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Abstract: For several decades, class F fly ash has been an attractive supplementary cementitious
material, at least in part, due to its ability to reduce Portland cement consumption and mitigate alkali-
silica reactions in concrete. However, fly ash availability is becoming uncertain as the energy industry
decommissions coal burning power plants as it transitions to renewable energy production. This
situation creates a need to identify viable and sustainable alternative supplementary cementitious
materials. There are several types of supplementary cementitious materials, such as natural pozzolans,
metakaolin, or ground granulated blast-furnace slag, which appear to be potential alternatives to
fly ash in concrete. In this research, a locally available natural pozzolan (pumicite) was selected
to replace fly ash in concrete. After conducting alkali-silica reaction tests on mortar mixtures,
rheological and strength properties, shrinkage, resistance to freezing and thawing, and chloride
ion permeability of concrete mixtures containing different amounts of fly ash and natural pozzolan
were evaluated. The results showed that pumicite was more effective than fly ash at mitigating
the alkali-silica reaction, and a pumicite content of 20% was necessary to mitigate the alkali-silica
reaction. Ternary mixtures containing both pumicite and fly ash were the most effective cementitious
materials combinations for mitigating the alkali-silica reaction expansion. Additionally, pumicite
provided acceptable compressive strength and modulus of rupture values (greater than 4.0 MPa) that
exceeded the flexural strengths provided by established mixtures containing only fly ash. Shrinkage
and durability factor values for all mixtures were less than 710 pstrain and greater than 75, which
are generally considered acceptable. Additionally, all mixtures with acceptable alkali-silica reaction
expansions had very low chloride permeability. These results indicate that pumicite can be a reliable
alternative for fly ash.

Keywords: alkali-silica reaction; durability; fly ash; natural pozzolan; pumicite; shrinkage;
freeze—thaw; permeability

1. Introduction

The concrete industry has traditionally used ordinary Portland cement as the binder
in concrete mixtures. However, Portland cement production is a large contributor to global
carbon dioxide (CO;) emissions [1-3]. One way to reduce CO, emissions is to decrease
cement usage by partially replacing cement with supplementary cementitious materials
(SCMs). Class F fly ash, a byproduct of burning coal to produce electricity, has been
a reliable SCM used to replace a substantial portion of cement and mitigate the alkali-
silica reaction (ASR) in concrete. Fly ash also improves mechanical and other durability
properties of concrete (such as corrosion resistance), reduces materials costs, and improves
sustainability [4-6]. However, environmental considerations and changes in the energy
industry have reduced availability of fly ash [7-9].

To compensate for anticipated fly ash shortages, cost-effective and eco-friendly al-
ternative SCMs must be identified and investigated. There are several types of SCMs,
such as natural pozzolans, metakaolin, or ground granulated blast-furnace slag (GGBFS)
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that appear to be potential alternatives to fly ash in concrete. As the effects of metakaolin
and GGBFS in ultra-high performance concrete mixtures have been evaluated in previous
studies conducted by the authors [10,11], a natural pozzolan (pumicite) was selected in
this study since it is locally available in New Mexico, USA, where the research was con-
ducted. In the United States, natural pozzolans have not been cost-competitive with fly ash
until recently so they have not been widely used as SCMs. Consequently, comprehensive
durability studies on concrete mixtures containing pumicite as a SCM are needed.

ASR is a prominent durability concern for concrete, especially in locations with highly
reactive aggregates. ASR is an expansive reaction that can occur between siliceous aggre-
gates and alkalis that may be present in Portland cement. Concrete expansion due to the
ASR can cause tensile stresses that can lead to internal cracking which can significantly
decrease the service life of a concrete structure. As ASR expansion cannot be controlled
just by using low-alkali cement in locations with highly reactive aggregates [12], such as
New Mexico, USA, class F fly ash has historically been used in combination with low-alkali
cement to mitigate ASR. Another common durability problem in concrete is corrosion of
reinforcing steel that is often initiated by chloride ions migrating through concrete and
reaching the reinforcing steel. Other durability-related issues that can accelerate degrada-
tion in concrete include shrinkage cracking and frost damage. Consequently, any SCM used
to replace fly ash in concrete should also have the ability to mitigate ASR and provide the
concrete with resistance to chloride ion penetration and frost resistance while also limiting
concrete shrinkage.

This research examined the effects of using a locally sourced natural pozzolan (pumicite)
mined from a geological deposit located near Espafiola, New Mexico, USA, in concrete
mixtures and its ability to provide protection against durability issues such as ASR and
corrosion. The first goal of this study was to identify combinations of cementitious mate-
rials (including Portland cement, fly ash, and pumicite) capable of mitigating ASR. Once
cementitious materials combinations with acceptable ASR resistance were identified, the
next goal was to assess the possibility of producing concrete mixtures containing a natural
pozzolan (pumicite) or containing a blend of fly ash and pumicite that had rheological,
mechanical, and durability properties comparable to concrete mixtures containing only
fly ash. In this research, concrete mixtures were characterized by assessing slump, air
content, compressive strength, flexural strength, shrinkage, resistance to freezing and
thawing, and chloride permeability (measured by rapid chloride permeability and surface
resistivity tests).

2. Background

This section reviews information about ASR and other durability issues in concrete
as well as the effects of natural pozzolan and other SCMs on rheological, mechanical, and
durability properties of concrete.

2.1. Alkali-Silica Reaction

ASR expansion has been shown to increase with greater alkali concentration. Alkalis
can be provided by aggregates, admixtures, or SCMs, so it is important to consider the total
alkali content of a concrete mixture. Depending on aggregate reactivity, maximum permis-
sible alkali contents of 2.5 to 4.5 kg/m? equivalent sodium oxide have been reported [13].
Equivalent sodium oxide is computed using Equation (1):

(Na,0), = NazO + (0.658 x K,0), )

where (Na,0), is the equivalent sodium oxide, Na,O is the sodium oxide, and K,O is the
potassium oxide.

Some studies have focused on identifying the aggregate mineral components, as-
sessing aggregate reactivity, and identifying mechanisms for ASR reactions [14,15]. Re-
search has shown that not all siliceous aggregates are susceptible to ASR. In another study,
Multon et al. [16] reported that ASR expansion can be seven times greater with coarser
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aggregate particles than with the finer particles, even for aggregates containing approxi-
mately the same amount of reactive silica. Additionally, ASR cannot be activated without
moisture [17]. Research has also shown that concrete with an internal relative humidity
less than 80% will not experience expansive ASR [18,19].

Methods to mitigate ASR include replacing a portion of the cement with SCMs, using
non-reactive aggregates, limiting the alkali content in the cement by using low-alkali
cement, and using lithium compounds to inhibit the reaction [17,18,20,21]. However, using
non-reactive aggregates or using low-alkali cement is not always practical [17]. For example,
New Mexico, USA, contains some of the most reactive aggregates in the world, and the
ASR expansion cannot be controlled just by using low-alkali cement [12]. Replacing a
portion of Portland cement with SCMs is a cost-effective and environmentally friendly
method for mitigating ASR since many SCMs are waste products or naturally occurring
materials [20,22].

2.2. Other Durability Issues

SCMs in concrete generally improve mechanical and durability properties through
pozzolanic reactions that lead to secondary calcium silicate hydrate (CSH) production
that fills pore space, improves density, and reduces permeability [10,11,23-26]. Decreasing
concrete permeability increases resistance to chloride ion penetration, which reduces the
probability of reinforcing steel corrosion and extends the life expectancy of a concrete
structure. While using SCMs is an effective way to reduce concrete permeability and to
protect a structure against corrosion, moisture and harmful chemical compounds may
still penetrate dense concrete through cracks caused by freezing and thawing cycles or
shrinkage. Studies have shown that damage caused by freezing and thawing cycles can
be avoided by using air-entraining admixtures (AEAs) or foaming agents to develop an
appropriate air void system and by selecting frost-resistant aggregates [27-31]. Cracking
caused by shrinkage can also be limited by using SCMs such as fly ash and GGBFS that
reduce concrete shrinkage [32].

