNree X—— e * * *
0 40 80 120 160 200 240 280 320 360

Age (days)

Figure 78: Expansion for Cement E
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Figure 80: Expansion for Cement E
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Figure 82: Expansion for Cement E
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Figure 84: Expansion for Cement C
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Figure 86: Expansion for Cement C
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Figure 88: Expansion Cement C

66

—>%—=3.6-2

——3.6-1.5

—>%=3.6-2

——3.6-1.5




Expansion (%)

Expansion (%)

1.00

0.80

0.60

0.40

0.20

0.00

1.00

0.80

0.60

0.40

0.20

Cement C
SO3 =5%
Curing Temperature =80 C

0 40 80 120 160 200 240 280 320 360
Age (days)
Figure 89: Expansion behavior for Cement C
Cement C
S03=5%
Curing Temperature= 60C
" S
0.00 MR ___p———e— ———X——"55 s v v
0 40 80 120 160 200 240 280 320 360
Age (days)

Figure 90: Expansion for Cement C
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Increasing the curing temperature up to 90° C did not result in any significant
deterioration for cement E irrespective of the sulfate and alkali content. Expansion measurements
for cement E were reported for a period of one year with an alkali content of as-received, 1.5%
and 2% and a sulfate content of as-received, 3.6 and 5% for heat curing temperatures of 60°, 80°
and 90°C. Cement E is characterized by moderate fineness, CsS of 54% and C;A of 4%.
However, cement C showed significant expansion for curing temperatures of 8§0° and 90° C at
S0O5;=3.6%, 5% with alkali= 1.5% mixes and SO;= 3.6, 5%, with alkali=2% mixes. Cement C
and E share similar tricalcium aluminate content with the main difference being tricalcium
silicate content. Cement E has C;S of 54% while cement C has 67%. The findings are indicative
of the significance of C3S on durability of structural elements if concrete is exposed to elevated
temperatures. In assessing this observed trend, MH3 cement was also examined under the same
conditions. MH3 cement has C;S and CsA content of 72% and 2%. Its fineness is 395 which is

similar to cements E and C fineness. The results are shown in Figures 91 to 93.
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The results indicate similar deterioration profiles for cement MH3 to what has been
observed for Cement C. It appears that increasing curing temperatures to 80°C has resulted in
deterioration when SO; content was 3.07, and 5% at an alkali content of 1.5% or 2%. The
findings also indicate that for the conditions studied here, a temperature of 60°C did not result in
deterioration.

The effect of increasing tricalcium aluminate content of cement on durability of mixes at
elevated temperatures was also studied through using cement MH4. MH4 has C;S and C;A
content of 65% and 10% respectively. The results are depicted in Figures 94 through 96. It can
be seen that increasing the temperature to 80°C for mixes containing cements that have high
tricalcium silicate and aluminate content, and a sulfate and alkali content of 5% and 1.5%, is
detrimental to its durability. Increasing tricalcium aluminate appears to have increased the level
of sulfate, at a given alkali content, that can be tolerated by cement without generating
deterioration at 80°C. The same conclusion can be drawn through considering the results for

ERDO7 depicted in Figures 97 and 98.
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Figure 94: Expansion for Cement MH4
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Figure 95: Expansion for Cement MH4
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Figure 98: Expansion for Cement ERDO7

Temperature effects on structural durability are primarily due to its influence on ettringite

stability and the microstructure quality of C-S-H gel [5, 47, and 74]. The results indicate that
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increasing temperature has significance depending on the alkali, sulfate and mineralogical
composition of cements. The results also indicate that while increasing tricalcium silicate content
at lower tricalcium aluminate content can trigger deterioration at sulfate content as low as 3.07
and an alkali content of 1.5%, increasing tricalcium aluminate appears to increase cement
tolerance to higher sulfate content.

