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Abstract

Fly ash which encompasses a mixture of glassy and crystalline aluminosilicates is an abundant 

supplementary cementitious material (SCM), valuable for replacing ordinary portland cement 

(OPC) in the binder fraction in concrete. Because higher OPC replacement levels are desired, it is 

critically important to better understand and quantify fly ash reactivity. By combining molecular 

dynamics (MD) simulations and vertical scanning interferometry (VSI), this study establishes that 

the reactivity of the glassy fractions in a fly ash with water (i.e., their aqueous dissolution rate) 

is controlled by the number of constraints placed on atoms within the disordered aluminosilicate 

network. More precisely, an Arrhenius-like dependence of dissolution rates on the atomic network 

topology is observed. Such topological controls on fly ash reactivity are highlighted for a range 

of U.S. commercial fly ashes spanning CaO-enriched and SiO2-enriched compositions. The 

structure-property relationships reported herein establish an improved framework to control and 

estimate fly ash-cement interactions in concrete.
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1.0. Introduction

At current levels of global production, the manufacture of ordinary portland cement (OPC) 

is responsible for nearly 9% of anthropogenic CO2 emissions [1]. To mitigate the impacts 
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of such CO2 emissions, it is common to replace OPC with supplementary cementitious 

materials (SCMs) such as fly ash in the binder fraction in concrete, a process commonly 

known as “dilution” [2,3]. Substantial efforts have been made to characterize fly ash 

compositions, and their potential impacts on the engineering properties of cementitious 

formulations [4–6], but far fewer studies have attempted to establish the origins of, and to 

quantify fly ash reactivity [7–12]. Establishing the origin of and controls on fly ash reactivity 

is prerequisite knowledge, needed to rank different fly ashes in terms of their suitability 

as an OPC replacement agent [13]. Towards this end, we provide new insights into the 

atomistic origins of fly ash reactivity so as to place its use, on an informed scientific basis. 

The outcomes of this work are applicable not only to fly ash, but more generally to other 

amorphous/glassy SCM’s including slags, clays, and natural pozzolans.

2.0. Materials and methods

Seven commercially available fly ashes were chosen to encompass representative yet 

abundant U.S. fly ashes (and coal streams) with a range of glassy compositions. This 

includes three Class C (“CaO-enriched”) fly ashes, and four Class F (“SiO2-enriched”) 

fly ashes, as classified by ASTM C618 [14]. The fly ash compositions are detailed below 

(see Tables 1–2). The bulk oxide composition of each fly ash was determined using X-ray 

fluorescence as per ASTM D4326 [14] (XRF, Table 1). To establish the fly ash mineralogy, 

quantitative X-ray diffraction (QXRD, Table 2) analyses were carried out on powdered fly 

ash samples, using ZnO (about 20 mass %) as an internal standard. The samples were 

mounted in metallic (zero-background) holders, and the surface gently textured to minimize 

preferred orientation errors. A Bruker D8 Advance diffractometer in a θ-θ configuration 

using Cu-Kα radiation (λ = 1.54 Å) was used to scan the powder samples on a rotating stage 

between 5° and 70° (2θ) in continuous mode with a six second step time. X-ray structure 

information for relevant anhydrous and hydrated crystalline phases was sourced from the 

literature or standard databases to provision a custom control-file for Rietveld refinement 

that was carried out using TOPAS©.

The average dissolution rate of each fly ash was measured at (25 ± 3 °C, i.e., based 

on the maximum temperature variation over a 24 hours period) using vertical scanning 

interferometry (VSI) [15]. By directly tracking the evolution of the surface topography with 

time, VSI accesses the true dissolution rate of a dissolving solid [15–18]. The technique 

features significant advantages over methodologies that are based on analysis of solution 

compositions because it is unaffected by complexities including: 1) inaccurate knowledge 

of the solid’s surface area, or the presence of particles that are distributed over a wide 

size-range [18], 2) metastable barrier formation that may be relevant to glassy systems [19], 

3) incongruent dissolution [20], and/or 4) ion adsorption on dissolving or reacting surfaces 

[21–23].