2.3. Supplamantry Cementiouos Materials

For decades, SCMs have been used to reduce Portland cement content and mitigate
durability issues such as ASR expansion, degradation caused by freezing and thawing, chlo-
ride ion penetration, and attack by sulfates in different types of concrete [1,10,11,26,33,34].
In many cases, it has been demonstrated that SCMs can also enhance mechanical properties
of concrete. Fly ash, GGBFS, silica fume, and natural pozzolans are some of the most com-
monly used SCMs in the concrete industry [10,35-37]. Other SCMs, such as rice husk ash
and metakaolin, have also been used in the concrete industry to partially replace Portland
cement and mitigate ASR [11,38-41]. Additionally, Thomas et al. [21] highlighted studies
where highly reactive recycled glass (crushed) and ground reactive aggregates were used
to mitigate ASR.

2.4. Natural Pozzolan

Natural pozzolans include a wide range of naturally occurring siliceous or siliceous
and aluminous materials that individually lack significant cementitious ability but can form
compounds possessing cementitious properties in the presence of water [42]. Pumicite is
an amorphous natural pozzolan that can be produced by gases released when volcanic lava
solidifies. Pumicite has a porous structure caused by gas bubbles being trapped in rapidly
cooling molten lava [43].

Studies have shown that concrete slump decreases with the addition of pumicite
powder [44]. In a study conducted by Kabay et al. [45], it was observed that using pumicite
powder, fly ash, and blends containing both SCMs to replace Portland cement in concrete
mixtures resulted in reduced sorptivity, lower water absorption, decreased void content,
as well as reduced compressive and splitting tensile strengths at early ages. Additionally,
using more, or coarser, pumicite in concrete mixtures may also lead to reduced heat of
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hydration and compressive strength along with increased setting time and water demand
as well as improved ASR resistance and sulfate resistance [46,47]. Another study [48] found
that the use of pumicite alone (without catalysts such as sodium silicate and potassium
fluoride) showed limited pozzolanic activity.

Saridemir [49] also used pumicite in high strength concrete and found that using 25%
pumicite decreased 28-day compression strength and elastic modulus. Another study [50]
also reported that replacing 10% of Portland cement with pumicite in high strength con-
crete significantly improved microstructural density, increased resistance to chloride ion
penetration, enhanced 180-day compressive and indirect tensile strengths, and decreased
90-day water absorption. Tangtermsirikul and Kitticharoenkiat [51] showed that using fly
ash, pumicite, or a blend of both reduced 91-day compressive strength although strength
development after 28 days was more rapid than for ordinary concrete. Using pumicite
in self-compacting concrete also resulted in acceptable workability and greater 120-day
compressive strength than mixtures without pumicite [52]. Oz et al. [53] also reported that
replacing up to 20% of the Portland cement in concrete mixtures with pumicite resulted
in acceptable frost resistance. However, concrete frost resistance decreased when 30%
pumicite was used [53]. Ghafari et al. [44] reported that mixtures with pumicite had similar
strength, elastic modulus, and bulk resistivity to mixtures containing class C fly ash and
mixtures with only Portland cement at 56 days.

3. Research Significance

Fly ash is a common sustainable SCM in Portland cement concrete. However, avail-
ability of fly ash is uncertain as the energy industry transitions to renewable energy
sources [7-9]. There are several types of SCM such as natural pozzolans, metakaolin,
or GGBFS that appear to be potential alternatives to fly ash in concrete mixtures. However,
most of the studies on concrete mixtures containing pumicite (as a natural pozzolan) were
based on analyses that considered only one or two durability issues and none of the journal
articles investigated as many rheological, mechanical, and particularly durability properties
as the present research. Therefore, a need exists for research studies that investigate a wide
range of rheological, mechanical, and durability properties of both mortar and concrete
specimens containing a natural pozzolan in a single study. This paper also addresses a
gap in the existing literature of ASR mitigation methods for concrete mixtures containing
extremely reactive aggregates. In the present study, two extremely reactive (for ASR) aggre-
gate sources were utilized to assess the ability of the pumicite to effectively mitigate ASR
expansions, particularly in the presence of highly reactive aggregates.

4. Materials and Methods

This section describes the materials and methods used in this research to produce mix-
tures and conduct testing to assess ASR resistance, workability, compressive and flexural
strengths, shrinkage, resistance to freezing and thawing, rapid chloride permeability, and
surface resistivity.

4.1. Materials

Materials utilized in this study were sourced locally in New Mexico, USA. Two
aggregate sources were used in this study, the Placitas quarry near Bernalillo, New Mexico,
USA, and another quarry at Moriarty, New Mexico, USA. Aggregates from these sources
are siliceous and are known to be extremely susceptible to ASR. Physical properties and
particle size distributions of the aggregates are provided in Tables 1 and 2, respectively.

Three types of cementitious materials were used in this research, including Type
I/1I low-alkali Portland cement produced by GCC, a class F fly ash from the San Juan
generating station in northern New Mexico, USA, and a natural pozzolan (pumicite) mined
from a geological deposit located near Espafiola, New Mexico, USA, by GCC. Chemical
and physical properties of these three cementitious materials are provided in Table 3.
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Table 1. Aggregates physical properties.

Aggregate Aggregate Bulk Specific Moisture Absorption Dry Rodded Fineness
Source Type Gravity Content (%) (%) Unit Weight (kg/m?3) Modulus
Placitas Coarse Agg. 2.53 0.2 1.7 1565 -

Pea Gravel 2.52 0.9 2.0 1476 -
Sand 2.61 1.1 14 - 2.77
Moriarty Coarse Agg. 2.65 0.2 1.7 1572 -
Pea Gravel 2.66 0.2 1.3 1530 -
Sand 2.70 0.9 1.2 - 3.40
Note: “-” was not measured.

Table 2. Particle size distribution (percent passing) of aggregates.

Sieve Opening (mm)
Aggregate Aggregate Type P 8
Source 19.0 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 PAN

Placitas Coarse Agg. 62.8 8.9 5.7 7.0 6.8 1.1 - - - 0.0
Pea Gravel - - 98.7 8.2 0.6 0.5 0.4 0.3 0.2 0.0

Sand - - - 98.4 84.7 70.9 49.9 16.8 29 0.0

Moriarty Coarse Agg. 81.7 39.5 11.3 3.7 1.6 0.7 - - - 0.0
Pea Gravel - - 93.2 7.5 3.0 1.9 1.8 1.3 1.1 0.0

Sand - - - 98.3 87.1 78.2 59.8 29.1 6.3 0.0

Note: “-” was not measured.

Table 3. Chemical and physical properties of cement, fly ash, and natural pozzolan (% mass).

Material
Chemical Compounds
Cement (Type I/II) Class F Fly Ash Pumicite

SiO, 20.3 53.16 76.29

AL O3 4.6 24.64 12.13

Fep O3 3.4 422 1.74

CaO 63.9 8.99 0.40

MgO 1.91 1.25 0.07

Na,O 0.23 1.66 4.23

KO 0.38 1.24 4.29

TiO, - - 0.10

MnO, - - 0.08

P,05 - - 0.02

SrO - - 0.01

BaO - - 0.01

SO;3 2.86 0.25 0.00

Loss on Ignition 224 - -
Physical Properties

Specific Gravity 3.15 191 2.45

Spec. Surface Area (m?2/ kg) 335 734 17,348
Autoclave Expansion (%) 0.05 0.01 -
Note: “-” was not measured.

