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EXECUTIVE SUMMARY

The purpose of this research is to examine how the presence of sulfide- and
sulfate-containing minerals in acidic aggregates may affect the properties of mortar and
concrete. Analyses were performed to compare two sands from a deposit in the Georgia
coastal area with a GDOT-approved natural sand.

Results show that sulfide- and sulfate-bearing acidic sands present an important
variability and could delay the hydration reactions of cement at early-age, could result in
variability in the mechanical properties of concrete, and could accelerate the onset of
delayed ettringite-induced expansion when subjected to a high temperature curing cycle.
Also, these acidic sands may reduce the corrosion resistance of reinforced concrete.

Based on these results, it is recommended that the use of this type of sand be
avoided in prestressed concrete, precast operations, mass concrete, and other applications
where an initial high temperature could be reached. It is also recommended that such
sands be avoided in concrete structures exposed to marine environments. In other
applications, if the sand source must be used, preliminary recommendations include use
of a sulfate-resistant Type V cement and use of appropriate supplementary cementitious
materials (SCMs), although further evaluation of such material combinations is advised

to ensure adequate performance.
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1. INTRODUCTION

1.1 Purpose of Research

In late 2012, sand samples from a previously unexploited, unique geological source
located in the Georgia Lower Coastal Plain were provided to Georgia Department of
Transportation (GDOT), as a potential source of fine aggregate for use in cement-based
materials. Tertiary and quaternary uppermost sediments from this area are composed
mostly of pale to dark-green, phosphatic, very sandy micaceous clays which are
interbedded with fine to coarse phosphatic sand [Herrick and Vorhis, 1963]. The sand
deposit is located in the Pamlico geological formation, which corresponds to a lowland
habitat, flanked by natural barrier systems, in Hinesville, GA [Hails and Hoyt, 1969]. The
sand has been extracted from depths of 70 to 80 feet and corresponds to the Pliocene
geological age (2.6 to 5.3 million years before present). Preliminary analysis performed
by GDOT identified the presence of iron sulfide and noted the unusually low pH of the
sands.

It is known that presence of sulfate- or sulfide-bearing" minerals in aggregates used in
concrete can be problematic. While calcium sulfate dihydrate (or gypsum) is commonly

added to portland cement to control the reaction of the tricalcium aluminate phase, for

! The chemical formula for the sulfate ion is SO,*; sulfide is S*; for sulfite, which is more commonly
found in salts (e.g., sodium sulfite, Na,SOj), the formula is SO52.
1



any cementitious clinker and source of sulfate,? an optimal content or ratio of these
components can be identified which produces appropriate setting characteristics and early
strength development in concrete [Taylor, 1997]. As a result, additional sources of
sulfate can affect time to set and strength development, particularly at early ages. At later
ages, if sulfur-containing species derived from aggregates interact chemically with the
surrounding hydrated cement paste, expansion and cracking and other forms of damage
may result; this is “internal sulfate attack™ as the source of the aggressive ion is within the
concrete, rather than external (as in “sulfate attack”). Internal sulfate attack is most
commonly observed in the Middle East (see for example Zein Al-Abidien [1987]). In
cases of mass concrete construction, heat curing, or some hot weather construction where
internal temperature of the concrete exceeds 165-170 °F (70-80 °C), damage by delayed
ettringite formation (DEF) may also be problematic due to the potential increased
availability of sulfates [Atahan and Dikme, 2010].

Further, oxidation of some such sulfide-bearing minerals can result in the production
of sulfuric acid. Acids can substantially interfere with and potentially prevent setting of
plastic concrete and can lead to significant degradation of hardened properties, largely
because products of cement hydration are unstable at pH lower than 9-11. In reinforced
concrete, if the pore solution pH is sufficiently lowered to depassivate the steel or if the

sulfate ion concentration is sufficiently high to locally compromise the passive layer,

2 In cement chemistry, oxide notation is used where ‘Shar’ or S denotes “sulfate” as SOs.
2



corrosion can occur prematurely. Thus, the presence of sulfates (S ) in sufficient amounts
within the mineral phases comprising an aggregate source, as well as the associated
production of acids, have the potential to negatively affect both the early age properties
and long-term durability of concrete, but these potential effects have not been the subject
of extensive prior published research.

At this time, neither GDOT specifications nor ASTM C33 Standard Specification for
Concrete Aggregates provide limits on aggregate pH or sulfate or sulfide content in fine
aggregate. However, for coarse aggregate used in concrete, GDOT Section 800
specifications do provide for a 0.01% limit on sulfur content for bridge type structures.
Some international standards provide some limits on sulfate content, typically expressed
either as SO3 content by percent mass of the aggregate or by percent mass of cement used
in the concrete mix [Khedder and Assi, 2010].

In regions where sulfate-containing aggregates are more common, lower SOz limits
may be imposed on cements. For example, in Irag, where sulfate-free aggregates are
scarce, SOz allowed in ordinary portland cement is limited to 2.8% which is considerably
lower than British (3.5%) and ASTM specifications (3.0 %) for general use cements [Al-
Rawi et al., 2002]. However, ASTM does limit SOz more stringently for low heat of
hydration or highly sulfate resistant cement (2.3%).

Aggregate pH or acidity does not appear to be addressed in existing standards.

1.2 Objectives
The purpose of this investigation is to evaluate the performance of local sand sources,

including those containing sulfide or sulfate minerals, as fine aggregate in concrete. The



combination of sulfide or sulfate-containing sand on (1) early age properties (i.e., setting
time, early age strength), (2) strength development, and (3) durability will be compared to
those of other accepted sand sources. Results from this investigation will be used to better
understand the implications of pH and mineral content on short and long-term
performance and to make recommendations for the use of such sources, including any

necessary changes to GDOT concrete aggregate specifications.

1.3 Organization of Report

This report is composed of seven chapters.

Chapter 2 presents a background review of the impact of the use of sulfate- and
sulfide-bearing sands on the properties of cement-based materials.

Chapter 3 describes the characteristics of the analyzed sands and comprises the
tests and methods performed during the project.

Chapters 4, 5, and 6, summarize the effect of the sands on early age properties,
mechanical properties, and durability of concrete and mortar, which lead to conclusions
and recommendations presented in Chapter 7.

Additionally, cement chemistry notation is used along the document. The

shorthand notation for oxides present in cement-based materials is shown in Table 1.1.



Table 1.1. Cement chemistry notation.

Oxide Short Notation
Ca0O C
SiO, S

Al,O3 A

Fe 03 F
MgO M
K.O K
Na,O N
SO; S
CO, C
H.,O H




2. LITERATURE REVIEW

2.1 Introduction

Sulfur represents a 0.07% of the constituents of Earth’s crust [Brimblecombe,
2003], where it is found in gypsum and metal sulfides. Sulfur in the atmosphere is mostly
contained in sulfur dioxide (SO;) and hydrogen sulfide (H,S) derived from volcanic
activity, while in seawater, sulfur is found mainly as dissolved sulfate [Bottcher, 2011].
Microbial sulfate reduction is the most important process for the presence of iron sulfides
in soils, and evaporitic sulfate materials like gypsum and dihydrate can be precipitated
from seawater [Rickard and Luther, 2007; Bottcher, 2011].

Soils containing sulfidic materials, also known as acid sulfate soils, are present in
marine environments, after formation of wetlands, lakes and disposal ponds by human
activity, or due to saline groundwater discharge produced by vegetation clearing.
Undisturbed sulfide minerals do not present acidification, which is triggered by exposure
to oxygen in the air and occurs when the amount of acid produced overcomes the buffer
capacity of the soil [Fitzpatrick et al., 2009].

The presence of sulfide and sulfate in aggregate sources, and their potential for
low pH, could affect the properties of cement-based materials containing them. In this
chapter, a review of the effects of the oxidation of iron sulfides, the occurrence of internal
sulfate attack and delayed ettringite formation, and the effects of low pH conditions in

concrete is presented.



2.2 Sulfide Mineral Oxidation in Concrete

Sulfide minerals are metal sulfide compounds that include chalcopyrite (CuFeS,),
sphalerite (ZnS), molybdenite (MoS,), galena (PbS), cinnabar (HgS), and pyrite (FeS,).
Pyrite is the most commonly found sulfide in geological environments. When sulfides are
exposed to the air, they react with oxygen and water to release protons (H"). Overall, this
reaction results in a decrease in pH. Equations 1 to 3 summarize this reaction for pyrite

[Nordstrom, 2011].

FeSz 5 + 7/12 02 (g + H20 () = Fe*" (aq) + 2 SO4” ag) + 2H" g 1)
Fe™" a)+ 1/4 Oz 9 + H a) = F&™" ag) + 1/2 H20 ) ()
F83+ (aq) +3 Hzo n— Fe(OH)g () l + 3H+ (aq) (3)

The oxidation of sulfide minerals depends on the mineral type (monosulfide or
disulfide), solubility, defects, and surface area, as well as temperature and the presence of
bacteria. Monosulfide (e.g., FeS and ZnS) reactivity increases with increasing solubility
due to the reaction with acid to form H,S, which oxidizes to form sulfur and sulfate.
Disulfides (e.g., FeS; and FeAsS) will not form H,S, but elemental sulfur and thiosulfate
(S,05%). Also, some sulfides, such as molybdenite, are fairly insoluble and undergo very
slow oxidation. Finer particles will react and dissolve faster [Nordstrom and Southam,
1997; Nordstrom, 2011]. Additionally, several types of bacteria catalyze the oxidation
reaction, reducing elemental sulfur into sulfuric acid [Hawkins, 2014].

