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Abstract

The composition of the binder mixture affecting the workability of concrete at high temperatures was studied
on a binder mixture of cement, fly ash, and silica fume. In this work, active mineral additives (fly ash and
silica fume) were used to partially replace cement with a total substitution content of 20÷50% (fixed silica
fume content with 5% and 15%). The binder samples were determined for compressive strength after being
heat treated at different temperature levels from 25 to 1000 °C for 2h. The study showed that binder samples
with a binder mixture composition containing 15% fly ash and 5% silica fume obtained the highest strength
in the temperature range of 200÷800 °C compared to PC control samples and samples with other ratios. The
samples significantly attenuated the compressive strength when exposed to more than 800 °C. In addition, this
study constructed two predictive models using artificial neural networks to forecast the compressive strength
based on input parameters including data on fly ash, silica fume and temperature (1); to predict the contents of
fly ash and silica fume based on input parameters of compressive strength and working temperature (2). The
models were built on the practical data showing the good fitting.

Keywords: fly ash; silica fume; artificial neural network; heat resistance binder; self-autoclaving process; hard-
ened cement paste; compressive strength.
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1. Introduction
Concrete using Portland cement (PC) is commonly used in the construction industry today. It can

be said that there have not been better alternative materials to cement concrete in the construction
industry so far due to its high compressive strength, good durability, and plasticity characteristics [1].
With purpose of reducing CO2 emissions and raising economic-environmental efficiency, mineral ad-
mixtures such as fly ash, blast furnace slag, silica fume are now used in concrete to partially replace
cement for high-strength concrete production. Although these types of concrete have low thermal con-
ductivity and high specific heat, they are still greatly affected under the high temperature of the fire
[2, 3]. The mechanical properties of concrete or mortar including strength, elasticity and volume ex-
pansion, concrete density, and color appearance change significantly under high flame temperatures,
resulting in deterioration of concrete quality and undesirable structural failures, especially in concrete
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structures working in industrial production furnaces or reactors [4]. The high-performance concrete
and normal concrete show different behavior on strength loss and explosive spalling phenomena due
to internal pressure or expansion of hardened cement paste under the various range of the high tem-
peratures [1, 5]. The behavior of concrete under elevated temperatures is highly dependent on the
properties of binder materials, aggregates, cement paste, cement paste-aggregate interconnection and
thermal compatibility of matrix components [4]. The dehydration of hardened cement pastes as well
as the decomposition of hydration minerals at high temperatures are major causes of high-temperature
destruction of concrete structures. The free water decreases at below 105 °C. There is a dehydration
in the gel structure of C-S-H, ettringte mineral, and gypsum up to 250 °C [6]. This is followed by
dehydration of Ca(OH)2 to produce CaO at the temperature range of 400÷600 °C. Moreover, the
formation of CaO was also from the decomposition of CaCO3 and C-S-H minerals at higher tempera-
tures. Thus, it is the second hydrolysis of CaO that results in volume expansion, destroys the hardened
cement pastes structures and weakens concrete strength [6–8]. It is important to have in-depth studies
to understand the behavior of concrete under high temperatures. Currently, there have large number
of research works using active mineral additives such as fly ash (FA), finely ground blast furnace slag
(GGBFS), silica fume (SF), finely ground pumice (FGP), metakaolin in concrete to increase the me-
chanical properties and workability of concrete when working under high temperatures [1, 4, 9–12].
Bahar et al. used a combination of cement, FGP and SF with the ratio of cement: FGP: SF = 17:1:5
to fabricate heat-resistant concrete with the highest strength of 56.43 MPa at 400 °C [4]. Meanwhile,
Chan et al. fabricated high-performance concrete (HPC) concrete with binder composition using FA
and SF with/without using steel fibers with sizable strength attenuation of 25.6% and 34.1% before
and after exposure to 800 °C [9]. Using FA and metakaolin with different proportions to produce
the HPC used at different temperature levels, Abid et al. suggested that all mix proportions with FA
(5÷20%) and metakaolin (20÷60%) have strength and durability loss at 400 °C and above [11]. Semsi
et al. partially replaced cement with a single component of FA or SF or Pumice in mortar mixtures.
The results found that the compressive strength of all mortar samples containing pozzolanic addi-
tives were less effected under high temperatures compared to control sample [10]. Donatello et al.
showed that cement pastes using FA have significant differences on shrinkage and increased strength
contracting to control paste without using FA under heat exposure of the above 700 °C [13]. Addi-
tionally, Rahel et al. fabricated fire resistance mortar using high-volume FA and colloidal silica nano
with higher strength properties at high temperatures 400÷700 °C compared to control [14]. Hekal
et al. reported the hardened cement paste made from 10%SF and 10%FA performed the good fire
resistance up to 450 °C [15]. It can be seen that the research on behaviors of heat resistance binder or
hardened cement paste using the combination between SF and FA under high temperatures have some
limitations such as less number of research and working temperatures up to 1000 °C not being done.