In addressing the role of service conditions such as those existing in marine conditions
for structural elements subjected to cycles of wet and dry exposures as well as continuous salt
exposure, several mixes were prepared and the results are depicted in Figures 99 and 100.
Durability of structural elements on exposure to marine conditions depends on the nature of
exposure; that is, continuous or cyclic. Mixes continuously submerged in marine solution appear
to experience higher degree of expansion than those subjected to cyclic exposure. Additionally,
the amount of expansion appears to depend on cement mineralogy. Cements high in tricalcium
silicate and aluminate appear to be affected the most. However, incorporation of mineral
admixture, as a replacement for cement, appears to diminish the adverse effects of high

tricalcium aluminates and silicates content in cements.
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CHAPTER 11
DISCUSSION AND CONCLUSION

The findings of this study indicate that for all the cements studied here, increasing sulfur
trioxide content increases expansion. The increase was accompanied by an increase in the
amount of ettringite determined by x-ray diffraction. This can be seen from Figures 101 and 102

for Cements E and C.
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The degree of expansion was found to depend on cement mineralogy. Cements with
higher tricalcium silicates but lower aluminates experienced higher expansion than cements with
higher silicates and aluminates. Also, high silicate/low aluminate cements experienced a
decrease in their early strength on increasing sulfur trioxide content. This could be explained
from XRD analysis on the quantification of unreacted tricalcium silicate during the first days of
hydration. Figures 14 and 15 indicate that the amount of unhydrated tricalcium silicate increases
with increasing the sulfate content. The effect was insignificant after 7 days of hydration. This
could render a weaker matrix due to slower hydration of tricalcium silicate. Increasing the SOs
content also affected the hydration process. This is evident from the delay of the appearance of
the first peak in heat of hydration curves (Figures 103 and 104). While the addition of sulfates
delayed the peak position, it is also clear that the effect of the delay was more significant in

Cement C with higher tricalcium silicate content than cement E.
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Figure 103: Effect of Sulfate Content on Heat of Hydration for Cement E
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Figure 104: Effect of Sulfate Content on Heat of Hydration for Cement C

Cements that are high in their aluminate and silicate content showed less expansion at the
same sulfate level in comparison to high silicate/low aluminate cements. MH4 has high C;S
content, yet it did not experience high expansion on increasing its sulfate content to 5% as that
experienced by cements C and MH3. With low C;A content, more sulfates are available in pore
solution and possibly for adsorption by C-S-H gel. They may later be released to form ettringite
at numerous sites throughout the matrix. In cements with high C;A, even with high C;S, the
primary reaction for sulfates is their reaction with the aluminate phase to form ettringite or other
aluminosulfate phases. This means less sulfates are available for C-S-H adsorption and later
release for delayed ettringite formation.

It has been reported in the literature (8) that C-S-H gel has affinity to adsorb sulfate ions.
These ions can be released at a later time and become available for ettringite formation and
potential expansion. Sulfur trioxide content and its substitution in the hydration gel is also known
to affect gel quality. The formation of C-S-H gel requires an optimum amount of sulfate for well-
refined uniform gel. While the effects of sulfur trioxide and sulfate/aluminate molar ratio on
durability have been identified in the literature, the role of tricalcium silicate content is believed
to be of significance. It is also believed to affect specific tolerable limits on sulfur trioxide and
sulfate/aluminate molar ratio. As an example, cements MH3 and E both had the same
sulfate/aluminate molar ratio (approximately 1.0) yet cement MH3 expanded higher than E.
Consequently, it is important not to consider molar ratio in isolation, since other factors such as

C3S could affect expansion behavior as indicated in this study.
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In conclusion, as to the effects of increasing the sulfate content on cements durability, the
findings indicate that sulfate content has its significance on the hydration process, hydration
products, matrix morphology/microstructure, strength and expansion of mortar.

Increasing the alkali content to 1.5% and 2%, under ambient curing and lime exposure,
did not result in a major impact on expansion behavior for all cements, and for all sulfate levels.
The expansion behavior was dramatically altered when the alkali level increased to 3.8% for all
sulfate levels.

A correlation between the expansion behavior and the ettringite formation was
established earlier, the expansion increased as the amounts of ettringite formed increased. This
relationship holds entirely true for low alkali contents, and was dependent on sulfate content of
cement. Increasing the alkali content did not affect the total amount of ettringite formed
ultimately. The addition of the alkali, however, and depending on the sulfate content, results in
delay of the appearance of the ettringite as detected by XRD. This implies ettringite instability at
higher alkalinity, a finding that is consistent with what has been reported previously in the
literature (1). This phenomenon depends on the sulfate content; at 5% SOj; ettringite appeared as
early as 8 hours in cases 5-3.8 while for AR-3.8 it was delayed for days.