In concrete, the presence of mineral sulfides as a minor constituent of aggregates

can produce deleterious reactions. Two common mineral sulfides found in aggregate are

7



pyrite (FeS,) and pyrrhotite (Fe1S, where x = 0-0.125), a less ordered and consequently
more reactive form of iron sulfide [Hawkins, 2014]. Pyrite and pyrrhotite can be present
in igneous, metamorphic or sedimentary rocks, and usually develop in marine
environments, inland wet regions, or close to faults. The formation of pyrite in
sedimentary deposits is associated with the reaction of iron minerals with H,S, generated
by sulfate reduction under bacterial action, to produce metastable iron monosulfides,
which transform into pyrite [Berner, 1984]. The availability of organic matter and
dissolved sulfate control the rate of the reaction and the amount of pyrite formed. Marine
conditions commonly provide suitable conditions for this reaction. In particular, in
oxygen-depleted regions under the surface of marine sediments, higher concentrations of
pyrite have been reported due to conditions which are favorable for the degradation of
less reactive iron minerals by H,S [Berner, 1984].

Pyrite and pyrrhotite oxidize in presence of water and oxygen, a process which
starts in the first minutes of exposure [Chandra and Gerson, 2010] and over time
develops acidic by-products rich in iron and sulfate [Rodrigues et al, 2012]. The
oxidation of iron sulfides may be accelerated in conditions of higher alkalinity, such as
the high pH environment provided by cement paste in mortar and concrete mixtures.

These reactions can be summarized by [Schmidt et al, 2011]:

2FeS+2 Hzo + 4.5 02 — Fe203 +2 HQSO4 (4)

2 FeS, +4H,0+7.50, — Fe,O3 + 4 H,SO, (5)



Two evident effects of the oxidation reaction could be noted. One is the volume
increase resulting from the oxidization of iron sulfides, with the volume of the products
around 1.3 to 1.7 times those of the reactants. Depending on the degree of reaction, the
expansion will generate stresses. If the expansion overcomes the strain limit of the
aggregates or surrounding cementitious material, it will lead to cracking [Schmidt et al,
2011]. A second effect is the generation of sulfuric acid (H,SO,), that decreases pH upon
contact with water, followed by a more gradual decrease until a stable value is reached,
generally after several days [Chinchon and Aguado, 2012]. The pH reduction of pyrite is
greater than pyrrhotite, producing a final value of 3 compared to 4.5, while pyrrhotite’s
supply of sulfate and ferrous ions is higher than the case of pyrite. The implications of a
pH reduction on the local or global properties of concrete containing such aggregate are
not clear, but it is well known that products of portland cement hydration are unstable at
pH below 9-11, depending upon the phase [Glasser, 2002].

In addition, also in portland cement-based materials, an indirect effect of the
oxidation of iron sulfides and the consequent release of sulfate ions is the potential
formation of late ettringite and also gypsum. Durability could be compromised due to

internal sulfate attack (ISA) and/or delayed ettringite formation (DEF) in such cases.

2.3 Low pH Conditions
The exposure of concrete to acidic conditions can adversely affect its
performance. This can include loss of strength and adhesion in the paste, and as a result,

loss of strength and increased permeability in the concrete. Also, earlier initiation of



corrosion and a subsequently accelerated rate of corrosion of steel reinforcement is
possible.

In good quality concrete, steel embedded in concrete is exposed to an alkaline
environment (pH >11), developing a thin (1-10 nm), highly protective and insoluble
passive film, which provides considerable corrosion resistance to the steel [Jones, 1996].
A reduction of the pH makes this passive layer thermodynamically unstable and a faster
dissolution of steel will be induced [Hansson, 1984]. In the case of prestressed concrete,
the acidification of the crevice region, space left by the prestressing wires with oxygen
deficiency, leads to an earlier corrosion initiation compared to reinforced concrete and to
a reduced chloride threshold limit (CTL) compared to an isolated prestressing wire
[Moser et al., 2011].

Additionally, exposure to acid — or any pH lower than the high pH common in
portland cement-based systems — can compromise the stability of the hydrated phases,
which act to bind the aggregate together, providing strength and impermeability. When
concrete is exposed to an acidic environment (e.g., in sewer pipes, wastewater treatment
plants, or cooling towers), the reduction of the pH of the pore solution will induce the
selective decomposition of hydration products: calcium hydroxide at pH below 12.6,
ettringite at pH below 10.7, and C-S-H at pH below ~10.5 [Beddoe and Dorner, 2005].
The loss of these cement hydrates will decrease adhesion, compromising mechanical
properties and increasing permeability.

In the case of sulfuric acid attack, the effects of acid attack can be combined with

those of sulfate attack. That is, calcium hydroxide will react with sulfate to form gypsum

10



[Monteny et al., 2000]. The formation of other sulfate-bearing phases may also be

possible, depending upon the pH.

2.4 Internal Sulfate Attack

Internal sulfate attack (ISA) is a particular case of sulfate attack where the sources
of sulfate come from one or more constituent materials, commonly from cementitious
materials or contaminated aggregates. ISA could occur due to the presence of sulfate-
bearing aggregates or over-sulfation of the cement. In these cases, a SO3 content greater
than 5 or 6% by weight of cement is generally believed to be necessary to generate
expansion [Scrivener and Skalny, 2005].

Products of internal sulfate attack include gypsum (calcium sulfate dihydrate) and
ettringite. In the presence of magnesium, the formation of brucite, among other products,
is possible [Neville, 2004]. The later formation of ettringite, in particular, is sometimes
associated with deleterious expansion, which can compromise mechanical properties and
increase permeability. The formation of gypsum is also associated with a decrease in
strength, loss of adhesion and potential decrease in pore solution pH. Overall, ISA can
compromise the strength and integrity of the affected concrete, leading to a decrease in

service life.

2.5 Delayed Ettringite Formation
DEF can lead to expansion, cracking, and loss of mechanical properties and
durability of concrete. This damage is commonly attributed to the formation of ettringite

after concrete hardens [Taylor et al., 2001], and it has been associated with concrete
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which has experienced exposure to temperatures exceeding 65-70 °C. DEF has been
noted to produce damage in precast concrete, where steam and higher temperature curing
are used, and in mass concrete elements, where the heat evolution from cement hydration
can lead to high internal temperatures [Thomas et al., 2006; Thomas and Ramlochan,
2004].

Ettringite (CsAS3H3y) is a product of ordinary portland cement hydration. It is
first formed during the hydration of tricalcium aluminate (C3A), when C3A reacts with
gypsum (CS-H,) and water. As the sulfate availability decreases during early hydration
(which is the common case in most cements), ettringite is considered as a metastable
phase, decomposing into calcium monosulfoaluminate hydrate or “monosulfate”
(3C4ASHy1,), a phase that contains less sulfate and binds less water than ettringite
[Mindess et al., 2003].

While the mechanisms for damage by DEF remain the subject of continued study,
it is believed that in ordinary portland cement (OPC) systems when internal temperatures
exceed 65-70 °C, subsequently, in presence of moisture, the release of sulfate and
aluminate ions from C-S-H are understood to combine with monosulfate to form late
ettringite in confined spaces, which can produce expansion [Taylor et al., 2001; Ekolu et
al, 2006; Flatt and Scherer, 2008]. With high temperatures during initial curing, ettringite
is not a stable phase and decomposes, even at early ages. As a result, the aluminate and
sulfate ions released are bound to the complex structure of the primary product of
portland cement hydration, the calcium silicate hydrate or “C-S-H”. Here, aluminum can
be substituted for silicon or can occupy interlayer spaces in C-S-H, where sulfates can

also be loosely bound [Taylor et al., 2001]. After cooling, ettringite can form by
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dissolution and precipitation, a reaction that consumes the sulfate present in monosulfate,
pore solution and C-S-H, alumina from monosulfate, calcium from monosulfate and C-S-
H, and water. In addition, a later decrease in the pore solution pH (such during
consumption of hydroxyls and alkalis during the formation of alkali silica reaction gel),
can also spur the release of aluminates and sulfates from C-S-H, leading to DEF.

Ettringite stability also depends on the pH of the pore solution and the availability
of reactants. At pH levels lower than 11.5-12, ettringite can decompose to form hydrates
of aluminum and/or gypsum [Santhanam et al., 2001], while when the pH is high (> 13),
the formation of monosulfate is favored [Taylor et al., 2001]. Similarly, Taylor et al.
[2001] show that cements with SO3 content above 3% and Al,O3 content above 4% could
generate ettringite after cooling, suggesting the existence of one or more “pessimum?”
SO3/Al,Og ratios.

The way this late formed ettringite produces expansion remains a subject of
ongoing examination, but it is mostly accepted that i) an initial curing at a temperature
above 65°C is needed for DEF to occur, ii) the cement or binder chemistry determines the
amount of ettringite, and iii) the stresses developed depend on the microstructure of
mortar or concrete [Taylor et al., 2001].

Currently, no standard test has been adopted by ASTM or AASHTO to assess
materials, material combinations, or curing practices for the occurrence of DEF in
portland cement concrete. But, common methods are used in practice, mostly involving
mortar bar specimens exposed to an initial hot curing cycle, followed by immersion in
limewater at standard room temperature. The mortar bar’s length is monitored over time,

and its expansion over time is calculated.

13



Two commonly used curing regimes for examining the potential for DEF are the
Kelham and Fu methods. While the Kelham method generally produces higher
expansions, earlier expansions are obtained by the Fu method [Folliard et al., 2006]. It
should be noted that no expansion limit has been defined for a deleterious expansion due
to DEF, but regularly 0.1% is considered an acceptable reference for mortars [Petrov and
Tagnit-Hamou, 2004; Pavoine et al., 2012; Tovar-Rodriguez et al., 2013].