On the other hands, the experiments on concrete or mortars require a massive number of work-
loading because their strength characteristics strongly depend on variables or parameters such as types
of binder, water/binder ratios, fine aggregates, coarse aggregates, curing conditions, mixing methods
[16]. The construction of prediction models for high accuracy is necessary not only to reduce work
loading in experiments but also determine optimal mixtures with designed compressive strength [17].
Recently, artificial neural networks and multivariate regression models were commonly applied on
prediction of compressive strength. The multivariate regression models have some drawbacks due to
low accuracy when taking account of the large number of input variables and the interaction among
variables [17, 18]. However, artificial neural network models have been considered as a dominant
choice to solve complicated problems with the assistance of computational elements. With its benefits,
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artificial neural networks (ANNs) models was widely applied in many aspects of today’s construc-
tion technology including concrete durability, shrinkage, slump model, concrete workability, concrete
properties under high temperatures, and compressive strength behavior of concrete containing fly ash
and silica fume [19].

The binder mixtures in this study include cement, fly ash, and silica fume, in which the total
cement-substitution content of 20 to 50%, fixed silica fume contents of 5% and 15% were employed
to investigate the compressive strength behaviors under elevated temperatures. Additionally, an ANN
model was constructed to predict the compressive strength of hardened cement paste samples using
FA and SF as partial substitution of cement at elevated temperatures up to 1000 °C. The ANN model
takes FA/binder and SF/binder ratios and temperature as inputs to predict the compressive strength of
hardened cement paste samples. The number of samples required for the experiment depends on the
chosen experimental design method. Additionally, a separate ANN model is built with compressive
strength and temperature as inputs, while the outputs are the two-component quantities (fly ash and
silica fume) needed to achieve the desired strength and temperature requirements.

2. Experimental procedure
2.1. Materials

PC50 Song Gianh cement (Vietnam) used in the study has properties satisfying TCVN 2682:
2020 [20]. The 28-day age compressive strength of cement is 51.9 MPa. Fly ash (FA) and silica fume
(SF) are used as active mineral additives in the binders. The FA (Class F) with a particle size of ≤
0.09 mm in the study is waste product of Vinh Tan thermal power plant (Vietnam). The SF under
powder form is a waste product from the production process of silicon or ferro-silicon alloy, supplied
by Sika company. The active mineral additives have properties satisfying TCVN 10302:2014 [21] and
TCVN 8827:2011 [22]. The strength activity index of FA and SF is 89.8% and 109.2%, respectively.
The surface area of PC is 3810 cm2/g, whereas that of SF and FA are 176600 cm2/g and 3550 cm2/g
respectively. Some of the physical properties and chemical composition of PC cement and active
mineral additives are shown in Table 1.

Table 1. Properties of Portland cement and active mineral additives

Properties Cement FA SF

Chemical composition, %
SiO2 21.09 55.20 90.26
Al2O3 6.53 20.97 1.05
Fe2O3 3.34 6.27 1.03
CaO 64.21 0.95 1.23
MgO 0.85 1.54 1.41
Na2O - 0.54 0.91
K2O 2.91 3.39 2.03
SO3 0.15 0.13 0.02
Loss on ignition (LOI) 0.83 11.00 2.03

Physical properties
Specific gravity, g/cm3 3.11 2.29 2.22
Bulk density, kg/m3 973 982 699
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2.2. Mix proportions
Binder samples containing PC cement, FA and SF are prepared. The total content of active mineral

additives including FA and SF replace 20÷50% of cement (in weight, wt.%), in which FA is used
replacing 15%, 25% and 35% while SF is substituted by 5% and 15%. The water used in the study is
the standard water amount of the binder mixture. Details of mix proportions are shown in Table 2.