Expansion behavior can not be totally explained by the amount of ettringite formed and
detected by XRD. For example, the amount of ettringite was almost the same in the 5% sulfate
cases, yet, only the 5-3.8 case showed excessive expansion and the eventual damage. Again, for
the 3.6% sulfate cases, at all tested alkali contents, showed the same amount of ettringite, yet the
3.6-3.8 case is the only case that showed excessive expansion. In order to understand the role of
alkalis in expansion, SEM was used to assess the morphology of ettringite. Figure 105 shows
ettringite images for cases E-5-3.8 and C-5-3.8. At 3 days, ettringite had a fine needle
morphology and dispersion throughout the gel. At 91 days the needles appeared well crystallized
and much thicker. The change in ettringite morphology and the accompanying excessive
expansion could be explained through crystal growth theory proposed by Mehta (4) and
Charlotte (5).
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It seems however, that a key parameter, besides the ettringite formation is mortar strength
and the gel quality. Considering strength curves, it could be seen that the initial strength of 3.8%
alkali cases was almost the same at all sulfate levels. However, the damage occurred in the 5%
case, then 3.6% case, and did not occur in the AR case for cement E, though it did in cement C.
Noting from the collected data on cases AR-3.8 that expansion was highest in the first 28 days,
yet ettringite was not detected up to that age. This could indicate a possible interaction between
alkalis and hydrated C-S-H gel or tricalcium silicate hydration products. The higher expansion
could be due to the moisture absorption by the porous structure that formed due to high alkali
content.

In order to examine this hypothesis, the total porosity and surface area were measured for
cases C-AR-AR and C-AR-3.8 at a degree of hydration of 98%. Porosity is an indication of the
gel quality. The hydration of C;S and, hence, the formation of C-S-H gel goes through different
stages. Each part of the formed gel has a typical pore size associated with its formation. The
normal hydration process of C;S is described as follows: 1. hydrolysis stage, 2. induction stage
during which the first layer of gel forms around the unhydrated CsS grain, 3. acceleration stage,
4. deceleration stage and 5. steady state. During the acceleration stage the gel begins to break
down allowing further hydration of inner grain and more layers of gel form resulting in its
thickening. This gel layer forms a barrier through which water must diffuse to allow further
hydration of the most inner grains. The gel formed as a result of the last stages of hydration is
typically denser than the gel formed on the outer layers, and has pore sizes in the range of 1-4 nm
in diameter (20). The results of the pore size distribution are presented in Figure 106. It can be
seen that the pore volume (or total surface area) for pore diameters classified as “small pores”
was higher for the AR-AR case. This indicates that AR-AR case has more complete hydration of
the inner grains than AR-3.8. This is consistent with the results reported by Juenger et al (20) and

indicates the poor quality of the inner gel as a direct effect of increasing alkali content of cement.
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The presented results in this study showed that increasing alkali content results in
strength reduction, at all levels. It was also shown through porosity studies that inner gel quality
was affected by the alkali content of the cement. Additional examination of the microstructure
was conducted in order to better understand the alkali effect on the morphology and nature of the
hydrated gel. Using light microscopy, the microstructure of cement C-5-3.8 and C-5-AR was
examined. The images showed clear differences between alkali-doped cements and the cases of
as-received alkali content. Figure107 shows the microstructure of the high alkali cement. It can

be observed that there are distinctively dark and white regions. These spots were removed from
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Figure 106: Pore Size Distribution for Cement C

Figure 107: Microstructure of Cement C-5-3.8

the paste and further examined using XRD and SEM.

81

(>20 nm)




DARK
225
a = Q
)

100 GSH

25

Counts

100

254

0 N
20 30 40 50

Figure 108: XRD Pattern for Cement C-5-3.8, Case A in Figure 105
CH= Calcium Hydroxide, CSH= Calcium Silicate Hydrate Gel, C=Calcite

Examination using XRD showed that the dark regions contained crystalline C-S-H gel.
The crystalline nature of the gel formed in higher alkali content was reported by other
researchers (50) where it was indicated that a higher degree of crystallinity results in
preferentially weaker planes and a lower compressive strength.

