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Abstract
In recent years, cementitious composites with a compressive strength of more than 100 MPa have become popular for tall 
earthquake-resistant buildings. However, in these composites, attention is paid to sustainability criteria along with strength. 
In this study, physical, mechanical, and microstructural properties of cementitious composites with high early-age strength 
were investigated by using industrial wastes such as RHA (rice husk ash) and GBFS (ground blast furnace slag). In cemen-
titious composites, the cement dosage was chosen as 1000 kg and the w/c (water/cement) or w/b (water/binder) ratio was 
0.22. RHA was used instead of cement at the rate of 5 and 10%, and GBFS at the rate of 5, 10, and 15%. Cementitious 
composites were subjected to three different cures: normal water (WC), hot water (HWC), and steam (SC). As the RHA 
content increased, the flow diameter of the mixtures decreased. GBFS relatively improved the workability of cementitious 
composites. While the porosity of WC applied mixtures varies between 2.7 and 4.3%, the porosity of HWC or SC applied 
mixtures decreases up to 1.3%. The water absorption of all cementitious composites is less than 2%. The 3-day compres-
sive strengths of the mixtures are between 53.4 and 90.6 MPa, and the 90-day compressive strengths are between 100.2 and 
123.3 MPa. In addition, the 3-day flexural strength of the mixtures exceeds 7 MPa. On the 90th day, cementitious composites 
with a flexural strength of approximately 18 MPa were produced. As the RHA content increased, it decreased the 3-day 
flexural and compressive strengths but improved the mechanical properties on the 90th day. Dense needle-like CSH gels 
were observed in SEM examinations. With the developed ANN model, it has been determined that the material quantities 
(RHA and GBFS content) and curing conditions will be predicted with high accuracy for optimum compressive strength. As 
a result, it has been determined that a compressive strength higher than 120 MPa and a flexural strength higher than 15 MPa 
will be obtained by saving 25% cement.
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1  Introduction

Global climate change caused by greenhouse gas emissions 
is accelerating day by day. Today, global efforts to reduce the 
effects of greenhouse gas emissions and policies promoting 
carbon neutrality are followed (Han et al. 2022). Research 
is being carried out to reduce CO2 emissions in many areas 

around the World (Kaplan et al. 2018; Sevik et al. 2018; 
Bayraktar 2019, 2021; Bayraktar et al. 2019; Turkyilmaz 
et al. 2020; Elsunousi et al. 2021; Varol et al. 2021, 2022). 
Cement production is one of the sectors with the highest 
CO2 emissions in the world. During the production of ordi-
nary Portland cement, approximately 10% of CO2 is emitted 
to the atmosphere (Chang et al. 2019). CO2 is emitted during 
the sintering and grinding of clinker and the shipment of 
cement. Especially the CO2 emission that is released dur-
ing the sintering of the clinker constitutes 80% of the total 
CO2 emission (Maddalena et al. 2018; Lippiatt et al. 2020). 
In the sintering process, the CO2 in the limestone is sepa-
rated and its interaction with the clay is provided. For this 
interaction, the furnace temperature should be approximately 
1450 °C. Large amounts of fossil fuels are used to achieve 
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this target temperature. Using fossil fuels in cement produc-
tion is responsible for 30% of CO2 emissions. Removing 
CO2 from the limestone is responsible for 50% of the CO2 
emissions. Therefore, CO2 is emitted at almost every stage 
of cement production. Industrial wastes such as fly ash (FA), 
ground blast furnace slag (GBFS) or rice husk ash (RHA) 
should be used instead of cement to reduce the CO2 emis-
sion in cement production (Wang and Scrivener 1995; Singh 
et al. 2015).

GBFS is a waste material from the blast furnace in iron 
production (Cheah et al. 2022). GBFS is one of the materi-
als preferred to reduce CO2 emissions in cement and con-
crete production (Yun et al. 2020). Crossin reported a 47.5% 
reduction in greenhouse gas emissions when GBFS is used 
instead of cement in concrete production (Crossin 2015). In 
GBFS production, 10% less CO2 is released and 20% less 
energy is consumed than cement production (Atici and Ersoy 
2008). Studies have shown that GBFS reduces early age 
strength due to its slow hydraulic and pozzolanic properties. 
However, it has been stated that it improves the mechanical 
properties at the age of 28 and above (Boubekeur et al. 2019; 
Lim et al. 2019; Suda and Rao 2020). In addition, it has been 
proven in many studies that GBFS contributes positively to 
the durability of concrete (Li et al. 2018; Angulo-Ramirez 
et al. 2019; Ghorbani et al. 2023). It has also been stated that 
GBFS greatly reduces the chloride permeability of concrete 
(Shubbar et al. 2018).