Table 2. Mix proportions of specimens, wt.%

Sample no. Cement FA SF Standard Water

PC 100 0 0 32.0
FA15SF5 80 15 5 31.0
FA25SF5 70 25 5 30.0
FA35SF5 60 35 5 29.5
FA15SF15 70 15 15 31.5
FA25SF15 60 25 15 30.5
FA35SF15 50 35 15 30.2

2.3. Casting, curing, and testing of specimens
Samples are cast by using a 2 × 2 × 2 cm mold [12, 23]. The samples were cured in conditions

of temperature of 27 ± 2 °C, humidity not less than 95% for 20 hours and steam curing at 100 °C
for 4 hours. Next, the sample is dried at 100 °C until a constant mass of sample and then heated at

Figure 1. The thermal processing line of hardened cement pastes (Th: the highest temperature)

(a) Casting (b) Curing (c) Elevated temperature (d) Compressive
strength test

Figure 2. Experimental process
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temperature levels of 200, 400, 600, 800, and 1000 °C and keep at each temperature level for 2 hours.
The temperature ramping rate is less than 5 °C/min. The graph of the firing curve of binder samples is
shown in Fig. 1. The sample is cooled to room temperature with temperature rate of less than 1 °C/min
and then the compressive strength was measured. Pictures of the experimental process are shown in
Fig. 2. The XRD and SEM analysis of samples is also shown in the paper.

3. Experimental results and discussions
3.1. Compressive strength of hardened cement samples at high temperatures

The results of compressive strength of binder samples made with PC, FA, and SF at various
temperatures in Fig. 3. The compressive strength of the samples increases when heated to 200 °C and
decreases when heated to 1000 °C.

Figure 3. Compressive strength of hardened cement
pastes samples at different temperature levels

Figure 4. The compressive strength of hardened
cement pastes samples at temperature levels in

comparison with the samples at 100 °C, %

The PC sample had an increase by 23.7% in the compressive strength value at 200 °C compared to
that of the heated sample at 100 °C (Fig. 4). At high temperatures, water loss is accompanied by strong
shrinkage and increase in the density in the sample, while the free water separation promotes the
hydration of cement increasing the strength (self-autoclaving process) [24]. When heating the sample
to 400 °C, compressive strength of the PC sample decreased by 23.3% compared to its strength at
100 °C due to the dehydration of mainly C-S-H mineral, ettringite, a decomposition of CaSO4 · 2 H2O
[6, 7]. At 600 °C, the compressive strength of the PC sample plummeted by 48.3% compared to that
of temperature-treated sample at 100 °C, which results from the decomposition of Ca(OH)2 into free
CaO and the occurrence of hydration reactions when encountered moisture in the pores producing the
micro-cracks [8, 24]. At 800 °C, the compressive strength of the PC sample loses 70.6% compared
to the compressive strength of sample at 100 °C and they were completely destroyed when heated to
1000 °C. The decomposition of C-S-H mineral and CaCO3 occurring at this stage is also responsible
for strength loss [7, 23, 25]. Some authors pointed out that PC cement based samples were completely
destroyed at 800 °C [15].

For samples containing FA and SF, the strength value increased from 25.8÷31.8% when heated to
200 °C. The increase in compressive strength at this temperature is partly due to the "self-autoclaving
process", partly due to the reaction of CH with the active mineral additives in binder mixtures that
increases the initial strength [24, 26, 27]. Meanwhile, studying on PC cement samples working at
25÷800 °C, M. Heikal et al. [15] suggested that the compressive strength was the highest at approxi-
mately 450 °C for samples containing FA and SF. H. El-Didamony [28] concluded that cement based
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samples containing FA and fired clay bricks obtained the highest compressive strength at 250 °C. In
the calcining process of cement samples from a very high volume fly ash cement paste, the results
of S. Donatello’s research showed that residual compressive strengths increased by around 100% at
temperatures more than 600 °C [13].