The dissolution rates were quantified using a so-called raindrop proceduref [15], by which 

the solution’s pH and composition remain essentially constant over the course of the 

fIt should be noted that in the rain-drop procedure, while the “bulk” undersaturation of the solution with respect to the dissolving 
solids will change negligibly, the reduction in undersaturation of the solution may be more substantial in close proximity (i.e., within 
the first 10 nm) of the solid surface. While this may result in undersaturation gradients within a “static” water-drop; i.e., close-to, 
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experiment. The typical l/s (liquid-to-solid mass ratio) used was on the order of 50,000 

for a contact time of approximately 5 min per raindrop cycle for a minimum of 15 cycles. 

The solvent was evacuated using a compressed N2 stream between raindrop cycles. Solution 

pH valuesg of 10, 12, 13, and 14.3 were achieved using reagent grade sodium hydroxide 

(NaOH), dissolved in 18 MΩ (“MilliQ”) water.

Since the dissolution studies were carried out on technical fly ashes, i.e., those containing 

both glassy and crystalline compounds (see Table 2), data collection was initiated after 

the first 15 minutes of “contact time” (dissolution period). This was necessary to permit 

dissolution and exhaustion of the fast dissolving crystalline compounds such as C3A whose 

dissolution, if it were to occur simultaneously, may have interfered with observations of 

dissolution of the glassy compounds. It should be noted that the dissolution of compounds 

such as quartz, which is often present in the highest abundance amongst crystalline 

compounds (e.g., see Table 2), is not a concern as quartz dissolves three orders of magnitude 

more slowly than the glassy phases present in fly ash [16], and hence will not impact the 

results.

The average composition of each ash’s glassy components was established by subtracting 

the XRD-based compositions of crystalline compounds from the XRF-based total (simple) 

oxide compositions.

The structure of the glassy phase, assumed homogeneoush, was then assessed via molecular 

dynamics (MD) simulations. Due to the limited availability of realistic inter-atomic 

potentials (that can encompass any combination of elements), the compositions of the 

simulated systems were restricted to the following oxides: SiO2 and Al2O3 (network 

forming species), and CaO, MgO, Na2O, K2O (network modifying species), while 

maintaining the molar ratios among these oxides as equivalent to the native fly ashes. The 

glasses were created using the conventional quenching method at zero pressure in the NPT 
ensemble as follows: (1) heating the system at 4000 K to lose the memory of its initial 

configuration, (2) cooling to 300 K at a cooling rate of 1 K/ps, (3) relaxing the structure at 

300 K for an additional 100 ps, and (4) equilibrating the structure for an additional 100 ps 

in the NVT ensemble for statistical averaging [26]. The simulations were performed with a 

timestep of 1 fs using the interatomic potential parametrized by Teter [27]. This potential 

has been extensively studied and has been shown to predict realistic glass structures [28–30]. 

The simulations agree broadly with previous simulations studies [26,31] on three main 

points. First, Si is four-fold coordinated by oxygen atoms. Second, alkali and alkaline-earth 

cations tend depolymerize the network by forming non-bridging oxygen (NBO) species. 

and further away from the dissolving solid surface. While artifacts of this nature are indeed unavoidable, they are expected to be 
more important for solids that dissolve under transport control (i.e., when the rate of transport of ions away from the particle surface 
is rate-controlling; i.e., for faster dissolving solids) than interface control (i.e., when the transport of ions is not rate limiting in 
dissolution; i.e., for slower dissolving solids such as silicates).
gSolution pH values have been verified by experiments measuring the extent of carbonation (via pH) over time. Over the duration of 
experiments conducted herein, no appreciable carbonation (within error) was observed.
hIt is well known that the glassy phase of fly ash is not homogenous. This assumption excludes any effects which may arise from 
a heterogeneous mixture of glassy and crystalline phases as is present in fly ash. However, the glass is assumed homogeneous 
because (a) it has been shown that an average homogeneous glass provides an accurate representation of the physical response 
of fly ash materials during dissolution occurring during cement hydration10, and (b) such an assumption is necessary to facilitate 
characterization of fly ash in a manner which is both feasible and relevant (i.e. characterization which may be conducted on an 
as-received fly ash, and reflect said ash’s behavior).
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Third, Al is four- or (rarely) five-fold coordinated and tends to repolymerize the network by 

consuming the NBOs, or by creating three-fold “tri-cluster” oxygen (TO) species.

