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A B S T R A C T   

Thermodynamic models for the hydration of ordinary portland cement (OPC) typically predict the composition 
of the resulting pore solution and the hydrates well. However, predictions for cementitious systems containing 
OPC and supplementary cementitious materials (SCM) are more challenging. The bulk chemical composition of 
fly ash does not sufficiently reflect the reactive portion of the material, as the crystalline components of fly ash do 
not generally react in cementitious systems. Thermodynamic modeling inputs using only the bulk chemical 
composition of fly ash overestimate the extent of both pozzolanic and hydraulic reactions. Two additional ap
proaches are presented to overcome this limitation. In the first approach, the maximum reactive fraction of fly 
ash is computed by multiplying each bulk phase of the fly ash by a degree of reaction (DoR*) that is measured 
experimentally through calorimetric methods. In the second approach, the reactive (glass) fraction of the fly ash 
is determined to calculate its reactivity. In this alternative approach, the fraction of crystalline oxides measured 
using quantitative x-ray diffraction (QXRD) is subtracted from bulk oxide content determined using x-ray 
fluorescence (XRF) to establish a degree of reaction for each phase (DoRph*) to be used in the determination of 
the thermodynamic modeling inputs. Thermodynamic modeling predictions substantially improve by incorpo
rating fly ash reactivity into the calculations using either the DoR* or DoRph*. The calculation of the reactive 
phases of fly ash using QXRD and XRF data serve as a potential alternative to the current calorimetric methods to 
calculate reactivity.   

1. Background and introduction 

Thermodynamic modeling of ordinary portland cement (OPC) has 
proven to be a powerful tool for the prediction of pore solution 
composition (as well as its resistivity, pH, etc.) and solid reaction 
products [1–3]. Thermodynamic simulations can provide the data 
needed for engineers and researchers to design concrete mixtures opti
mized for performance for specific uses (such as bridge decks or parking 
garages) and particular environments (such as those where freeze-thaw 
resistance or corrosion resistance is needed) [1–5]. In OPC systems, 
when appropriate kinetic models and properly tuned thermodynamic 
databases are used, the bulk composition of the OPC provides sufficient 
inputs for thermodynamic calculations that are based on Gibbs Energy 
Minimization (GEMS) calculations [2,6]. However, predictions for 
cementitious systems containing OPC and supplementary cementitious 

materials (SCM) are more challenging [7]. This difficulty mainly origi
nates from the uncertainty associated with the reactivity of fly ash, 
which is strongly influenced by both the chemical and structural 
composition, i.e., its crystal-to-glass ratio [8]. The bulk chemical 
composition of fly ash does not sufficiently reflect the reactive portion of 
the material, as the crystalline components of fly ash do not generally 
react in cementitious systems [9]. 

The reactivity of fly ash is determined by the total fraction of fly ash 
that has reacted at infinite time, i.e., the maximum amount of the ash 
that is capable of participating in chemical reactions in cement pastes [7, 
10]. Fly ash reactivity is critical for the strength [2], pore size refinement 
[3], and transport property development of OPC-fly ash systems. Fly 
ashes with a higher reactivity typically have improved strength devel
opment due to the formation of more calcium silicate hydrate (C–S–H) as 
a result of the pozzolanic reaction which is accompanied by a decrease in 
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calcium hydroxide content and capillary porosity [4]. 
The structural composition of the fly ash influences the reactivity, 

particularly the fraction of each specific oxide that is glassy versus 

crystalline [1,3,9]. As a result, the bulk chemical composition of fly ash 
is insufficient to predict the reactivity of fly ash [6,7]. Prior work has 
demonstrated that typically the glassy (also referred to as amorphous or 

Table 1 
Bulk (B) oxide composition obtained from XRF.   