The compressive strength of the samples also decreased when heated from 200÷1000 °C but the
compressive strength reduction was lower than that of PC samples. At about 200÷400 °C, the sam-
ples had compressive strength 1.1÷1.4 times higher than the PC sample and increased by 6.1÷13.9%
compared to that of treated sample at 100 °C. Active mineral additives increased the filling effect and
the reaction between the active SiO2 and components of the mineral additives with CH components
in hardened cement paste produced the C-S-H, C-A-H, C-A-S-H minerals [15, 26, 29–31]. These new
minerals have a certain stability as well as tighten the structure of the hardened cement pastes. Those
are responsible for increasing the strength of the samples. According to some authors about those sam-
ples, there are hydration products consisting of tobermorite mineral (5 CaO · 6 SiO2 · xH2O), which
are 2 to 3 times more stable than C-S-H mineral [26, 32]. Continuing to increase the temperature,
the compressive strength of samples containing active mineral additives is 1.2 to 1.8 times higher
at 600 °C and 1.2 to 2.8 times higher at 800 °C than that of the sample at 100 °C. The free CaO
component produced in hardened cement paste may have been eliminated due to occurrence of poz-
zolanic reaction, particularly with the appearance of SF. Heating up to 1000 °C, samples containing
mineral additives decreased markedly, losing strength by 67.5÷81.4% compared to that of the sample
at 100 °C.

The compressive strength value of samples containing mineral additives at each temperature level
depends on the content of mineral additives. For the sample group containing 15% SF, the FA25SF15
sample had the highest strength at about 600÷800 °C of 53.4 MPa (at 600 °C) and 36.4 MPa (at
800 °C) but decrease when heated to 1000 °C. For the sample group containing 5% SF, the FA15SF5
sample obtained a compressive strength of 51.7 MPa at 800 °C, a loss of 15.7% compared to that of
the sample at 100 °C. Meanwhile, the author M.Heikal [15] showed that the cement sample containing
15% FA and 5% SF had compressive strength at 800 °C losing 15% compared to that of sample at
25 °C. However, up to 1000 °C, the compressive strength of the sample FA15SF5 was only 14.7 MPa,
sinking by 67.5% compared to that of the sample at 100 °C. Thus, the temperature for the best working
ability of samples containing mineral additives is less than 800 °C.

The next study demonstrates the results of XRD and SEM analysis of the FA15SF5 sample at tem-
perature levels to show the relationship between physicochemical changes and compressive strength
of samples at high temperatures.

3.2. XRD Analysis

X-ray diffraction analysis (XRD) is a technique used in materials science to determine the crys-
tallographic structure of a material in the hydration products of sample in the presence of FA and SF
at elevated temperatures. Fig. 5 shows the results of XRD analysis of FA15SF5 samples at normal
temperature and after treated at 100, 200, 400, 600, 800, and 1000 °C. At a temperature of 25 °C,
the CH mineral appears with a strong intensity of the peaks at 17.9°, 29.2°, 34.5°, 47.3°, and 51.8°
2θ. The presence of C2S mineral was detemined by characteristic peak at 2θ of 32.1° while the C3S
mineral had the peaks at 32.2° and 41.3° 2θ. The peak of CaCO3 mineral was at 2θ of 29.7°. The
C-S-H mineral was detected from XRD pattern by the peaks at 29.0°, 28.9°, 31.8°, and 49.4° 2θ.

The interaction of FA and SF with Ca(OH)2 of hardened cement pastes to produce C-S-H, C-
A-S-H minerals [15, 30, 31]. That was proved for the existance of the C2ASH8 mineral which was

61



Phuong, D. T., et al. / Journal of Science and Technology in Civil Engineering

detected when the sample was heated at 200 °C but with a low intensity of the peak at 2θ of 42.6°.
The β-C2S, C3S, CaCO3, CS, and C2AS minerals appeared in the sample at 800 °C.