As can be seen in Table 3, the natural pozzolan used in this work contains elevated
concentrations of NayO and K;O compared to the fly ash and cement. In fact, concrete
mixtures produced with the cementitious material combinations evaluated in this study
all had Na,O, greater than 4.5 kg/m?3. Therefore, it is logical that the primary objective of
this study was to evaluate the ability of this pumicite to mitigate ASR prior to investigating
other concrete properties.

Due to the scarcity of fly ash, there has been significant escalation of fly ash price, which
has led to price parity with the pumicite mined in New Mexico, USA, where this research
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was conducted. Pumicite is more convenient to obtain than fly ash and is significantly more
cost-effective than alternative SCMs, such as silica fume and metakaolin. When fly ash is
available, many concrete producers prefer to use it because of the abundant historical data;
however, its scarcity drives the need for detailed studies of concrete containing the natural
pozzolan.

4.2. Other Materials

To achieve the targeted workability and air content for the concrete mixtures, com-
mercially available chemical admixtures that included a polycarboxylate-based high-range
water-reducing admixture (HRWRA) and an AEA were added during mixing. The HRWRA
used in this work was MasterGlenium 7920, and the AEA was MasterAir AE-90, both pro-
duced by BASF Construction Chemicals, Cambridge, MA, USA.

4.3. Mortar Mixtures

Mortar mixtures were produced to evaluate the effectiveness of the natural pozzolan
(pumicite) for mitigating ASR expansion caused by two reactive fine aggregates (Placitas
and Moriarty sands).

4.3.1. Proportions

Proportions for 22 mortar mixtures, produced using reactive aggregates from two
sources, are presented in Table 4. A water-to-cementitious materials (w/cm) ratio of 0.47
was used, and 2.87 g of HRWRA was added to improve workability. To maintain the w/cm
ratio of 0.47, the mixing water was decreased by the amount of water provided by the
HRWRA.

Table 4. Mortar mixture proportions.

Mixture Name Cement Natural Pozzolan Fly Ash Sand Water HRWRA
(g/m®) (g/m®) (g/m®) (g/m®) (g/m®) (g/m®)
P-C-100 440 - - 990 206 2.87
P-CN-90/10 264 176 - 990 206 2.87
P-CN-85/15 176 264 - 990 206 2.87
P-CN-80/20 88 352 - 990 206 2.87
P-CN-75/25 - 440 - 990 206 2.87
P-CN-70/30 - 440 990 206 2.87
P-CF-70/30 308 - 132 990 206 2.87
P-CNE-75/10/15 132 264 44 990 206 2.87
P-CNEF-75/15/10 198 176 66 990 206 2.87
P-CNF-
67.5/22.5/10 - 396 44 990 206 2.87
P-CNEF-60/20/20 - 352 88 990 206 2.87
M-C-100 440 - - 990 206 2.87
M-CN-90/10 264 176 - 990 206 2.87
M-CN-85/15 176 264 - 990 206 2.87
M-CN-80/20 88 352 - 990 206 2.87
M-CN-75/25 - 440 - 990 206 2.87
M-CN-70/30 - 440 990 206 2.87
M-CEF-70/30 308 - 132 990 206 2.87
M-CNEF-
75/10/15 132 264 44 990 206 2.87
M-CNF-
75/15/10 198 176 66 990 206 2.87
M-CNF-
67.5/22.5/10 - 396 44 990 206 2.87
M-CINE- - 352 88 990 206 2.87

60/20/20
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To interpret the names of the mortar mixtures in Table 4, the first letter denotes the
aggregate source (P for Placitas and M for Moriarty; the following one, two, or three
letter series denotes the cementitious materials used in the mixture (C for cement, N for
natural pozzolan, and F for fly ash); and the numbers after the second hyphen denote
the cementitious materials contents (percent by mass) for each cementitious material in
the mixture. For example, P-CNF-60/20/20 identifies the mixture with Placitas sand and
cementitious materials that comprised 60% cement, 20% natural pozzolan, and 20% fly ash
by mass.

The primary goal of this research was to evaluate the possibility of producing concrete
mixtures with SCMs other than fly ash or a combination of fly ash and another SCM while
ensuring the mixtures have sufficient resistance to ASR. Previous studies have shown that
using 30% fly ash, by cementitious materials mass, in concrete mixtures is adequate to
mitigate ASR even for highly reactive aggregates [12]. Therefore, the present study set
a limit of 30% total SCM, by mass of cementitious materials, for binary mortar mixtures.
The natural pozzolan content in binary mortar mixtures was increased from 10 to 30%
of cementitious materials mass in increments of 5% to replace all of the fly ash (30% of
cementitious materials) and compare mortar mixtures containing natural pozzolan with
those containing fly ash. Additionally, four ternary mortar mixtures from each aggregate
source were produced to assess the effects of using a combination of fly ash and natural
pozzolan on ASR mitigation. It should be noted that the ternary mortar mixtures contained
up to 40% total SCM content, by mass of cementitious materials, instead of the 30% used in
binary mortar mixtures, to reduce Portland cement consumption.

4.3.2. Alkali-Silica Reaction Testing

Specimen production, sampling, and testing were performed according to ASTM
C1567 [54]. Prior to mixing, the two reactive fine aggregates were sieved and washed
to meet the particle size distribution requirements from ASTM C1567 [54]. Three mortar
bar specimens produced from each mortar mixture were cast in 25.4 x 25.4 x 286 mm?
steel molds with steel studs cast into each end. Twenty-four hours after mixing, initial
length readings were taken for each mortar bar specimen prior to being immersed for a
24-h period in a water bath that was raised to and then maintained at 80 & 2 °C. The zero
reading was taken after the 24-h water bath period to account for the thermal expansion
the specimens experience. Then, the specimens were immersed in a 1 N sodium hydroxide
(NaOH) solution that was kept at 80 + 2 °C for 14 days. Length changes in the specimens
were measured at 1, 3, 5,7, 9, 11, 13, and 14 days using a length change comparator.

Measurements were taken within 15 s of a specimen being removed from the solution.
According to ASTM C1567 [54], mortar mixtures containing combinations of cement, poz-
zolan, or GGBFS that expand more than 0.10% at 16 days are considered to be unacceptable.
However, some transportation agencies use a more stringent expansion limit of 0.08%.

4.4. Concrete Mixture Proportions

This research also investigated concrete mixtures produced using the two aggregate
sources to identify the effects of using a natural pozzolan to replace fly ash on rheological,
mechanical, and durability properties of concrete.