Another industrial waste used in concrete and cement pro-
duction is RHA. RHA, an agricultural by-product of rice 
cultivation, is mostly used for fuel (Jittin et al. 2020; Subashi 
De Silva et al. 2021). A large amount of RHA is released 
in the agricultural sector, especially in Asian countries. 
In 2017, world paddy production was approximately 759 
million tons. In Asian countries, 689 million tons of RHA 
(about 91% of the total) were formed. As a result of the burn-
ing of rice husk, approximately 20% RHA is obtained (Mun-
tohar 2002). Since RHA contains a high percentage of SiO2 
and glassy phase (amorphous structure), it can be used in 
cement and concrete production (De Silva and Perera 2018; 
Moayedi et al. 2019). It has been stated that RHA improves 
the microstructure, durability, and strength of cementitious 
systems due to its pozzolanic and filler properties (Kanthe 
2021; Nduka et al. 2022; Tayeh et al. 2022; Çelik et al. 
2023; Kramer et al. 2023). Jamil et al. obtained compres-
sive strengths in the mortars’ range of 10.1–21.5 MPa on the 
90th day. They used 20% RHA (Jamil et al. 2016). On the 
other hand, Miyandehi et al. reported that the compressive 
strength of the mortars using 30% RHA decreased approxi-
mately 30% on the 28th day (Miyandehi et al. 2016). Sensale 
stated that sulfate damage is reduced when RHA is used in 
cement-based composites (Rodríguez De Sensale 2010). As 
a result, it is recommended to use RHA building materials 
in terms of sustainability (Gupta et al. 2020). It is possible 

to reduce CO2 emissions by using RHA and GBFS in many 
cementitious systems. In addition, such materials reduce the 
cost of building materials.

RHA and GBFS are frequently used in the high-strength 
mortar or concretes, ultra-high-performance concrete or 
mortars. Recently, the production of ultra-high performance 
concretes with a compressive strength of 200 MPa and 
above, used in high-rise buildings, has become widespread 
(Shin et al. 2018). If high-strength cementitious compos-
ites are used in structures, the dimensions of the building 
elements will be reduced. In this way, the dead load of the 
structures will be reduced. In addition, thanks to the high 
strength, the composite's elasticity modulus and durabil-
ity properties will increase. Using high-strength concrete 
or mortars will not only reduce the building cost but also 
increase the stability of the structures (Razvi and Saatcioglu 
1999). In the last 10 years, much research has been done 
on high-strength and high-performance mortar or concrete 
(Jakhrani et al. 2019; Sarıdemir et al. 2020, 2021; Li et al. 
2022; Hakeem et al. 2023).

This study investigated the mechanical, physical and 
microstructural properties of cementitious composites con-
taining RHA and GBFS with high early age compressive and 
flexural strength. In addition, the effect of different curing 
conditions (water curing, hot water curing and steam curing) 
on obtaining a compressive strength of more than 100 MPa 
was also investigated. ANN model is also proposed to pre-
dict high compressive strength with material properties and 
curing conditions.

2 � Experimental Program

2.1 � Raw Materials

In this study, CEM I 42.5 R type cement in accordance with 
EN 197-1 standard was used to make cementitious com-
posites. Ground GBFS has a high glassy phase content 
and complies with ASTM C989 standard. It is seen in the 
XRD pattern in Fig. 1 that GBFS is glassy. In GBFS, peaks 
such as quartz, calcite, gypsum and C2S were observed. 
The average particle size of cement and GBFS is 26.6 and 
15.9 µm, respectively. The physical and chemical proper-
ties of cement, RHA and GBFS are presented in Table 1. 
The particle size distribution (PSD) of powder materials is 
shown in Table 1. According to PSD analysis, RHA and 
GBFS have smaller particle size than OPC. RHA is obtained 
as a result of burning the husks obtained from the rice fac-
tory. A traditional stove was used from the combustion of 
RHA. RHA was obtained under uncontrolled combustion 
conditions. The ash formed as a result of the combustion was 
ground in a ball mill for 2 h. The average grain size of the 
RHA obtained from milling is 10.7 µm. It was determined in 



99Iranian Journal of Science and Technology, Transactions of Civil Engineering (2024) 48:97–115	

1 3

the XRD pattern that RHA has glassy phases. Quartz peaks 
were observed according to the XRD pattern. The physi-
cal and chemical properties of RHA are given in Table 2. 
Table 2 also gives some of the RHA features included in 
the literature.

This study used silica sand conforming to the ASTM C33 
standard. The sieve opening of silica sand is 0–2 mm. Silica 
sand's specific gravity and water absorptions are 2.66 and 
2.1%, respectively. A polycarboxylate-based superplasticizer 
(SP) was used to improve the workability of cementitious 
composites. The specific gravity and solids content of the 
polycarboxylate-based superplasticizer are 1.07 ± 3 and 32%, 

respectively. Drinkable tap water was used in the preparation 
and curing of the mixtures.