The white spots were identified as CH using XRD. Earlier data collected on high alkali
specimens using Rietveld analysis on the hydrated paste revealed these differences, especially in
the first 24 hours (Figures 55 through 57). This also was confirmed by chemical analysis on the
liquid phase, where calcium ions concentration was lowest in the higher alkali cases (Figures 68
through 73). The conclusion was that in high alkali cases, CH precipitated faster. CH deposits
early on (within the first few hours) would interfere with further gel nucleation and results in a
less continuous gel structure. Also, it is believed that the alkali accelerates the stiffening of the
cement paste. This is evident from the shortening of the dormant period. The presence of the
alkalis is believed to accelerate the nucleation around the cement grains prior to the dormant
period thus preventing the diffusion and further hydration of the inner cement particles later on.
This will result in a less refined, less continuous microstructure of poor quality.

It has been reported in the literature that higher alkalinity results in a lower Ca/Si ratio
(19, 26, 27, and 35). This could not be verified in the current investigation using polished

sections under SEM/EDS. However, calcium ion concentration in the liquid phase was always
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lower as the alkali content increased; this may result in a lower Ca/Si gel, but it could not be
verified in this study.

Inclusion of other ions within the gel seems to impact the Ca/Si ratio. Other ions (S, Fe,
Mg, and Al) were always present in the gel with some variations; however, a trend could not be
established. The effect of ion inclusion, in minor quantities, on the quality of the gel is not quite
clear. It was mentioned in the literature (10) that hydrated gel has affinity to adsorb sulfate ions,
and this affinity increases at higher alkalinity. It was also mentioned elsewhere (75) that sulfate
ions could substitute up to 1/6 of the Si in the gel. This may result in a weaker structure. Again,
this could not be verified in the current investigation. Other researchers (37) have mentioned that
in cases where the mixes were doped with alkalis (NaOH), the sodium ions substituted for the Si
ions in the C-S-H gel, a similar notion was reported by K. Suzuki et al (35) which resulted in a
lower Ca/Si ratio. In the current investigation, the potassium was not detected in any of the cases.

SEM work on fractured surfaces for certain cases of cements C and E indicated
difference between cases C-AR-3.8 and C-AR-AR. In the former, the gel appeared disintegrated
and less continuous. For E-AR-AR case the bars did not experience the degradation that was
experienced by cement C. This is believed to be due to the higher C;S content of cement C. The
effect of the C;S lies in the production of higher amounts of C-S-H gel early on, and higher
amounts of calcium hydroxide. The effect of C;S is evident from the expansion results for
cement MH3 and C. The expansion results were higher for that cement.

Cements C, MH3 and E, all have very low C;A content. The difference in behavior
between cements MH3 and C as compared to cement E was explained by the C;S content. But,
cement MH4 has a high C;S content, yet the expansion values were lower compared to cement
MHS3. This is believed to be due to the difference in the C;A content. The C3A content is about
10% (Rietveld) for cement MH4 as compared to 2% for cement MH3.

Increasing the alkali content seems to increase the rate of hydration early on, especially
the rate of hydration of C;A. This was evident at 3.8% alkali content from the heat of hydration
curves. This effect was not as clear at 1.5% and 2% alkali levels. As shown earlier, increasing
the sulfate content delayed the appearance of the first peak. This implies that sulfates delay the
hydration of the C;A. Increasing the sulfate level (at higher alkali content) results in slowing
down the reaction. This did not delay the appearance of the first peak but generated less heat
(cases 5-3.8).
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The effect of increasing the curing temperature is predominantly on lowering the alkali
and sulfate content that triggers excessive expansion. In most cements, an alkali content of 1.5%
and a sulfate content of 5% generated excessive expansion when mixes were cured at
temperatures of 80°C. Salt exposure appears to be more damaging if the mortar is continuously
submerged. The damage was most pronounced in high tricalcium aluminate cement. This is due
to the presence of an external source of sulfate provided through the salt solution.

The presence of high alkali concentration seems to interrupt the growth of the C-S-H gel
fibers as these crystals grow on the surface of the C;S grains. This will prevent the bridging
action and the interlocking of these fibers. This will result in a weaker microstructure. High
alkali concentration would also result in early precipitation of calcium hydroxide which may
interfere with the growth of the C-S-H gel fibers.