In this effort, the Kelham method was used to assess the potential for DEF when
the various sands were combined with cements of varying composition. The Kelham
method was selected because it involves a hot curing cycle and not an additional drying
cycle as the Fu method. Details of the temperature-time variation in the Kelham curing
cycle are shown in Fig. 2.1. The Kelham method [Kelham, 1997], increasingly used in
recent research, resembles the heating regime of a precast concrete operation (see Fig.
2.1) and also addresses initial heat generation and accumulation during mass concrete

placements.
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Figure 2.1. Kelham curing cycle.
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3. DESCRIPTION OF MATERIALS AND METHODS

3.1 Materials.
3.1.1 Sands Sources Examined

In this effort, three different sands were considered. These include samples from
two different stockpiles from the production facility in Hinesville, Georgia. These are
denoted as Sites H and D. These were compared with a GDOT-approved natural sand
obtained from Ridgecrest, Georgia (Figure 3.1). Throughout this report, the sands will be
referred using these denominations: control, Site H, and Site D sands.

According to the producer, Site H sand has a water soluble sulfate (S04%) content
of 0.037% and a pyritic sulfur content of 0.020%, while Site D sand has a negligible
amount of pyrite and 0.029% of water soluble sulfate content. The control sand has

insignificant amounts of sulfate and pyritic sulfur.

Control Sand Site H Sand Site D Sand

Figure 3.1. Appearance of analyzed sands.
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The aggregate gradation (see Figure 3.2) was measured using sieve analysis
(AASHTO T27, technically equivalent to ASTM C136), while the specific gravities (SG)
and absorption were obtained according to ASTM C127 and C128 (Table 3.1). The
physical properties are similar for all the sands, and they served as input for the mortar

and concrete mixture designs.

100%
920% Control Sand
80% -
70% |
60% -
50% |
40% -
30%
20%
10%
0% = 11 L B

0.001 0.010 0.100 1.000

Sieve Opening (in)

Site H San

Cumulative (% passing)

Figure 3.2. Gradation curves of sands. Dashed lines show limits for fine aggregate
according to ASTM C33.

Table 3.1. Physical properties of sands.

SG
Apparent SG Saturated Absorotion Fineness
SG (Dry) Oven Dry Surface P Modulus
Dry
Control Sand 2.66 2.63 2.64 0.32% 2.43
Site H Sand 2.61 2.59 2.60 0.27% 2.31
Site D Sand 2.62 2.60 2.61 0.19% 2.58
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To assess variations in pH among the sands, 250 g oven-dried samples of each of
the sands were immersed in 300 mL tap water (pH = 6.95) in sealed containers, at 23 °C.
The first measurement, which was made 30 minutes after the water was mixed with the
sand, showed an abrupt drop of pH in the case of Site D and Site H sands, followed by
small variations afterwards. The evolution of pH during 91 days can be observed in
Figure 3.3. The control sand exhibits a near-neutral pH of just under 7, while the pH for
Site D and and Site H are acidic, exhibiting values of ~3 or less.

The variation in pH over time is consistent with the pH values associated with the
oxidation of pyrite observed by Chinchon and Aguado [2012] using the same test. Also,
the curve indicates an ongoing reaction that could be explained by the autocatalytic
nature of pyrite oxidation in presence of acidophilic bacteria. However, pyrite was
identified by the producer only for the Site H sand, not in Site D, while both sands

showed similarly low pH values in water.

T -

L 4
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3
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0 50 100 150 200 250 300
Time (days)

Figure 3.3. pH variation over time. Initial pH of water was 6.95 for all the samples.
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To identify crystalline phases in each sand source, powder XRD diffraction was
performed on a PANalytical X Pert Materials Research Diffractometer equipped with a
Cu-Ka X-ray source. The XRD patterns (see Figure 3.4) show that the sands are
composed mostly by quartz (identified with a Q in Figure 3.4), while Site H and Site D

sands present additional peaks that can be attributed to alkali or plagioclase feldspar.
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Figure 3.4. XRD pattern of the sands. Main peak at 20 = 26.67° was truncated to
highlight the differences between the sands.
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Sieved fractions of Site H sand were also analyzed by XRD. Patterns in Figure 3.5
show that there are differences in composition among the different fractions from Site H
sand. The smallest particle sizes (finer than 38 um) show the greatest variation from the

bulk and show additional peaks that may be attributed to alkali or plagioclase feldspar.
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Figure 3.5. XRD pattern of different sizes of Site H sand. Main peak at 20 = 26.67° was

truncated to highlight the differences between the samples.

The characterization of the sands was complemented by thermogravimetric
analysis (TGA) combined with differential thermal analysis (DTA). DTA curves (Figure
3.6), normalized by ignited mass at every temperature, show the familiar phase transition
of quartz, around 573 °C, from a-quartz to B-quartz [Tsuneyuki et al., 1990]. DTA curves
are similar for all the sands, but TG curves (Figure 3.7) show a more pronounced mass

loss around phase transition temperature for control sand, and further mass decrease after
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this point for acidic sands. This mass decrease at higher temperatures is more pronounced
in the case of the smaller particle sizes of Site D and Site H sand (Figure 3.8),

demonstrating along with the diffraction results that the composition of these sands varies

with particle size.
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Figure 3.6. Differential thermal analysis curves for control, Site H, and Site D sands.
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Figure 3.7. Thermogravimetric curves for control, Site H, and Site D sands.
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Figure 3.8. TG curves for different particle sizes of Site H and Site D sands.

3.1.2 Cement Composition

In total, five cements (labeled A through E) have been included in this
investigation. Three cements (A, B, and C, see Table 3.2) have been used for the
evaluation of the mechanical properties and durability assessment, while two additional
cements (D and E, see Table 3.2) were included later and consequently partial results are
included in this report. A range in cement composition was selected in order to
understand interactions between cement and sand sources which may influence
performance, including the occurrence and characteristics of a DEF reaction. According
to previous research [Kelham, 1996; Taylor et al., 2001; Pavoine et al., 2012], ASTM
C150 cement type, cement fineness, C3A content, alkali content, SO3 content, and
sulfate-to-alumina ratio (SO3/Al,O3), each may influence the potential for DEF. Because
cement in Georgia tends to have lower alkali contents, high-alkali cement was not
considered, with all the cements examined having a (Na,O)eq lower than 0.6%.
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Table 3.2. Oxide analysis and Bogue potential composition of cements.

Cement A | CementB [ CementC | CementD | Cement E
ASTTI\;pEBO I/11 Vv I/ "l |
Blaine
Fineness, 393 376 413 498 401
m?/kg
SiO; 19.78% 21.10% 19.58% 19.81% 19.40%
Al,O3 4.61% 3.95% 4.79% 5.52% 5.48%
Fe,O3 3.37% 4.42% 3.38% 3.31% 3.33%
CaO 62.75% 62.49% 64.20% 63.99% 63.83%
MgO 3.07% 3.05% 1.06% 0.79% 0.79%
Na,O 0.13% 0.08% 0.19% 0.11% 0.12%
K,0 0.53% 0.55% 0.45% 0.55% 0.63%
(Naz0)eq 0.49% 0.44% 0.49% 0.47% 0.53%
TiO, 0.25% 0.24% 0.25% 0.33% 0.33%
Mn,O3 0.18% 0.22% 0.02% 0.04% 0.04%
P,Os 0.07% 0.10% 0.12% 0.23% 0.23%
SrO 0.08% 0.06% 0.05% 0.20% 0.20%
BaO 0.06% 0.06% 0.06% 0.06% 0.06%
SO, 2.55% 2.35% 3.26% 4.14% 3.18%
LOI 2.57% 1.33% 2.61% 1.67% 1.64%
CsS 62.08% 54.50% 66.26% 56.34% 61.76%
CiA 6.50% 2.97% 6.97% 9.03% 8.88%
C.S 9.89% 19.38% 6.15% 14.29% 9.03%
C,AF 10.26% 13.45% 10.28% 10.06% 10.14%
(222?}283) 0.55 0.59 0.68 0.75 0.58
( nfﬁifl;ﬂi,) 0.7 0.8 0.9 10 0.7
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3.2 Mixture Designs for Mortar and Concrete
3.2.1 Mortar Mixtures

To examine early-age properties, isothermal calorimetry and Vicat setting time
tests were performed on mortars produced with the mixture shown in Table 3.3. The
water-to-cement ratio (w/c) and sand-to-cement ratio were 0.50 and 1.37, respectively,
for all the mixtures. Cement A was used for setting time determination, and Cements A,

B, and C were used for isothermal calorimetry testing.

Table 3.3. Mortar mixture design for isothermal calorimetry test and setting time

determination.

Constituent MiXt:Jbl’s(jy[;gSign,
Cement 1,264
Water 634
Fine Aggregate (SSD) 1733

Cements A to E were used to prepare the mortar bars and cubes.For the mortar
cubes and bars, the sand-to-cement ratio in the mortar mixture was 2.75, as required in
ASTM C109. The w/c for the mortar cubes and bars was kept at 0.50. The occurrence of
DEF or ISA was assessed using this mixture design (see Table 3.4). Also, the mixing

procedure followed ASTM C305.

Table 3.4. Mortar mixture design for evaluation of potential for DEF and ISA.

Mixture Design,
Ibs/yd®

Cement 882

Constituent
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Water | 445
Fine Aggregate (SSD) | 2,422

3.2.2 Concrete Mixture

The concrete mixture composition was determined in agreement with GDOT,
conforming to class AA1 of the GDOT Specification 500: Concrete Structures. The w/c
was 0.43 and air entrainment admixture was included in order to achieve 3-4% air by
volume of concrete. This mixture design, using Cement A, was used to prepare
cylindrical specimens for compressive strength, dynamic elastic modulus, rapid chloride

permeability, and accelerated corrosion tests.