SiO2 Al2O3 CaO Fe2O3 MgO SO3 Na2O K2O Other 

Ash 1 (B) 21.23 13.99 28.35 5.53 6.79 4.88 1.92 0.46 16.84 
Ash 2 (B) 28.08 14.40 26.55 4.54 3.67 11.56 1.40 0.52 9.28 
Ash 3 (B) 41.25 16.40 20.68 6.79 4.10 0.99 4.27 0.42 5.11 
Ash 4 (B) 39.62 16.58 20.92 6.15 4.27 4.09 2.37 0.45 5.55 
Ash 5 (B) 36.99 18.83 23.83 6.21 5.10 1.13 1.68 0.58 5.66 
Ash 6 (B) 56.51 19.85 10.16 5.81 2.94 0.34 0.63 1.35 2.41 
Ash 7 (B) 38.21 19.37 21.54 6.20 5.19 1.28 1.60 0.63 5.98 
Ash 8 (B) 49.82 23.84 13.30 4.41 3.27 0.70 0.91 0.54 3.21 
Ash 9 (B) 52.42 19.59 14.14 4.78 3.17 0.86 0.78 1.07 3.17 
Ash 10 (B) 38.88 18.03 23.53 5.97 4.98 0.91 1.53 0.58 5.58 
Ash 11 (B) 35.63 19.18 14.59 4.98 3.38 2.67 7.64 0.71 11.22 
Ash 12 (B) 37.26 22.43 21.26 5.44 4.07 0.95 1.50 0.56 6.54 
Ash 13 (B) 32.79 16.34 27.76 5.79 6.87 1.82 1.66 0.39 6.59 
Ash 14 (B) 52.28 22.93 3.22 13.04 0.99 0.85 0.92 2.58 3.19 
Ash 15 (B) 37.57 19.08 22.39 5.57 5.48 0.85 1.78 0.46 6.84 
Ash 16 (B) 59.62 23.97 1.31 6.56 1.16 0.35 1.31 1.07 4.65  

Table 2 
Mineralogy of the fly ashes and total glass content as determined by QXRD (weight %). The n.d. indicator indicates not detected. Mayenite may include wadalite, and 
ettringite may include thaumasite. Trace (t) amounts treated as n.d. for calculations.   

Ash 1 Ash 2 Ash 3 Ash 4 Ash 5 Ash 6 Ash 7 Ash 8 Ash 9 Ash 10 Ash 11 Ash 12 Ash 13 Ash 14 Ash 15 Ash 16 

Quartz 1.4 3.5 8.1 9.3 10.1 22.7 7.0 14.2 12.9 10.5 3.0 8.4 11.2 9.0 13.9 17.2 
Wadalite 4.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Augite n.d. n.d. 14.8 10.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Akermanite n.d. n.d. 10.4 13.5 1.7 n.d. 1.4 n.d. n.d. 1.8 2.0 n.d. 1.9 n.d. 1.8 n.d. 
Anorthite n.d. n.d. 11.9 1.7 n.d. n.d. n.d. n.d. 0.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Merwinite n.d. n.d. n.d. 6.5 10.0 n.d. 5.8 2.2 2.0 11.3 2.7 4.2 14.2 n.d. 10.6 n.d. 
Periclase 1.2 1.5 1.0 1.0 2.7 0.3 2.0 1.3 0.6 3.2 1.0 1.4 6.5 n.d. 4.0 n.d. 
Mayenite n.d. 5.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Lime 0.5 n.d. n.d. n.d. 0.8 n.d. n.d. 0.3 n.d. 0.6 n.d. 0.4 2.4 n.d. 0.9 n.d. 
Anhydrite 8.3 n.d. n.d. 0.8 1.8 0.7 1.8 1.0 1.0 0.9 0.5 1.2 2.3 1.3 1.1 n.d. 
Hannebachite n.d. 10.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Ettringite n.d. 2.0 t n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Mullite n.d. n.d. n.d. n.d. 5.2 8.9 t 18.4 5.9 4.4 t 5.2 3.9 13.9 7.0 16.1 
Haturite n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Larnite n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Brownmillerite n.d. n.d. n.d. n.d. T n.d. n.d. n.d. n.d. 2.1 n.d. n.d. n.d. n.d. 1.6 n.d. 
Thenardite n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 4.0 n.d. n.d. n.d. n.d. n.d. 
Hematite n.d. n.d. n.d. n.d. 1.5 0.4 1.0 0.5 0.3 0.5 0.5 0.5 1.0 1.3 1.3 0.8 
Magnetite n.d. n.d. n.d. n.d. n.d. 0.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3.0 n.d. 0.7 
Total glass % 84.5 78.0 53.8 56.4 66.1 66.5 81.0 62.1 76.6 64.7 86.3 78.7 56.2 71.5 57.8 65.2  

Table 3 
Oxide composition (weight %) of the crystalline components from Ref. [25].   