Figure 5. Results of XRD analysis of FA15SF5 samples at temperature levels.
(1- CH; 2- CaCO3; 3- C-S-H; 4- C3S; 5- C2S; 6- C2ASH8; 7- CaO; 8- CS; 9- C2AS)

The decomposition of C-S-H, C-A-S-H minerals at high temperatures is the basis for the formation
of new minerals, namely CS and C2AS crystals. The appearance of CS mineral is characterized by the
peaks at 31.8°, 32.1°, and 36.6° 2θ. The C2AS mineral was detected with the peaks at 32.1° and 53.4°
2θ for samples treated at 800 °C. The XRD analysis of samples at 1000 °C demonstrated the existence
of these minerals with higher intensity. A further observation showed the existence of the CS mineral
by the peaks at 27.7°, 45.8° 2θ and C2AS mineral with higher intensity of peaks at 24.6°, 32.1°, and
53.4° 2θ. The CS mineral also appeared at 800 °C with binder samples containing 20% SF in the
study by the author [15]. The presence of CS and C2AS minerals are responsible for the structural
stability of the FA15SF5 sample at about 800 °C, reducing the loss in compressive strength. It also
confirms the further formation of C-S-H and C-A-S-H minerals occurs from the reaction between
the compositions of the mineral additives FA, SF, and hardened cement paste. In particular, the PC
sample at 1000 °C was completely destroyed. The structure of CS, C2AS minerals stabilized in the
hardened cement pastes samples reduced the loss of the compressive strength. Therefore, the strength
of the FA15SF5 sample was still 19.97 MPa.

The peak intensity of the CH decreases and the peak intensity of C-S-H increases markedly
with an increase in temperature of from 200 to 600 °C. This demonstrates the conversion of CH
to C-S-H due to the reaction with active mineral additives. The tobermorite mineral formed at about
200÷400 °C in the sample of hardened cement paste containing FA and at about 500 °C in the sample
containing blast furnace slag, SF and fired clay brick powder [23, 26, 32]. The transition of C-S-H
phases to tobermorite phase formed a high-strength product. This may be one of the reasons to explain
for the higher compressive strength of samples containing FA and SF than that of high-temperature
treated PC control samples. However, peak intensity of the C-S-H was quite low and almost disap-
peared for the FA15SF5 sample at around 800 °C. Some other studies suggested that hardened cement
paste samples containing some active mineral additives occurred the decomposition of C-S-H at about
800 °C, but there are also other studies showed that C-S-H mineral such as tobermorite convert to CS
mineral or larnite crystals when heated to 900 °C [15, 23, 33].
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3.3. SEM analysis

The results of SEM analysis on FA15SF5 samples at temperature levels are shown in Fig. 6.
Hexagonal lamellar CH crystals and filamentous C-S-H crystals in the SEM image of the sample at
25 °C were observed (Fig. 6(a)). Hydration process is promoted so that CH crystals are more abun-
dantly observed in Fig. 6(b) under blocks arranged parallel and thin plates parallel in Fig. 6(c). The
filamentous C-S-H mineral are alternately distributed between CH blocks in the SEM of treated sam-
ples at 100 °C and 200 °C (Fig. 6(b) and 6(c)), and under the form of tight interconnection in the
sample treated at 400 °C (Fig. 6(d)) and in the form of small rods in sample calcined at 600 °C
(Fig. 6(e)) [23, 28]. The reaction between the hydration products of cement and mineral additives
produced the C-S-H mineral as confirmed in the XRD study. The formation of this C-S-H mineral
has increased the density of hardened cement samples and their compressive strength increased by
28.2% at 200 °C, 13.8% at 400 °C, and only loss by 1.4% at 600 °C. The SEM image of FA15SF5
sample calcined at 800 °C appeared new small needle-shaped crystals distributed alternately in glass
phases (Fig. 6(f)) and this clearly showed in SEM images of the treated sample at 1000 °C (Fig. 6(g)).
Thus, the existence of new minerals is in agreement with the results of XRD data and the structure is
improved in comparison with the PC sample, indicating that the decrease in compressive strength is
lower than that of the PC sample. At the temperature range of 800÷1000 °C, the structure of the hard-
ened cement paste changes to the structure of ceramic materials including phases: crystalline phase;

(a) At 25 °C (b) At 100 °C

(c) At 200 °C (d) At 400 °C
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(e) At 600 °C (f) At 800 °C

(g) At 1000 °C

Figure 6. SEM analysis results of FA15SF5 samples at temperature levels

glass phase (silicate melting agents) and pore system (cracks, closed pores, openings, microscopic,
and so on). The pore system observed in the SEM images could explain the decrease in the samples’
compressive strength at this temperature range compared to the range of 100-600 °C.