Table 3.5. Concrete mixture design conforming GDOT Class AAL.

Constituent Mixt:Jbr:;y[;gsign,
Cement 675
Water 291
Coarse Aggregate (SSD) 1,838
Fine Aggregate (SSD) 1,127
AE admixture (MB AE90) 0.7 oz./cwt

Additionally, the slump was determined using standard ASTM C143, and the air
content of fresh concrete was obtained using the air meter Type B and the procedure
described in standard ASTM C231. The results for these properties can be observed in
Table 3.6. Differences were observed between the Site D and Site H sand concrete, with

Site H exhibiting lower slump and lower air content than both the Site D sand and the
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control. The underlying source of these variations is not clear, but it could be related to

the greater fineness of this sand (see Figure 3.2 and Table 3.1) or its composition.
Concrete cylinders for mechanical properties determination were cast in 4” x 8”

molds, covered with a plastic lid and demolded after 24 hours. Then, they were labeled

and cured in a fogroom until the age of testing.

Table 3.6. Slump and air content of fresh concrete.

Slump, in Air content, %
Control Sand 1.5 3.5
Site H Sand 0.5 2.5
Site D Sand 2.0 3.5

3.3 Methods
3.3.1 Isothermal Calorimetry of Mortar Mixtures

To evaluate the effect of the acidic sands on the hydration kinetics of cements
with variable cement composition (see Table 3.2), isothermal calorimetry was performed
at 25 °C in an 8-channel TAM AIR microcalorimeter, with a precision of £2 yuW and
accuracy greater than 95%, according to standard ASTM C1679. Pastes were prepared
from each cement with deionized water with a hand-held mixer, following procedures in
ASTM C1679.

Eight samples were prepared for every cement, three per each acidic sand and two
for control. The reason for the use of an additional sample for the acidic sands is the
concern for their variability. In every case, the ampules were filled with 15 + 1 g of

mortar, recording the weight with a precision of 0.01 g. All the replicates of the same
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mixture were introduced into the calorimeter within a minute of one another, to limit
interactions with the rest of the samples. Also, the time of initial contact between cement
and water, and the time where the ampules were loaded into the calorimeter were
recorded. The power of every ampule was recorded in mW every 60 s and later
normalized by mass of cement. Data were collected for at least three days for every

cement (i.e., Cements A-E).

3.3.2 Setting Times by Vicat Needle Method

Setting time of mortars prepared with Cement A were measured by ASTM C191.
The same mixture composition used for isothermal calorimetry was considered for this
test (see Table 3.3). This method considers the use of the Vicat apparatus, a metallic base
where the tested specimen is placed under a needle that is released from a fixed position.
The depth of penetration or mark on the surface of the specimen is monitored in time in
order to obtain the initial and final setting times.

The specimen consisted of a mortar sample cast in a conical ring with a height of
40 mm. Two specimens were prepared per mixture. Between measurements, the
specimens were kept in sealed containers at high relative humidity (RH) to avoid drying.

The penetration of the needle is monitored until a value of 25 mm or less is
obtained. The time between the initial contact of cement and water and time when 25 mm
of penetration is observed is considered the initial setting time by the standard. When the
needle does not leave a mark on the surface of the specimen, the test is concluded and the

final setting time is recorded.
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3.3.3 Determination of Dynamic Elastic Modulus

Along with the compressive strength test, the dynamic elastic modulus was
measured at 28 and 90 days, on 4” x 8” cylinders, according to ASTM C215. Three
cylinders per mixture were measured at each age of testing. Using the impact resonance
method, the fundamental resonant frequency was obtained. In this non-destructive test,
the cylinder is placed on a steel support that allows the cylinder to vibrate freely after a
strike is applied by an impactor at the center of the end surface. An accelerometer triggers
data acquisition and a waveform analyzer records the resonant longitudinal frequency
(see Figure 3.9). This value was used to calculate the dynamic elastic modulus (Equation

6).

Dynamic E = DM(n')* (6)

where M is the mass of the concrete specimen, in kg, »” is the fundamental longitudinal
frequency, in Hz, and D is calculated from 5.093(L/d?), with L, the length of the cylinder,
in meters, and d, the diameter of the cylinder, in meters. Three replicate cylinders were
tested for each mixture and age of testing. It should be noted that the dynamic E obtained
by ASTM C215 is higher than the static E obtained by ASTM C469. Depending on the
equation used to relate both mechanical properties, the difference ranges between 20 and

30%.
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Figure 3.9. Dynamic elastic modulus set up.

3.3.4 Rapid Chloride Permeability Test (RCPT)

The RCP test (Figure 3.10) was performed on 2-in sections of 4” X 8” cylinders
obtained after 56 days of fogroom curing. Concrete was prepared using the mixture
design in Table 3.5. Three replicate specimens were tested per analyzed sand, following
the procedure in ASTM C1202. These sections were saturated at vacuum pressure in
water for three hours, and soaked under water for 18 hours. Then, cells were mounted at
the ends of the specimen. One cell contains a 3% NaCl solution and the other contains a
0.3N NaOH solution, with both solutions accessible to the concrete specimen. The test
was initiated when electrical connections were attached to impose a voltage of 60 V
during 6 hours, and the charge that passed along the specimen was recorded. According
to ASTM C1202, chloride penetrability can be assessed according to the total charge at

the end of the test.
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Figure 3.10. RCPT set-up. Two specimens per mixture were tested at 56 days from

casting.

3.3.5 Accelerated Laboratory Method for Corrosion Testing of Reinforced Concrete
Using Impressed Current (FM 5-522)

The accelerated test Florida Method (FM) 5-522 (Florida DOT, 2000) was
performed to evaluate the effect of the analyzed sands on the corrosion behavior of
reinforced concrete. This test can be used to compare the time to corrosion among
different concrete mixtures. This test was selected in consultation with GDOT and the
sand producer as a means to assess the influence of the sand source on the potential for
corrosion in concrete. The test provides relatively rapid results compared to other
standardized test methods for corrosion.

The concrete specimens for this test were prepared using the same mix design
exposed above (see Table 3.5), using Cement A (Type I/l cement), with the addition of
superplasticizer (Glenium 3030NS) at 3 oz/cwt. The specimens had dimensions 4 in.

diameter by 5.75 in. height and a #4 reinforcing bar embedded through the mid-length of
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each cylinder (Figure 3.11). The steel bars were preconditioned through a bath of sulfuric
acid solution and mechanical brushing that removed the iron oxide of the surface, per

standard specifications.

Figure 3.11. Corrosion test samples with dimensions 4 in. diameter by 5.75 in. height.
The exposed rebar was embedded to the mid-height of the cylinder.

After demolding, the specimens were cured 28 days in a fogroom and were
subsequently immersed in a 5% NaCl solution for additional 28 days, as described in the
test procedure. The bars were not protected during the curing process or during
immersion, but the condition of the steel surface was evaluated and no evidence of
corrosion was observed. After this period, the specimens were stored in open
polyethylene containers, submerged partially in a 5% NaCl solution, with the solution
waterline at 3 to 4 inches from the bottom of the tank (Figure 3.12), depth that was
controlled during the execution of the test. 5% NaCl solution was circulated in the test
container using an external pump. Also, the top section of the rebar was sandblasted to
assure the electrical connection. An additional rebar was also immersed in the solution
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(Figure 3.13) as a counter electrode for the impressed current to maintain the applied
voltage. Then, a voltage of 6 V was applied between the concrete-embedded bars and the
counter electrode, a step that represented the time zero measurement. To measure the
current flow of the circuits, 0.1 Q electrical shunts were placed in every circuit. Potential
drop across this shunt was recorded and used to measure the current throughout these
tests. Additionally, the applied voltage was measured at different points to control the
applied potential value required by FM 5-522. Three specimens for each type of sand
were tested and the formation of surface cracks in concrete and corrosion products was

constantly monitored.

Figure 3.12. High density polyethylene tanks for the corrosion test. A pump was used to
maintain the concentration of the NaCl solution.
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Figure 3.13. Specimens corresponding to each sand type were kept separately to avoid

interaction during the test.

3.3.6 Expansion of Mortar Bars due to ISA and DEF

Assessments of the potential for the sands to initiate deleterious expansion were
assessed by tests performed on mortar bars. For ISA, tests were performed according to
ASTM C1038 limewater exposure conditions (in separate containers for each sample
group, to avoid contamination), with all samples prepared at a common water-to-cement
ratio and expansions measured periodically. Other researchers have also employed
ASTM C1038 or a similar test for assessments of contaminated sands [Atahan and
Dikme, 2010; Kheder and Assi, 2010; Atahan and Dikme, 2011]. In addition, to assess
the potential for DEF, replicate mortar samples were initially cured at high temperature
according to the Kelham procedure and were subsequently soaked in separate limewater

baths (ASTM C1038), with expansion measurements made periodically. Because the
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ASTM C1038 test was designed to assess sulfate contents in cement, rather than sand, the
test be performed for 6 months, to better evaluate the likely slower reaction kinetics in
sand.

Ten bars and twelve cubes were prepared, using the mixture design in Table 3.4,
using the procedure given by ASTM C305, for Cements A-E. For each batch of mortar,
half were cured in moist containers at room temperature after casting to evaluate the
occurrence of ISA (Figures 3.14 to 3.16), and half of the elements were exposed to the
Kelham curing cycle, explained in Chapter 2, to assess the potential for DEF. To avoid
evaporation of water during the high temperature regime, the containers were sealed.
Also, a metallic grid was used to separate the water and the mortar samples. After these
trays were removed from the oven, the presence of water inside the containers was
confirmed to avoid the exposure of the samples to undesired effects, such as drying or

plastic shrinkage.