2.2 � Mixing, Casting, and Curing

Cement dosage was chosen as 1000 kg/m3 in the preparation 
of the mixtures. Cement dosage was kept high to increase 
early age strength. The water/cement (w/c) or water/binder 
(w/b) ratio of all mixtures is 0.22. In addition, the aggre-
gate/binder ratio was chosen as 1 in all mixtures. To ensure 
adequate workability, 2% of the binder amount of SP was 
used. GBFS was used instead of cement at the rates of 5, 
10, and 15%, and RHA at the rates of 5 and 10%. GBFS 
and RHA were used by weight instead of cement. In this 
context, a total of 12 different mixtures were prepared. The 
amounts of materials used in cementitious composites are 
given in Table 3.

First, the binding materials (cement + GBFS + RHA) 
were mixed for 1 min. Afterwards, 2/3 of the water and half 
of the SP were added to the mixture and mixed for 2 min. 
After the mixture rested for 1 min, the remaining water and 
SP were added to the mixture and mixed for 2 more minutes. 
Finally, silica sand was added to the mixture and mixed for 
another 5 min. All mixtures obtained have the property of 
self-compacting.

Three different curing processes were investigated on 
cementitious composites. These are water cure (WC), hot 
water cure (HWC) and steam cure (SC). In the WC, the 
samples were kept in water at a temperature of approxi-
mately 24 °C until the day of the experiment. In HWC, 
the samples were kept in hot water at 60 °C for 24 h. After 
24 h, the samples were kept in a curing room (25 °C, 70% 
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Fig. 1   XRD pattern of GBFS and RHA

Table 1   Physical and chemical properties of GBFS, RHA, and cement

*Blaine method (cm2/g)

Oxide (by mass, %) GBFS OPC RHA

SiO2 14.3 17.8 81.1

 

Al2O3 7.8 5.2 2.2

Fe2O3 25.4 3.3 1.4

CaO 31.4 65.5 1.4

MgO 7.2 1.4 2.5

SO3 0.5 2.6 0.6

K2O 0.1 0.7 2.8

Na2O 0.09 0.4 0.3

Specific gravity 2.92 3.14 2.34

SSA* 4760 3370 5970
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relative humidity) until the test day. Samples were kept in 
a steam environment at 60 °C for 24 h in SC. After the cur-
ing period, the samples were subjected to curing room. As 

a result of three curing conditions applied to 12 differ-
ent mixtures, the properties of 36 different cementitious 

Table 2   Physical and chemical 
properties of RHA

Oxide (by mass, %) This study Nasiru et al. 
(2021)

Selvaranjan 
et al. (2021)

Cordeiro et al. 
(2009)

Umasabor and 
Okovido (2018)

SiO2 86.55 91.90 87.4 82.6 87.22
Al2O3 0.55 0.28 1.2 0.4 0.70
Fe2O3 0.31 0.19 0.7 0.5 1.68
CaO 0.60 1.15 2.5 0.9 2.12
MgO 0.88 0.71 1.1 1.18
SO3 0.21 0.22 1.0 0.1 0.05
K2O 2.28 3.99 1.7 1.8 1.12
Na2O 1.07 0.04 0.4 0.1 0.20
LOI 9.67 6.7 3.9 11.9 1.06
Specific gravity 2.24 2.34
SSA (Blaine) 5200

Table 3   Amounts of materials 
(kg)

Mix ID OPC Water GBFS RHA Silica sand SP

G0R0 1000 220 0 0 1000 20
G0R5 950 220 0 50 1000 20
G0R10 900 220 0 100 1000 20
G5R0 950 220 50 0 1000 20
G5R5 900 220 50 50 1000 20
G5R10 850 220 50 100 1000 20
G10R0 900 220 100 0 1000 20
G10R5 850 220 100 50 1000 20
G10R10 800 220 100 100 1000 20
G15R0 850 220 150 0 1000 20
G15R5 800 220 150 50 1000 20
G15R10 750 220 150 100 1000 20

Fig. 2   General view of materi-
als
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composites were investigated. Figure 2 presents the gen-
eral view of the materials used in the experimental study.

2.3 � Test Methods

Firstly, the flow diameters of cementitious composites were 
measured using the ASTM C1437 standard. Flow table 
apparatus was used for this. The mixtures’ apparent poros-
ity, water absorption and unit weight were measured in cube 
samples with 50 × 50 × 50 mm margins. For this, the ASTM 
C642 standard and Archimedes method were used. The 
physical properties of cementitious composites were meas-
ured on the 90th day. ASTM C348 and ASTM C 349 stand-
ards were used for the flexural and compressive strengths of 
the mixtures, respectively. Mechanical properties of cemen-
titious composites were measured at 3, 7, 28 and 90 days. 
40 × 40 × 160 mm prisms were used to determine the flexural 
strengths, and samples broken at flexural strength were used 
for compressive strengths.

