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Abstract

To better evaluate the comprehensive performance of Class C fly ash (FA) in terms of
soundness and mechanical strength for engineering applications, this study analyzes the
effects of CaO and free-CaO (f-CaO) on the strength activity index and soundness of FA.
A prediction model for FA strength and soundness is established based on the projection
pursuit regression (PPR) method. Through simulation calculations, contour maps of
comprehensive performance are drawn, transforming the multi-objective performance
optimization problem into single-objective optimization problems of mechanical strength
and soundness. The model directly determines the strength activity and soundness of fly
ash under different CaO and f-CaO contents. The results indicate that when the f-CaO
content does not exceed 4.82%, increasing the CaO content can both ensure the soundness of
FA and improve its strength activity index. This study provides guidance for the application
of Class C FA in concrete engineering.

Keywords: Class C fly ash; stability; activity; projection pursuit regression; comprehensive
performance evaluation

1. Introduction
Fly ash is a by-product of lignite and sub-bituminous coal combustion in thermal

power plants. GB/T 1596 [1] classifies it into Class F (CaO < 10 wt %) and Class C
(CaO ≥ 10 wt %) according to total calcium oxide content. The high CaO level in Class C
fly ash includes a considerable fraction of free CaO (f-CaO). When this f-CaO hydrates
after the main clinker reactions, it converts to portlandite (Ca(OH)2), accompanied by a
97.9% solid-volume increase. The associated crystallization pressure can generate localized
tensile stresses sufficient to cause expansion and, ultimately, cracking [2,3]. Consequently,
both the f-CaO content and the replacement level of Class C fly ash must be limited to
preserve concrete soundness [4–6]. In many regions, Class F fly ash is scarce whereas Class
C is abundant; local substitution of the latter for the former can secure supply and reduce
cost, but only after a rigorous balance has been struck between mechanical performance
and long-term stability.

With CaO levels approaching those of blast-furnace slag, Class C fly ash rapidly con-
sumes portlandite from clinker hydration to precipitate supplementary calcium alumina
silicate hydrates, while its own aluminate and silicate phases provide immediate hydraulic
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reactivity [7]. Study on the Influence of CaO Content in Fly Ash on the Strength Activity
Index of Concrete shows that with the increase in CaO content, the mortar strength activity
indices at 28 days and 90 days both increase significantly [8]. Research conducted by Shi,
Feng, and others [9–12] demonstrated that the reduced retention time in combustion fur-
naces leads to finer crystalline particles and enhanced lattice distortion of uncombined CaO
in C-type fly ash, thereby promoting rapid expansion evolution in cementitious systems
during hydration processes. Li et al. [13] noted that although high-calcium fly ash contains
reactive hydraulic phases capable of boosting long-term strength, its elevated free-CaO
content frequently induces excessive expansion, severely limiting its large-scale utilization.

The strength activity index and volume stability are not independent indicators; they
mutually influence and intrinsically constrain each other. As the CaO and f-CaO content
in fly ash increases, volumetric expansion intensifies, leading to stability deterioration
and even structural failure. Concurrently, the enhanced cementitious activity of fly ash
promotes strength development, where increased internal resistance can constrain volu-
metric deformation. However, when stability damage exceeds a critical threshold, it causes
substantial strength degradation. Their mutual interactions collectively determine the safe
dosage range of fly ash in concrete.

The comprehensive performance optimization of concrete materials is essentially a
multi-objective optimization problem in mathematics, which seeks the optimal solution
while meeting specific indicators. Currently, multi-objective optimization methods include
BP neural networks [14,15], MATLAB R2023b neural networks [16], etc. However, these
methods often require assumption-based modeling on extensive sample data, involving
substantial experimental workload and strong subjectivity. Projection Pursuit Regression
(PPR) is an exploratory data analysis method based on the dimension reduction opti-
mization concept, requiring less modeling data, achieving higher modeling accuracy, and
eliminating the need for assumption-based processing of raw data. It has been widely
applied in concrete performance prediction [17–20].