Figure 3.14. Mortar bars for length change testing and mortar cubes for compressive

strength evaluation over time.
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After 24 hours, the initial length of the mortar bars was measured using an
apparatus conforming to ASTM C490, including a digital dial gauge with a precision of
0.002 mm (7.87402x10° in). Then, they were stored in limewater in separate containers
to avoid leaching and cross interaction between different specimens. Periodic
measurements of the length of the bars were recorded on time using the same apparatus,
under lab temperature (23 + 3 °C) and humidity (50 + 15%). Before every measurement,
the specimens were rotated gently until the reading from the dial stabilized. Every
measurement was performed in the same position and orientation of the bar, to minimize

the noise in the determination of the length change of the samples.

Figure 3.15. Metallic tray used to provide a moist condition during Kelham curing cycle.
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Figure 3.16. Mortar samples were kept in a moist environment for the first 24 hours after

casting. Aluminum foil was used to avoid water evaporation during Kelham curing cycle.
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Figure 3.17. Compression frame used for strength assessment of mortar cubes.
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4. EFFECT ON EARLY-AGE PROPERTIES

Sulfate, commonly as calcium sulfate dihydrate or gypsum, is commonly added to
portland cement clinker to control the occurrence of flash set, a result of the very fast
hydration of C3A. The behavior at early age not only depends on the amount of gypsum
added, but also on the C3A content and reactivity. The amount and type of calcium
aluminate hydrates formed is highly dependent on the sulfate-to-CsA ratio [Mindess et
al., 2003]. Therefore, the potential for additional sources of sulfate (or sulfide), as well as
the effect of aggregate acidity, to affect early hydration and setting should be evaluated.

In order to evaluate the effect of the additional sulfate or sulfide provided by Site
H and Site D sands, setting times are evaluated by the Vicat needle test and the heat

evolution during the first days is measured using isothermal calorimetry.

4.1 Setting Time by Vicat Needle Test

Two specimens were tested per mixture of mortar, prepared from Cement A
(Type /11 cement) and each of the sand sources. Negligible differences were observed
between duplicate specimens in the determination of the initial and final setting using a
single cement source. Initial setting represents the beginning of the solidification of the
cement paste and the point when a limited workability affects considerably concrete
operations, such as placement and finishing. Final setting represents the point when the
solidification process is finished, and the paste starts to develop stiffness [Mehta and

Monteiro, 2006].

37



The source of sand used clearly affects the setting time. The setting times of
mortar including Cement A and Site D and H sands show delays in initial and final
setting compared to control mortar (see Figure 4.1). Site D sand exhibits a delay of the
initial setting of 51 minutes and a delay of the final setting of 25 minutes, while Site H
sand delays initial setting in 67 minutes and delays final setting in 85 minutes with

respect to control samples.

m Inital Setting  OFinal Setting

Site H Sand I |

SiteDSand I |

Control Sand I |

0 1 2 3 4 5 6 7
Time (hours)

Figure 4.1. Initial and final setting times of mortars prepared using Cement A.

The delays observed in Site H and D sand samples suggest that the composition of
the sands influence the cement setting behavior. One possibility is that the presence of
sulfate or sulfide delays the hydration. Additional sulfates from the sands, then, could
lead to additional retardation in hydration reactions. Variation in setting time could be a

concern for construction operations and early strength development.
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4.2 Isothermal Calorimetry

Isothermal calorimetry at 25 °C was performed on mortar mixtures using Cements
A, B, and C, with mortars prepared at w/c of 0.5 (see Table 3.3). Tests were conducted on
three replicates per mixture. Calorimetric curves are a measure of the heat evolved by
exothermic reactions, provided at early ages mostly by the initial cement dissolution and
the early hydration of C3S and CsA. Figures 4.2 to 4.4 show heat evolution curves for the
first 40 hours of hydration for each of three cements as mortars with each of the three
sand sources.

It can be observed that hydration of all three cements is delayed most in the
presence of Site H sand, which has the higher sulfate content than Site D sand. Site D
sand shows an intermediate behavior between control and Site H sand, but is still delayed

with respect to the control.
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Figure 4.2. Calorimetry results for mortar mixtures prepared with Cement A.
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For Cement A (Figure 4.2), use of Site H sand results in a delay in the maximum

peak of hydration, which occurs at 9.1 hours instead of 8.4 hours (as observed in the

control). This is consistent with the results of setting time for the same cement (Figure

4.1). With the Site D sand, the maximum peak occurs at 8.6 hours, which is a more

moderate retardation but is also appreciable in this test.

Power (mW/g cement)

—Control Sand
| —Site D Sand
—Site H Sand

0 5 10 15 20 25 30 35 40
Time (hours)

Figure 4.3. Calorimetry results for mortar mixtures prepared with Cement B.

For Cement B (Figure 4.3), a Type V cement with lower C3A (2.97% compared to

6.50%) and C3S (54.50% compared to 62.08%) contents than Cement A, the delay is

more pronounced when acidic sands are used. Site H sand delays the peak of hydration

from 7.5 hours to 8.8 hours, while Site D sand exhibits the maximum peak at 8 hours.

Cement B has a higher SO3/C;A ratio than Cement A (0.79 and 0.39, respectively),
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sugesting that the addition of sulfate from the sand source will produce a stronger effect
on the heat of hydration at early-age, particularly given the lower amount of C3A.
Cement C (Figure 4.4) has a higher sulfate content than Cement A, but also a
higher amount of C3A. For Cement C, the SO3/C3A is 0.47, compared to 0.39 for Cement
A. The maximum peaks were at 5.8 hours for control sand, 6.1 hours for Site D sand, and
6.4 hours for Site H sand. These results suggest that when the sulfate content of the
cement is higher, relative to the calcium aluminate content, that any additional sources of
sulfate or sulfide for the sand are less likely to retard early hydration as measured by

calorimetry.

—Control Sand
6 - —Site D Sand
—Site H Sand

Power (mW/g cement)
w

Time (hours)

Figure 4.4. Calorimetry results for mortar mixtures prepared with Cement C.

The curves for the total heat evolved (Figure 4.5) show that the heat of hydration

after 72 hours has a similar value for every type of sand. (Plots for each cement are
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shown individually in Appendix A.) These data suggest that beyond 3 days, any delays in
hydration due to minor constituents in the sand are likely to be less apparent. The total

heat is clearly higher for Cement A and C, likely due to a higher amount of C3A and C3S
in these cements relative to Cement B. Also, for Cement B and C, the total heat of Site H

samples after 72 hours is slightly higher compared to Site D sand and control samples.
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Figure 4.5. Cumulative heat of hydration curves for the first 72 hours.
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5. EFFECT ON MECHANICAL PROPERTIES OF CONCRETE

In Chapter 4, it was demonstrated that minor constituents in the sand can delay early
hydration and lead to increased time to set, with the relative magnitude of these effects
related to the cement composition. This chapter examines whether such interactions are
manifested in mechanical properties. Specifically, compressive strength and dynamic

modulus are measured for concretes containing each of the three sand sources.

5.1 Compressive Strength Results

Figure 5.1 shows the average compressive strength measured at ages 1, 3, 7, 28,
56, and 91 days for concrete mixtures using each type of sand. All concretes were
prepared at w/c 0.43 using Cement A (Type I/1l cement). These mixes conformed to
GDOT AAL1 specifications (Table 3.5). Individual results of the test for each cylinder can
be observed in Appendix B, along with the average and standard deviation for each sand
and age.

Table 5.1 shows the results of the statistical analysis on the statistical similarity of
the results for the acidic sand (pn and pg) with respect to control sand (l.c), where ; is the
mean of the normal distribution of compressive strength of sand i, at a particular age. For
each hypothesis testing, the table shows the decision of the test for a = 5% and the p-
value. The p-value is the conditional probability of rejecting Hy given that Hy is true.
Thus, a low p-value indicates that the occurrence of Hy is very unlikely, and this

assumption is consequently rejected.
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Figure 5.1. Average compressive strength of concrete at 1, 3, 7, 28, 56, and 90 days after
casting. Each point corresponds to the average of three cylinders and the error bars show

the standard deviation.

Table 5.1. Statistical analysis of compressive strength results. Similarity of the results

observed using acidic sands compared to control is tested.

%%iir?; TeSt( :l 2:5!;5): Hh | p-value TeSt(;i: 5!;5): Hd 1 pvalue
1 day Reject Ho 0.673% | Fail to RejectHy | 96.365%
3 days Reject Hy 0.072% Fail to Reject Hy | 9.133%
7 days Fail to Reject Hy 6.278% Fail to Reject Hy | 59.856%
28 days Reject Hy 3.089% Fail to Reject Hy | 95.790%
56 days Reject Hy 0.214% Reject Ho 2.775%
90 days Reject Hy 0.005% Fail to Reject Hy | 40.129%

44



Samples using Site H sand show a higher strength compared to control samples,
except at 7 days. Concretes using Site D sand show statistically different behavior. At
early ages (i.e., up to 28 days), concretes containing control and Site D sand exhibit
statistically similar compressive strength. At later ages, the results show a higher value
for Site D sand at 56 days, but similar at 90 days.

Repeating the statistical analysis performed between the concretes produced with
Site D and H sands, Table 5.2 indicates that the compressive strength of Site H samples is
higher compared to Site D samples, at every age of testing. Because Site D and H sands
were obtained from the same source, the variability in the concrete compressive strength
is a concern. The inconsistency of the sand source and its influence on strength should be
quantified, for a range of concrete mixture designs and for a range of cement

compositions.