SiO2 Al2O3 CaO Fe2O3 MgO SO3 Na2O K2O Other 

Quartz 100 – – – – – – – – 
Wadalite 20.39 21.15 42.3 3.01 3.04 – – – 1.11 
Augite 48.30 8.63 21.35 6.08 14.35 – 1.31 – – 
Akermanite 44.08 – 41.44 – 14.78 – – – – 
Anorthite 44.40 35.84 19.2 – – – 0.506 – – 
Merwinite 36.56 – 51.18 – 12.26 – – – – 
Periclase – – – – 100 – – – – 
Mayenite – 51.47 48.53 – – – – – – 
Lime – – 100 – – – – – – 
Anhydrite – – 41.19 – – 58.81 – – – 
Hannebachite – – 43.42 – – 49.61 – – 7.00 
Ettringite – 8.12 26.81 – – 19.14 – – 46.00 
Mullite 28.21 71.79 – – – – – – – 
Haturite – – 73.68 – – 26.32 – – – 
Larnite 36.56 – 51.18 – 12.26 – – – – 
Brownmillerite – – – – 100 – – – – 
Thenardite – – – – – 56.37 43.63 – – 
Hematite – – – 100 – – – – – 
Magnetite – – – 100 – – – – –  
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vitreous) phases of fly ash are reactive in cementitious systems. At the 
same time, the crystalline components are typically not reactive [11,12]. 
For equilibrium speciation in cement/fly ash systems to be modeled 
appropriately, an accurate characterization of the glass phases in fly ash 
is needed. Furthermore, the actual reactivity of different fly ashes can be 
quite variable, generally ranging from 20% to 60% [7]. 

Despite the general knowledge that the reactivity of fly ash and other 

SCMs is limited, many historical modeling studies have used the bulk 
composition as an input for thermodynamic calculations [13–16]. The 
use of SCM bulk composition as a model input, when there is evidence 
that this is not entirely correct, appears to be due to the absence of an 
established means to determine the reactivity of materials other than 
OPC. Some have modeled SCM by only allowing a portion of the SCM to 
react; however, this is relatively arbitrary [17]. Recent works on syn
thetic fly ash glass [9] and fly ash [11] have elucidated the role of in
dividual glass structure on the overall fly ash reactivity. 

Several experimental methods to estimate the overall degree of re
action (DoR*) of the fly ash have been proposed [7,18–21]. However, 
many of these approaches often require extensive examination using 
sophisticated experimental techniques. As a result, they are not 
frequently used in practice. A recently proposed DoR* test, which is also 

Table 4 
Chemical composition of the OPC used in this study as determined by XRF, 
rounded to two significant digits.   

Na2O MgO Al2O3 SiO2 SO3 K2O CaO Fe2O3 

Mass % 0.17 3.20 3.62 20.90 2.13 0.53 61.63 3.20  

Fig. 1. A) Conceptual representation of the bulk content as measured by XRF and the overall glass and individual crystal content as measured by QXRD, and B) 
conceptual representation of the determination of glass content as accomplished through subtracting the individual crystal phases in QXRD from XRF. Other oxides 
may be present in the ashes, but for clarity are not shown in this conceptual figure. 
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used in this paper, determines the reactive fraction of fly ash by 
measuring the heat release (Q) and the calcium hydroxide (CH) con
sumption and the DoR* when fly ash is reacted with calcium hydroxide 
in a pore solution at high temperature and pH [19]. The results of this 
test, Q and CH consumption, are superimposed on plots of pre
determined degrees of reaction of pure SiO2 and Al2O3 systems to esti
mate a value of DoR* for fly ash. The inputs for thermodynamic 
modeling are determined for each bulk oxide phase of the fly ash by 
multiplying the bulk composition by DoR*. The determination of DoR* 
using this approach is relativity inexpensive, straightforward, and 
reasonably accurate for most fly ashes [7]; however, it requires the 
determination of heat release and CH consumption, which may not be 
not possible in all laboratories. 

2. Research objective 

The objective of this paper is two-fold: First, the paper presents a 
method for determining the reactive (glass) fraction of fly ash to be used 
in thermodynamic calculations. In this method, the fraction of crystal
line oxides (measured using quantitative x-ray diffraction, QXRD) is 
subtracted from the bulk oxide content (measured using x-ray fluores
cence, XRF) to establish a DoR for each phase (DoRph*). This DoRph* is 
used to determine the reactive amount of each phase of the fly ash to be 
used as an input for thermodynamic calculations. Second, this paper 
demonstrates the improved predictive ability of the thermodynamic 
models by incorporating fly ash reactivity as a model input. Three 
different methods for obtaining fly ash DoR inputs for thermodynamic 
models are compared. 

3. Materials and methods 

The following sections first describe the details of the experimental 
procedures used in this study, as well as the thermodynamic modeling 
approaches. Following these detailed descriptions are sections explain
ing how these tools were used to perform the modeling in this paper. 

Table 5 
Bulk (B) fly ash composition obtained from XRF, DoR*, and glass (DoRph*) composition of the fly ash oxides in weight % of ash, excluding LOI.   