4.4.1. Proportions

To select proportions for concrete mixtures, an existing concrete mixture with a w/cm
ratio of 0.35, approved by New Mexico Department of Transportation (NMDOT), New
Mexico, USA, was revised using the properties of aggregates measured in the lab. Eight
concrete mixtures were produced using each aggregate source. Table 5 presents the pro-
portions of 16 concrete mixtures with slump and air content values within the targeted
ranges. For each mixture, the targeted slump range was 40 & 25 mm, and the targeted air
content range was 6.5% (—1.0 to +2.0%), which are typical criteria for paving mixtures in
New Mexico, USA.
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Table 5. Concrete mixture proportions.
Coarse
Mixture Name Cement Natural Pozzolan Fly Ash Ao, Pea Gravel Sand Water HRWRA AEA
(kg/m®) (kg/m3) (kg/m3) (kg/gliz') (kg/m3) (kg/m3) (kg/m3) (kg/m?3) (kg/m3)
P-N10-F00 389 43 - 632 276 738 152 1.33 1.19
P-N20-F00 346 87 - 632 276 728 152 1.48 1.19
P-N30-F00 303 130 - 632 276 717 152 1.55 1.19
P-N00-F30 303 - 130 632 276 679 152 1.63 1.19
P-N10-F15 325 43 64 632 276 703 152 1.63 1.19
P-N15-F10 325 64 43 632 276 710 152 1.63 1.19
P-N22-F10 292 97 43 632 276 702 152 1.63 1.19
P-N20-F20 259 87 87 632 276 680 152 1.63 1.19
M-N10-F00 389 43 - 632 276 809 152 1.33 1.19
M-N20-F00 346 87 - 632 276 799 152 1.48 1.19
M-N30-F00 303 130 - 632 276 788 152 1.55 1.19
M-NO00-F30 303 - 130 632 276 748 152 1.63 1.19
M-N10-F15 325 43 64 632 276 773 152 1.63 1.19
M-N15-F10 325 64 43 632 276 780 152 1.63 1.19
M-N22-F10 292 97 43 632 276 771 152 1.77 1.19
M-N20-F20 259 87 87 632 276 751 152 1.63 1.19

In the mixture names, the first letter indicates the aggregate source (P for Placitas and
M for Moriarty), the letter N (for natural pozzolan), and a two-digit number indicating the
natural pozzolan to cementitious materials ratio (%) appear after the first hyphen, and the
letter F (for fly ash) and a two-digit number indicating the fly ash to cementitious materials
ratio (%) appear after the second hyphen. For example, P-N22-F10 identifies the mixture
with Placitas aggregates containing 22.5% pumicite and 10% fly ash as percentages of the
total cementitious materials by mass.

Another goal of this research was to investigate the possibility of producing concrete
mixtures with SCMs other than fly ash or a combination of fly ash and another SCM, while
ensuring the produced concrete mixtures had rheological, mechanical, and durability prop-
erties comparable to concrete mixtures containing only fly ash. Similar to the logic provided
for proportioning the mortar mixtures in Section 4.3.1, the natural pozzolan content in
binary concrete mixtures was gradually increased from 10 to 30% of cementitious materials
mass in increments of 10% to replace all of the fly ash (30% of cementitious materials)
and compare concrete mixtures containing natural pozzolan with those containing fly
ash. Additionally, four ternary concrete mixtures from each aggregate source (with same
cementitious materials combinations of ternary mortar mixtures) were produced to assess
the effects of using a combination of fly ash and natural pozzolan on the rheological, me-
chanical, and durability properties of concrete mixtures. In the ternary concrete mixtures,
the maximum total SCM content was increased to 40% from 30% in binary mixtures to
reduce Portland cement consumption.

The mixing process was performed in a drum mixer with a 0.06 m® capacity. Materials
for each concrete batch were mixed, placed, and cured according to ASTM C192 [55].
For each mixture, thirteen cylinder specimens (102 by 203 mm), two beam specimens
(152 x 152 x 610 mm?), and seven prism specimens (76 x 102 x 406 mm?) were cast. Four
prism specimens had contact points embedded in each end. All specimens were demolded
24 h after placement and placed in a moist room with a relative humidity (RH) of 96% and
a temperature of 23 £+ 2 °C.

4.4.2. Rheological Properties

Immediately after mixing, fresh properties of the concrete mixtures were evaluated
for slump and air content according to ASTM C143 and ASTM C231, respectively [56,57].
For each mixture, the targeted slump range was 40 & 25 mm, and the targeted air content
range was 6.5% (—1.0 to +2.0%).
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4.4.3. Compression Testing

Compression tests were performed according to ASTM C39 [58] using a 2670 kN
capacity universal testing machine. Twelve cylindrical specimens (102 by 203 mm) were
tested from each concrete mixture, with four specimens tested at ages of 7, 28, and 90 days.

4.44. Flexural Testing

To investigate 28-day flexural strength, two 152 x 152 x 610 mm? beam specimens
from each mixture were evaluated for modulus of rupture (MOR) according to ASTM
C78 [59]. Beam specimens were positioned on two semi-circular supports that were located
a distance of 76 mm from each end of the beam. Specimens were then subjected to two
concentrated loads, positioned symmetrically about the midspan of the beam and spaced
152 mm apart.

4.4.5. Shrinkage Testing

Four prism specimens from each concrete mixture, with dimensions of 76 x 102 x
406 mm?, were tested for shrinkage according to ASTM C157 [60]. Specimens were moist
cured at a RH of 96% and a temperature of 23 & 2 °C for 28 days. Then, specimens were
removed from the moist room and stored in ambient conditions with 30 & 4% RH and a
temperature of 20 £ 2 °C for an additional 28 days. It should be noted that the RH of 30%
used in this work was less than the RH of 50% recommended by ASTM C157 [60], which
will lead to conservative final shrinkage results that were appropriate for New Mexico,
USA, conditions, where the study was performed. Average length changes for each mixture
during the 56-day test were used to calculate shrinkage strains.

4.4.6. Freezing and Thawing Testing

Freezing and thawing tests, depicted in Figure 1, were conducted using three prism
specimens from each mixture in accordance with ASTM C666 Procedure A [61]. Pris-
matic specimens measuring 76 x 102 x 406 mm?> were exposed to 300 cycles of freezing
and thawing. Each cycle involved a rapid temperature decrease from 4 to —18 °C over
approximately 140 min, followed by an increase in temperature from —18 to 4 °C over
approximately 80 min (Figure 1a). At the bottom of the temperature cycle, the temperature
was maintained at —18 °C for eight minutes, whereas, at the top end, temperature was
maintained at 4 °C for 10 min. Temperature cycles were paused during the 10-min period
at the top of a cycle to measure mass and fundamental frequency of specimens at intervals
not exceeding 36 cycles.

(b)

Figure 1. Freezing and thawing test: (a) freeze—thaw chamber and (b) fundamental frequency test.

Frequency measurements were conducted according to ASTM C215 [62] using the
impact resonance method. In this method, the specimen was struck by an instrumented
hammer, and a lightweight accelerometer was used to record the acceleration response
history (Figure 1b). The frequency of the maximum acceleration response for first mode
vibration (fundamental frequency) was identified from an amplitude—frequency plot. Fun-
damental transverse frequency and mass were then used to compute dynamic elastic
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modulus values, as described in ASTM C215 [62], which were subsequently used to calcu-
late relative dynamic modulus (RDM), as shown in Equation (2):

RDM = 21 5 100, @)
Eo
where E( and E;, are dynamic elastic modulus (Pa) values after 0 and # cycles of freezing
and thawing, respectively [61]. RDM after 300 cycles of freezing and thawing, referred
to as durability factor (DF), was also used to compare the frost resistance of the concrete
mixtures.

