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ARTICLE INFO ABSTRACT

Keywords: Deterioration of concrete foundations due to pyrrhotite oxidation has led to several studies to
Concrete deterioration better understand its reaction mechanisms, develop methodologies to identify potentially reactive
Mitigation

aggregates, and quantify the influence of mixture formulations on potential pyrrhotite oxidation.
However, little research has evaluated the potential of sealants that mitigate oxidation of existing
foundations known to include pyrrhotite-bearing aggregate that has yet to cause severe deteri-
oration. This paper provides a comprehensive review regarding the potential use of mitigating
sealants from three perspectives. First, a general overview of pyrrhotite reaction mechanisms and
associated damage in concrete structures is provided. Second, mitigating sealants commonly used
to mitigate deleterious reactions in concrete substrates are summarized, and their potential ef-
ficacy for mitigating pyrrhotite is discussed. Last, a brief overview of established methodologies
for evaluating moisture and gas transport properties of concrete is provided from the perspective
of quantifying sealant performance and their potential to be used within a performance-based
framework. The findings of this review are envisioned to guide future research efforts toward
recommending potential mitigation strategies for existing structures known to contain pyrrhotite-
bearing aggregate.

Pyrrhotite
Sulfide-bearing aggregate
Transport properties

1. - Introduction
1.1. - Background

In parts of Connecticut and Massachusetts, concrete aggregate containing pyrrhotite was unknowingly used to construct thousands
of structures from the 1980s to the 2000s. Over a period of decades, the pyrrhotite aggregate began to oxidize due to exposure to
oxygen and water, which led to an unprecedented number of crumbing foundations (Fig. 1). Currently, there are approximately 5000
homes in Connecticut that have been identified as having pyrrhotite-induced damage; however, the Connecticut Department of
Housing estimates that upwards of 35,000 homes could have been built with pyrrhotite-bearing aggregate and be susceptible to future
damage although this estimate is likely high [1,2]. Bashaw [2] notes that the quarry identified as responsible for supplying pyrrhotite
aggregate ceased operation in 2015, meaning it could be decades before the full extent of foundation damage is known. State gov-
ernments in Connecticut and Massachusetts have passed legislation to stop the use of pyrrhotite aggregate in concrete mixtures by
limiting the allowable sulfur content in concrete aggregates [3,4]. In both Connecticut and Massachusetts, aggregate with a sulfur
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content of less than 0.1 % by mass can be used in concrete with no restrictions for a four-year period, but if the sulfur content is greater
than 1.0 % by mass, the aggregate cannot be used in concrete mixtures. If the sulfur content is between 0.1 % and 1.0 % by mass,
additional testing, such as x-ray diffraction, magnetic susceptibility, or petrographic analysis, is required to determine the sulfur
species present. Bentivegna et al. [5] note that these legislative actions may be premature as research efforts are ongoing to develop a
comprehensive screening framework to identify pyrrhotite-bearing aggregates prior to use in concrete as well as identify optimal
methodologies for consistently measuring the sulfur content of aggregates.

Aggregate screening protocols have long been used to mitigate deleterious concrete reactions such as alkali-silica reaction (ASR)
and alkali-aggregate reaction (AAR). Recommended methods detailed in ASTM C1778 for AAR include petrographic analysis,
chemical composition analysis, accelerated mortar bar testing, and concrete prism tests [6]. With respect to sulfide-bearing aggregates,
similar methods have been implemented to quantify performance and can generally be grouped into three approaches: 1) multi-step
aggregate screening frameworks [7,8]; 2) oxidation testing protocols [9,10]; and 3) thermomagnetic testing protocols [11,12]. These
frameworks are helpful tools for identifying pyrrhotite aggregates; however, more research is needed to refine the criteria used to
accept or reject aggregate sources, as these criteria will ultimately have considerable economic implications on concrete aggregate
production and supply.

1.2. - Scope and aims

Since pyrrhotite research has primarily focused on screening frameworks and altering concrete material composition, there is a
need to evaluate potential mitigation techniques, such as sealants, to slow pyrrhotite oxidation reactions in existing foundations that
have yet to show visible deterioration and ultimately extend the lifespan of these structures before inevitably having to be removed and
replaced. If sealants are found to be a viable option for reducing pyrrhotite induced damage, it will be critical to have a set of per-
formance metrics in-place to ensure that all sealants used on foundation walls meet the minimum requirements for successful pyr-
rhotite mitigation.

In this review, pyrrhotite oxidation and mitigation is evaluated in three sections. First, a review of pyrrhotite, its reaction mech-
anisms in concrete, and a summary of damage due to pyrrhotite oxidation is presented. Second, mitigation strategies discussed in the
literature are evaluated for their ability to slow deleterious reactions in existing concrete structures as well as their environmental

Fig. 1. Connecticut foundation with pyrrhotite damage photographed and cored in April 2023 before foundation removal and replacement: (a)
exterior foundation wall; (b) close-up of exterior foundation wall with visible map cracking; (c) interior foundation wall with visible cracking,
efflorescence, and 108 mm diameter core holes; (d) interior foundation wall with a large crack in wall with 108 mm diameter core holes [all photos
taken by NIST staff].
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impact and commercial readiness. This review focuses specifically on the evaluation of the potential use of sealants as a mitigation
strategy due to their reported success with other aggregate induced deterioration mechanisms such as ASR. Other mitigation strategies
(e.g., moisture barriers or permeable chemical solutions) may also be viable but are outside of the scope of this review. Lastly, test
methods commonly used to evaluate the performance of mitigation methods for deleterious concrete reactions are summarized with
commentary discussing their potential for use as a performance metric for evaluating sealed concrete.