Quanta FEG 250 model SEM (scanning electron micros-
copy) device was used to determine the microstructure of 
cementitious composites. Microstructure studies were car-
ried out in the MERLAB unit of Kastamonu University. 
SEM studies were performed at different magnifications.

2.4 � Artificial Neural Network (ANN) Modeling

Machine learning applications are used to model and predict 
real-life problems because they can describe complex rela-
tionships between a data set of inputs and outputs without 
any predetermined equations (Taffese and Sistonen 2017; 
Lau et al. 2019). This study aims to create a model based 
on estimating the 28-day compressive strength based on the 
composition of cementitious composites. In addition to the 
RHA and GBFS content of cementitious composites, the 
curing processes that affect the strength were used in the 
model. An ANN model includes a computational system that 
mimics the self-learning abilities of neurons in the biological 
nervous system to map complex interactions between vari-
ables. ANN, an important subset of Artificial Intelligence, is 
used in many fields today (Suleiman and Nehdi 2017). ANN 
models have been used in many civil engineering problems 
since the late 1980s (Kaplan et al. 2019; Ganesh and Muthu-
kannan 2021; Sun et al. 2022). ANN consists of three dif-
ferent layers: input, hidden and output (Okwu and Tartibu 
2021). In this study, RHA, GBFS content and curing con-
ditions constitute the input layer. The 28-day compressive 
strength of cementitious composites is the output layer. In 
the model, this method was used because the Tan-Sigmond 
function for the neural transmission provides higher compu-
tational performance. Bayesian regularization algorithm is 
used as a precaution to improve ANN generalization and pre-
vent data overfitting and overtraining on ANN (Dan Foresee 

and Hagan 1997). The use of ANNs involves two steps: first, 
the network is trained using a set of training data, and then 
it is tested using test data to see how well it can predict the 
future. In this study, the features of the network architecture 
of the ANN model are presented in Table 4. Table 5 contains 
the statistical data of the parameters that make up the inputs 
and output of the ANN model. Since the curing conditions 
are non-parametric, they are parametrically coded. The per-
centage of training/test was chosen as 85/15 according to the 
articles reviewed in the literature (SinghSandhu and Singh 
Salaria 2014; Hussain and AlAlili 2016).

3 � Results and Discussions

3.1 � Fresh Properties

Figure 3 presents the flow diameters of cementitious com-
posites determined according to ASTM C1347. The flow 
diameter of cementitious composites varies between 213 
and 255 mm. The highest flow diameter was obtained 
with 255 mm G10R0 mixture using 10% GBFS. The low-
est flow diameter with a value of 213 mm was obtained 
in G5R10 mixture using 5% GBFS and 10% RHA. The 

Table 4   Properties of network architecture

Parameter Model properties

Number of input factors 3
Number of output factors 1
Number of hidden layers (HL) 1
Number of neurons on HL 10
Training/test percentage 85/15
Number of epochs 100
Performance limit 10–6

Training method Supervised
Training algorithm Bayesian regulariZsation
The activation function in the hidden layer Non-linear (tansig)
The activation function in the output layer Linear (purelin)

Table 5   Statistical properties of input and output parameters

∗ 1(water curing)−2(hot water curing)−3(steam curing)

Parameter Minimum Maximum Mean Standard 
deviation

Inputs RHA (kg) 0 100 50 70.7
GBFS (kg) 0 150 75 106.1
Curing condi-

tions*
1 3 – –

Output 28-day compres-
sive strength 
(MPa)

92.3 119.9 106.1 19.5
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flow diameter of the G15R10 mixture, in which the most 
mineral additives were used (25%), decreased by approxi-
mately 8% compared to the reference mixture. The propa-
gation diameter increased when 5 and 10% GBFS were 
used. Workability is partially improved as GBFS increases 
the paste volume in the mix. As the RHA content used 
in the mixtures increases, the workability decreases. The 
porous structure of RHA and the very high specific surface 
area led to a decrease in workability. However, the com-
bined use of 15% GBFS and RHA reduced the workability 
loss. The flow diameter of the mixtures using 10% RHA 
generally decreased below 225 mm. Workability increases 
when GBFS is used at a low rate (5 and 10%). Because 
GBFS pushes the water remaining between the cement 
particles and fills them. The water from the cement parti-
cles increases the workability relatively with the lubricat-
ing effect.