Without proper retardation, alkalis seem to impact the first layer formed around the CsS
grains. Typically this layer will breakdown and become more permeable at the end of the
dormant period, allowing diffusion and more water to help the hydration of the inner unhydrated
grains. The presence of alkalis results in early stiffening of this layer and this hinders further
diffusion and further hydration of the inner particles. This may explain the lower portion of the
gel pores (1-4 nm) in the higher alkali cases. These pores are typical of the denser phenograins
and have positive strength contribution. Also, ettringite formed in the presence of high OH" is
expansive in nature. The combination of the porous microstructure and expansive ettringite

results in high expansion, reduction in compressive strength and eventual failure.
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CHAPTER IV
CONCLUSIONS AND RECOMMENDATIONS

The following is a list of conclusions on the role of alkalis and sulfates on durability of

structural elements:

1.

Increasing sulfate content of cements increased expansion over a period of 360
days when mortar mixes were exposed to a saturated lime solution. The degree of
expansion was found to be dependent on mineralogical composition of cement
with cements low in tricalcium aluminate but high in tricalcium silicate
experiencing the highest expansion.

Increasing the sulfate content of cement increased the amount of ettringite.
Compressive strength did not show significant change on increasing sulfate
content of cements. However, increasing sulfate content appears to lower early
compressive strength. The effect does not seem prominent beyond 180 days.
Increasing sulfate content was found to increase the time for gypsum dissolution.
Increasing alkali content, under ambient curing conditions, was found to affect the
compressive strength of mortar at all sulfate content. The results indicate that a
strength loss of 2,000 psi occurs on increasing the alkali content from the as-
received condition (0.27, 0.4, and 0.83%, 0.93) to 1.5% through the addition of
Terra Alba gypsum. The effect appears to be independent of the sulfate content of
the cement. This trend was shared independent of tricalcium silicate content of the
cement.

For cement with high initial alkali (1.03%), and cubic tricalcium aluminate
content (9%), increasing alkalis to 1.5% results in strength drop of 1,000 psi from
the as-received strength values. It is to be noted that the decrease in strength is
relative to the as-received mix values. This implies that a decrease of 1,000 psi is
no less damaging than 2000 psi due to the fact that it corresponds to a lower alkali
doping dosage from the as-received alkali value.

Increasing the alkali content, in general, was found to have negative effects on the
compressive strength of mortar. The effect appears to be more negative for high
tricalcium aluminate cements.

Though increasing alkali content of cements showed strong effect on compressive

strength of mortar, expansion measurements, in accordance with ASTM C1038,
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10.

11.

12.

13.

14.

15.

did not reveal a dependence of expansion on alkali content of cement. The only
exception was for mixes where alkali content was increased to 3.8%.

Alkali effect on durability appears to be evident in delaying ettringite formation.
Alkali content was found to affect the nature of the hydration gel with
implications on porosity and calcium hydroxide rate of formation.

Increasing alkali content to 2% and sulfate content to 5% did not adversely affect
the expansion behavior of all mixes studied here under ambient curing conditions.
Increasing alkali content to 1.5%, at all sulfate contents, had a negative effect on
the compressive strength of mortar, under ambient conditions.

Increasing the curing temperature to 80°C for mixes with alkali content of 1.5%
generated high expansion than values reported for ambient curing. The degree of
expansion was found to depend on cement mineralogy and sulfate content. For
cements high in their tricalcium silicate content, excessive expansion occurred at
sulfate levels of 3.6 and 5%. However, if cements are high in tricalcium silicates
and aluminates, the amount of sulfate that generated rapid expansion at an alkali
content of 1.5% was found to increase to 5%.

Exposure of heat cured mixes, doped to sulfate content of 3.6% and alkali content
of 1.5%, to a salt solution, generated expansion. The degree of expansion
experienced by different cements appeared to depend on tricalcium silicate and
aluminate contents. The highest expansion was recorded for the cement that is
high in its tricalcium aluminate and silicate content. The least expansion was
experienced by cement E which has tricalcium aluminate of 4% and tricalcium
silicate of 54%.

Continuous submersion in salt solution was found to result in higher expansion
than wet/dry cycles. Incorporation of mineral admixture, replacement basis,

reduced the observed expansion for all mixes.
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Based on the findings of this investigation, it is recommended that:

1. In order to maintain durability of structural concrete elements exposed to elevated
temperatures and salt environment, it is recommended that current limits on SO;
content be maintained. It is also recommended that alkali content has to be
maintained below 0.60%. This is especially critical for cements that have tricalcium

silicate above 58% (XRD) and tricalcium aluminate above 4% (XRD).

2. Initiate a study to address the effects of incorporating mineral admixtures on

improving durability of cements that have high alkali and sulfate content.
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