2. - Pyrrhotite reactions in concrete and resulting damage
2.1. - Introduction to pyrrhotite

Pyrrhotite (Fej«S, 0 < x < 0.125) is an iron-sulfide mineral with a variable iron content [13]. Pyrrhotite contains both Fe3* and
FeZ*, accommodating non-stoichiometric compositions by including regularly repeating vacancies (x). Pyrrhotite samples have been
identified as monoclinic, hexagonal, and orthorhombic structures. A common pyrrhotite composition, Fe;Sg is monoclinic below
254 °C and converts to hexagonal above 254 °C. Other, more Fe-rich compositions are generally hexagonal at room temperature;
however, a wide range of crystal structures has been reported in the literature. Pyrrhotite has the potential to be magnetic in its
monoclinic crystal structure; however, in a hexagonal structure, pyrrhotite is not magnetic [14]. It is uncommon for pyrrhotite to occur
naturally as a pure phase mineral but as a combination of monoclinic and hexagonal crystal structures. Janzen et al. [15] reported that
eight of twelve naturally occurring pyrrhotite samples collected in North America had combinations of monoclinic and hexagonal
polytypes where ratios of monoclinic to hexagonal phases ranged widely with extreme ratios of 10:74 to 95:5. Table 1 summarizes
naturally occurring phases of pyrrhotite where the most common phase is pyrrhotite-4C [16]. The reactivity of pyrrhotite is influenced
by polytype, as literature reports that higher total Fe>* content can lead to a higher potential for oxidation.

The formation of iron-sulfide minerals in rocks is limited by the available sulfur in Earth’s crust, which is approximately 0.06 %
[17]; however, alternative sulfur sources, such as anaerobic bacteria found in swamps have been reported to form iron-sulfide minerals
successfully [18]. Pyrrhotite has been found in sedimentary, metamorphic, and igneous rocks and can be overprinted later by hy-
drothermal activity. Pyrrhotite is commonly formed from pyrite in sedimentary rock that undergoes a transformation to metamorphic
rock when exposed to high pressure and temperatures. During this transformation, the rock mineralogy changes due to the removal of
water and sulfur, causing pyrite to recrystallize as pyrrhotite [19,20]. Pyrrhotite typically forms as bands within metamorphic rock,
which leads to preferential cracking and grain size reduction within the aggregate [21,22]. The United States Geological Survey
identified regions within the United States where pyrrhotite-bearing aggregate was likely to form. These rock units contained abundant
sulfide minerals and metamorphized rocks such as metamorphic gneiss and schistose rock [23].

2.2. - Pyrrhotite degradation mechanisms

Pyrrhotite is highly reactive when exposed to oxygen and water, especially compared to other iron-sulfide minerals such as pyrite
[24]. Fig. 2 provides a graphical summary of the chemical reactions that occur when pyrrhotite oxidizes within concrete [8,25-27].
Oxidation begins when oxygen and additional water have permeated through the cement paste pore network and microcracks within
the aggregate (Fig. 2 Phase 1). As the pyrrhotite oxidizes, iron products such as ferrihydrite, Fe(OH)s, and goethite, FeO(OH), form and
cause the surrounding aggregate to crack due to the associated volume change (Fig. 2 Phase 2). Casanova et al. [28] calculated volume
changes (AVy)igs) associated with the formation of iron products during pyrrhotite oxidation that are reported in Fig. 2 using mineral
volume data provided by Robie et al. [29]. The calculated volume changes are considered the maximum anticipated expansion and
assume that all chemical reactions will fully react with no remaining reactants. As the surrounding aggregate cracks, sulfates generated
during the initial pyrrhotite oxidation reaction leach into the cement paste matrix and react with alumina-rich phases such as
unhydrated calcium aluminate (C3A) and calcium aluminate monosulfate hydrate (C4A S Hyy). This internal sulfate attack leads to the
formation of gypsum (C S Hy), ettringite (CsA Ss Hs), and thaumasite (C3SC-S-H;s) in available pore space, which have a significant
volume increase causing additional cracking of the surrounding cement matrix as seen in Fig. 2 Phase 3.

2.3. - Studies of pyrrhotite affected foundations

Reported concrete structure deterioration due to pyrrhotite oxidation has primarily occurred in three regions: 1) Connecticut and

Table 1
Naturally occurring pyrrhotite polytypes (adapted from Mulanti and Waters [16]).
Polytype Ideal Formula Crystal Structure { Fe3*+ ] %) Ideal Atomic (%) Ideal Weight (%)
_— oo 0
Total Fe Fe S Fe S
4C Fe;Sg Monoclinic 28.6 46.67 53.33 61.49 38.51
5C FegS10 M/H/0 22.2 47.37 52.63 61.05 38.95
6C Fe11S12 M/H/O 18.2 47.83 52.17 61.49 38.51
11C Feq10S11 Orthorhombic 20.0 47.62 52.38 61.29 38.71

Note: M/H/O crystal structure indicates that literature has reported monoclinic, hexagonal, and/or orthorhombic crystal structures of these poly-
types, depending on the source. The complex nature of pyrrhotite allows for any of these crystal structures to form.
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Fig. 2. Summary of pyrrhotite reaction mechanisms in concrete (AVjiqs data from Ref. [28]).

Massachusetts in the northeastern United States; 2) the Trois-Rivieres region in Quebec, Canada; and 3) County Donegal in Ireland. In
the United States, signs of deterioration include map cracking, white deposits, and pop-outs. Morse-Fortier [30] notes that these signs
are similar to ASR damage; however, additional petrographic analysis and materials testing can confirm whether the damage is due to
pyrrhotite oxidation or ASR. For example, x-ray diffraction (XRD) analysis of the white deposits found on foundation walls in Zhong
and Wille [27] were reported as the sulfate-rich minerals thenardite and aphthitalite. An additional study by Jana [25] reported the
presence of pyrrhotite, ferrihydrite, and goethite in foundation cores, validating pyrrhotite oxidation as the primary deterioration
mechanism. Several studies of foundations in Connecticut have also used x-ray fluorescence (XRF) to identify the elemental
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composition of oxidized aggregates with reported sulfur contents ranging from (0.4-11) wt.% and iron contents ranging from (6-22)
wt.% as shown in Table 2 [1,25,26].