The structure of the simulated glasses is analyzed within the framework of topological 

constraint theory (TCT) [32,33]. TCT captures the relevant features of the atomic topology 

which have an important influence on the kinetics of dissolution [16], while filtering out 

less relevant structural details. This is achieved by simplifying complex atomic networks 

into simple mechanical trusses, wherein the nodes (the atoms) are connected to each 

other through constraints (i.e., the chemical bonds): the radial bond-stretching (BS) and 

angular bond-bending (BB) constraints. Rather than relying on unproven guesses regarding 

the connectivity of the atoms, the total number of constraints per atom (nc) was directly 

determined from the MD simulations by following an established methodology [31,34], 

wherein the radial and angular excursions of the neighbors of each atom are computed to 

enumerate the BS and BB constraints, respectively.

In agreement with previous studies [31,34], the following observations are made: (1) Si 

atoms create four BS constraints with the neighboring O atoms and five BB constraints (to 

define the tetrahedral environment); (2) Al atoms create four or five BS constraints, but do 

not possess any BB constraints; (3) alkali and alkaline-earth species create a composition-

dependent number of BS constraints with the surrounding NBOs, but do not show any BB 

constraints; and (4) bridging oxygen (BO) atoms form one BB constraint (three in the case 

of TOs). Finally, in accordance with previous observations [16], charge-compensating alkali 

or alkaline-earth cations (i.e., those in the vicinity of Al, which do not create any NBOs) are 

excluded from this enumeration as they do not contribute to the rigidity of the network.

3.0. Results and discussion

Figure 1(a) shows the measured dissolution rates of all the different fly ashes as a function 

of the solution pH. As expected, the dissolution rate increases with pH because greater 

hydroxyl concentrations (activities) facilitate hydrolysis of silicate networks [35]. Surface 

speciation induced by the presence of sodium (i.e., from NaOH which exchanges with the 

protons of terminal silanol groups [22]) may somewhat enhance fly ash dissolution rates 

[22], but this effect should be relatively constant across all fly ash compositions because 

it is related solely to the concentration of added sodium. In the high pH range used in 

this study, the dominant driving force for dissolution arises from the elevated activity of 

[OH]− ions, which induces nucleophilic attack of tetrahedral [SiO4]4− or [AlO4]5− units 

present in the glassy compounds in fly ashes [36]. It should be noted that while changes 

to the coordination state of network forming [SiO4]4− or [AlO4]5− units may indeed impact 

dissolution rates, in the present case, the MD simulations show that for these fly ash 

materials, the average coordination number of silicon and aluminum shows little deviation 

from the expected value of 4 ± 0.03 – as a result, the dissolution rates do not show any 

dependence on atomic coordination. The plot also shows that the dissolution rates of the 

lower-calcium Class F fly ashes (F1 through F4) are lower than those of the higher-calcium 

C ashes (C1 through C3) across the entire range of caustic pH’s considered.
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Figure 1(b) shows that the measured dissolution rate of all the fly ashes in this study 

decreases exponentially with the number of constraints, nc, for a given pH. The same 

behavior was observed recently for a range of silicate-solids by Pignatelli et al. [16]. Indeed, 

for a given pH the dissolution rates of all fly ashes lie along the same line. It should be 

noted that decreases in dissolution rate generally correspond to lower concentrations of 

calcium in the fly ash, but this is not true in all cases. For example, fly ashes F2 and F3 

both have lower CaO content and greater dissolution rates than F1, as shown in Figure 

1(a). This strongly suggests that the predominant C and F classifications of fly ashes as 

established by ASTM C618 are insufficient to predict or rank a fly ash’s relative reactivity. 

Rather, a “network ratio” parameter, as demonstrated by Oey et al. [13], or the number of 

topological constraints per atom as shown in this study, are more reliable indicators of ash 

reactivity. Apart from the ASTM C618 based “C or F” classification of fly ash, the glass 

science community has often expressed the properties of glasses in terms of their degree 

of depolymerization, NBO/T, which represents the number of non-bridging oxygens per 

tetrahedral unit [13,37]. However, Pignatelli et al. have recently shown that even NBO/T is 

not always reliable indicator of glass dissolution behavior [16].