4.4.7. Rapid Chloride Permeability Testing

A common test for assessing the resistance of concrete to chloride ion penetration is
the rapid chloride permeability test (RCPT). Specimen preparation and testing procedures
for this test were conducted according to ASTM C1202 [63]. This test was performed on
two 51 mm slices that were sawn from two 102 by 203 mm cylindrical specimens. The sawn
slices were first placed in a vacuum desiccator, where they were kept for three hours with
an internal pressure of no more than 6650 Pa (Figure 2a). After three hours, the slices were
immersed in deionized water and kept there for one hour with the vacuum pump running.
As the final step of specimen preparation, the immersed slices remained in the vacuum
desiccator for an additional 18 h with the pump off. After preparation, the specimen slices
were inserted in testing cells (Figure 2b) that exposed one sawn face to a 3.0% sodium
chloride solution and the other face to a 0.3 N sodium hydroxide solution. A 60 V DC
power supply was used to maintain a constant voltage across the specimen, and the current
flowing through the system was monitored at 30 min intervals over a six-hour period.
Equation (3) was used to compute the total charge passed (coulombs), which is an indicator
of the electrical conductance of the specimen:

95\ 2
Q= <x> X [900 X (IO + 2130 + 2Ig0 + - - - + 21300 + 21330 + 1360)]/ 3)

where Q = total charge passed (coulombs) through an x (mm) diameter specimen, I = current
(amperes) immediately after voltage is applied, I; = current (amperes) at ¢ min after voltage
is applied, and x = diameter (mm) of the nonstandard specimen (102 mm).

Figure 2. RCPT: (a) vacuum pump and desiccator and (b) power supply and test cell.

RCPTs in this study were conducted at 180 days because ASTM C1202 [63] recom-
mends a minimum of 56 days of moist curing before performing a RCPT on specimens
containing SCMs. Specimens containing SCMs may show ongoing improvements (lower
total charge passed) beyond the initial 56-day period, so it is often better to conduct tests at
later ages [63]. Testing at later ages provides a better indication of the long-term durability
since the slowly reacting SCMs will have reacted more completely.

4.4.8. Surface Resistivity Testing

A more rapid test to assess the resistance of concrete to chloride ion penetration is
the surface resistivity test. In the present study, surface resistivity tests were performed at
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180 days to be able to properly compare the surface resistivity test results with the 180-day
RCPT results. The equipment used to perform the surface resistivity tests was a Resipod
Proceq, shown in Figure 3, which used a Four-Pin Wenner Probe Array. Testing was
conducted on three cylinders from each mixture in accordance with AASHTO T 358 [64].

resipod
proceq

Figure 3. Surface resistivity test.

In this test, the outer pins (current electrodes) of a Four-Pin Wenner probe array were
used to apply an alternating current potential difference, and the resultant potential differ-
ence between the two inner pins (potential electrodes) was measured. Surface resistivity
was then calculated using the induced current, the measured potential, and the affected
specimen area.

5. Results and Discussion

This section presents the results of the testing performed during this study, which
included ASR mortar bar tests, slump and air content tests on fresh concrete, compression
and flexural strength tests, shrinkage measurements, and frost resistance tests as well as
RCPTs and surface resistivity tests on hardened concrete.

5.1. Mortar Alkali-Silica Reaction Tests

Figures 4 and 5 present the ASR results for Placitas and Moriarty aggregates, respec-
tively. Additionally, Table 6 provides the average ASR expansion results (14-day) for all
mortar mixtures. The greatest ASR expansions occurred in mortar specimens containing
only low-alkali Portland cement (no SCMs), mixtures P-C-100 and M-C-100, with average
expansions of 0.39% and 0.50%, respectively. Both mixtures experienced ASR expansion
that exceeded the ASTM C1567 [54] acceptable limit of 0.1% expansion. These expansion
results confirmed the extremely reactive nature of two aggregate sources used in this study
and that the Moriarty sand was more reactive than the Placitas sand.

—e— P-C-100 —=e— P-CN-90/10
~-0--- P-CN-85/15 ---0---- P-CN-80/20
~---t--- P-CN-75/25 —-0F--- P-CN-70/30
—o— P-CNF-75/15/10 —o— P-CNF-75/10/15

—+— P-CNF-67.5/22.5/10 —0o— P-CNF-60/20/20
—a— P-CF-70/30

Allowable Limit (0.1%)

Age (days)

Figure 4. ASR test results (Placitas aggregate).
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—e— M-C-100
~--0---- M-CN-85/15

~-pe--- M-CN-75/25

—o— M-CNF-75/15/10
—~— M-CNF-67.5/22.5/10
—=— M-CF-70/30

—=e— M-CN-90/10

----0---- M-CN-80/20

---0---- M-CN-70/30

—o— M-CNEF-75/10/15
—o— M-CNF-60/20/20
—— Allowable Limit (0.1%)

Age (days)

Figure 5. ASR test results (Moriarty aggregate).

Table 6. ASR expansion at 14 days (+standard deviation).

Placitas Mixtures Average (%) Moriarty Mixtures Average (%)

P-C-100 0.391 +£ 0.007 M-C-100 0.503 £ 0.029
P-CN-90/10 0.210 £ 0.014 M-CN-90/10 0.229 £ 0.005
P-CN-85/15 0.074 £ 0.007 M-CN-85/15 0.101 £ 0.015
P-CN-80/20 0.050 £ 0.015 M-CN-80/20 0.051 £ 0.001
P-CN-75/25 0.048 £ 0.048 M-CN-75/25 0.028 £ 0.002
P-CN-70/30 0.018 £ 0.002 M-CN-70/30 0.020 £ 0.001
P-CNEF-75/15/10 0.026 £ 0.057 M-CNF-75/15/10 —0.007 £ 0.052
P-CNF-75/10/15 0.018 £ 0.007 M-CNF-75/10/15 0.018 £ 0.003
P-CNF-67.5/22.5/10 0.015 £ 0.002 M-CNF-67.5/22.5/10 0.015 £ 0.004
P-CNF-60/20/20 0.010 £ 0.051 M-CNF-60/20/20 0.008 + 0.007
P-CF-70/30 0.031 £ 0.002 M-CE-70/30 0.033 £ 0.012

In addition to mixtures P-C-100 and M-C-100, Placitas and Moriarty mixtures contain-
ing 10% pumicite (P-CN-90/10 and M-CN-90/10) and the Moriarty mixture containing
15% pumicite (M-CN-85/15) had unacceptable expansion results that exceeded the ASTM
C1567 [54] limit of 0.1%. Consequently, pumicite contents of 15% or less were identified
as inadequate for mitigating ASR expansion and a minimum natural pozzolan content of
20% is recommended for mitigating ASR. It should be noted that mixtures that contained
pumicite contents of 15% or less were excluded from some of the other portions of this study
such as freezing and thawing tests. All mixtures containing 20% or more SCM showed ASR
expansions no greater than 0.051%. Knowing that some state transportation agencies limit
acceptable expansion to 0.08% would not change the acceptability of any of the mixtures
accepted in this study.

Mortar mixtures containing pumicite (but not fly ash), including P-CN-90/10, P-CN-
85/15, P-CN-80/20, P-CN-75/25, P-CN-70/30, M-CN-90/10, M-CN-85/15, M-CN-80/20,
M-CN-75/25, and M-CN-70/30, showed a strong trend, where increasing pumicite content
improved ASR mitigation (reduced expansion). Additionally, mortar mixtures contain-
ing 30% natural pozzolan (P-CN-70/30 and M-CN-70/30) had approximately 40% less
expansion than mixtures containing 30% fly ash (P-CF-70/30 and M-CF-70/30), indicating
that the natural pozzolan was substantially better than fly ash for mitigating ASR. This is
particularly impressive since the alkali equivalent of the pumicite was much greater than
for the fly ash (Table 3). This observation can be used to facilitate a complete replacement of
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20% minimum class F fly ash content (for ASR) required by some transportation agencies
such as NMDOT.

Mortar mixtures that contained both natural pozzolan and fly ash proved to be the
best mixtures for controlling ASR. Mixtures P-CNF-75/15/10, P-CNF-75/10/15, P-CNF-
67.5/22.5/10, P-CNF-60/20/20, M-CNF-75/15/10, M-CNF-75/10/15, M-CNF-67.5/22.5/10,
and M-CNF-60/20/20 all had expansions less than 0.03%.