SiO2 Al2O3 CaO Fe2O3 MgO SO3 Na2O K2O Other 

Ash 1 (B) 21.23 13.99 28.35 5.53 6.79 4.88 1.92 0.46 16.84 
Ash 1 (DoR*) 8.07 5.32 10.77 2.10 2.58 1.86 0.73 0.17 6.40 
Ash 1 (DoRph*) 19.00 13.13 22.70 5.41 5.47 0.00 1.92 0.46 16.71 
Ash 2 (B) 28.08 14.40 26.55 4.54 3.67 11.56 1.40 0.52 9.28 
Ash 2 (DoR*) 24.58 11.66 19.24 4.54 2.17 6.22 1.40 0.52 8.96 
Ash 2 (DoRph*) 12.64 6.48 11.95 2.04 1.65 5.20 0.63 0.24 4.17 
Ash 3 (B) 41.25 16.40 20.68 6.79 4.10 0.99 4.27 0.42 5.11 
Ash 3 (DoR*) 16.14 10.86 10.95 5.89 0.00 0.99 4.01 0.42 4.38 
Ash 3 (DoRph*) 9.49 3.77 4.76 1.56 0.94 0.23 0.98 0.10 1.17 
Ash 4 (B) 39.62 16.58 20.92 6.15 4.27 4.09 2.37 0.45 5.55 
Ash 4 (DoR*) 16.02 15.04 9.07 5.49 0.00 3.62 2.21 0.45 4.72 
Ash 4 (DoRph*) 7.92 3.32 4.18 1.23 0.85 0.82 0.47 0.09 1.11 
Ash 5 (B) 36.99 18.83 23.83 6.21 5.10 1.13 1.68 0.58 5.66 
Ash 5 (DoR*) 20.98 15.09 16.42 4.71 0.91 0.07 1.68 0.58 5.66 
Ash 5 (DoRph*) 11.10 5.65 7.15 1.86 1.53 0.34 0.50 0.17 1.70 
Ash 6 (B) 56.51 19.85 10.16 5.81 2.94 0.34 0.63 1.35 2.41 
Ash 6 (DoR*) 31.30 13.46 9.87 4.91 2.64 − 0.07 0.63 1.35 2.41 
Ash 6 (DoRph*) 25.99 9.13 4.67 2.67 1.35 0.16 0.29 0.62 1.11 
Ash 7 (B) 38.21 19.37 21.54 6.20 5.19 1.28 1.60 0.63 5.98 
Ash 7 (DoR*) 28.47 19.37 17.25 6.10 2.27 0.22 1.60 0.63 5.98 
Ash 7 (DoRph*) 14.90 7.55 8.40 2.42 2.02 0.50 0.62 0.25 2.33 
Ash 8 (B) 49.82 23.84 13.30 4.41 3.27 0.70 0.91 0.54 3.21 
Ash 8 (DoR*) 29.62 10.64 11.47 3.91 1.70 0.11 0.91 0.54 3.21 
Ash 8 (DoRph*) 20.92 10.01 5.59 1.85 1.37 0.29 0.38 0.23 1.35 
Ash 9 (B) 52.42 19.59 14.14 4.78 3.17 0.86 0.78 1.07 3.17 
Ash 9 (DoR*) 36.82 15.36 12.42 4.48 2.22 0.27 0.78 1.07 3.17 
Ash 9 (DoRph*) 20.97 7.84 5.66 1.91 1.27 0.34 0.31 0.43 1.27 
Ash 10 (B) 38.88 18.03 23.53 5.97 4.98 0.91 1.53 0.58 5.58 
Ash 10 (DoR*) 22.21 14.87 16.03 5.47 0.00 0.38 1.53 0.58 5.58 
Ash 10 (DoRph*) 14.77 6.85 8.94 2.27 1.89 0.35 0.58 0.22 2.12 
Ash 11 (B) 35.63 19.18 14.59 4.98 3.38 2.67 7.64 0.71 11.22 
Ash 11 (DoR*) 30.76 18.86 11.10 4.48 1.75 1.61 7.64 0.71 9.38 
Ash 11 (DoRph*) 13.90 7.48 5.69 1.94 1.32 1.04 2.98 0.28 4.38 
Ash 12 (B) 37.26 22.43 21.26 5.44 4.07 0.95 1.50 0.56 6.54 
Ash 12 (DoR*) 25.85 18.70 18.21 4.94 2.16 0.24 1.50 0.56 6.54 
Ash 12 (DoRph*) 17.14 10.32 9.78 2.50 1.87 0.44 0.69 0.26 3.01 
Ash 13 (B) 32.79 16.34 27.76 5.79 6.87 1.82 1.66 0.39 6.59 
Ash 13 (DoR*) 14.06 13.54 16.36 4.79 0.00 0.46 1.66 0.39 6.59 
Ash 13 (DoRph*) 9.51 4.74 8.05 1.68 1.99 0.53 0.48 0.11 1.91 
Ash 14 (B) 52.28 22.93 3.22 13.04 0.99 0.85 0.92 2.58 3.19 
Ash 14 (DoR*) 39.36 12.95 2.69 8.74 0.99 0.08 0.92 2.58 3.19 
Ash 14 (DoRph*) 25.09 11.01 1.55 6.26 0.48 0.41 0.44 1.24 1.53 
Ash 15 (B) 37.57 19.08 22.39 5.57 5.48 0.85 1.78 0.46 6.84 
Ash 15 (DoR*) 17.03 14.05 14.88 4.27 0.00 0.20 1.78 0.46 6.84 
Ash 15 (DoRph*) 13.90 7.06 8.29 2.06 2.03 0.31 0.66 0.17 2.53 
Ash 16 (B) 59.62 23.97 1.31 6.56 1.16 0.35 1.31 1.07 4.65 
Ash 16 (DoR*) 37.88 12.42 1.31 5.06 1.16 0.35 1.31 1.07 4.65 
Ash 16 (DoRph*) 22.66 9.11 0.50 2.49 0.44 0.13 0.50 0.41 1.77  