Ahmed et al. reported that the flow diameter decreases 
as the RHA content increases. The reduction in flow diam-
eter was explained by the high porosity of RHA (Ahmed 
et al. 2022). In cementitious composites, RHA considerably 
increases the water requirement. Therefore, the workabil-
ity decreases at a fixed water content (Medina et al. 2018). 
Similar results were obtained in the study by Kaplan and 
Elmekahal (Kaplan and Salem Elmekahal 2021). Aldabagh 
et al. used up to 30% GBFS in self-compacting mortars. 
The diffusion diameter of the mixtures decreased slightly as 
the GBFS content increased (Aldabagh et al. 2022). Similar 
results were observed by Benli et al. (Benli et al. 2017). 
Murthy and Rao proved with SEM images that GBFS has 
an irregular and angular particle structure (Murthy and Rao 
2016). The fact that GBFS has such a particle structure is 
another factor that reduces the workability of the mixtures.

3.2 � Physical Properties

In Fig. 4, the apparent porosity values of the cementi-
tious composites are shown. The porosities of the mixtures 
subject to different curing conditions are below 5%. The 
apparent porosities of cementitious composites subjected 
to WC range from 2.71 to 4.33%. The apparent porosi-
ties of the mixtures treated with HWC and SC showed 
similar properties. Applying HWC and SC considerably 
reduced the apparent porosity of the mixtures. For exam-
ple, if HWC or SC were applied in the reference mixture, 
the apparent porosity was reduced by approximately 25%. 
The use of RHA in cementitious composites reduced the 
porosity. The apparent porosity of the water-cured G0R10 
mixture decreased by 10.3% compared to the G0R0 Mix-
ture. When HWC and SC were applied to this mixture, 
the porosity decreased by 32.9 and 38.2%, respectively. 
The apparent porosity of the WC-applied G15R10 mix-
ture is reduced by 8.4% compared to the G15R0 mixture. 
The porosity decreased by 12.1% when HWC was applied 
to the same mixture and 27.1% when SC was applied. 
Applying a thermal curing method to the mixtures fur-
ther reduces the apparent porosity. Since thermal cures 
accelerate the pozzolanic activity, they ensure that the 
microstructure is denser. Therefore, the apparent porosity 
of cementitious composites is greatly reduced. The poros-
ity of cementitious composites treated with HWC and SC 
is less than 4%. Especially when thermal cure is applied 
to mixtures using 10% RHA, the porosity value generally 
falls below 2%. With the increase in GBFS content, the 
porosity value of the mixtures decreases. When 15% GBFS 
was used in WC-applied mixtures, the porosity decreased 
approximately 1.5 times. This ratio is approximately 2.6 
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times in SC-applied mixtures. GBFS was effective in 
reducing apparent porosity due to both its pozzolanic 
activity and its filler properties.

Sobrosa et al. have produced ceramic mixtures using up 
to 20% RHA. They observed that the porosity of the mix-
tures decreased as the RHA content increased (Sobrosa 
et al. 2017). Olutoge and Adesina stated that the porosity 
of cement mortars increased as the RHA content increased. 
This effect is explained by the porosity of RHA (Olutoge 
and Adesina 2019). Similar results were obtained by Pereira 
et al. (Pereira et al. 2013). Li et al. reduced the apparent 
porosities of the mixtures using GBFS up to 15% (Li et al. 
2018). It was stated that the porosity decreased due to the 
pozzolanic activity of GBFS. Aprianti et al. found that the 
porosity of GBFS-containing mixtures decreased when hot 
water curing was applied (Aprianti et al. 2016). Malami and 
Kaloidas stated that curing conditions were highly effec-
tive on porosity (Malami et al. 1994). Similar results were 
obtained in this study as well.

The water absorption behavior of cementitious compos-
ites is given in Fig. 5. Applying thermal curing methods 
to the mixtures reduced the water absorption values as it 
intensified the microstructure. While the water absorption 
value of WC applied mixtures is more than 1%, the water 
absorption of HWC and SC applied mixtures is generally 
less than 1%. Water absorption decreased by 22.4% in the 
case of applying HWC to the G0R0 mixture, and by 29.7% 
in the case of applying SC. As the RHA content increases 
in cementitious composites, the water absorption values 
decrease. It consists of smaller particles than RHA cement. 
Therefore, water absorption decreases as it fills the spaces 
between the cement particles. For example, the water 
absorption of the G0R15 mixture, which was water cured, 

decreased by 27.1% compared to the G0R0 mixture. When 
SC was applied to the mixtures, this value was measured as 
36.3%. Water absorption values also decrease when GBFS 
is used in cementitious composites. The water absorption of 
the G15R0 mixture, which was water cured, decreased by 
27.6% compared to the G0R0 mixture. In mixtures applied 
with HWC, this value is 55%. RHA and GBFS greatly 
reduce porosity and water absorption due to their pozzolanic 
activity and smaller particle size than cement. Since thermal 
curing methods accelerate the pozzolanic activity, the water 
absorption values have generally decreased below 1%. Stud-
ies in the literature have also reported that pozzolans reduce 
water absorption (Pereira et al. 2013; Olutoge and Adesina 
2019; Gencel et al. 2022).