Unlike Connecticut, pyrrhotite-affected foundations in the Trois-Rivieres region of Canada began showing visual deterioration two
to four years after construction [31]. Early evaluations focused on petrographic analysis and scanning electron microscopy (SEM)
techniques to identify minerals and key reactions. A study by Tagnit-Hamou et al. [32] reported that in the most deteriorated ag-
gregates, both pyrrhotite and mica (biotite) were present. Additional SEM imaging confirmed the formation of ettringite, gypsum, and
thaumasite in the cement paste surrounding sulfide-bearing minerals [33]. Using the information gathered through petrographic and
SEM analysis, a team of researchers in Canada developed a framework to evaluate aggregates containing iron sulfide minerals.
Rodrigues et al. [8] initially proposed a three-phase approach to quantify the potential reactivity of aggregates by evaluating total
sulfur content, oxygen consumption, and accelerated mortar bar testing (Fig. 3). The framework was vetted against several reactive
and non-reactive aggregates and was shown to identify reactive aggregates correctly. Although this framework is a promising metric
for evaluating aggregates, it can be difficult to accurately quantify the amount of pyrrhotite in aggregate due to the “nugget effect” or
the meaningful variability found between two adjacent aggregate samples [14]. However, one study did report a correlation between
foundation severity and total sulfur content [34].

In County Donegal, Ireland, concrete blocks used to construct homes contained aggregate with high quantities of pyrrhotite and
free mica. Although the concrete blocks used in this construction differ from traditional ready-mix concrete used in North America, the
underlying aggregate reactivity due to pyrrhotite and other deleterious minerals is similar to that experienced in North America. A
study of over 1800 foundations in County Donegal found that concrete blocks were constructed incorporating phyllite and micaceous
quartz where the average free mica content was 12 % and the average sulfur content was 0.43 % [35]. In a different study of County
Donegal concrete blocks, phyllite and schist aggregates in deteriorated blocks yielded a total sulfur content of (0.40-0.71) % [36]. Both
[35,36] reported total sulfur contents that significantly exceeded the allowable total sulfur limit of 0.1 % stated by EN 12620 [37].

3. - Mitigation strategies for deleterious reactions in concrete

Concrete surface treatments have primarily been researched from the perspective of mitigating concrete deterioration due to ASR
or salt scaling [38]. Surface treatments can potentially delay pyrrhotite oxidation reactions and provide homeowners with a short-term
solution to extend the lifetime of their foundations. For a surface treatment to be considered for reducing pyrrhotite oxidation, it must
slow moisture and oxygen ingress while allowing vapor transmission to reduce internal moisture in foundation walls. As reported in
the literature, surface treatments have varying success at mitigating structural deterioration, which emphasizes the importance of
choosing the correct treatment for the desired application [39-41]; however, sealants have widely been shown to be successful at
lowering or completely mitigating the movement of water and other deleterious materials [42]. Treatments commonly used to seal
concrete surfaces can be generally categorized as 1) coatings and membranes which form a solid film across a substrate surface (e.g.,
epoxy, urethane, acrylic, and cementitious modifications), 2) penetrating sealants which line concrete pore (e.g., silane, siloxane, oils),
and 3) pore-blocking sealants which react with concrete pore solution to precipitate minerals to density the substrate surface (e.g.,
alkali-silicates). Penetrating sealers are commonly used for concrete sealant applications [43]; however, several sealants have been
evaluated in literature for their potential in mitigating deterioration. Fig. 4 provides a visual overview of each sealant’s mitigation
mechanisms.

This section of the review aims to summarize findings from literature that have evaluated concrete sealants from the perspective of
mitigating deleterious reactions. First, the few available references that have evaluated sealants for use with concrete with pyrrhotite
are presented and discussed. Thereafter, studies that evaluated sealants from the perspective of mitigating ASR or deleterious ion
movement are presented. These phenomena, although different from pyrrhotite oxidation from a reaction mechanism standpoint, are
similar in that by slowing or altogether mitigating the movement of water through the concrete substrate can reduce the likelihood of
reactions and subsequent structural deterioration.

Table 2
Summary of XRF data collected from concrete cores of Connecticut foundations.

Reference Sample Description Sulfur Content (wt.%) Iron Content (wt.%)
Zhong and Wille [26]" Oxidized Quarry Aggregate 2.5+ 0.23 6.4 +0.48
Reference Quarry Aggregate - 0.001 + 0.00001
Jana [25]" Dark Gray Coarse Aggregate 10.8 22.5
Light Brown Coarse Aggregate 2.1 6.2
Bulk Concrete 1.5 7.3
Jana [1]° Oxidized Coarse Aggregate 0.4 +0.54 7.1 +2.6
Bulk Concrete 2.4 7.6

Note: Sulfur and iron contents reported as average + standard deviation; - indicates no available data.
@ Reported values are an average of three samples.

> No replication.

¢ Coarse aggregate - average of 7 crushed biotite gneiss samples extracted from core; bulk concrete has no replication.
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3.1. - Direct assessment of sealants to mitigate pyrrhotite oxidation

As noted in Fig. 2, pyrrhotite will oxidize when exposed to water and oxygen, releasing sulfate into the surrounding cementitious
matrix. Therefore, if sealants can slow the ingress of water and/or oxygen into the concrete substrate, deterioration of a structure can
be delayed for some amount of time. Currently, only two studies have been published that directly evaluate the potential of sealants to
mitigate pyrrhotite oxidation; however, these studies use expansion measurements as the primary method for quantifying oxidation.

In both Jerakaran et al. [10] and Shadkam and Shehata [44], control mortar bars were compared to mortar bars sealed with a
sodium-silicate based pore blocking sealant and a cementitious coating with an acrylic topcoat in Ref. [10] and without a topcoat in
Ref. [44]. Although exposed to different accelerated laboratory aging protocols, both studies arrived at the same findings; the
cementitious coating decreased expansion the most (Table 3). Although successful in reducing expansion compared to the control,
Shadkam and Shehata ran analysis of variance tests with a significance level of 0.05 on expansion data and found there was no sta-
tistical difference in the final expansion value between the control and specimens sealed after 12 weeks (p-value of 0.22). However, for
specimens sealed immediately after casting the statistical difference was greater, albeit not significant, with a reported p-value was
0.06 [44].