To this end, this study focuses on the influence of CaO and f-CaO content in C-class fly
ash on stability and strength activity, establishing a strength and stability prediction model
for C-class fly ash based on Projection Pursuit Regression (PPR) method, to address the
performance evaluation issues when C-class fly ash is used as supplementary cementitious
material in concrete. Using contour plots based on the stability and strength activity index
prediction models, the optimal mixing ratios of C-class fly ash with varying CaO and
f-CaO contents in concrete applications are determined. This provides data support and
theoretical foundation for the application and performance optimization of C-class fly ash
in hydraulic concrete.

2. Raw Materials and Test Methods
2.1. Raw Materials

Low-heat Portland cement (P·LH 42.5) produced by Burqin Tianshan Cement Co.,
Ltd., located in Burqin County, Altay Prefecture, Xinjiang Uygur Autonomous Region,
China, was used. Its technical properties, chemical composition, and mineral composition
are shown in Tables 1 and 2, while the chemical composition of the fly ash is presented in
Table 3.

Table 1. Technical properties of cement.

Qualification Density
(g/cm3)

Specific Surface
Area (m2/kg)

Setting Time (min) Rupture Strength (MPa) Compressive Strength (MPa)

Initial Set Final Set 7 d 28 d 7 d 28 d

low heat
Portland cement 3.20 315 157 227 3.5 7.8 14.4 44.4



Buildings 2025, 15, 4344 3 of 13

Table 2. Chemical composition and mineral composition of cement (%).

Chemical and
Composition CaO SiO2 Al2O3 Fe2O3 SO3 C3S C2S C3A C4AF

low heat
Portland cement 59.67 22.77 4.07 5.29 2.20 28.6 43.8 1.8 16.1

Table 3. Chemical composition of fly ash (%).