Table 5.2. Variability between Site H and Site D sand samples.

P | T e | e
1 day Reject Ho 0.584%
3 days Reject Hy 2.177%
7 days Reject Hy 4.799%
28 days Reject Hy 0.177%
56 days Reject Hy 2.020%
90 days Reject Hy 0.262%
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Additionally, GDOT Specification 500 mandates that AA1 concrete have a 28-
day compressive strength higher than f°.+2-s, where f°; and s are obtained from tables and
correspond, in the case of AA1 mixtures, to 4,500 psi and 540 psi, respectively.
Therefore, the minimum required 28-day strength is 5,580 psi. The averages of samples
prepared using Site H and Site D sands are higher than this value, while the average for
control sand samples at the same age is slightly lower (see Appendix B). At 28 days,
control sand samples show a standard deviation of 621 psi, which is higher than specified

by GDOT.

5.1 Dynamic Elastic Modulus Results

The dynamic elastic modulus of concrete was tested at 28 and 90 days of age.
Results are shown in Table 5.3. Similar to the compressive strength results at these ages,
the Site H sand concretes show highest values of dynamic modulus at both ages
examined. Based upon statistical analysis, results for Site D and control sand samples are
similar, while results of dynamic elastic modulus of concrete produced from Site H do
not show statistical evidence to conclude similarity with the ones observed for control
concrete (Table 5.4). Again, the variability in behavior for concrete with Site D and Site
H sand — where the modulus of the Site D concrete is statistically similar to the control,
but the Site H concrete is not — may be a concern. The inconsistency of the sand source
and its influence on modulus should be quantified, for a range of concrete mixture

designs and for a range of cement compositions.
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Table 5.3. Dynamic elastic modulus at 28 and 90 days.

Dynamic E Std Dev, Dynamic E Std Deyv,
@ 28 days, ksi ksi @ 90 days, ksi ksi
Control Sand 5,200 80 5,331 224
Site H Sand 5,505 90 5,764 160
Site D Sand 5,386 37 5,671 108
Table 5.4. Statistical analysis of dynamic elastic modulus results.
Age of Test Hp: Hc= Hn i Test Hyp: M= Mg )
Testing (0= 5%) p-value (0= 5%) p-value
28 days Reject Hy 0.879% | Fail to RejectHy | 5.346%
90 days Reject Hy 4519% | Fail to RejectHy | 17.423%

The dynamic elastic modulus is an estimation of the static elastic modulus by

non-destructive methods (NDT). The static elastic modulus is consistently lower than the

dynamic elastic modulus, but a linear correlation has been observed in experimental

values obtained for both mechanical properties [Popovics et al., 2008]. However, the

selection of the equation to relate both values will depend on parameters such as the test

used to determine the dynamic modulus, the geometry of the specimens, or the vibration

mode [Popovics et al., 2008]. This difference between the static and dynamic elastic

moduli is a consequence of the composite nature of concrete, being the results obtained

for each property consistent with different composite phase models. According to

Popovics et al. [2008], the best agreement between the dynamic elastic modulus obtained
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by ASTM C215, using longitudinal vibration of cylinders, and the static elastic modulus

obtained by ASTM C469 is the British Standard equation (BS8110, Part 2):

E.=1.25-Ed— 19 9

where Es and Eq4 correspond to the static and dynamic moduli, respectively, in GPa.

The value for the static modulus of elasticity can also be calculated from ACI
318-11: Building Code Requirements for Structural Concrete and Commentary, using the
compressive strength of concrete. A comparison between these calculations is shown in
Table 5.5. GDOT Section 500 does not address requirements for elastic or dynamic

modulus of concrete.

Table 5.5. Estimations of the static modulus of elasticity from ACI 318 and BS 8110

equations.
Age | Control Sand Site H Sand Site D Sand

Static E 28 d 4,240 4,644 4,283
ACI 318

(ksi) 90d 4,499 5,065 4,627
Static E 28 d 3,744 4,126 3,977
BS 8110

(ksi) 90 d 3,908 4,450 4,333
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6. EFFECT ON DURABILITY

One of the main aspects of this project was to assess the effect of sulfate/sulfide-
bearing sands on the long-term performance of mortar and concrete. Particularly, the
potential influence of low pH and minor mineral components associated with the Site D
and H sands to influence durability of concrete related to corrosion resistance and
potential for deleterious sulfate attack, by ISA or DEF, were examined. In addition,
results from standard testing of concrete mixtures by rapid chloride permeability are

presented in this chapter.

6.1 Rapid Chloride Penetration Test Results (RCPT)

Rapid Chloride Penetration Testing (RCPT), as performed by ASTM C1202,
provides an indication of the quality of the concrete, as measured by the charge passed
(measured in Coulombs, C) across a saturated concrete specimen. Here, two concrete
samples prepared with Cement A and w/c of 0.43 (see mixture design in Table 3.5), were
tested for each source of sand. For all three concrete mixtures, the RCPT results

measured at 56 days of age after fogroom curing correspond to moderate permeability.
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Table 6.1. Total charge passed during RCPT performed at 56 days of age.

Charge Passed, Coulombs Chloride lon
Sample -
Average Std Dev Penetrability
Control Sand 3,975 345 Moderate
Site D — Sand 3,064 577 Moderate
Site H — Sand 3,354 634 Moderate

Site D and Site H sands show a lower charge passed, compared to the control
concrete (Table 6.1). Filling of pores or microcracks by secondary products, such as
ettringite, could contribute to a lower charge passed during this test. The variability
among the Site D concrete and Site H concrete, as measured by standard deviation in
these tests, is also greater than the control. Again, further testing to consider different
concrete mixture proportions and cementitious materials compositions, as well as
different ages of testing, should be performed to better understand the influence of sand

source on RCPT values and the implications for long-term durability.

6.2 Accelerated Corrosion Test

Corrosion activity of each concrete-embedded steel bar was measured in terms of
the current flowing between the counter electrode and the embedded bar, as described in
FM 5-522. The results of the corrosion test can be observed in Figure 6.1, which shows

the average current measured during the testing.
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Figure 6.1. Current over time for concrete samples exposed to a NaCl solution. Every

line represents the average of three specimens.

The voltage applied during the test was measured and controlled. An average
value of 5.998 V was recorded during the 60 days of the test at the start and at the end of
the circuit. The maximum and minimum voltages were 6.059 and 5.918 V, respectively.
An initial reduction in the current is due to the stabilization of the passive layer of the
embedded steel in all tested concrete samples, followed by a plateau. This plateau
corresponds to the average daily current, layg.

After ~15 days, an increment of the current for Site D and Site H samples
indicates an increase in the corrosion activity for these embedded steel-bar surfaces due
to the destabilization of the passive layer, exposing active steel that corrodes at a faster
rate. After ~28 days, the control samples also show this increment (i.e., an abrupt change

of slope). The measured current is a function of the corrosion rate of the embedded steel.

51



These tests were repeated two times under the same conditions, and the results coincided
in terms of the time to corrosion initiation, magnitude of current, and evolution of current
over time (see Appendix C: Figure C.1). Also, Table 6.2 shows the calculated average
daily resistance of every sand type. Site H and D specimens show higher current during

the entire test period.

Table 6.2. Average resistance and time to failure of concrete samples for the corrosion

test.
A_verage daily Time-to-failure,
resistance (Ravg), davs
Ohm y
Control Sand 776.6 28.23
Site D Sand 607.3 14.84
Site H Sand 550.4 14.86

These results indicate that the use of Site H and Site D sands accelerates the
corrosion initiation of the reinforcement. This statement was qualitatively corroborated
with the visual evaluation of the deterioration of the samples over time. Samples
including Site D and Site H sands exhibited more extensive formation of corrosion
products, surface discoloration, and cracking compared to control samples. At day 30
from the start of the current monitoring, the extent of cracking and corrosion products
was considerable for the samples with Site H and D sands. Figures 6.2 to 6.4 show the
evolution of damage for the samples during the test.

This result, along with the pH evolution with time (Figure 3.3), suggests that the

pyrite content — or at least the influence of the pyrite content — in Site D sand could be
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similar to the reported for Site H sand. The variability of the current evolution among

different specimens of the same type of sand is shown in Appendix C: Figures C.2 to C.4.

Figure 6.2. Specimens for Control Sand at 0, 30, and 50 days from the start of the test.
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Figure 6.3. Specimens for Site D Sand at 0, 30, and 50 days from the start of the test.
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Figure 6.4. Specimens for Site H Sand at 0, 30, and 50 days from the start of the test.
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6.4 Potential for Internal Sulfate Attack (ISA)

Assessment of the potential expansion due to ISA was performed in mortar bars,
using five different cements (A-E), prepared with w/c of 0.5 and sand/cement of 2.75.
Mortars were prepared using Site H sand and control sand. (Site H was selected for this
comparison due to its higher sulfate content.) After casting, the samples were cured in
sealed containers at RH of ~100% and at room temperature for 24 hours. Then, after
demolding, mortars were stored in limewater, in sealed containers at room temperature.

Cements A, B, and C were used in samples cast near the start of the project, while
Cements D and E were included later in order to broaden the range of cement
compositions in the study. Thus, the results for Cements D and E consider a 200-day
testing period. The testing period was longer for Cement A, extending to 400 days.
Results for Cements B and C extend to more than 390 days for Site H sand samples and
to more than 275 days for control sand samples.

Figures 6.5 to 6.9 show the measurements of length change over the test period.
In order to compare the magnitude of the expansions, the graphs have the same scale,
with a maximum value of 0.1%.