As can be seen in Fig. 6, very clear differences can be 
seen between the hardened unit weights of the mixtures. 
Unit weights of water-cured cementitious composites vary 
between 2285 and 2336 kg/m3. While the unit weight of 
HWC-treated mixtures is between 2285 and 2378 kg/m3, it 
is between 2345 and 2440 kg/m3 for SC-treated mixtures. 
Application of thermal curing methods to cementitious com-
posites relatively increased unit weights. Such an effect has 
been observed because thermal curing methods increase the 
density of the microstructure. Increasing the content of RHA 
and GBFS in cementitious composites decreased the unit 
weights very little. Since the specific gravity of RHA and 
GBFS is lower than cement, unit weights tend to fall. It is 
observed that the unit weights of cementitious composites 
are generally more than 2300 kg/m3. It was determined that 
the mixtures that applied SC cure had higher unit weight. 
The order of SC > HWC > WC was obtained among the unit 
weights. Unit weights of cementitious composites treated 
with HWC and WC are similar.
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3.3 � Mechanical Properties

As seen in Fig. 3a, the 3-day compressive strength of cemen-
titious composites varies between 53.4 and 90.6 MPa. These 
results show that a compressive strength of more than 
50 MPa can be obtained at early ages despite the use of 
pozzolan. The compressive strength of WC applied mix-
tures is between 53.4 and 75.6 MPa. Applying thermal cures 
such as HWC and SC to the mixtures greatly improves the 
early age strength. In particular, the compressive strength of 
SC applied mixtures varies between 68.4 and 90.6 MPa. If 
GBFS and RHA are used instead of cement in the mixtures, 

their 3-day compressive strength is relatively reduced. This 
is because the pozzolanic activity has not been completed 
yet. In addition, since the porosity of the hardened samples 
is quite low, they are very impenetrable. Therefore, even 
if thermal curing methods are applied to the mixtures, the 
strengths have decreased since steam or water cannot be 
transported to the sample's interior.

Seven-day compressive strengths of cementitious com-
posites are presented in Fig. 7b. The 7-day compressive 
strength of the mixtures varies between 77 and 102.6 MPa. 
Compressive strengths of more than 100  MPa were 
obtained after 7 days of curing. However, values above 
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Fig. 7   Compressive strength of cementitious composites
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100 MPa could not be obtained in WC-applied mixtures. 
Since thermal curing methods accelerate hydration and 
pozzolanic activity, the value of 100 MPa was exceeded. 
As the RHA content of the mixtures increased, the 7-day 
compressive strength increased. In particular, compressive 
strength of 102.6 MPa was achieved when SC was applied 
to the G0R10 mixture. The high SiO2 content of RHA con-
tributed positively to the pozzolanic activity. Since a high 
cement content is used in the mixtures, the combination 
of RHA + cement considerably increased the compressive 
strength. In this process, the Ca/Si ratio is also effective. 
However, as the GBFS content in the mixtures increased, 
the compressive strength generally decreased. Strength 
loss due to GBFS in mixtures is negligible.

The 28-day compressive strength of cementitious com-
posites is between 92.3 and 119.9 MPa (Fig. 7c). Compres-
sive strength exceeds 100 MPa if RHA is used in mixtures 
where water cure is applied and GBFS is at least 10%. For 
example; The 28-day compressive strength of the water-
cured G10R10 mixture increased by approximately 16% 
compared to the G0R0 mixture. The compressive strength 
of the mixtures applied HWC and SC exceeded 100 MPa. 
The highest compressive strengths were obtained when 
HWC and SC were applied to the G15R10 mixture. The 
compressive strength of the SC-applied G15R10 mixture 
increased by about 30% compared to the WC-applied 
G0R0 mixture. Using pozzolan's thermal curing methods 
in the mixtures positively contributed to the compres-
sive strength. Using 15% GBFS in water-cured mixtures 
reduced the compressive strength relatively. However, as 
the GBFS content increases, the compressive strength 
increases in thermally cured mixtures. This result again 
reveals the need for the thermal curing of pozzolans.

As seen in Fig. 7d, the 90-day compressive strengths 
of the mixtures vary between 100.2 and 123.3 MPa. The 
90-day compressive strength of the WC-applied mixtures 
exceeded 100 MPa. The 90-day compressive strength of 
the WC-applied G15R10 mixture increased by approxi-
mately 20% compared to the G0R0 mixture. Since the 
pozzolanic activity progresses slowly in the normal water 
cure, the actual strength gain was observed on the 90th 
day. Thermal curing methods relatively increased the com-
pressive strength of cementitious composites. In case of 
applying HWC and SC to the G0R0 mixture, the compres-
sive strength increased by around 4 and 6.5%, respectively, 
compared to the water-cured G0R0 mixture. Increasing the 
content of RHA and GBFS used in the mixtures generally 
increased the compressive strength. In addition to the poz-
zolanic activity feature of pozzolans, the filler feature also 
increases the compressive strength. In addition, as poz-
zolans intensify the microstructure, the strength properties 
are improved. However, this effect can be observed mainly 
at the age of 28 and above.