Table 6 
Groupings of study fly ashes based on glass content.   

Group 1 Group 2 Group 3 Group 4 

Glass content (%) 54–58 62–66 72–78 78–85 
Glass content 

(Qualitative) 
Low Low- 

Moderate 
Moderate- 
High 

High  
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3.1. Experimental methods 

3.1.1. Determination of bulk, crystalline, and glass content of fly ash 
XRF was used in this study to measure the bulk composition of the fly 

ashes and cement. Before each XRF analysis, a calibration was per
formed with known standards to quantify the elements studied accu
rately [22]. Details of the XRF testing using the fused bead procedure 
and analysis are provided in Ref. [22–24]. Table 1 shows the results of 
the bulk XRF analysis. 

QXRD analysis was performed to obtain the crystalline composition 
of the fly ashes. Corundum was used as an internal reference standard to 
estimate the amorphous content. The X-ray diffraction analysis was 
performed on a Panalytical X’Pert Pro diffractometer, equipped with a 
Cu X-ray source and an X’celerator detector, operating at the following 
X-ray conditions: voltage: 40 kV; current: 40 mA; range: 5–70 deg 2θ; 
step size: 0.017 deg 2θ; time per step: 30 s; divergence slit: fixed, angle 
0.5◦. The crystalline mineral phases were identified in X’Pert HighScore 
Plus using the PDF-4 Minerals ICDD database. The quantities of the 
crystalline minerals were determined using the Rietveld method. The 
Rietveld method is based on the calculation of the full diffraction pattern 
from crystal structure data. The amounts of the crystalline minerals were 
recalculated based on a known percent of corundum, and the remainder 
to 100% was considered X-ray amorphous material. Details of the 
Rietveld method can be found in the literature [7,26,27]. The results of 
the QXRD analysis are shown in Table 2. The oxide composition of each 
mineral identified by QXRD is taken from Ref. [25] and shown in 
Table 3. 

3.1.2. The DoR* test 
The DoR* of the fly ashes (i.e., the maximum overall reactive fraction 

of each fly ash) was measured in accordance with the method proposed 
in Ref. [7,19]. The test is based on mixing reagent grade calcium hy
droxide (CH) and fly ash in a 3:1 mass ratio in a 0.5 M potassium hy
droxide (KOH) solution at 50 ◦C. Isothermal calorimetry (IC) and 
thermogravimetric analysis (TGA) are used to measure heat release (Q) 
for ten days and CH consumption at ten days, respectively. Measured 
heat release and CH consumption are plotted against thermodynami
cally calculated reference lines for Al2O3 and SiO2 in 0.5 M KOH solution 
at degrees of reaction from 0% to 100%. Thermodynamic reference lines 
were computed using the GEMS geochemical code, and Cemdata 
v.18.01 database [2] for each reference line by entering the bulk solu
tion composition at each DoR* step and calculating the free enthalpy of 
reaction and the consumption of CH. These reference lines provide the 
theoretical values for the expected heat released, and CH consumed in 
hydraulic and pozzolanic reactions. The DoR* of the fly ash, as measured 
by TGA and isothermal calorimetry, can be read in reference to these 
lines. 