Mixtures P-CN-75/25 and M-CN-75/25 demonstrated that 25% pumicite was able to
adequately control ASR expansion by itself. However, mixtures containing 15% pumicite
and 10% fly ash (P-CNF-75/15/10 and M-CNF-75/15/10) reduced expansions by at least
40% for both aggregate sources compared to the mixtures containing 25% pumicite (P-CN-
75/25 and M-CN-75/25), demonstrating the benefits of ternary mixtures. This observation
can be used to decrease the fly ash content from the 20% minimum fly ash content (for
ASR) required by many transportation agencies such as NMDOT to 10% when fly ash
is available.

5.2. Concrete Rheological Properties

Table 7 provides the results from rheological tests for each acceptable concrete mixture.
Acceptable concrete mixtures had an average of two slump measurements between 15 and
65 mm and air content between 5.5 and 8.5%, which are typically acceptable for a 40 mm
target slump and 6.5% target air content. In general, the workability of mixtures produced
with the admixtures and SCMs used in this research was consistent enough to obtain
acceptable slump with no more than two trial batches.

Table 7. Rheological properties results.

Mixture Name HRWRA AEA Slump Air Content
(kg/m?) (kg/m3) (mm) (%)
P-N10-F00 1.33 1.19 50 59
P-N20-F00 1.48 1.19 50 6.5
P-N30-F00 1.55 1.19 65 7.3
P-N00-F30 1.63 1.19 45 6.8
P-N10-F15 1.63 1.19 60 6.6
P-N15-F10 1.63 1.19 60 6.7
P-N22-F10 1.63 1.19 50 6.6
P-N20-F20 1.63 1.19 65 6.5
M-N10-F00 1.33 1.19 45 5.8
M-N20-F00 1.48 1.19 45 6.4
M-N30-F00 1.55 1.19 50 7.3
M-N00-F30 1.63 1.19 40 6.8
M-N10-F15 1.63 1.19 45 6.6
M-N15-F10 1.63 1.19 45 6.4
M-N22-F10 1.77 1.19 45 6.5
M-N20-F20 1.63 1.19 50 6.5

Generally, particles with greater surface area, due to angularity or porosity, are ex-
pected to have greater water absorption. Therefore, mixtures containing natural pozzolan
were expected to require a greater amount of HRWRA to achieve a given slump compared
to those containing fly ash since pumicite particles have greater surface area compared to
fly ash particles (Table 3) [10,11,65]. However, when comparing mixtures containing 30%
natural pozzolan (mixtures P-N30-FO0 and M-N30-F00) to those containing 30% fly ash
(mixtures P-N00-F30 and M-NO00-F30), it was observed that the pumicite mixtures in this
study required less HRWRA than the fly ash mixtures to achieve a slump within the target
range. One potential cause of lower slump values for fly ash mixtures could be that the
AEA was less effective in reducing water demand when combined with fly ash compared
to pumicite. As can be seen in Table 7, the air content of fly ash mixtures was lower than
for pumicite mixtures. Other possible reasons could be differences in other properties of



Buildings 2023, 13, 2364

14 of 24

Compressive Strength (MPa)

60

50

40

30

20

10

P-N10-F00

the pumicite and fly ash, such as type, source, and level of purity, which influenced the
demand for HRWRA [66].

Comparing Placitas mixtures containing only pumicite (P-N10F00, P-N20-F00, and
P-N30-F00) and Moriarty mixtures containing only pumicite (M-N10-F00, M-N20-F00,
and M-N30-F00) indicates that HRWRA demand to achieve the target slump increased as
pumicite content increased from 10 to 30%. This was likely due to the large surface area of
the pumicite particles, as a result of their angularity or porosity.

It was also observed that aggregate type appeared to influence slump. Comparing
mixtures with different aggregate sources, but the same type and amount of cementitious
materials (such as P-N30-FO0 and M-N30-F00) shows that the amounts of HRWRA and
AEA were constant, but mixtures with Moriarty aggregates had less slump. This was most
likely associated with specific attributes of Moriarty aggregates such as a greater specific
gravity than that of Placitas aggregates (Table 1) as well as rougher and more angular
particles than Placitas aggregates. Generally, aggregates with greater specific gravity tend
to contribute to a denser mixture, requiring more water to achieve the target slump. The
rough and angular nature of Moriarty aggregates facilitates better interlocking compared
to Placitas aggregates, creating a stiffer mixture that either decreases the slump or requires
more water to move and flow acceptably. However, the importance of this observation is
minimal since the Moriarty mixtures were all acceptable in terms of rheological properties,
compressive and flexural strengths, and all durability-related properties tested in this study.

To achieve an air content between 5.5 and 8.5%, the same AEA dosage was used for
all mixtures, even though the aggregate and SCM types and amounts varied. From this
observation, it appeared that air content was not particularly sensitive to aggregate source
or SCM type. When aggregate source or the SCMs were changed, air content changed, but
not enough to push the air content out of the target range.

5.3. Concrete Mechanical Properties
5.3.1. Compressive Strength Tests

Figure 6 and Table 8 present average compressive strengths from four tests conducted
at 7, 28, and 90 days for each concrete mixture. Comparing 28- and 90-day compressive
strengths shows that increases in compressive strengths from 28 to 90 days ranged from
16.6 to 45.0% for the 16 mixtures. The dramatic increases in compressive strength at later
ages were due to low 28-day strengths caused by the pumicite reacting slowly in the first
28 days. This observation was consistent with the behavior of many SCMs that reacted
slowly at early ages but reacted more completely at later ages [43,45,50,67].

7-day m28-day m90-day

P-N20-F00
P-N30-F00
P-NO00-F30
P-N10-F15
P-N15-F10
P-N22-F10
P-N20-F20
M-N10-F00
M-N20-F00
M-N30-F00
M-NO00-F30
M-N10-F15
M-N15-F10
M-N22-F10
M-N20-F20

Figure 6. Compressive strength results (=standard deviation).
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Table 8. Compressive and flexural strength results (£standard deviation).

Average Compressive Strength (MPa) Average 28-Day Flexural

Mixtures

7-Day 28-Day 90-Day Strength (MPa)
P-N10-F00 31.9 (+1.9) 37.3 (£1.1) 435 (+1.3) 4.39 (+0.38)
P-N20-F00 30.4 (£1.9) 35.8 (+1.2) 44.0 (+£0.8) 453 (+0.30)
P-N30-F00 24.7 (+1.8) 31.4 (£1.7) 43.7 (+1.2) 4.03 (+0.56)
P-N00-F30 245 (+1.2) 31.3 (£0.7) 43.4 (+1.4) 3.93 (+0.26)
P-N10-F15 27,5 (+£1.2) 36.8 (+0.7) 444 (£15) 4.32 (+0.06)
P-N15-F10 26.3 (+1.6) 36.2 (£1.2) 44.1 (+1.0) 4.41 (+0.14)
P-N22-F10 25.4 (+1.3) 36.0 (+0.8) 44.7 (+0.3) 447 (+0.15)
P-N20-F20 23.6 (+£1.0) 30.9 (+1.1) 44.8 (+£1.1) 412 (+£0.31)
M-N10-F00 30.6 (£1.1) 38.3 (£1.7) 46.0 (+1.1) 4.69 (+0.17)
M-N20-F00 28.7 (+1.6) 37.0 (£1.5) 46.4 (+1.0) 4.70 (£0.30)
M-N30-F00 27,5 (£1.7) 36.3 (+1.7) 46.7 (£1.2) 4.20 (+£0.52)
M-N00-F30 27.0 (+1.8) 34.1 (£1.2) 475 (+1.6) 4.03 (+0.26)
M-N10-F15 28.8 (+1.0) 37.8 (£1.0) 47.1 (+1.6) 4.42 (£0.07)
M-N15-F10 28.2 (+£1.2) 36.1 (+0.5) 47.2 (£1.9) 4.75 (+£0.24)
M-N22-F10 27.9 (+1.1) 36.5 (£1.7) 47.2 (+1.3) 4.61 (£0.50)
M-N20-F20 26.4 (+1.8) 33.5 (+£1.6) 46.9 (+1.1) 4.36 (+0.31)