Sample SiO2 Al2O3 Fe2O3 MgO CaO K2O Na2O SO3 f -CaO

S1 56.67 23.19 6.07 2.32 4.04 2.67 1.50 0.42 0.01
S2 49.10 17.74 7.24 4.56 11.20 2.02 3.79 0.62 0.82
S3 43.75 15.77 8.13 5.64 12.24 1.67 3.94 2.69 0.66
S4 44.29 15.99 8.31 4.74 11.60 2.09 3.75 2.33 0.62
S5 42.79 15.64 8.77 4.95 12.71 2.05 3.74 2.57 0.98
S6 41.06 16.89 8.80 5.07 14.92 2.08 3.58 2.59 1.46
S7 42.95 16.44 9.20 4.53 11.79 2.11 3.50 2.43 1.57
S8 43.90 17.14 8.80 4.60 12.88 2.00 4.02 2.05 0.87
S9 38.16 14.93 10.38 6.64 13.27 1.66 5.04 2.67 0.89
S10 44.72 16.89 6.98 5.97 14.44 1.78 3.41 1.10 0.75
S11 42.22 16.29 8.00 6.12 15.70 1.67 3.23 1.36 1.16
S12 52.30 18.52 9.65 3.13 7.30 1.83 2.67 0.78 0.55
S13 46.05 17.25 8.25 4.85 14.64 1.97 2.72 1.12 1.10
S14 46.68 17.55 8.21 4.51 13.50 1.86 3.15 0.65 0.74
S15 47.92 17.51 7.60 4.52 12.40 1.87 3.25 0.58 0.49
S16 46.57 16.79 9.08 4.03 11.21 2.13 3.06 1.89 1.18
S17 41.08 15.66 8.80 4.81 11.50 1.88 3.62 2.99 1.10
S18 41.34 16.08 9.08 4.70 12.50 1.90 3.39 3.04 0.90
S19 40.95 15.99 10.21 4.68 11.90 1.80 3.30 2.43 1.03
S20 39.67 15.19 7.87 5.20 14.58 1.82 3.80 3.57 1.64
S21 39.47 15.23 7.64 5.35 14.66 1.84 3.79 3.68 1.57
S22 51.75 17.38 4.64 4.25 12.16 1.34 3.31 0.65 0.69
S23 52.87 17.61 4.46 4.19 8.14 1.92 4.13 0.28 0.30
S24 52.48 17.19 6.73 3.72 10.50 2.82 3.20 1.07 0.10
S25 51.80 17.04 6.42 4.02 9.74 2.70 3.45 1.22 0.25
S26 49.34 16.80 6.73 4.47 10.25 2.64 3.61 1.55 0.21
S27 49.67 16.45 6.13 4.48 11.23 2.52 3.98 1.70 0.49
S28 40.13 16.84 7.93 5.51 16.19 1.36 3.65 1.65 1.39
S29 48.67 16.07 6.73 4.42 9.84 2.60 3.79 1.77 0.19
S30 44.53 13.99 4.83 5.19 13.43 1.72 5.29 2.94 0.59
S31 41.87 15.95 9.41 4.63 11.74 1.95 2.95 2.68 0.23
S32 50.49 21.37 7.76 3.18 11.26 1.62 2.74 0.62 0.51
S33 47.25 20.07 7.41 3.34 8.67 1.56 1.81 2.32 0.34
S34 41.78 16.94 8.81 5.65 15.82 1.24 3.88 1.84 0.72
S35 30.8 16.04 17.93 4.03 21.24 1.32 0.53 3.53 2.43
S36 49.02 17.34 9.11 3.25 13.38 1.72 2.50 0.73 6.41
S37 51.65 18.28 9.54 3.16 9.08 1.80 2.63 0.77 1.72
S38 50.99 18.04 9.43 3.18 10.15 1.78 2.60 0.76 2.89
S39 50.33 17.81 9.32 3.20 11.23 1.76 2.57 0.75 4.06
S40 37.66 15.77 7.50 5.47 21.32 1.28 3.41 1.55 7.19
S41 39.63 16.62 7.84 5.50 17.47 1.34 3.60 1.63 2.55
S42 38.64 16.19 7.67 5.48 19.40 1.31 3.50 1.59 4.87
S43 38.15 15.98 7.58 5.48 20.36 1.30 3.46 1.57 6.03
S44 56.67 23.19 6.07 2.32 5.09 2.67 1.50 0.42 0.01
S45 53.10 21.70 5.76 2.49 10.67 2.51 1.41 0.40 5.90
S46 55.95 22.90 6.01 2.35 6.21 2.64 1.48 0.41 1.18
S47 45.74 18.15 9.25 4.64 11.18 1.55 3.97 0.74 0.72
S48 55.24 22.60 5.95 2.39 7.32 2.61 1.47 0.41 2.36
S49 54.52 22.30 5.88 2.42 8.44 2.58 1.45 0.41 3.54
S50 53.81 22.00 5.82 2.46 9.55 2.54 1.43 0.40 4.72
S51 51.10 17.16 4.60 4.26 14.73 1.33 3.27 0.64 1.86
S52 50.45 16.94 4.56 4.27 15.74 1.31 3.22 0.64 3.03
S53 49.80 16.71 4.52 4.28 16.74 1.30 3.18 0.63 4.20
S54 49.15 16.49 4.47 4.29 17.74 1.29 3.14 0.62 5.37
S55 45.6 17.52 7.05 4.86 13.01 1.50 3.66 1.10 0.44
S56 42.62 17.29 8.34 5.60 15.20 1.35 3.88 1.73 1.16
S57 49.16 17.69 7.26 4.62 12.6 2.01 3.82 0.68 0.67