Jerakaran et al. [10] found a cementitious coating with an acrylic topcoat was successful in reducing final expansion by decreasing
the critical pore diameter thus reducing the permeability of the mortar substrate. This aligns with general findings from characterizing
Connecticut foundations on the effectiveness of bitumen moisture barriers. Moisture barriers commonly used on below grade foun-
dation walls built in the 1980’s and 1990’s used poor quality bituminous products which allowed for moisture to penetrate into the
foundation walls. Cores from more recently built foundations show pyrrhotite bearing aggregates were used during construction, but
due to the moisture barrier, there are no signs of cracking and overall deterioration [45]. By reducing the permeability of the concrete
substrate at the surface, the likelihood of mitigating moisture intrusion, and thus pyrrhotite oxidation, is increased.

3.2. - Assessment of sealants to mitigate deleterious ion and moisture ingress

To mitigate deleterious ions such as chlorides or salts, sealants must be resistant to moisture, which transports these ions into the
cementitious matrix. As noted previously, although these harmful reactions have different deterioration mechanisms, these reactions
typically lead to the formation of volumetrically larger minerals which lead to cracking and deterioration (e.g., salt expansion,
corrosion byproducts, or ASR gel). A sealant’s ability to minimize moisture is critical to slowing a wide range of reactions in concrete
structures. The following subsections summarize the literature related to sealants performance with respect to several different
reactions.

3.2.1. - Physical sulfate attack

Sealants are commonly used to slow salt attack in concrete structures that are exposed to seawater as well as deicing salts. Several
studies in literature have found that coating style sealants performed well in mitigating physical sulfate attack. Epoxy coated speci-
mens exposed to a 3 % NaCl solution studied by Dang et al. had high resistance to salt scaling and meaningfully lowered both water
absorption rates and gas permeability [46]. A different study by Pfeifer and Scali [47] found that epoxy coated specimens had the
lowest chloride content (~0.01 % C17) after 21-days of exposure to a 15 % NaCl solution while the control concrete had a Cl™ content
of ~0.22 %. Polyurethane coated concrete specimens exposed to seawater studied by Sadati et al. had negligible carbonation depths (1
mm) compared to the control (4 mm) and delayed the onset of corrosion [48]. Similarly, Ibrahim et al. [49] reported that an acrylic
sealant as well as a silane with an acrylic topcoat were capable of mitigating carbonation when expose to a 5 % NaCl for 5 weeks while
the control specimens reported a carbonation depth of 28.3 mm after exposed to the same conditions. In the same study, silane sealed
specimens reported a carbonation depth of 25.1 mm while sodium silicate sealed specimens had a carbonation depth of 13.1 mm.

Although typically successful, there have been studies that report that coatings do not adequately mitigate physical sulfate attack.
Suleiman et al. exposed concrete specimens coated with four different sealants and partially submerged them in a 5 % sodium sulfate
solution [50]. Specimens sealed with epoxy, bitumen, and silane performed well with minimal mass loss and deterioration over a
six-month period. The control specimens and acrylic coated specimens however experienced upwards of 2 % mass loss and visible
deterioration. The acrylic’s failure was hypothesized to be due to salt forming in the surface pores and the sealant could not withstand
the strain from the salt precipitation. The brittle nature of acrylic could prove problematic in pyrrhotite-affected structures as the
oxidation reactions and internal sulfate attack lead to the precipitation of minerals which could induce cracking and rapid

Table 3
Comparison of expansion values for sealed pyrrhotite-bearing mortar bars.
Study Sealant Application Timing Reported Final Expansion
Control Sodium-Silicate Cementitious®
Jerakaran et al. [10]* Immediately after casting 0.12% 0.10 % 0.04 %
Shadkam and Shehata [44]" After 12 weeks of aging 0.17 % 0.16 % 0.14 %
Immediately after casting 0.17 % 0.15 % -

@ Reported final expansion measured at 250 days (36 weeks).
b Reported final expansion measured at 168 days (24 weeks).
¢ Cementitious coating in Jerakaran et al. included acrylic topcoat.
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deterioration of a surface coating.

3.2.2. - Alkali-silica reactions

The mitigation of moisture ingress in concrete substrates has primarily been evaluated from the context of reducing the deleterious
effects of ASR. In the field, silane sealants have been reported as having good overall performance for mitigating ASR deterioration.
Drimalas et al. compared silane against several sealants and application methods on bridge columns in Houston, Texas, and highway
barriers in Leominster, Massachusetts [51]. In both locations, silane sealant reduced the expansion rate more than other sealants
evaluated. In another study, Deschenes Jr. et al. reported that silane sealants effectively slowed expansion rates in highway barriers
with large cracks and reduced freeze/thaw-related damage due to allowable water vapor transmission [52]. Although it has good,
reported field performance, silane can have a wide range of performance depending on the chemical formulation [46]. As an example,
Husbands and Causey tested ten silane sealants for water absorption, and only five of the sealants met the minimum requirement of less
than 15 % water absorption of the non-sealed control after 7-days [53].

In addition to silane sealants, lithium silicates were first identified by McCoy and Caldwell [54] as a potential mitigating sealant to
reduce ASR related expansion; however, they have had reportedly mixed success. Cosh reports that lithium silicate surface treatments
only increased the available lithium content within 10 mm of the substrate surface [55]. Further than 10 mm from the surface, lithium
concentrations were not high enough for reactions to form colloidal silicate. Additional studies by Drimalas et al. reported that lithium
silicate treatments on bridge columns and highway barriers did not slow ASR expansion, and there was noticeable staining on treated
structures [51]. The limited success of lithium silicate sealants applied to structures exposed to environmental conditions is a concern
for protecting above grade, pyrrhotite affected foundation walls; however, the deterioration mechanism of pyrrhotite is different from
ASR so it should be evaluated in this set of conditions.