3.4. Application of artificial neural network modeling in predicting compressive strength and hard-
ened cement paste composition

An artificial neural network (ANN) model is constructed to predict the compressive strength of
hardened cement paste with the change of two mineral additives FA and SF at temperature ranges
varying from 25 to 1000 °C. An urgent practical requirement to prepare binder mixture is to find out
FA and SF ratios to replace PC cement, which meets the required compressive strength and tempera-
ture.

Figure 7. The model predicts the compressive strength of hardened cement paste
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Thus, another ANN network is built to predict the compositions of FA and SF to meet the required
compressive strength and temperature. The input and output parameters of the compressive strength
prediction model are shown as Fig. 7 and the FA and SF content prediction model are shown as Fig. 8.

Figure 8. FA and SF content prediction model

a. Construction of a predictive model
- Datasets serving the ANN network
The study was conducted to replace cement by FA with three percentage of 15%, 25% and 35%;

the proportion of SF replacing cement with two percentages of 5% and 15%; The seven level tem-
peratures change are 25, 100, 200, 400, 600, 800, and 1000 °C. Using a full factorial experimental
planning method, the amount of data used for ANN network training was determined: Number of data
= 21 × 31 × 71 = 42 data. Interpretation of the variability of the three input parameters is shown as
Table 3 and the compressive strength of the samples shown in Fig. 4.

Table 3. Interpretation of the input dataset of the predictive model

Label Parameters (unit)
Level of variation

Number of levels
1 2 3 4 5 6 7

A FA (%) 15 25 35 * * * * 3
B SF (%) 5 15 * * * * * 2
C T (°C) 25 100 200 400 600 800 1000 7

Figure 9. The MLP network structure with one
input layer, one hidden layer, and one

output layer [34]

- Predictive model structure
The pairing structure between neurons into

networks will directly affect operational efficiency
as well as on the processes of determining and
adapting pairing weights. In this study, the Mul-
tiLayer Perceptron (MLP) network model with a
hidden layer was used as shown in Fig. 9, where
the network has N inputs, M neurons on the hid-
den layer, and K outputs [34].

When one structure with a given number of
hidden neurons is trained to match one set of
learning samples, the neuronal connection weight-
ing is adjusted. The symbol for the metric sample
set consists of p pairs of the input-output corre-
sponding to {xi, di}, with i = 1, ..., p; xi ∈ RN ; di ∈

RK ; MLP parameters are adjusted so that the error
function has the smallest value:

E =
1
2

p∑
i=1

∥MLP (xi) − di∥
2 → min
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where E is an error function.
The ANN network structure in the study consists of three layers: the input layer, the hidden layer,

and the output layer. The two ANN models are constructed with the input layer of input parameters
and the output layer of the output parameters, respectively, as shown in Fig. 7 and Fig. 8. The hidden
layer consists of two parameters, the number of hidden layers and the number of neurons in the hidden
layers, and the change of these parameters will affect the accuracy of the prediction model. The work
uses a trial-and-error method to find the most suitable ANN network structure. Then a hidden layer
with 15 neurons is selected and the structure of the two ANN networks is shown as Fig. 10 and
Fig. 11. The used training function is Levenberg Marquardt (TRAINLM), the used activation function
(transmission function) is TANSIG.

Figure 10. The ANN1 network structure is used for cement compressive strength prediction

Figure 11. The ANN2 network structure is used for the prediction of content FA and SF

A total of 42 experimental datasets were used for training, validation, and testing. The used data
were 70% (30 samples), 15% (6 samples), and 15% (6 samples) for training, validation, and testing,
respectively. The allocation of 42 datasets to the above three datasets was done randomly using the
tool in MATLAB software.

- Evaluation parameters
In this study, the R-factor was used to assess the relevance of the analytical model to empirical

data. The coefficient R is determined by Eq. (1).