S58 45.58 16.78 7.86 5.30 12.16 1.83 2.70 0.78 1.12
S59 51.54 17.23 4.96 4.58 10.37 2.08 3.75 0.37 0.41
S60 54.54 18.15 6.17 3.95 8.04 2.70 2.91 0.33 0.28
S61 54.74 18.32 5.05 3.84 10.62 2.30 3.48 0.49 0.14
S62 38.83 16.21 10.50 5.95 14.67 1.15 4.48 1.78 1.70
S63 49.68 17.57 9.22 3.23 12.31 1.74 2.53 0.74 5.24
S64 39.14 16.41 7.76 5.49 18.43 1.33 3.55 1.61 3.71
S65 48.50 16.27 4.43 4.30 18.74 1.27 3.10 0.62 6.54
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2.2. Test Methods
2.2.1. Soundness Test

The specimens required for stability testing were prepared in accordance with the
“Test Methods for Water Requirement of Normal Consistency, Setting Time, and Soundness
of Portland Cement” (GB/T 1346-2011) [21], with the following procedures: (1) First, the
standard consistency water requirement of the fly ash and cement was determined at the
designed mixing ratio. (2) The mixed paste of fly ash and cement was prepared at the
standard consistency water requirement according to the designed mixing ratio, and the
paste was then filled into the Le Chatelier test mold. (3) After tamping, the oiled glass cover
was placed over the mold, which was then transferred to a humidity curing chamber for
22–26 h. (4) Upon reaching the curing age, the distance between the tips of the Le Chatelier
indicator needles (A) was measured. (5) The specimen was then transferred to a boiling
tank, with sufficient water added to ensure that no additional water was required during
the entire boiling process, and the temperature could reach boiling state within 25–35 min.
The boiling process lasted between 175 and 185 min. (6) After the boiling process was
completed, the tank cover was opened to drain the water, and the specimen was cooled to
room temperature. (7) The distance between the tips of the Le Chatelier indicator needles
(C) was measured again, and the average increase in distance (C–A) of the test specimens
was used as the test result to characterize the expansion degree.

2.2.2. Strength Activity Index Test

The strength activity index was determined in accordance with the test method for fly
ash strength activity index specified in Appendix C of Fly Ash for Cement and Concrete
(GB/T 1596-2017) [1]. The specific procedures were as follows: (1) 135 g of fly ash, 315 g
of low-heat cement, 225 g of test water, and 1350 g of standard sand were weighed and
mixed to prepare the test mortar group. Subsequently, 450 g of low-heat cement, 225 g of
test water, and 1350 g of standard sand were weighed and mixed to prepare the reference
mortar group. (2) The mixed mortars were placed into 40 mm × 40 mm × 160 mm prism test
molds, compacted, and then the molds were placed into a standard curing box (temperature:
20 ± 1 ◦C, humidity: ≥90%) for 24 h before demolding. (3) After demolding, the specimens
were immediately placed into curing boxes with proper spacing between them, ensuring the
water level was at least 5 mm above the specimens. They were then stored in a standard
curing chamber (temperature: 20 ± 1 ◦C, humidity: ≥90%) until reaching the specified test
age of 28 days. (4) Upon reaching the 28-day age, the specimens were removed from the water
and subjected to compressive strength testing using a compressive strength testing machine.
(5) The corresponding compressive strength results were recorded, and the average value
was calculated (if one result deviated by more than ±10% from the average, it was excluded,
and the average of the remaining five results was calculated). (6) The 28-day compressive
strengths of the test mortar and reference mortar were determined according to Test method
of cement mortar strength (ISO method) (GB/T 17671-2021) [22], and the ratio of the two
values was used to determine the strength activity index of the fly ash.