As a specific example of this behavior, increasing pumicite content caused a decrease
in 7- and 28-day compressive strengths. Compressive strength at 28 days for mixtures
with 30% natural pozzolan was 5.2% and 15.6% less than the compressive strength of
specimens containing 10% natural pozzolan for specimens produced with Moriarty and
Placitas aggregates, respectively. This could be attributed to the pumicite not being fully
developed at 28 days since each pumicite content produced similar 90-day compressive
strengths.

Specimens containing 30% pumicite had 7-, 28-, and 90-day compressive strengths
that were comparable to strengths from specimens with 30% fly ash. This can be seen in
Table 8 by comparing mixture P-N30-FO0 with P-N00-F30 and comparing mixture M-N30-
FOO with M-NOO-F30. For example, 90-day compressive strengths of Moriarty specimens
containing 30% pumicite and 30% fly ash were 46.7 MPa and 47.5 MPa, respectively. This
indicated that the natural pozzolan could be a desirable alternative for fly ash in terms of
compressive strength.

For mixtures containing both fly ash and natural pozzolan, using 20% fly ash led to
a decrease in 7- and 28-day compressive strengths compared to specimens with 10% fly
ash. The 28-day compressive strength of mixture P-N22-F10 (36.0 MPa) was 16.5% greater
than for mixture P-N20-F20 (30.9 MPa), and the 28-day compressive strength of mixture
M-N22-F10 (36.5 MPa) was 9.0% greater than for mixture M-N20-F20 (33.5 MPa). By an
age of 90 days, the 40% SCM mixtures had reached compressive strengths similar to the
strengths of the 32.5% SCM mixtures due to continued reaction of the SCMs. Specifically,
90-day strengths for mixtures P-N22-F10 and P-N20-F20 were similar, as were compressive
strengths for mixtures M-N22-F10 and M-N20-F20.

Mixtures containing Moriarty aggregates generally showed greater compressive
strengths compared to their Placitas counterparts. Specifically, all but two Moriarty mix-
tures had 7-day compressive strengths exceeding Placitas mixtures by as much as 11.9%.
Similarly, Moriarty mixtures had 28-day compressive strengths that were as much as 15.6%
greater than equivalent Placitas mixtures (except for one mixture). All 90-day compressive
strengths were also consistently greater for Moriarty aggregates than Placitas mixtures, by
as much as 9.4%. The greater strengths provided by the Moriarty aggregates was most
likely caused by the greater specific gravity and the rougher and more angular particles of
the Moriarty aggregates.
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5.3.2. Flexural Strength Tests

Average MOR results from all beam specimens are presented in Table 8 and Figure 7.
Specimens containing 30% natural pozzolan had MOR values that were less than MOR
values for comparable specimens with less pumicite. This rough trend of decreasing MOR
with increasing pumicite content was consistent with the trend observed for compressive
strength.
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Figure 7. 28-day flexural strength results (+-standard deviation).

Specimens containing pumicite were observed to have average MOR values greater
than 4.00 MPa that exceeded the flexural strengths provided by mixtures containing only
fly ash (P-N00-F30 and M-N00-F30), indicating that natural pozzolan could also be a
good alternative for fly ash when considering flexural strength. Specimens produced with
Moriarty aggregates had greater MOR values, by 4.5% on average, compared to similar
Placitas specimens. The greater MOR values for Moriarty specimens were consistent with
greater compressive strengths from Moriarty specimens.

Similar to the results from the compressive tests, mixtures containing Moriarty aggre-
gates had greater 28-day flexural strengths, by as much as 7.7%, compared to their Placitas
counterparts. The rough texture of the Moriarty aggregates appeared to have an improved
paste-aggregate bond that led to the increased flexural strength.

5.4. Concrete Shrinkage Tests

Average shrinkage results for four prism specimens from each concrete mixture are
presented in Figures 8 and 9. Final shrinkage values for all mixtures produced in this study
were smaller than 710 pstrain, which was less than the 800 pstrain limit commonly used by
many transportation agencies.

Comparing Placitas mixtures containing only pumicite (P-N10F00, P-N20-F00, and
P-N30-F00) and Moriarty mixtures containing only pumicite (M-N10-F00, M-N20-FO00,
and M-N30-F00) shows that shrinkage decreased as pumicite content increased for both
aggregate sources, which was consistent with the trend observed for the 7- and 28-day
compression tests. Increasing pumicite content from 10 to 30% decreased the shrinkage by
5.9 and 4.9% for Placitas and Moriarty mixtures, respectively.

Mixtures containing 30% fly ash (P-N00-F30 and M-N00-F30) showed less shrinkage
than mixtures containing 30% natural pozzolan (P-N30-FO0 and M-N30-F00). The 30% fly
ash mixtures produced 21.1 and 31.7% less shrinkage than 30% pumicite mixtures for the
Placitas and Moriarty aggregates, respectively.



Buildings 2023, 13, 2364

17 of 24

Shrinkage (ustrain)

Shrinkage (ustrain)

800

600

400

200

800

600

400

200

B e
- - _ - .
»--"- " == *- " . __-_‘.:'.‘.'--'
- o —'_::, ----- )
N - W e T T - ta
- " g _ g o
- oted P T g - A

B NS

Ce Pagep T
e S

--+-- P-N10-F00 —-m—- P-N20-F00
----9---- P-N30-F00 —a4— P-N00-F30
--4a-- P-N10-F15 —-o—- P-N15-F10

-=-47--- P-N22-F10 —<— P-N20-F20
T T T T T T T 1

0 28 31 34 37 40 43 46 49 52 56
Days

Figure 8. Shrinkage test results (Placitas aggregate).
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Figure 9. Shrinkage test results (Moriarty aggregate).

5.5. Concrete Freezing and Thawing Tests

Figures 10 and 11 present results from the ASTM C666 [61] tests. Mixtures containing
only 10% pumicite were not evaluated for frost resistance because they were shown to be
unacceptable for ASR mitigation. All other mixtures had DF values (RDM after 300 cycles)
greater than 75, which were acceptable according to ASTM C666 [61]. These results
showed that an adequate air void system was produced for each acceptable combination of

cementitious materials and admixtures.

The results for mixtures containing 20 and 30% natural pozzolan also showed that
these mixtures had the lowest DF values for both aggregate sources, and these DFs were
substantially less than the DFs obtained from the 30% fly ash mixtures. These results were
consistent with observations by Oz et al. [53] that mixtures with 30% natural pozzolan
had low DF values. The specific cause of the lower DFs for pumicite mixtures was not
investigated, so the lower DFs may have been caused by a specific interaction with one
or both of the admixtures used in this study. Alternatively, as pore size and distribution
affected DF values [68], the pumicite may cause the air void system to have a different
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distribution (pore size and spacing), although hardened air void analyses would need to be
performed to verify this.
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Figure 10. Freezing and thawing test results (Placitas aggregate).
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Figure 11. Freezing and thawing test results (Moriarty aggregate).