After 24 hours of soaking, both sets of samples exhibited a minor expansion of
~0.006%, due to water absorption after limewater storage. After that, an almost negligible
expansion of has been observed in all of the mortars examined. For the two sand sources
and five cements examined, mortars prepared with Cement A and Site H sand exhibit the
highest expansion, 0.021% at 434 days. This value is well below limits typically placed

on mortars for deleterious expansion.
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Additionally, Table 6.3 shows the compressive strength of mortar cubes at 28 and
100 days. Similar to the results of compressive strength of concrete (Section 5.1), there is
an increase in strength over time.

The absence of damaging expansion and an increase in mortar strength over time
indicate that ISA does not deleteriously affect mortar mixtures prepared with acidic sands

within the time period examined or for the range of cement compositions examined.

57



Length Change (%)

0.10%
—-—Sijte H Sand - 23 C

0.09%
—-=—Control Sand - 23 C

0.08%

0.07%

0.06%

0.05%

0.04%

0.03%

4

»#H
W[

0.02%

0.01%

0.00% = T T T T |
0 100 200 300 400 500

Time (days)

Figure 6.5. Expansion of mortar bars due to ISA (Cement A). Error bars represent standard deviation.
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Figure 6.6. Expansion of mortar bars due to ISA (Cement B). Error bars represent standard deviation.
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Figure 6.7. Expansion of mortar bars due to ISA (Cement C). Error bars represent standard deviation.
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Figure 6.8. Expansion of mortar bars due to ISA (Cement D). Error bars represent standard deviation.
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6.4 Potential for Delayed Ettringite Formation (DEF)

Potential for deleterious expansion by delayed ettringite formation was evaluated
for heat-cured mortars, prepared from 5 different cements (A-E), and subsequently
soaked in limewater at room temperature. As with the ISA testing, mortars were cast
from Site H sand and control sand.

Partial expansion results are shown in Figures 6.10 to 6.14, corresponding to
Cement A, B, C, D, and E. All the graphs have the same scale, except for Cement D,
which exhibited the highest expansions. Graphs show results for Site H sand samples in
red and control sand samples in blue. It should be noted that samples prepared using
Cement D and E were cast more recently, and hence ~200 days of data are available
currently compared to more than 300 days for Cements A, B, and C.

After twenty-four hours of limewater storage, control sand samples exposed to the
Kelham curing method showed shrinkage of 0.004% to 0.010%. In contrast, expansion of
0.004 to 0.011% at 24 hours from demolding was observed for mortar bars prepared with
Site H sand at this age.

All the samples exposed to high temperature curing cycle have exhibited
expansion, except for samples using control sand and Cement B (Type V). For reference,
the values for expansion have reached 7 to 24 times higher than the expansion limit of
0.1% used for alkali silica reaction in ASTM C1260 and for sulfate attack in ASTM
C1012 experimental evaluation on the same type of bars. In fact, this expansion limit
was reached as early as 33 days for Cement A mortars with Site H sand.

Generally, for Type I or I/l cement (Cements A, C, and E), Site H sand samples

began to show expansion earlier than control sand samples, when subjected to heat
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curing. Mortars with control sand in combination with these cements began to expand at
later ages. Specimens with Cement A and Site H sand started expanding around day 5,
while control samples started expanding at day 20. For Cement C, expansion started at
day 15 and 48 for Site H and control sand, respectively. For Cement E (Type | cement,
with higher C3A content than Cement A), expansion started at day 16 and 25 for Site H
and control sand, respectively. After expansion initiation, these samples exhibit a faster
expansion rate (slope of the curve after expansion onset) when Site H sand is used.
Cement A curves, which include a longer period of testing, show similar expansion
measured later than day 120 and a considerable slower expansion rate for both types of
sands.

For Cement B (Type V) mortar and control sand, the expansion was negligible
and very similar to the one observed in samples cured at room temperature (see Section
6.4). The use of sulfate-resisting Cement B in combination with Site H sand produces
expansion, but at a considerable slower rate compared with the rest of the cements. At
425 days, samples cast with Cement B and Site H sand expanded 0.113%. In comparison,
for the same sand combined with ordinary Cement A, expansion measured nearly seven
times more, or 0.773%, at 434 days.

In the case of Cement D (Type Il1), a very fast expansion and similar behavior
between Site H sand and control sand samples are observed. This is likely due to the high
availability of sulfate (from the sand) and alumina (from the cement). After the fast
expansion period, Site H sand samples have expanded at a higher rate than control
samples. Thus, a higher maximum expansion is expected for mortar including Site H

sand and Cement D.
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Figure 6.10. Expansion of mortar bars due to DEF (Cement A). Error bars represent standard deviation.
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Figure 6.12. Expansion of mortar bars due to DEF (Cement C). Error bars represent standard deviation.
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Figure 6.13. Expansion of mortar bars due to DEF (Cement D). Error bars represent standard deviation.
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Figure 6.14. Expansion of mortar bars due to DEF (Cement E). Error bars represent standard deviation.
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In addition to DEF expansion measured in mortar bars, mortar cubes prepared
from the same batches were exposed to the same conditions and kept in separate
limewater containers. The compressive strength was evaluated at 28 and 100 days from
mixing in order to evaluate the effect of the initial curing temperature and the type of
sand used in mortar. DEF expansion produces increase of microcracking and sometimes
gaps in the paste-aggregate interphase. Consequently, samples affected by significant
expansion could show deterioration of the compressive strength.

A summary of the results can be observed in Table 6.3, where it can be seen that
the initial high temperature curing produces loss of strength. The application of the
Kelham curing cycle to mortar using Cement B and control sand produces a 12%
reduction of the strength at 28 days. This difference is incremented for cases where DEF
expansion occurred, in samples using Site H sand or control sand and Cement A, C, D,
and E. A higher reduction of the strength is appreciable at 100 days when DEF expansion

was measured in the corresponding mortar bars.
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Table 6.3. Compressive strength of cubes at 28 and 100 days from mixing.

i 0]
Age of Mortar Compressw_e strength, Yo of
Cement Testing mixture psi strength at
Average Std Dev 23 °C
Control — 23 °C 6,098 379
Control — 95 °C 4,459 330 73.1%
28 days
SiteH-23°C 6,277 38
Site H-95°C 4,387 361 69.9%
Cement A
Control — 23 °C 6,418 818
Control — 95 °C 4,098 210 63.8%
100 days
Site H-23°C 7,547 584
Site H-95°C 3,924 244 52.0%
Control — 23 °C 6,493 797
Control — 95 °C 5,700 417 87.8%
28 days
Site H-23°C 6,142 611
Site H-95°C 5,122 353 83.4%
Cement B
Control — 23 °C 7,620 339
Control — 95 °C 6,424 108 84.3%
100 days
Site H-23°C 7,502 253
Site H-95°C 6,161 127 82.1%
Control — 23 °C 7,722 141
Control — 95 °C 5,233 429 67.8%
28 days
Site H-23°C 7,105 428
Site H-95°C 5,097 350 71.7%
Cement C
Control — 23 °C 8,455 140
Control — 95 °C 5,782 585 68.4%
100 days
Site H-23°C 7,868 479
Site H-95 °C 4,498 242 57.2%
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Table 6.3 (cont.). Compressive strength of cubes at 28 and 100 days from mixing.

i 0]
Age of Mortar Compressw_e strength, Yo of
Cement Testing mixture psi strength at
Average Std Dev 23 °C
Control — 23 °C 6,728 216
Control — 95 °C 5,258 130 78.2%
28 days
Site H-23°C 7,209 181
SiteH-95°C 4,610 247 63.9%
Cement D
Control — 23 °C 7,255 345
Control — 95 °C 2,538 97 35.0%
100 days
Site H-23°C 6,854 741
SiteH-95°C 1,830 106 26.7%
Control — 23 °C 6,877 202
Control — 95 °C 4,282 242 62.3%
28 days
Site H-23°C 6,327 301
SiteH-95°C 4,243 369 67.1%
Cement E
Control — 23 °C 7,667 217
Control — 95 °C 3,280 76 42.8%
100 days
Site H-23°C 6,893 568
SiteH-95°C 3,570 198 51.8%
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In order to better understand the source for mortar expansion, samples from
mortar bars prepared using Cement A and Site H sand and cured at high temperature
were examined by scanning electron microscopy. Micrographs (Figures 6.15 to 6.17)
were produced in a variable pressure SEM (VP-SEM Hitachi S-3700N), at 15 kV, with a
working distance of 10 mm, backscattered signal, and chamber pressure of 25 Pa. Also,
an EDS elemental point analysis was performed in three regions, as shown in Figure
6.17.

The images show some features commonly associated with DEF-affected
concrete or mortar. These include cracking in the paste and gaps around the aggregates,
both filled with products which morphologically resemble ettringite. Compositions in
regions A-C are summarized in Table 6.4. The higher S/Ca and Al/Ca of regions A and B

are most consistent with the presence of ettringite [Tosun and Baradan, 2010].

X
5
X

P o &

15.0kV 10.6mm x200 BSECOMP 25Pa

Figure 6.15. Backscattered micrograph of a DEF-affected mortar sample (200 X).
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o

15.0kV 10.7mm x550 BSECOMP 25Pa

100um

Figure 6.16. Backscattered micrograph of a DEF affected mortar sample (550 X).

Figure 6.17. Backscattered micrograph of a DEF affected mortar sample (1,400 X).
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Table 6.4. EDS point analysis over regions A, B, and C of Figure 6.17.