3.1.3. Determination of OPC and paste properties 
The chemical composition of the OPC was determined by XRF 

analysis (Table 4). The CH content of pastes containing Ash 4 and OPC at 
fly ash replacement levels (by mass) of 0%, 20%, and 40% and w/b of 
0.35, 0.45, and 0.55 were measured at 56-days using thermogravimetric 
analysis. Each analysis was performed three times, and the mean and 
standard deviations are reported. Details of the XRF and TGA methods 
can be found in Ref. [7,22–24]. The 56-day test was chosen for 

Fig. 2. Comparison of experimental measurements of CH consumption and heat release to A) bulk thermodynamic model, B) DoR* thermodynamic model, and C) 
DoRph* thermodynamic model for Group 1 (low glass content) fly ashes. 
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experimental and modeling purposes since the 56-day time frame ac
counts for nearly full system hydration, and the primary purpose of this 
study is to understand the maximum reactable fraction of fly ashes at 
equilibrium conditions. The 56-day age is late enough to not be appre
ciably influenced by early age kinetics, while allowing for the reactable 
fraction of the fly ashes to be tested at an age that many agencies use for 
acceptance. 

3.2. Determination of the reactive fly ash phase quantity input for 
thermodynamic calculations 

3.2.1. Using bulk fly ash composition 
In this approach, the reactive and non-reactive phases of fly ash are 

not differentiated, and only the bulk composition of the fly ash is pro
vided as input to thermodynamic calculations. 

3.2.2. Calculation of reactive fly ash phases using DoR* 
In this approach, the overall reactivity of the fly ash (DoR*) is 

determined by the reactivity test [7] and the inputs for thermodynamic 
modeling are determined for each bulk oxide phase of the fly ash by 
multiplying the bulk composition by DoR*. 

3.2.3. Calculation of reactive fly ash phases using glass content of each 
phase (DoRph*) 

This section describes the method for determining the reactive 
(glass) fraction of fly ash that is used to calculate the reactive fly ash 

phases that are the input in thermodynamic calculations. Conceptually, 
this method subtracts the measured fraction of crystalline oxides 
(measured using quantitative x-ray diffraction (QXRD)) from the bulk 
oxide content (determined using x-ray fluorescence (XRF)) to establish a 
DoR for each phase (DoRph*) as shown in Fig. 1. The DoRph* is computed 
using Equation (1): 

DoR*
ph =DoRph,B −

∑
DoRph,C (1)  

where DoRph,B is the bulk content of each phase (g oxide/g of fly ash) as 
measured by XRF, DoRph,C is the sum of each crystalline oxide as 
measured by QXRD (g oxide/g fly ash), and DoRph* is the glassy (reac
tive) fraction of each phase (g oxide/g fly ash). The units of DoRph* are 
computed as a fraction (i.e., the percent of each phase (i.e., oxide) that is 
glassy or reactive). 

Equation (2) shows an example of the DoRph* calculation for SiO2 for 
a hypothetical fly ash containing only two siliceous minerals, quartz 
(quartz = 100% SiO2) and mullite (mullite = 28.21% SiO2). The 
measured bulk SiO2 content of the hypothetical fly ash is 60%, and the 
measured QXRD abundance for the hypothetical fly ash are 15% quartz 
and 5% mullite: 

DoR*
SiO2 = 0.60 − [(1× 0.15)+ (0.2821 × 0.05)]= 0.43 (2)  

Fig. 3. Comparison of experimental measurements of CH consumption and heat release to A) bulk thermodynamic model, B) DoR* thermodynamic model, and C) 
DoRph* thermodynamic model for Group 2 (low-moderate glass content) fly ashes. 

D. Glosser et al.                                                                                                                                                                                                                                 



Cement and Concrete Composites 115 (2021) 103849

7

3.3. Thermodynamic calculations 

Hydrated phase assemblages of fly ash and pastes were computed 
using the GEMS3K geochemical code [28–30]. Thermodynamic data 
were obtained from the Cemdata v.18.01 [2] database. GEMS3K com
putes equilibrium phase assemblages and speciation based on the total 
chemical composition of the system. GEMS simulations are based on a 
Gibbs Free Energy Minimization algorithm. Therefore, reactions pro
ceed to theoretically infinite time, or the time when the free energy of 
the system is minimized [28]. 

Free enthalpy of the reactions was calculated using data from the 
internally consistent Cemdata v.18.01 database (Equation (3)). 

ΔHreaction =
∑

npΔHf (products) −
∑

nrΔHf (reactants) (3)  

where ΔH is the standard enthalpy of formation (Joules), np is the 
number of moles in the products of the reaction (moles), and nr is the 
number of moles in the reactants. 

Thermodynamic calculations to determine the heat of reaction (Q) 
and CH consumption were performed for each fly ash three times: First, 
using the bulk chemical composition of the ash (B), and second, using 
only the glassy phase composition (DoRph*) and finally using the overall 
fly ash DoR*. For the bulk modeling, the fly ash bulk composition, as 
reported in Table 1, is used as an input for the thermodynamic calcu
lations. For the DoRph* modeling, the glass composition of each fly ash 
(referred to as DoRph*), as reported in the respective columns in Table 5, 
is used as an input for the thermodynamic calculations. Finally, in the 
DoR* thermodynamic models, the measured DoR* of the overall fly ash 

is used as an input for the thermodynamic calculations. Here, for each fly 
ash, each bulk oxide is multiplied by the same measured DoR* value. 
These values are also listed in Table 5. 