H28 =
R
R0

× 100

where H28: Strength activity index, %;

R: 28-day compressive strength of the test mortar, MPa;
R0: 28-day compressive strength of the reference mortar, MPa.
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3. Results and Analysis
3.1. Soundness of Class C Fly Ash
3.1.1. Effect of Free f-CaO Content in Class C Fly Ash on the Soundness of Specimens

f-CaO has the most significant impact on the stability of fly ash, and C-class fly ash is
consequently restricted in hydraulic concrete applications due to its higher f-CaO content.
Free CaO (f-CaO) has the most significant impact on the stability of fly ash, and C-class fly
ash is consequently restricted in hydraulic concrete applications due to its higher f-CaO
content. In Figure 1, when f-CaO content increases from 0–1% to 4–5%, the Le Chatelier
expansion value rises by 5.0 mm, with the maximum increment (2.72 mm) occurring during
the transition from 3–4% to 4–5% f-CaO. At 4–5% f-CaO content in C-class fly ash, the Le
Chatelier expansion value reaches 5.92 mm, exceeding the stability limit specified in GB/T
1596-2017 (expansion value ≤ 5 mm).

0~1% 1~2% 2~3% 3~4% 4~5%
0
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m

m
)

f-CaO (%)

CaO：15~20%

Figure 1. Soundness of Fly Ash with Different f-CaO Contents.

3.1.2. Effect of Curing Age on the Soundness of Specimens

Fly ash samples with varying CaO and f-CaO contents were selected: a (18.7% CaO,
6.5% f-CaO), b (15.7% CaO, 3.0% f-CaO), and c (12.2% CaO, 0.7% f-CaO). These were
mixed with cement at a mass ratio of 3:7 and a water-cement ratio of 0.4 to prepare the
cementitious paste. The specimens were molded in Le Chatelier molds and subjected to
standard curing from 0 to 180 days. The stability variations are shown in Figure 2. As
shown, the Le Chatelier expansion values of all specimens increased with curing age, but
the expansion rates varied across different periods, which can be divided into three stages:
(1) Rapid expansion stage (1–7 days): characterized by high expansion rates and rapid value
increase; (2) Deceleration stage (7–28 days): marked by reduced expansion rates and slowed
value growth; (3) Stabilization stage (28–180 days): exhibiting minimal expansion rates
and nearly constant volume. Taking sample a as an example, the Le Chatelier expansion
values at 1, 7, 28, 90, and 180 days were 3.5 mm, 11.0 mm, 12.6 mm, 12.7 mm, and
12.7 mm, respectively. The average expansion rates were 1.25 mm/day during 1–7 days,
0.08 mm/day during 7–28 days, and nearly 0 mm/day during 28–180 days. At identical
curing ages, higher f-CaO content in fly ash led to progressively greater Le Chatelier
expansion values. At 28 days, sample a exhibited a 10 mm increase compared to sample b,
failing the stability standard, whereas the increase was only 1.3 mm compared to sample c,
maintaining acceptable stability.
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Figure 2. Soundness of Class C Fly Ash at Different Hydration Ages.

3.2. Strength Activity Index of Class C Fly Ash

Figure 3 illustrates the strength activity indices of fly ash samples A (4.04% CaO, 0%
f-CaO), B (7.30% CaO, 0.55% f-CaO), C (12.16% CaO, 0.69% f-CaO), and D (16.19% CaO,
1.39% f-CaO) after 28 and 90 days of curing. The results indicate that the strength activity
index increases with both CaO content and curing age. Specifically, a 12.15% increase in
CaO content led to a 16.13% relative improvement in the strength activity index at 28 days,
while the corresponding increase was only 11.04% at 90 days. This suggests that although
elevated CaO content contributes to strength development, its enhancing effect weakens
as hydration progresses. Microstructurally, at 28 days, the hydration products of fly ash
display distinct filling morphologies. Partially hydrated fly ash particles exhibit larger
contact areas and stronger bonding compared to intact spherical particles, resulting in
higher mechanical strength. By 90 days, however, the influence of this filling effect becomes
less pronounced, leading to a reduced relative contribution to strength enhancement.
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Figure 3. Strength activity index of fly ash samples at different curing ages.