3.3. — Techno-economic assessment of sealants

Concrete sealant usage continues to increase due to the desire for durable concrete elements with an extended service life. Globe
Newswire estimates that the current market for concrete sealants is worth 2 billion USD in 2024 and is projected to increase to almost 3
billion USD by 2030 [56]. Sealants are regularly utilized for concrete structures, namely concrete bridge elements, which indicates that
the infrastructure needed to utilize these products on a large scale (e.g., supply, equipment, etc.) is readily available. Even though
sealants are commonly used in concrete construction, Dai et al. notes that consistent application methods are still lacking, and more
research is needed to develop a uniform sealant application methodology [57].

Although application methods could be improved, sealant’s success at extending the service life of a concrete structure are well
documented. A study by Weyers et al. found that sealed bridge components had significantly less chloride ingress over a 30-week
period than a non-sealed concrete element [58]. Logically, sealants efficacy will degrade over time due to environmental exposure,
and reapplications are a necessary part of the maintenance process. Huang et al. reported that reapplying sealants every 2—-4 years can
increase the lifespan of a concrete bridge deck by 1-2 years. Furthermore, it was calculated that by reapplying sealants every 12 years,
the total life cycle cost of a concrete bridge deck can be reduced by 6 % [59].

Indeed, sealants are successfully used to extend the service life of concrete structures, but the environmental impact of these
sealants should also be considered when deciding on a preventative concrete structure design [60]. Navarro et al. compared several
techniques to improve a concrete structure’s service life from an environmental impact perspective. Sealants were found to be the best
option to improve service life from an environmental perspective. Even with the frequent maintenance activities, the overall envi-
ronmental footprint is significantly less than other preventative design options such as replacing the cover concrete or utilizing various
supplemental cementitious materials [61]. Nelson et al. notes that although there is toxicity associated with some concrete sealants,
once these sealants are absorbed by the concrete surface, toxicity is meaningfully reduced [62]. From a personnel safety standpoint, it
is important to use caution when applying sealants and ensure proper ventilation to mitigate any hazards associated with sealants
incorporating VOCs.

4. - Test methods to quantify performance of sealant coated substrates

To select an optimal sealant for pyrrhotite mitigation, it is critical to use test methods that can quantify a sealant’s performance
when subjected to water and air as a foundation wall can be both above grade (primary exposure to air) or below grade (primary
exposure to damp soil/moisture). Several methods have been used to determine transport properties through a concrete structure.
Before recommending any surface treatment to mitigate pyrrhotite oxidation, tests to measure transport properties must be assessed
for their potential to quantify the performance of sealed concretes. An ideal test method would be capable of distinguishing between
sealant performance so that minimum performance requirements for a sealant could be specified prior to recommendation for usage to
mitigate pyrrhotite oxidation. This section focuses on methods related to air permeability, water permeability, and water vapor
transmission (e.g., diffusion). Transport properties encompass a large group of properties, but these three were chosen as the focus of
this review as pyrrhotite oxidation is dependent on water and oxygen availability.

4.1. - Air permeability

Air permeability testing is widely utilized in the concrete testing community but does not have a single standardized method that is
universally used. As a result, several methods are used and can be grouped by their theoretical basis — constant pressure tests or
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variable pressure tests. Common methods are summarized below, and a final comparison is provided.

4.1.1. - Constant pressure theory

Constant pressure permeability tests assume that one face of the tested specimen is exposed to a constant pressure throughout the
test’s duration, allowing air to permeate through the specimen at a constant flow rate. Apparent gas permeability (ka) can be
calculated using a modified Darcy’s Law (Equation (1)). Then, intrinsic permeability (ko) can be determined using the Klinkenberg
correction factor (b) to account for boundary slippage (Equation (2)) [63,64].

2QpaLy
e Eq. 1
A ) (Eq. 1)
2b
kn =ko (1 Eq. 2
A o( +P+pa> (Eq. 2)

Where ky is apparent gas permeability (m?), Q is volumetric flow rate of the gas (m>/s), p, is outlet pressure/atmospheric pressure
(Pa), L is the thickness of the specimen in the direction of gas flow (m), j is dynamic viscosity of the gas at test temperature (Nes/m?), A
is cross-sectional area of the specimen (m?), p is inlet pressure (Pa), ko is intrinsic gas permeability (m?), and b is the Klinkenberg
correction factor (Pa).

Several published methods utilize the constant pressure theory, and the primary difference between these methods is the fabri-
cation of the permeability cell in which the concrete is placed during testing. Fundamentally, the permeability cells are similar as they
laterally confine concrete specimens to ensure one-dimensional flow through the specimen; however, different methods use different
permeability cells to accommodate varying specimen sizes.

The most traditionally used constant pressure theory test is the RILEM-Cembureau method which as a draft standard method
document and has undergone interlaboratory testing through RILEM [65-67]. The equipment for this test method is commercially
available making it a simple addition to a construction materials testing laboratory. An existing standard document as well as
commercially available equipment would allow for consistent implementation of this methodology to evaluate sealants efficacy to
mitigate pyrrhotite oxidation in concrete foundation walls.

The Leeds method utilizes a similar specimen testing cell to the RILEM-Cembureau method; however, it is capable of testing a range
of specimen sizes (diameters from 25 mm to 50 mm and heights of 10 mm-55 mm) where as the RILEM-Cembureau method is only
capable of testing diameters of 152 mm and heights of 50 mm [68,69]. However, the samples sizes for the Leeds method are too small
to be cast from traditional ready-mixed concrete that uses coarse aggregate with a nominal dimension of 25 mm. As such, all samples
tested in the Leeds permeability cell would need to be a core of a larger concrete specimen. Finally, the Hassler method was developed
to evaluate the permeability of reservoir rocks and oil well concretes used in oil refineries by testing specimens at high pressures (up to
60107 Pa) and high temperature (up to 200 °C) to mimic conditions experienced during the oil drilling process [70,71]. This method
would not be efficient for evaluating the potential of sealants to mitigate pyrrhotite oxidation as foundation walls with pyrrhotite
oxidation are exposed to atmospheric conditions.