Thermodynamic calculations were also performed on fly ash/OPC 
pastes at various w/b and fly ash mass replacement levels using the three 
modeling strategies. For all three modeling strategies, the kinetics of the 
reaction are modeled using the MPK model [26]; however, the MPK 
model inputs for the fly ash phases differ for the three strategies. The 
MPK model uses the maximum reactable fraction of each ash as in input, 
and applies a set of kinetic rules to predict the reacted fraction of the ash 
at each age. For the bulk model, the bulk content of the fly ash phases is 
used as an input. For the DoR* model, the DoR* of each primary fly ash 
phase is used as an input. For the DoRph* model, the DoRph* of each 
primary fly ash phase is used as the MPK model input. 

4. Discussion of results and comparison of approaches 

4.1. Fly ash input data to be used in thermodynamic calculations 

Table 5 summarizes the bulk chemical (B) DoR test (DoR*) and the 
glassy phase (DoRph*) composition of the ashes. Fly ashes 1, 2, and 4 are 
“off-spec” North American fly ashes, which fail to meet the specifica
tions of ASTM C618 based on their physical or chemical properties. Ash 
3 is a bottom ash. 

4.2. Heat release and CH consumption of fly ash 

As a matter of clarity in discussing the results, the 16 fly ashes are 

Fig. 4. Comparison of experimental measurements of CH consumption and heat release to A) bulk thermodynamic model, B) DoR* thermodynamic model, and C) 
DoRph* thermodynamic model for Group 3 (moderate-high glass content) fly ashes. 
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divided into four groups based on their measured glass percentages 
(Table 6). The binning of groups is based on the glass percentage in the 
distribution of the results for the 16 fly ashes. 

The three fly ash thermodynamic modeling approaches (bulk, DoR* 
and DoRph*) are compared to the experimentally measured values for 
CH consumption and heat release. CH consumption, along with heat 
release, is the current state-of-the-art for determining the fly ash reac
tivity, and as such is used in this study to validate thermodynamic 
predictions. Figs. 2–5 provide results of the heat release versus CH 
consumption as a function of glass content (Fig. 2 - low glass content; 
Fig. 3 - low-moderate glass content; Fig. 4 - moderate-high glass content, 
and Fig. 5 - high glass content). The experimental results are represented 
as open shapes, the bulk thermodynamic model results are represented 
as filled shapes, the DoR* thermodynamic model results as half-filled 
shapes, and the DoRph* thermodynamic model results as shapes with 
an “x”. 

Several observations can be drawn from Figs. 2–5. In general, the 
lower the glass content of an ash, the lower the ashes plot on the figures 
for CH consumption and heat release. For example, values for the low- 
glass content ashes (Group 1, Fig. 2) are between 20% and 35%, the 
low-moderate ashes (Group 2, Fig. 3) are between 35% and 45%, and the 
moderate-high ashes (Group 3, Fig. 4) are between 40% and 50%. 
However, the high-glass content ashes (Group 4, Fig. 5) deviate from this 
trend with the CH consumption and heat release falling between 35% 
and 50%. This deviation is likely related to the relatively low silica glass 
content in these ashes (Table 5), particularly for ash 1 (silica glass 

content of 19%), which plots just above the 35% line. The reactive silica 
in the ash contributes to its pozzolanicity (high reactive Si → high 
pozzolanicity). As a result, even when the ash has a relatively high total 
glass fraction, the relatively lower values of reactive silica (ash 1) tend to 
reduce the overall reactivity. 

The next observation from Figs. 2–5 relates to the ability of the three 
modeling approaches to predict the measured CH consumption and heat 
release values. In all four groups of ashes, the bulk thermodynamic 
models are the least accurate predictors of these values, and the DoRph* 
models are the best predictors of these values. The DoR* models tend to 
provide reasonably good predictions of CH consumption and heat 
release, although the CH consumption may be underpredicted by the 
DoR* model. Therefore, it can be stated that the calculation of the 
reactive phases of fly ash using QXRD and XRF data (i.e., DoRph* 
approach) may serve as a potential alternative to the current calori
metric methods to calculate pozzolanic reactivity. 

Finally, an important observation to draw from these results is that 
irrespective of bulk calcium content of the ashes, the glass fraction of 
calcium and other oxides appears to be fully reactive, and the crystalline 
fraction inert. This is in contrast to prior studies which suggest that for 
high calcium ashes, crystalline phases may be reactive. Further studies 
on potential reactivity of crystalline phases in high calcium ashes are 
warranted. 