Zhang et al. obtained compressive strengths of more 
than 100 MPa in mixtures using RHA (Zhang et al. 2021). 
Gastaldini et al. obtained a compressive strength of approxi-
mately 72.5 MPa at 28 days using 20% RHA (Gastaldini 
et al. 2007). Salas et al. recommend 5–10% RHA content 
to increase compressive strength (Salas et al. 2009). Kun-
chariyakun et al. reported that as RHA increases the water 
requirement, it decreases the compressive strength (Kun-
chariyakun et al. 2015). However, the high SiO2 content and 
specific surface area of RHA are very effective in increasing 
the compressive strength. However, thermal curing meth-
ods such as hot water curing of mixtures using pozzolana 
improve the compressive strength considerably (Gomathi 
and Sivakumar 2015; Shahane and Patel 2021). Similarly, 
hot water curing contributes to the development of strength 
in GBFS mixtures (Federowicz et al. 2020).

As seen in Fig. 8, the flexural strength of cementitious 
composites exhibits a behavior parallel to the compressive 
strength. 3-day flexural strengths of water-cured mixtures 
vary between 7.2 and 9.8 MPa. The flexural strength of mix-
tures applied with HWC varies between 10.9 and 12.9 MPa, 
and mixtures with SC applied between 11.2 and 14.6 MPa. 
As the RHA content increases in water-cured mixtures, the 
flexural strength (3-days) decreases. However, when thermal 
curing methods such as HWC and SC are applied, flexural 
strength generally increases as the RHA content increases. 
Because thermal curing methods accelerate the pozzolanic 
activity, flexural strength improves. In addition, using GBFS 
up to 10% in thermal cure methods also increases the 3-day 
flexural strengths.

As the RHA content increased, the 7-day flexural 
strengths generally decreased in the water-cured mix-
tures (Fig. 8b). Similarly, such an effect was observed as 
the GBFS content increased. However, as the GBFS and 
RHA content increased, the flexural strength of the mix-
tures applied HWC and SC increased. The 7-day flexural 
strength of the mixtures treated with HWC and SC exceeded 
11 MPa. Especially in the case of applying HWC and SC in 
the G15R10 mixture, more than 15 MPa flexural strength 
was obtained on the 7th day.

As seen in Fig. 8c, the 28-day flexural strength of all 
cementitious composites exceeded 10 MPa. In addition, it 
is observed that the flexural strength increased as the RHA 
and GBFS content increased on the 28th day. The flex-
ural strength of WC applied mixtures is between 12.1 and 
14.7 MPa. The flexural strength of the WC-applied G15R10 
mixture increased by approximately 18% compared to the 
G0R0 mixture. In SC and HWC applied mixtures, this value 
was measured as 26.6 and 25.5%, respectively. Although the 
amount of cement was reduced by 25%, flexural strength was 
increased. Since the microstructure is more concentrated in 
thermal curing methods, the strength gain is higher. Flexural 
strength of more than 17 MPa was obtained when thermal 
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curing methods were used, especially in the mixture of 
G15R10, where the most pozzolana was used.

As seen in Fig.  8d, the flexural strengths generally 
exceeded 15 MPa on the 90st day due to the pozzolanic 
activity. A flexural strength of approximately 19 MPa at 
day 90 in the SC-applied G15R10 mixture. The flexural 
strength of the SC-applied G15R10 mixture increased by 
about 32% compared to the water-cured G0R0 mixture. This 
result shows that the cement substitution rate can increase 
significantly. In this way, it is possible to produce more sus-
tainable mixtures. When the effect of curing conditions at 
all ages was examined, the order of SC > HWC > WC was 

obtained. In addition, while RHA and GBFS content gener-
ally decreased flexural strength at 3 and 7 days of age, the 
opposite effect was observed at 28 and 90 days.