4.1.2. - Variable pressure theory

In the variable pressure theory, a permeability cell is set to an initial pressure, which varies depending on the method used. Once
the initial pressure has been reached, the pressure chamber is opened to allow air to naturally permeate through the concrete spec-
imen. This creates a pressure differential over time, which is used to calculate the permeability of the concrete. Several testing set-ups
with different equipment and environmental conditions utilize the variable pressure theory.

Two commonly used variable pressure methods to evaluate laboratory cast concrete specimens or field cores are the Falling Head
permeability method and the Triaxial method. Both methods are also commonly used to measure permeability of soils [72,73]. The
Falling Head method was amended by Ballim to test gas permeability of concrete specimens [74]. This method has been adopted in
South Africa to evaluate the durability of concrete using performance-based test methods [75,76]. Similarly, performance-based
specifications for sealants are needed to not limit what kinds of sealants can be used, but ensure any sealant recommended to miti-
gate pyrrhotite oxidation has met the minimum requirements for usage. Triaxial testing uses a confining pressure on a concrete sample
to mimic in-situ forces the concrete may be undergoing in the foundation wall [77]. Although a valuable test to consider in-situ
conditions, the equipment needed for testing can be quite expensive and labor intensive during set-up.

Some variable pressure theories are capable of testing in-situ concrete as well as laboratory cast specimens. For example, the
Autoclam method can be affixed to a concrete surface (either a laboratory cast slab or an in-situ concrete structure) and reports a
permeability index value rather than a true permeability measurement [78,79]. Some criticisms of the Autoclam method are its
inability to differentiate permeability performance between high-strength concretes (HPCs) and that the Autoclam permeability index
does not account for the effects of moisture gradients at the surface of HPCs [80]. HPCs typically have denser microstructures due to
the emphasis placed on particle packing to increase strength and durability; similarly, some sealants also aim to densify a concrete
structures surface to reduce permeability. As such, the sensitivity of the Autoclam may need to be reevaluated to account for changes to
the increased density of sealed concretes.

The Torrent method is also capable of testing permeability of in-situ concrete structures, specifically the permeability of the cover
concrete protecting the steel rebar. This method is currently included in national construction specifications in Switzerland, Japan, and
Argentina, and is currently under ballot for standardization within ASTM. Like the Autoclam method, there are concerns about the
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influence of cover concrete’s moisture gradient on measured in-situ air permeability readings. Extensive testing has been completed to
correlate in-situ permeability measured with the Torrent method to the RILEM-Cembureau laboratory method, which can control the
moisture content of tested specimens, to more accurately measure permeability [81,82].

4.1.3. — Relationship between pore structure and permeability

The pore structure of concrete and its associated transport properties are not directly related; however, pore structure impacts key
concrete properties such as strength and durability [83]. Several theories have attempted to relate concrete pore structure and
permeability, but one of the most heavily utilized is the Katz-Thompson permeability theory which aims to predict the permeability of
a bulk concrete specimen using critical pore diameter and conductivity of the concrete and pore solution as inputs [84].

Critical pore diameter in concrete specimens is commonly measured by mercury intrusion porosimetry [85,86] as well as water
expulsion porosimetry [87]. Mercury intrusion porosimetry has been commonly used in concrete specimens; however, due to the
safety concerns associated with using mercury, this method has become less used. Water expulsion porosimetry has shown promise for
evaluating a range of porous granular materials [88] but has not been used on concrete specimens. Overall, these methods may not be
applicable to a performance-based specification for concrete sealants, especially when compared to other methodologies covered in
this review that are widely used in the construction industry.

4.1.4. — Comparison of air permeability methods

In some cases, studies have directly compared air permeability methods. For example, Romer detailed a comparative study con-
ducted by RILEM technical committee TC189-NEC on the effectiveness of the Torrent and Autoclam methods (two variable pressure
methods) to non-destructively test cover concrete [89]. When evaluating several mixtures with a range of water-to-cementitious
materials ratios (w/cm), both Autoclam and Torrent methods correctly ordered the permeability of each mixture; however, the
calculated permeability from each method varied. When Autoclam and Torrent were compared to the RILEM-Cembureau permeameter
(constant pressure method), there was a strong correlation between Torrent and RILEM-Cembureau permeabilities (R? of 0.97), while
the relationship between Autoclam and RILEM-Cembureau was weaker (R? of 0.67). The RILEM-Cembureau and Torrent methods
were also compared in Zhang and Li [63]. When slippage was not accounted for, the Torrent permeability was noticeably higher than
corresponding RILEM-Cembureau permeability. However, once slippage was accounted for using the Klinkenberg factor so both
permeability measurements were intrinsic, there was a strong correlation between the two recorded permeabilities, with most data
falling on or close to the line of equality. However, a study by Multon et al. reported that permeability measured with the Torrent
method was, on average, 62 % higher than specimens tested with the RILEM-Cembureau method [90]. Overall, these comparisons
highlight the influence of different variables and methodologies on measured air permeability. This highlights the need for perfor-
mance specifications to utilize only one air permeability test methodology to minimize reported variability in performance and ensure
that all sealants would be tested following the same methodology.

A brief synopsis of methodologies described in this review, as well as commentary on the merits of each method in the author’s
opinions, are provided in Table 4.

4.2. — Water permeability

Water permeability is a function of concrete’s pore structure, where a higher degree of pore connectivity is associated with a higher
degree of permeability. Capillary absorption is the primary mechanism and is largely determined by moisture gradients within the
concrete [91]. Several test methods have been developed and standardized on a national level to evaluate concrete water permeability.
Common methods are summarized in the following sections and generally grouped into two categories, non-pressurized and pres-
surized tests, and a final comparison is provided.