Increasing SCM content in concrete mixtures containing both fly ash and pumicite
increased DF. Specifically, the trend for increasing DF with increasing SCM content was
demonstrated by ordering mixtures with 25% SCM (P-N10-F15, P-N15-F10, M-N10-F15,
and M-N15-F10) that had the lowest DF values, mixtures with 32.5% SCM (P-N22-F10 and
M-N22-F10) that had intermediate DF values, and mixtures with 40% SCM (P-N20-F20 and
M-N20-F20) that had the greatest DF values.

5.6. Concrete Chloride lon Permeability Tests

RCPTs and surface resistivity tests at 180 days were used to evaluate chloride ion
permeability of concrete specimens in accordance with ASTM C1202 [63] and AASHTO
T 358 [64], respectively. Table 9 provides average results of RCPTs and surface resistivity
tests from each concrete mixture.
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Table 9. RCPT and surface resistivity test results (=standard deviation).

Mixtures RCPT Surface Resistivity
(Coulombs) (kQ)-mm)
P-N10-F00 498 + 11 355 + 33
P-N20-F00 409 + 4 371+ 31
P-N30-F00 298 £ 14 398 £ 27
P-N00-F30 262 £18 406 + 24
P-N10-F15 294+ 6 378 £ 31
P-N15-F10 302 £5 371 £9
P-N22-F10 325+ 6 382 £17
P-N20-F20 237 + 18 427 +20
M-N10-F00 480 £ 6 348 £15
M-N20-F00 383 £17 379 £ 22
M-N30-F00 293 +£3 382 +31
M-N00-F30 246 £13 409 £+ 15
M-N10-F15 253 £11 400 £+ 10
M-N15-F10 295+3 394 + 12
M-N22-F10 3001 405 £ 21
M-N20-F20 248 + 13 419+ 8

Total charge passed for all mixtures ranged between 237 and 498 coulombs and surface
resistivity values for all mixtures were between 348 and 427 k()-mm. ASTM C1202 [63]
and AASHTO T 358 [64] state that RCPT results between 100 and 1000 coulombs and
surface resistivity test results between 370 and 2540 kQ)-mm indicate that the chloride ion
penetration is “very low”. Therefore, all mixtures evaluated in this research had “very low”
chloride ion penetration according to the RCPT results. According to the surface resistivity
results, all mixtures other than the mixtures containing 10% pumicite were also categorized
as being “very low” in terms of chloride ion penetration.

It was also observed that mixtures containing 10% natural pozzolan had the great-
est chloride ion permeability (greatest total charge passed and lowest surface resistivity)
and mixtures containing 40% SCM (20% pumicite and 20% fly ash) had the least chloride
ion permeability for both types of aggregate. This is most likely due to additional sec-
ondary CSH formation, resulting from reaction of the SCMs, decreasing permeability of the
mixtures [23,69].

Both RCPT and surface resistivity results also show that increasing pumicite content
from 10 to 30% decreased chloride ion permeability, showing the effectiveness of pumicite
in preventing ingress of chloride ions into concrete. The improved chloride ion permeability
with increasing natural pozzolan content is most likely due to greater density caused by
either the pumicite particle sizes or the pozzolanic reaction of the pumicite. Specifically,
secondary CSH formation resulting from the natural pozzolan reacting with calcium
hydroxide can fill pore spaces between cement particles, decreasing permeability [23,69].

Comparing specimens containing 30% fly ash (P-N00-F30 and M-N00-F30) and spec-
imens containing 30% pumicite (P-N30-FO0 and M-N30-F00) showed that using fly ash
resulted in a lower chloride ion permeability (lower total charge passed and greater surface
resistivity) for both Placitas and Moriarty aggregates. However, the benefit of using fly
ash was not substantial and should not cause any concern about replacing fly ash with
pumicite.

Comparing mixtures with different aggregate types that contained similar types and
quantities of cementitious materials (such as P-N30-FO0 and M-N30-F00) indicated that
although the aggregate source impacted the RCPT and surface resistivity test results, this
influence was not substantial enough to change the chloride ion classification of a mixture.

Overall, the chloride ion permeability tests show that surface resistivity results matched
well with the RCPT results, which was consistent with observations reported by other
researchers [70,71].
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5.7. Comparison of Chloride Ion Permeability Tests

Comparing the results from RCPTs and surface resistivity tests indicated that the
surface resistivity test results correlated well with RCPT results, which was consistent
with findings from other studies [10,11,36,70-72]. In the present study, a power regression
method was applied to results from the 16 mixtures with average surface resistivity values
ranging from 348 to 427 kQ-mm and RCPT values ranging from 237 to 498 coulombs to
develop the relationship presented in Equation (4) with a coefficient of determination (R?)
of 0.80:

—3.58
Q = 154,500,000 x (10> , (4)

where

Q = total charge passed during a RCPT (coulombs);
SR = surface resistivity measurement (k(Q-mm).

El Dieb [70] also studied the relationship between surface resistivity and RCPT results
for 42 concrete mixtures with surface resistivity values ranging from 50 to 4000 kQ)-mm
and RCPT values ranging from 100 to 5000 coulombs and developed Equation (5) (with
R? = 0.95):

R —1.097
Q = 26,068 (Sm) (5)

As can be observed in Figure 12, Equation (5) overestimates RCPT results from the
present study while Equation (4) represents data reasonably well. The lower R? value for
Equation (4) is due, at least in part, to the small population and narrow range of results
in this study. Although El Dieb [70] did not present individual test results, it is visually
apparent that the scatter in El Dieb’s [70] data was greater for surface resistivity values in
the range of 300 to 500 k()-mm than the scatter observed in the present study.

| —— Equation developed by El Dieb
A Placitas Results
I ® Moriarty Results
300 350 400 450

Surface resistivity test (kK2-mm)

Figure 12. Relationship between RCPT and surface resistivity test results [70].

6. Conclusions
Based on the research conducted during this project, the following conclusions were drawn:

1. While combinations of natural pozzolan and fly ash in ternary mixtures proved to be
the best combinations for mitigating ASR, using a 20% minimum pumicite content in
binary mixtures was adequate to effectively control ASR expansions. Additionally,
mortar mixtures containing 30% pumicite produced approximately 40% less expansion
compared to mixtures with 30% fly ash, which indicated the greater effectiveness of
pumicite for mitigating ASR.
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2. Although increasing natural pozzolan content reduced 28-day compressive strength,
specimens containing 30% pumicite had 28-day compressive strengths comparable to
strengths from specimens with 30% fly ash.

3.  Specimens containing pumicite had average MOR values greater than 4.00 MPa and
exceeded the flexural strengths of specimens containing only fly ash.

4. Although the pumicite seemed to cause greater shrinkage than fly ash, all of the
concrete mixtures had final shrinkage values smaller than 710 pstrain, which was less
than the 800 pstrain limit commonly used by many transportation agencies.

5. Freezing and thawing tests showed that 20 and 30% pumicite mixtures had the lowest
DF values for both aggregate sources, however, all mixtures had acceptable DFs.

6.  Other than mixtures containing only 10% pumicite, all mixtures had “very low” chlo-
ride ion penetration (total charge passed less than 500 coulombs and surface resistivity
greater than 371 k()-mm). Additionally, increasing pumicite content decreased chlo-
ride ion penetration, with 30% pumicite specimens performing almost as well as 30%
fly ash specimens.

7. Surface resistivity measurements were mostly consistent with RCPT results when
comparing the chloride ion resistance categories.

8. Overall, the results indicate that pumicite can be a desirable alternative for fly ash.
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