R =

√√
1 −
∑n

i=1 (yi − ŷi)2∑n
i=1 (yi − ȳi)2 (1)

where yi is the output variable value of experiment i; ŷi is the predicted value of the output variable of
the experiment (i); ȳ is the average value of the output variable of all experiments; and n is the number
of tested samples.

b. Predicted results and discussions
- Prediction of hardened cement paste compressive strength
The results of ANN1 network training to predict compressive strength of hardened cement paste

are shown in Fig. 12 where the vertical axis is the mean squared error (MSE) and the horizontal axis
is the number of training iterations. The training process shows that the lines of training, validation
and testing are similar. The best validation performance with an MSE index of 24.5699 at the 19th
loop, after which the training continued until the 25th loop stopped. Moreover, the training process
showed no recorded overfitting.
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Figure 12. The training process predicts the compressive strength of hardened cement paste
at high temperatures

(a) Training R = 0.97219 (b) Test R = 0.98035

(c) Validation R = 0.98537 (d) All R = 0.96973

Figure 13. The results predict the compressive strength of hardened cement paste at high temperatures
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Fig. 13 shows the relationship between the output of the network and the targets. The three charts
represent training, validation, and testing data. The dashed line in each chart demonstrated the perfect
results when the output is equal to the target.

The solid line represents the most suitable linear regression line between the output and the target.
The predicted compressive strength (output) relative to the experimental results (target) of all three
models has a good fitting. At the same time, the approximating line predicted compressive strength
for both cases coincides with the line Y = T of the graph. With the above forecasting model structure,
the results showed that artificial neural network models are highly accurate (R = 0.96973).

- Prediction on FA and SF content to meet temperature requirements and compressive strength
The results of ANN2 network training to predict FA and SF content (%wt, vs. binders) to meet

working temperature requirements and compressive strength are shown in Fig. 14. The MSE’s best
validation performance was 10.5045 at the 16th loop, after which the training continued until the 36th
loop stopped. Like the ANN1 model, the training showed no overfitting. The training, evaluation, and
testing process are shown in Fig. 15 and the evaluation coefficient of the model is R = 0.88067. This
result is not too good, but it is also at a level meeting the requirements. Three examples of predicted
results on FA and SF content meeting the required compressive strength and temperature requirements
are shown in Table 4.

Figure 14. The training predicts FA and SF content to meet compressive strength and working temperature

Table 4. Prediction of FA and SF content to meet compressive strength and working temperature

No Required Rc (MPa) Required T (°C) Predictive modeling
Predicted results

FA (%) SF (%)

1 40 800 ANN2 26.7830 10.3081
2 30 800 ANN2 34.9839 13.0386
3 50 800 ANN2 15.0026 5.0013
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(a) Training R = 0.90821 (b) Test R = 0.7647

(c) Validation R = 0.95007 (d) All R = 0.88067

Figure 15. The predicted results of FA and SF content meeting the compressive strength of hardened cement
paste and at the required temperature

4. Conclusions
Some of the conclusions from the study are as follows:
- All samples surveyed in this study tended to increase compressive strength when heated to

200 °C. The PC control sample significantly reduced its strength when exposing to more than 200 °C
and lost 70.6% of its compressive strength at 800 °C, completely destroyed when reaching greater
than 800 °C.

- Active mineral additives of FA and SF replacing PC cement can improve the compressive
strength of hardened cement paste at high temperatures, especially at temperatures less than 800 °C.
The sample contains 15%FA and 5%SF for the highest compressive strength, the compressive strength
of the sample at 800 °C is reduced by 15.7%.

- The C-S-H and C-A-S-H minerals are generated in the temperature range of 200÷600 °C, fol-
lowed by the formation of minerals CS (CaSiO3), C2AS (Ca2Al(AlSiO7)) at 800÷1000 °C. These
formed minerals confirm the chemical interactions among SiO2, Al2O3, and CaO components of FA,
SF, and hardened cement paste, leading the reduction of free CaO content and the increase in com-
pressive strength.

- The ANN1 model accurately predicts the compressive strength of hardened cement pastes within
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the range of 7.39 MPa to 78.86 MPa when using FA (1%÷35%) and SF (5%÷15%) as partial cement
substitutes, at temperatures ranging from 25 °C to 1000 °C (R-value: 0.96973). Meanwhile, the ANN2
model, given desired compressive strength and temperature settings, recommends the optimal FA and
SF quantities to achieve them (R-value: 0.88067).
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