4.2.1. Non-pressurized test methods

There are four non-pressurized water permeability methods that have been standardized on a national level. ASTM C1585 de-
termines the rate of water absorption over time due to capillary absorption by measuring mass change over time [92]. During ASTM
C1585 testing, concrete specimens are preconditioned to reach a consistent internal moisture state and then sealed to promote
one-dimensional water absorption and then placed in water where mass change over time is recorded at specific time intervals over an
8-day period. Using this mass change over time, the rate of absorption can be calculated. The South African test for evaluating water
absorption is similar to the ASTM C1585 methodology [93]. The primary differences are the preconditioning protocol to promote a
consistent moisture gradient, and the solution in which the specimens are soak. The South African standard calls for soaking concrete
specimens in a calcium hydroxide solution rather than water. Additionally, once mass change over time is measured, specimens are
subjected to vacuum saturation to measure the porosity and sorptivity of the concrete.

The British standard BS 1881 Part 208 details a method for determining initial surface absorption of oven-dried or laboratory-
conditioning concrete as well as in-situ concrete [94]. Unlike the other methods, permeability readings are only taken for 1-h
which only measures the initial absorption characteristics on the concrete specimens.

The Australian method for water absorption, AS 1012.21 [95], is based on other standardized methods like ASTM C642-90 [96]
and BS1881:211 [97]. AS 1012.21 measures an immersed absorption and boiled absorption. By calculating absorption at different
moisture states, permeable pore space volume can be estimated, and concrete durability can be qualitatively assessed. This meth-
odology could be difficult to use to specify sealant performance as the boiling test could damage a sealant in a way that is not realistic of
its typical environmental conditions.

10


astm:C1585
astm:C1585
astm:C1585
astm:C642

1T

Table 4

Summary and comparison of air permeability methodologies.

Methodology Theoretical Basis Commercially Testing Commentary with Respect to Potential Implementation within a Performance-Based Specification for Sealants
Available? Environment
RILEM- Constant Pressure via Yes Laboratory Pros: Widely used by concrete community; simple test to conduct; concrete can be preconditioned prior to testing for
Cembureau Compressed Gas accurate permeability measurements.
Cons: Can be time-consuming and user-intensive to conduct test.
Hassler Constant Pressure via Yes Laboratory Pros: Can accommodate wide range of testing conditions and specimen sizes.
Compressed Gas Cons: Not originally developed for concrete specimens; equipment can be expensive due to wide range of testing
conditions.
Leeds Constant Pressure via No Laboratory Pros: Can accommodate a range of specimen sizes.
Compressed Gas Cons: Equipment is not commercially available and must be fabricated.
Autoclam Variable Pressure via Applied Yes Laboratory or Pros: Quick test; non-destructive; equipment can be used to conduct water absorption and permeability.
Pressure Field Cons: Measures permeability index not a quantifiable permeability value; value dependent on in-situ moisture; poor
sensitivity for high performance concretes.
Torrent Variable Pressure via Vacuum Yes Laboratory or Pros: Quick and non-destructive test.
Field Cons: Numerical determination of permeability is not exact due to vacuum technique and unsteady flow; value
dependent on in-situ moisture
Falling Head Variable Pressure via Applied No Laboratory Pros: Simple test set-up; not user-intensive.
Pressure Cons: Calculations can be challenging.
Triaxial Variable Pressure via Applied Yes Laboratory Pros: Permeability as a function of confining pressure is realistic of concrete in structures.
Pressure Cons: Specialized equipment is needed to test for triaxial properties; specimen preparation can be time-consuming and
cause testing errors; complex calculations.
Mercury Katz-Thompson Method Yes Laboratory Pros: Simple test to conduct that is used within the concrete community.
Intrusion Cons: Does not measure the true distribution of sizes for pores. Specimen cannot be reused due to toxicity of mercury.
Water Expulsion Katz-Thompson Method No Laboratory Pros: Need water and pressurized air to conduct test. Specimen can be reused.

Cons: Has only been used on granular materials — not concrete specimens.
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4.2.2. — Pressurized test methods

Pressurized water permeability tests aim to expedite measurements by creating a greater potential for water to move into the
specimen. The primarily used method is the Autoclam, which gas also measure gas permeability as previously discussed [79]. The
Autoclam was originally developed based on the same methodology as BS 1881:206 and can be used on both the laboratory and in-situ
concrete structures. Rather than a direct measure of water absorption, the quantity of water absorbed is reported as the sorptivity
index. Two less commonly used pressurized tests are CRD-C 48-92 developed by the United States Army Corps of Engineers — Engineer
Research and Development Center [98], and EN 12390-9 which is used by European countries [99]. These methods expose specimens
to water while under pressure and then measure the average flow rate of water through the specimen or the penetration depth once
split, respectively.

4.2.3. — Comparison of water permeability methods

Unlike air permeability test methods, several water permeability methods have been accepted as national standards. As such,
several of these methods are regionally adopted to evaluate concrete mixtures for structural-based and infrastructure-based appli-
cations. Table 5 provides a brief summary and comparison of these methods.

4.3. — Water vapor diffusion

When evaluating water vapor diffusion through a concrete substrate, the primary testing mechanism is to expose each side of a
concrete specimen to two distinct gases, creating a gradient. Changes in gas concentration of each chamber can then be used to assess
diffusion through the concrete specimen. ASTM E96 is commonly used to assess the diffusion of water vapor through concrete sub-
strates by using a combination of water/humid air and desiccant to create a moisture gradient between the two sides of the specimen
[100]. This method is relatively easy to conduct in a typical construction materials laboratory; however, the test can take a substantial
amount of time to conduct depending on the type of concrete or sealant tested.