A B C
Element | Weight Atomic Weight Atomic Weight Atomic
% % % % % %
C 16.52 24.46 27.91 38.30 28.11 37.67
@) 54.37 60.42 48.51 49.98 53.15 53.49
Mg 0.19 0.14 0.42 0.29 0.47 0.31
Al 3.89 2.56 2.74 1.68 0.99 0.59
Si 3.94 2.49 6.49 3.81 5.78 331
S 5.03 2.79 2.15 1.10 0.28 0.14
0.85 0.39 1.13 0.48 0.26 0.11
Ca 15.21 6.75 10.64 4.38 10.72 4.31
Fe 0.25 0.07
S/Ca 0.331 0.413 0.202 0.251 0.026 0.032
Al/Ca 0.256 0.379 0.258 0.384 0.092 0.137

75




7. CONCLUSIONS AND RECOMMENDATIONS

The use of sulfide- and sulfate-bearing aggregates in concrete and mortar was
found to produce measureable effects on early age behavior, mechanical properties, and
factors influencing long-term performance. Both acidic sands tested behaved in a
different way with respect to a GDOT-approved sand used as a control. Furthermore,
sands obtained from the same deposit, at different times, also presented dissimilar
performance in terms of early-age and mechanical properties. These results evidence the

variability of the sand deposit and the lack of consistency of the extracted sand.

7.1 Conclusions

- Isothermal calorimetry results show that for a range of cement compositions
delays in early cement hydration can be expected in the presence of Site D or Site H sand,
compared to the GDOT-approved sand source. The magnitude of the delay is dependent
on the cement composition and the sand, with Site H producing generally greater delays,
presumably due to a greater sulfate content in that source.

- The setting time was tested for a single Type I/1l cement, and the use of acidic
sands delays the initial and final times of setting compared to control sand. Site H sand
showed greater delay, up to 85 minutes, in setting time.

- Comparing slump and air content in AAL concrete produced with each of the

three sand sources showed that Site H sand lead to lower slump values and lower air
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contents. It is not clear if these effects are related to the greater fineness of the Site H
sand or its higher sulfate/sulfide content or a combination of these effects.

- A moderate increase in compressive strength and dynamic modulus of elasticity
is observed in concrete containing Site H sand when compared to that with control sand
or Site D sand, when examined in GDOT Class AA1 concrete. Statistical analysis shows
that the compressive strength and dynamic modulus of Site H concrete are higher
compared to Site D samples, at every age of testing. Despite the higher values obtained
for the Site H concrete, because Site D and H sand were obtained from the same source,
the variability in the concrete mechanical properties is a concern.

- All sands produced AAL concretes with 56-day rapid chloride permeability
results in the moderate range.

- When examining the potential for the Site H sand to participate in reactions
leading to DEF-induced expansion in mortar mixtures exposed to a high temperature
curing, dependence on cement composition was noted. For Type I, I/Il, and 11l cements,
the presence of Site H sand accelerates the onset and rate of DEF expansion. Expansions
with Site H sand combined with Type V cement were negligible during the test period
examined, although still greater than for the same cement combined with the control
sand.

- No evidence of expansion due to internal sulfate attack initiated by the presence
of sulfates or sulfides in the aggregate sources was observed in mortar samples over the
testing period examined.

- The use of the Site H and Site D sands lead to earlier corrosion of the reinforced

steel bars compared to control sands, in concrete. The initiation of active corrosion
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occurred at an earlier age, and a more extensive cracking and damage due to corrosion

was observed when the Site D or H sands were used.

7.2 Recommendations

1. Coastal lowland sources of aggregates should be tested in order to identify
contamination by sulfates, sulfides or other potentially deleterious components
and to assess pH. Testing should be performed routinely, to quantify variations in
the same source or stockpile over time and variations during production and
storage.

2. Due to concerns related to DEF, the use of the analyzed sand deposit, where both
Site D and Site H sands were obtained, is not recommended for mass, prestressed
concrete, precast operations, or other applications where early high temperature
could produce DEF, unless Type V cement is used in the mixture composition.
The use of supplementary cementitious materials (SCMs) may provide some
benefit when general use cements must be used, but the appropriate SCM type
and use rate must be established.

3. The analyzed sand deposit, where both Site D and Site H sands were obtained, is
not recommended for marine environments, given that concrete containing acidic
sands is more prone to corrosion. This is particularly sensible in the case of
prestressed concrete elements, where the chloride threshold limit (CTL) is lower
due to the presence of crevices located at the impingement sites between
adjoining prestressing wires. Prior guidance [Holland, 2012] has been provided on

the use of ASTM C150 Type Il cement, in combination with fly ash or slag, for
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durable marine construction, and these recommendations may be used to guide
the development and assessment of concrete for reinforced elements in marine
environments.

4. For applications where consistency in setting time, slump, or air content is
critical, the analyzed sand deposit, where both Site D and Site H sands were

obtained, is not recommended. °

7.3 Future Needs

The results obtained through this limited research effort show the need to extend
the work on acidic and sulfate/sulfide-bearing sands, in particular because this topic has
not been well-addressed in the literature or current codes. There is growing awareness of
the importance of such materials, however. For example, ACI Committee 201 on
Durability recently identified this topic as one to be addressed by a newly formed task
group on aggregate reactivity. ACI 201 plans to include guidance on sulfate- and sulfide-
bearing aggregates in future version of 201.2R Guide to Durable Concrete.

Improved understanding of the implications of sulfate and sulfide contents, as

well as low pH, on concrete properties is needed. Additional research should address:

* However, with appropriate adjustments in chemical admixture use, it may be possible to
overcome these effects. Further effort will be necessary to better understand the
variability in behavior and appropriate admixture dosages or range of dosages to
compensate for variations in performance due to sand composition.
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- Quantification of the composition and variation in composition of sand deposits
in the coastal region in the state to establish their range and variability.

- Statistical analysis, for a range of sands and a range of concrete compositions
with varying binder (i.e., cement and SCM) compositions, to appreciate the range of
mechanical behavior to better appreciate the influence of the inconsistency of sand
source.

- The combination of cements with SCMs such as fly ash, silica fume or
metakaolin, for the mitigation of DEF to determine appropriate SCMs compositions and
their level of cement replacement. Currently, there is limited research showing the
efficiency of SCM replacement in order to reduce or avoid expansion.

- Further examination of the influence of sand source on permeability and
chloride ion migration is needed.

- The effect of the use of cement Type V on the corrosion resistance of reinforced
concrete should be analyzed. Friedel’s salt formation product of the reaction of C3A and
chloride ions could be minimized in the case of Type V cement. As a result, an even
lower corrosion resistance could be obtained.

- Further analyses of the expansion results of additional cements (here labeled
Cement D and E) should give more information about the influential factors that
determine DEF occurrence, the amount of DEF expansion, and the onset of the

accelerated expansion process.
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APPENDIX A: Modeled Degree of Hydration on Time.
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Figure A.1. Degree of hydration for mortars using Cement A.
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Figure A.2. Degree of hydration for mortars using Cement B.
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Figure A.3. Degree of hydration for mortars using Cement C.
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APPENDIX B: Individual Results of Compressive Strength of Concrete

Table B.1. Individual results of compressive strength test for control sand specimens.

Compressive Roundeql Standard
Age Strength Compressive A"er?‘ge Deviation

(psi) Stren_gth (psi) (psi)
(psi)
2,428.8 2,430

1 day 2,324.2 2,320 2,533 280
2,847.5 2,850
3,192.6 3,190

3 days 3,052.6 3,050 3,137 76

3,168.8 3,170
5171.7 5,170

7 days 4,765.9 4,770 4,850 288
CONTROL 4,613.9 4,610
SAND 4,835.9 4,840

28 days 5,720.0 5,720 5,533 621
6,039.9 6,040
5,480.5 5,480

56 days 5,966.7 5,970 5,797 275
5,940.5 5,940
6,407.6 6,410

90 days 6,098.8 6,100 6,233 159
6,186.4 6,190
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Table B.2. Individual results of compressive strength test for Site H sand specimens.

Rounded

Compressive Compressive  Average Star]da}rd
Age Stzggig;jth Strength (osi) Dezlpl)?it)lon

(psi)
3,604.1 3,600

1 day 3,602.5 3,600 3,650 87
3,750.5 3,750
4,006.7 4,000

3 days 4,033.8 4,030 4,123 188
4,343.3 4,340
5,104.9 5,100

7 days 5,566.4 5,570 5,480 344
SITEH 5,766.2 5,770
SAND 6,642.3 6,640

28 days 6,584.2 6,580 6,637 55
6,689.3 6,690
7,188.2 7,190

56 days 7,991.2 7,990 7,670 423
7,832.0 7,830

----------- wrong failure

90 days 7,832.0 7,830 7,895 92

7,960.9 7,960
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Table B.3. Individual results of compressive strength test for Site D sand specimens.

Rounded

wrong failure

Compressive Compressive  Average Star]da}rd
Age Stzggig;jth Strength (osi) Dezlpl)?it)lon
(psi)
2,819.4 2,820
1 day 2,324.5 2,320 2,590 252
2,633.2 2,630
3,775.2 3,780
3 days 3,325.5 3,330 3,557 225
3,561.1 3,560
4,221.6 4,220
7 days 4,018.7 4,020 4,447 575
SITED 5,103.3 5,100
SAND 5,552.9 5,550
28 days 5,928.5 5,930 5,647 249
5,457.4 5,460
6,835.7 6,840
56 days 6,449.8 6,450 6,710 225
6,836.5 6,840
6,659.8 6,660
90 days 6,920.9 6,920 6,790 184

91




APPENDIX C: Variability of Results - Accelerated Corrosion Testing
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Figure C.1. Evolution of current during the test for concrete specimens.
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Figure C.2. Evolution of current during the test for control sand specimens.
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Figure C.4. Evolution of current during the test for Site D sand specimens.
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