Fig. 5. Comparison of experimental measurements of CH consumption and heat release to A) bulk thermodynamic model, B) DoR* thermodynamic model, and C) 
DoRph* thermodynamic model for Group 4 (high glass content) fly ashes. 
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4.3. Thermodynamic modeling of cement pastes containing fly ash: 
comparing methods of modeling fly ash reactivity 

Fig. 6 shows the calculated calcium hydroxide (CH) content in 

cement paste using thermodynamic modeling with the three approaches 
for determining the reactivity inputs (bulk (Fig. 6a), DoR* (Fig. 6b), 
DoRph* (Fig. 6c)). The pastes had a w/cm of 0.35, 0.45, and 0.55 with 0, 
20, and 40% fly ash (Fly ash 4) replacement levels at 56 days. Contour 
lines represent the CH content. 

Several observations can be drawn from Fig. 6. First, the model 
predictions for the OPC system (0% fly ash replacement) are the same for 
all simulations as expected since the input parameters for the fly ash are 
not used in the simulations. The models predict experimental values 
within 1.45 g CH/100 g binder for w/b 0.35, and <1 g CH/100 g binder 
for 0.45 and 0.55 w/b. This high level of accuracy is expected, as the 
MPK model used for simulating the chemical kinetics reduces to the 
Parrot-Killoh model for the OPC system, as demonstrated in multiple 
prior studies [3,29,30]. Second, for the systems containing fly ash, the 
approach based on the bulk properties predicts CH values that are 
approximately 75% less than the experimentally measured value. The 
thermodynamic model that uses the experimentally measured DoR* is 
approximately 35% less than the experimentally measured value, which 
is an improvement to the bulk composition approach. The thermody
namic model that uses the activity that was determined using the model 
presented in this paper (DoRph*) is approximately 10% higher than the 
experimentally measured value. For fly ashes with higher glass contents, 
the differences between the DoR* and DoRph* models are lower. Third, 
all three modeling strategies result in a reduction of the CH content with 
fly ash replacement level, as expected, due to the pozzolanic effect of fly 
ash, as well as by dilution. The bulk-paste models estimate more 
pozzolanic reaction than either of the other modeling strategies since 

Fig. 6. Thermodynamic model results for CH content of pastes containing Ash 4 modeled at 56 days using the ash four bulk content (A), DoR* (B), and DoRph* (C) 
as inputs. 

Fig. 7. Comparison of the CH content (g CH/100 g binder) of cement pastes at 
56 days using Ash 4 at 0, 20, and 40% replacement levels for w/cm of 0.35, 
0.45, 0.55. A 1:1 correlation line is also shown in the figure. 
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they assume all the fly ash is reacting. For fly ashes with higher glass 
contents, the differences between the DoR* and DoRph* models are 
smaller. These results also support the notion that the calculation of 
reactive fly ash phases using QXRD and XRF data (the DoRph* approach) 
may serve as a potential alternative to the current calorimetric methods 
for calculation of pozzolanic reactivity. 

Fig. 7 shows a subset of the same data as Fig. 6: the CH content of the 
pastes modeled using the three thermodynamic approaches for all w/b 
and replacement levels, compared to the experimental measurements. A 
1:1 correlation line on the figure is also shown. The purpose of Fig. 7 is to 
demonstrate how – for the datapoints where experimental data exist – 
the three thermodynamic approaches compare in terms of accuracy. It is 
evident that the bulk models underestimate CH, and that the DoRph* 
models most accurately predict CH content in the pastes. The DoR* 
models provide intermediate predictive ability. 

In summary, the three thermodynamic modeling approaches have 
varying degrees of accuracy. The DoRph* approach is the most accurate 
for both fly ash and paste, while the bulk models are the least accurate. 

5. Conclusions 

Three approaches for thermodynamic modeling of fly ash reactivity 
in cementitious systems containing fly ash are presented. The three 
approaches are based on 1) bulk composition (bulk), 2) the degree of 
reactivity determined experimentally using the heat of hydration and 
calcium hydroxide consumption (DoR*), and 3) the degree of reactivity 
of fly ash at a phase level (DoRph*). The accuracy of thermodynamic 
models is improved in both the DoR* and DoRph* approaches as 
compared to approach based on bulk composition. The proposed 
method (DoRph*) is superior to the other methods. Fly ash with low glass 
content is the least reactive, and the reactivity increases with the overall 
glass content. The calculation of the reactive phases of fly ash using 
QXRD and XRF data (i.e., DoRph* approach) may serve as a potential 
alternative to the current calorimetric methods to calculate pozzolanic 
reactivity. 
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