5. - Key challenges and future perspectives

For sealants to be an effective mitigation strategy for concrete structures containing pyrrhotite, several research questions need to
be considered. The first is determining what sealants would be capable of consistently mitigating moisture and/or air from reaching the
pyrrhotite minerals. As noted previously in this review, even within one sealant type, performance can vary significantly between
individual sealants. Rather than prescriptively specify a specific sealant type, a performance-based framework should be developed to
ensure that any sealant capable of reducing water and air movement can be used. A large research effort is needed to determine 1) what
methodologies could be easily and consistently implemented within this proposed framework, and 2) what should the minimum
performance threshold be to adequately mitigate pyrrhotite oxidation. These tasks, although simple in concept, will take a large effort
to adequately solve and push for national adoption and implementation.

Additional considerations should be made to determine at what point does sealant application become “too late” to effectively

Table 5
Summary and comparison of water permeability methodologies.
Methodology Theoretical Commercially Testing Commentary with Respect to Potential Implementation within a
Basis Available? Environment Performance-Based Specification for Sealants
ASTM C1585 Non- N/A Laboratory Pros: Widely used by the concrete community; simple test to conduct;
pressurized evaluates initial and secondary absorption.
Cons: User intensive to conduct test, especially within first 24 h of test.
AS 1012.21 Non- N/A Laboratory Pros: Evaluates permeability at two moisture contents (immersed and
pressurized boiled)
Cons: Reports permeability as a percentage of mass change rather than
a rate.
BS 1881-208 Non- Yes Laboratory Pros: Uses capillary tube to measure absorption rather than mass
pressurized change.
Cons: Requires specialized equipment; only evaluates initial
absorption.
South African Non- N/A Laboratory Pros: Initial testing procedure is similar to ASTM C1585.
Durability Index pressurized Cons: Vacuum saturation procedure can lead to variability in specimen
saturation if not done correctly.
Autoclam Pressurized Yes Laboratory/Field  Pros: Quick test; non-destructive; equipment can be used for other

durability tests.
Cons: Reported value dependent on in-situ moisture; only reports
initial permeability.

CRD-C 48 Pressurized No Laboratory Pros: Capable of evaluating permeability at high pressures.
Cons: Test set-up can be intensive; testing takes (1-2) weeks to
conduct.

EN 12390-8 Pressurized Yes Laboratory Pros: Equipment is commercially available; simple test to conduct.

Cons: Visually determining water penetration depth can be subjective.

Note: Tests marked “N/A” for commercially available do not specify the use of specialized equipment for testing.
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mitigate pyrrhotite oxidation. The authors propose that this point is reached once the pyrrhotite has oxidized as the subsequent in-
ternal sulfate attack within the cement paste does no need oxygen to progress. However, research of deteriorated foundations with
pyrrhotite consistently show that even in crumbling structures, not all of the pyrrhotite has been oxidized. This suggests a minimum
threshold value of pyrrhotite that must oxidize before internal sulfate take can begin. Determining what this value is and how long on
average it takes to achieve this sulfate concentration in the past can help advise homeowners on the optimal timespan within the life of
their foundation to apply these sealants.

6. — Conclusions

Deterioration of concrete foundations due to pyrrhotite oxidation has been the crux of several research efforts focusing on reaction
mechanisms of pyrrhotite within a concrete matrix and aggregate screening frameworks to assess aggregate reactivity before use in
concrete structures. However, little published research has investigated mitigation measures for in-situ structures affected by
pyrrhotite-rich aggregate. This review aims to assess sealants as a potential mitigation strategy for foundations that were built with
pyrrhotite aggregate. A successful sealant would slow the ingress of water and oxygen into a foundation wall while simultaneously
allowing for water vapor transmission to ensure the internal humidity is regulated to minimize other deleterious reactions and improve
long-term performance durability. Additionally, performance tests must be evaluated for their applicability to sealed concrete spec-
imens, and criteria must be developed to identify a set of requirements for any sealant to be used for mitigating pyrrhotite oxidation of
in-situ concrete foundations. In other words, efforts are needed to determine what tests are capable of effectively measuring transport
properties of sealed concrete specimens, and then a set of minimum performance requirements can be developed to ensure appropriate
sealants are recommended for use to affected homeowners. Based on the available literature, the following conclusions can be drawn
regarding pyrrhotite oxidation and potential mitigation strategies.

e Pyrrhotite oxidation occurs in three phases: 1) oxygen and water permeate through the concrete matrix via micro-cracks and the
pore network to oxidize pyrrhotite grains within aggregates; 2) pyrrhotite oxidation produces iron-rich byproducts and sulfate,
which cause aggregate cracking; and 3) sulfate reacts with alumina rich phases in cement paste to produce additional deleterious
minerals which cause expansion and induce more cracking.

Sealants have been used in a couple published studies where pyrrhotite mitigation was the primary goal. In both studies, there was
modest success in slowing expansion of sealed pyrrhotite mortar bars using a cementitious based sealant.

Several transport property tests have been developed and used on a national level, but their efficacy in quantifying sealant success is
unknown. Additionally, more research is needed to select a minimum threshold that could be used to vet any potential sealant
through a performance-based framework to ensure it could truly mitigate pyrrhotite oxidation before recommendation to a
homeowner.
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Nomenclature

A cross-sectional area of the specimen
AAR alkali-aggregate reaction

ASR alkali-silica reaction

b Klinkenberg correction factor

Ccl™ chloride ion

CsA calcium aluminate

C3SC-S-His thaumasite

C4A SHj, calcium aluminate monosulfate hydrate
CeA S3 H3, ettringite

CSH, gypsum
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Fe(OH);3 ferrihydrite
Fe14S pyrrhotite
FeO(OH) goethite

HPC
ka

L
NaCl

Pa

USGS
VOC

XRD
XRF

high strength concrete

apparent gas permeability
specimen thickness in the direction of gas flow
sodium chloride

inlet pressure

atmospheric pressure

volumetric flow rate

United States Geological Survey
volatile organic compound
repeating vacancies in pyrrhotite
x-ray diffraction

x-ray fluorescence

AVgoligs  volume change

p dynamic viscosity of gas at test temperature
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