4. PPR-Based Performance Optimization Model for Fly Ash
4.1. Projection Pursuit Regression (PPR) Method

PPR stands out as a prominent approach in the field of Exploratory Data Analysis
(EDA). However, the issue of “curse of dimensionality” tends to arise in complex system
modeling. To address this, the projection method of PPR can be utilized: by selecting
an appropriate projection direction for dimensionality reduction, it becomes possible to
fully explore the information inherent in the structure or features of high-dimensional
data [23–25]. The basic principle of PPR is as follows [26,27]: Let (X, Y) denote a set of
random variables, where Y is a Q-dimensional random variable and X is a P-dimensional
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random variable. Through continuous observation and analysis of (X, Y) using PPR, a
weighted sum of several ridge functions is obtained. The PPR model can be expressed by
Equation (1) [19,28]:

F(x) = E(Yi|X1, X2, . . . , XP) = yi +
M

∑
i=1

βi fi(
P

∑
j=1

αijxj) (1)

In the formula: the m-th ridge function, E fm = 0, E f 2
m = 1; M is the number of upper

limits of the leading function, βm represents the contribution weight coefficient of the ridge
function. Related theories and algorithms are detailed in the literature.

4.2. Modeling Sample Conditions and Parameter Selection
4.2.1. Modeling Sample Conditions

Table 4 presents the distribution of modeling and validation samples. As shown in
the table, the modeling and validation samples are distributed as uniformly as possible
within a relatively wide sample range. There are a total of 65 samples, among which 49 are
used for modeling and 16 for validation. When the content of free calcium oxide (f-CaO)
in fly ash is relatively high, the volume expansion of concrete tends to increase, and the
soundness of concrete is likely to be unqualified [29]. The early-stage volume change in
concrete occurs within approximately 28 days, and remains stable after 28 days [30]. In
contrast, the strength activity index increases with the increase in curing age. Therefore, in
the modeling process, the 28-day strength activity index and the soundness (determined by
the Le Chatelier method) are adopted as the core indicators for model establishment. Since
the modeling process for both indicators is identical, the following description will take the
modeling of the strength activity index as an example.

Table 4. Sample distribution of modeling and testing.

f-CaO/%
CaO/%

0–5 5–10 10–15 15–20

0–2 □ □ □ □
2–4 △ □ □ □
4–6 △ □ □ □
6–8 △ △ □ □

Note: □ indicates samples that include the data from this region, while △ indicates samples that exclude the
data from this region.

4.2.2. Selection of Modeling Parameters

The relative error between the experimental values and the calculated values was
adopted as the criterion for determining the qualification rate. Specifically, a sample was
judged as unqualified when the calculated value was ≤the relative error, and qualified
when the calculated value was >the relative error. Table 5 presents the qualification rates of
the modeling samples and validation samples for the PPR model. As shown in the table,
the qualification rates of both modeling and validation samples increase with the decrease
in the smoothing coefficient (Span). Span determines the sensitivity of the model: the
smaller the Span value, the higher the model sensitivity. To ensure that the qualification
rates of the modeling and validation samples are both high and close to each other, the
smoothing coefficient (Span) can be set to 0.1, and the relative error (δ) to 10%.
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Table 5. Qualification Rates of Modeling Samples and Validation Samples for Strength Activity Index
Modeling.

Serial Number Span Relative Error |δ| (%) Modeling Pass
Rate (%)

Inspection Pass
Rate (%)

1 0.9 10 98 81.3
2 0.5 10 100 87.5
3 0.1 5 100 75
4 0.1 10 100 93.8
5 0.1 15 100 93.8

By comparing the modeling parameters in Tables 5 and 6, the optimal modeling
parameters were established. The final selected model parameter table is shown in Table 7.
M represents the upper limit of ridge function levels, Mu denotes the optimal number of
ridge functions, P indicates the relative error, N signifies the sample size, and Q represents
the number of output variables. Together, these parameters determine the precision with
which the model identifies the intrinsic structure of the data.

Table 6. Qualification Rates of Modeling Samples and Validation Samples for Soundness Modeling.