The dissolution rate is shown to be correlated to the rigidity (nc) of the whole network, 

including the alkali and alkaline-earth cations, rather than the rigidity of only the 

aluminosilicate “skeleton” network. This suggests that while dissolution kinetics are 

dominated (rate-limited) by the rate of breakage of the higher energy Si/Al–O bonds, the 

rate of breakage of the lower energy bonds that are created due to the presence of the 

network modifiers is also relevant; albeit to a smaller extent. This is in agreement with 

the observations of Boolchand et al. who noted that glass hardness was correlated with 

the rigidity of the overall network, including the contributions of modifier atoms [39]. A 

significant observation in Figure 1(b) is that, in spite of being composed of a myriad of 

glassy compounds of disparate compositions, the “average” dissolution rate of the glassy 

fly ash solids, and the associated number of atomic constraints, reliably represent fly 

ash behavior. As remarked earlier, this observation supports the work of Oey et al., who 

formulated a network ratio parameter to demonstrate that relative fly ash reactivities can be 

ranked based on knowledge of their average glassy compositions [11,13,40].

When the fly ash dissolution rates shown in Figure 1(b) are plotted along with additional 

dissolution rate data for glassy silica, quartz, and several aluminosilicate glasses including 

albite, jadeite, nepheline and sodium silicate glass (denoted as “Natural” glass; see Figure 

1c [16,36,38]) – the exponential dependence of dissolution rate on nc is preservedi. 

Significantly, the regression of these data using an exponential function of the form K = 

K0exp(−ncE0/RT) reveals that the averaged, or apparent, activation energy needed to break 

a unit atomic constraint is E0 ≈ 23.9 kJ/mol. This assessment of E0 for heterogeneous fly 

ash glasses that are produced during an uncontrolled, complex quenching process is similar 

to that observed for stoichiometric and fully-compensated aluminosilicate glasses and pure 

iTo reiterate, the assumption that the glass in fly ash consists of a single homogeneous phase is at the root of poor quality of this 
exponential dependence among the seven fly ashes. Interferences from either (a) uniquely reactive or unreactive glasses from among 
the heterogeneous distribution present, and/or (b) uniquely reactive or unreactive crystalline phases may both result in higher or lower 
dissolution rates (measured on the bulk fly ash, not the isolated glass) than those predicted by number of atomic constraints calculated 
for an assumed homogeneous glass.
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silicate solids (E0 = 25.5 kJ/mol [16]). In support of the commentary above, the small 

difference in magnitudes suggests that the constraint rupture energy is largely controlled 

by the network formers (e.g., [SiO4]4− and/or [AlO4]5− species); albeit with smaller but 

relevant contributions that arise from the presence and distributions of modifier atoms 

whose influences merit further study. This indicates that, to a first approximation, fly ash 

dissolution rates are primarily dictated by the activation energy for bond rupture amongst 

[SiO4]4− or [AlO4]5− units [36]; wherein the activation energy is described as Ea = ncE0 

[16]. This dependence of dissolution rates on the number of atomic constraints is shared by 

other rate processes in glasses, including ion diffusion and conduction, and suggests that 

the three typical mechanisms involved in glass dissolution, namely hydration, hydrolysis, 

and ion exchange, can be formalized within a consistent thermodynamic framework which 

encompasses the material’s atomic architecture/topology [16].

4.0. Summary and conclusions

Across a wide range of commercially available fly ashes, the dissolution rates of the glassy 

constituents are shown to depend on the number of atomic constraints placed on a given 

atom in the glass network. This constraint dependence of dissolution rates is described by 

an Arrhenius-like expression that permits determination of the average energy needed to 

rupture a unit atomic constraint. This rupture energy is on the order of 25 kJ/mole across a 

range of silicate solids including fully compensated and highly modified glasses, as well as 

pure silicates (i.e., glassy silica and quartz). Such a dependence of dissolution rates on the 

number of constraints suggests that rate processes including dissolution, diffusion, and ion 

conduction all are similarly predicated on the topology of the atomic network. This allows 

for rationalizing rate phenomena such as dissolution within a consistent thermodynamic 

framework based on the energy required for bond rupture. This framework also enables 