Serial Number Span Relative Error |δ| (%) Modeling Pass
Rate (%)

Inspection Pass
Rate (%)

1 0.9 20 34.6 37.5
2 0.5 20 50.0 50.0
3 0.1 15 72.1 70.0
4 0.1 20 78.3 75.0
5 0.1 25 79.1 90.0

Table 7. Parameter Table of the PPR Model.

Span M Mu P N Q

0.1 3 3 14 65 1

4.3. Model Data Analysis

The calculation model for the strength activity index was established and validated
using the samples distributed as shown in Table 5. Substituting these samples into the PPR
model formula, the resulting expression is given in Equation (2):

F(x) = 80.02 +
M

∑
i=1

βi fi

(
P

∑
j=1

αijxj

)
(2)

The contribution weight coefficients of the ridge functions are given in Equation (3):

βm = (1.03, 0.47, 0.31). (3)

The projection directions αjm are given in Equation (4):


→
α1
→
α2
→
α3

 =

 0.043 0.000 −0.046 −0.006 −0.004 0.028 −0.026 −0.172 0.008 −0.351 −0.027 0.037 0.748 −0.529
−0.018 0.011 −0.027 0.034 0.071 −0.010 −0.076 −0.092 −0.053 −0.780 −0.128 0.053 −0.588 −0.046

0.031 −0.040 0.009 −0.062 0.110 −0.078 −0.099 0.066 −0.305 0.025 0.205 −0.071 0.855 0.299

 (4)

The ridge functions are shown in Figure 4:
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0.05 −0.01 0.01 0.01 0.07 −0.01 0.05 0.01 −0.05 0.080 0.59 −0.14 −0.61 0.50

 (5)

The ridge functions are shown in Figure 5:

Figure 5. Soundness Ridge Function Curves of the PPR Model.

The weight values β (beta) of the ridge functions in the projection direction α (alpha)
are given in Equation (6):

βm = (0.835, 0.215, 0.355) (6)

By substituting Equations (5) and (6) into Equation (1), the prediction formula for fly
ash soundness based on Projection Pursuit Regression (PPR) can be obtained, as shown in
Equation (7):

F(x) = 1.8059 +
M

∑
i=1

βi fi(
P

∑
j=1

αijxj) (7)

The influence weights of various oxides are shown in Tables 8 and 9. From the tables,
it can be seen that the strength activity index oxide components are ranked by weight as
follows: CaO > SiO2 > MgO > Fe2O3, with CaO having the greatest impact on stability;
while the stability oxide components are ranked by weight as follows: f-CaO > SO3 > CaO
> SrO, with f-CaO having the greatest impact on stability.

Table 8. Factors Influencing the Weight of Strength Activity Index.

Oxide CaO SiO2 MgO Fe2O3 Na2O P2O5 BaO Al2O3 f-CaO

Impact weight 1 0.796 0.620 0.533 0.521 0.500 0.467 0.440 0.290

Table 9. Weight of Stability Influencing Factors.

Oxide f-CaO SO3 CaO SrO MgO SiO2 K2O TiO2 Other

Impact weight 1 0.807 0.669 0.604 0.557 0.486 0.370 0.363 <0.363
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4.4. Model Accuracy Analysis

Figure 6 shows the comparison between the predicted and measured values of the
strength activity index and soundness based on the PPR model. As can be seen from the
figure, when the relative error |δ| between the predicted and measured values of the
strength activity index for the modeling and validation samples is ≤10%, the pass rates for
the modeling and validation samples reach 100% and 93.8%, respectively. For soundness,
when the relative error |δ| between the predicted and measured values for the modeling
and validation samples is ≤20%, the pass rates for the modeling and validation samples
reach 78.3% and 75.0%, respectively. The pass rates for the modeling samples and the
reserved validation samples are reduced.
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Figure 6. Results of Consistency Test of Accuracy (a–d).

In this paper, Equations (8) and (9) are used to evaluate the stability and prediction
accuracy of the model, and their mathematical expressions are presented as follows:

R2 = 1 −

n
∑

i=1
(yi − ypre

i )
2

n
∑

i=1
(yi − yi)

2
(8)

RMSE =

√
1
n

n

∑
i=1

(yi − ypre
i )

2
(9)

Here, yi represents the i-th group of experimental data; ypre
i represents the predicted

value of the i-th group from the PPR model; n denotes the number of data in the dataset;
yi represents the average value of the experimental data. The coefficient of determination
R2 is an indicator for evaluating the fitting performance of the model. The closer its value
is to 1, the better the fitting performance of the model. The smaller the RMSE value, the
better. Through calculation, we can obtain R2 = 0.982 and RMSE = 0.761.

4.5. Simulation Calculation

Based on the established PPR computational model, simulations were conducted to
calculate the strength activity index and soundness of fly ash with CaO content ranging
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from 4% to 21% and f-CaO content ranging from 0% to 7%. This was performed to analyze
the effects of CaO and f-CaO on the strength activity index. The results are shown in
Figure 7. As can be seen from the figure, f-CaO has the greatest impact on the soundness of
fly ash, with volume deformation increasing as the content of f-CaO increases. The strength
activity index also primarily increases with the increase in CaO content.

 
(a) Strength Activity Index  (b) Strength Activity Index  

Figure 7. Contour Map of Fly Ash Properties.

5. Discussion
In practical engineering applications, the primary concern for Class C fly ash is

stability [31]. However, in addition to strict control of stability, its activity index is also a key
consideration. Due to its higher CaO content compared to Class F fly ash, Class C fly ash
exhibits a higher activity index. Under otherwise identical conditions, its use can enhance
concrete strength. Therefore, when applying Class C fly ash in engineering projects, it is
essential to comprehensively evaluate its impact on concrete performance by considering
both stability and activity index. Overall, despite the higher f-CaO and CaO content in
Class C fly ash, increasing the CaO content within a certain range can enhance the activity
index, provided that stability requirements are met.

Taking an engineering project as an example, when local Class F fly ash supply is insuffi-
cient, partial replacement with Class C fly ash is necessary, provided that the strength activity
index meets or exceeds 70% and stability criteria are satisfied. As indicated by the contour plot
of fly ash stability and strength activity index (Figure 8) in prior research, stability is primarily
influenced by f-CaO content, with volumetric expansion increasing proportionally [32]. In con-
trast, the strength activity index is predominantly governed by CaO content, showing positive
correlation. When fly ash CaO content exceeds 5%, the strength activity index requirement is
met, whereas f-CaO content must be ≤4.82% to satisfy stability criteria. Therefore, fly ash with
≥5% CaO and ≤4.82% f-CaO is recommended for optimal performance.

 

Figure 8. Contour map of activity index and stability. (The red line represents stability, while the blue
line indicates the strength activity index).
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6. Conclusions
This study conducts a comprehensive evaluation of two key indicators for fly ash in

concrete: stability and strength activity index. Based on computational analysis of stability
and strength activity index data for Class C fly ash with varying CaO and f-CaO contents,
the following conclusions are drawn:

(1) A prediction model for strength activity index and stability of Class C fly ash was
developed using the PPR method. Experimental validation demonstrates the model’s
high accuracy and stability, with relative errors between predicted and measured val-
ues within 10% and 20% for training and test samples, respectively. The qualification
rates for strength activity index reached 100% and 93.8%, while stability achieved
78.3% and 75%. The model enables prediction of strength activity index and stability
for Class C fly ash with varying CaO and f-CaO contents.

(2) In practical engineering, both the stability and the strength activity index of Class
C fly ash should be comprehensively considered. Research shows that stability re-
quirements are met when f-CaO content does not exceed 4.82%. Under this condition,
appropriately increasing CaO content can enhance the strength activity index, thereby
improving concrete strength.

(3) Based on the predictive model, fly ash selection criteria can be determined according
to engineering requirements, providing robust data support for the application of
Class C fly ash in hydraulic concrete and theoretical references for similar projects.
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