a robust way to measure, analyze, and rank fly ash reaction rates as a function of their 

average glassy compound composition and the atomic topology of the glassy compounds in 

fly ash. Such understanding is needed to better inform and enhance the use of fly ash as a 

supplementary cementitious material (SCM) without sacrificing concrete performance.
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Figure 1: 
The dissolution rates of the seven fly ashes as a function of: (a) solution pH, and (b, c) the 

number of constraints per atom (nc, unitless) calculated by MD simulations. For consistent 

comparison between solids of different compositions, the dissolution rates are expressed as 

moles of O2 dissolved per m2 of surface area per second. The data in (b, c) is fitted using 

exponential functions. The color of datapoints in (b) correspond to the legend presented in 

(a) to indicate which fly ash each point represents, while the symbol shape corresponds to 

the solution pH, with squares, circles, diamonds, and crosses representing pH 10, 12, 13, 
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and 14 respectively. The data in (c) includes dissolution rates for silica and quartz, as well 

as glassy equivalents of albite, jadeite, nepheline, and sodium silicate glass (see [16,36,38]). 

The exponential functions represent an Arrhenius-like expression of the form: K = K0 exp (–

nCE0/kBT), where: K is the dissolution rate in μmol/m2•s, K0 is the intrinsic dissolution rate 

constant in μmol/m2•s, E0 is the energy required to break a unit atomic constraint (E0 = 23.9 

kJ/mole in Figure 1c), kB is Boltzmann’s constant in kJ/mol•K, and T is the thermodynamic 

temperature in degrees K.
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Table 1:

The simple oxide compositions of fly ashes measured by X-ray fluorescence (mass %). Standard deviations 

given in the last column indicate typical values listed for the technique [24].

Class C Class F σ [24]

C1 C2 C3 F1 F2 F3 F4 (±)

SiO2 35.44 36.08 40.08 50.75 53.97 60.48 57.98 0.40

Al2O3 17.40 18.03 20.44 15.77 20.45 22.85 27.71 0.20

Fe2O3 7.15 6.02 6.29 6.28 5.62 4.47 6.35 0.10

SO3 2.34 2.91 1.62 0.79 0.52 0.46 0.25 0.10

CaO 26.45 25.90 21.35 15.05 12.71 5.20 1.64 0.40

Na2O 1.90 1.86 1.46 3.29 0.57 2.14 0.50 0.03

MgO 5.73 5.24 4.56 4.57 2.84 1.19 1.07 0.10

K2O 0.53 0.46 0.71 2.14 1.11 1.31 2.69 0.04

P2O5 0.95 1.03 1.23 0.24 0.30 0.14 0.17 0.01

TiO2 1.19 1.34 1.42 0.61 1.29 1.16 1.38 0.01

Total 99.08 98.87 99.16 99.49 99.38 99.40 99.74
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Table 2:

Relative abundance of crystalline compounds of the fly ashes measured by quantitative X-ray diffraction and 

Rietveld refinement (mass %), and the corresponding standard errors [25].

Class C Class F σ [25]

C1 C2 C3 F1 F2 F3 F4 (%)

Quartz 10.06 11.10 9.81 6.83 16.64 16.48 14.15 10

Mullite 0.86 0.90 1.14 – 5.08 10.17 20.01 10

Anhydrite 2.80 1.84 1.01 1.61 0.97 – – 15

Lime 1.16 1.04 0.33 – – – – 15

Periclase 3.81 2.17 2.50 1.70 0.30 0.19 – 20

Magnetite 1.66 2.36 1.64 2.08 1.76 2.03 1.96 15

Merwinite 6.98 4.19 3.98 3.66 – – – 25

Calcio-Olivine 0.43 1.34 1.57 – – – – –

Ilmenite – – – 0.58 – – – –

β-C2S 4.50 6.30 5.75 – – – – 1.4

C2AS 4.45 3.27 3.76 – – – – –

C3A (cubic) 5.90 5.06 6.14 – – – – 25

C3A (orthorhombic) 2.13 2.73 2.90 – – – – 25

Amorphous/Glassy 55.25 57.69 59.47 83.53 75.25 71.13 63.87 2

Total 100 100 100 100 100 100 100
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