In Fig.  9, the changes in compressive strength were 
observed based on the reference mixture (G0R0). If the 
compressive strength ratio falls below 1, it means strength 
loss. If it rises above 1, it means strength gain. Since GBFS 
and RHA are used in all mixtures (except the reference mix-
ture) according to their 3-day compressive strength, a loss 
of compressive strength has occurred. The G15R10 mix-
ture, in which water cure was applied and the most pozzolan 
was used, achieved 71% strength of the reference mixture in 
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3 days. On the other hand, G0R5 was the mixture that came 
closest to (> %95) the reference mixture on the 3rd day. On 
the 7th day, increases were observed in the compressive 
strength of G0R5 and G0R10 mixtures (Fig. 9b). In addi-
tion, similar results were observed for mixtures of G5R10, 
G10R10 and G15R10. The use of 10% RHA in cementitious 
composites generally increased the compressive strength 
ratio. The highest strength increase (approximately 19%) 
was observed in the G15R10 mixture applied with HWC at 
28 days (Fig. 9c). When the G0R5 mixture was subjected 
to water curing, the compressive strength increased by 1%. 
As the pozzolan content increases, using thermal curing 

methods is more effective in increasing the compressive 
strength. Similar results are also observed in the 90-day 
compressive strength ratio (Fig. 9d). On the 90th day, the 
increase in strength varies between 4 and 19% according 
to different curing conditions. Application of WC only in 
mixtures with GBFS increases strength. However, if RHA 
is used, it should be used in thermal curing methods. GBFS 
shows hydraulic properties due to its high CaO content. 
Therefore, it can increase the compressive strength in water 
curing. However, the high SiO2 content of RHA highlights 
its pozzolanic feature. Applying thermal curing for the poz-
zolanic reaction between CaO and SiO2 contributes to the 
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Fig. 9   Compressive strength ratio of cementitious composites
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strength development. These results show the importance 
of Ca/Si ratio on strength development in cementitious sys-
tems. As the SiO2 content increases, the Ca/Si ratio will 
decrease. Therefore, it will be more efficient to use thermal 
curing methods in low Ca/Si based pastes.

The use of GBFS and RHA in 3-day water cure mixtures 
increases the compressive/flexural strength ratio. However, 
the opposite effect was observed in thermal cured mix-
tures (Fig. 10a). As seen in Fig. 10b, the compression/
flexural ratio of the mixtures with GBFS and RHA applied 
with HWC and SC decreased. The compressive/flexural 
strength ratio of the G15R10 mixture, which is water 

cured, has increased by approximately 38% compared to 
the G0R0 mixture. HWC and SC application decreased 
the compressive/flexural strength ratio in 29- and 90-day 
mixtures (Fig. 10c, d). However, the application of water 
cures generally increases this rate. Increasing the RHA 
content in the mixtures generally decreased the compres-
sive strength ratio. Because RHA increases the brittleness 
of cementitious composites. Therefore, this ratio decreased 
as the brittleness increased. As the compressive/flexural 
strength ratio gives information about the toughness in 
cementitious systems, it is desired that this ratio be high 
(Parghi and Shahria Alam 2016; Soltaninejad et al. 2021). 
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Fig. 10   Compressive/flexural strength ratio of cementitious composites
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In the study conducted by Öz et al., the compressive/flex-
ural strength ratio of mixtures with a compressive strength 
of more than 100 MPa is between 12.3 and 18 (Öz et al. 
2022). This study's compressive/flexural strength ratios 
are less than 10.

As seen in Fig. 11a, the 90-day compressive strength 
increases as the apparent porosity of cementitious compos-
ites decrease under all curing conditions. The porosities of 
the mixtures cured in HWC and SC are relatively lower. 
Accordingly, the compressive strength of these mixtures is 
higher. The apparent porosities of WC-cured mixtures are 
usually greater than 3%. As seen in Fig. 11b, the compres-
sive strength increases as the unit weight of the mixtures 
decreases. The unit weight of the mixtures decreases as the 
GBFS and RHA content increases. Because the specific 
gravity of GBFS and RHA is lower than cement. Pozzolans 
such as GBFS and RHA increase compressive strength due 
to pozzolanic activity. Therefore, as the GBFS and RHA 
content increase, the unit weights decrease while the com-
pressive strength increases. In addition, it is observed that 
thermal curing methods increase the unit weight relatively 
because they intensify the microstructure by reducing the 
porosity.

As seen in Fig. 12, the flexural strength of cementi-
tious composites increases as the compressive strength 
increases in all curing conditions. Strong correlation val-
ues (R2 > 0.75) were observed between compressive and 
flexural strength. Compressive strength of about 125 MPa 
and flexural strength of 19 MPa were observed in cemen-
titious composites. A ratio of 1/15 was obtained between 
compressive and flexural strength. In terms of mechanical 

properties, the order SC > HWC > WC was obtained under 
curing conditions.

3.4 � Microstructures

Figure 13 presents the microstructure properties of G0R0 
and G15R10 mixtures at different curing conditions. SEM 
analyzes of the samples were performed after 90 days of 
cure. As seen in the SEM images, it is seen that a dense 
CSH structure is formed in the microstructure. A dense 
microstructure was observed in the mixtures subjected to 
water cure after 90 days. Reticular CSH gels are observed in 
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the microstructure. In addition, very few microcracks were 
observed in the matrix (Fig. 13a). Needle-like CSH gels 
are frequently observed in mixtures with hot water cures. 
Hexagonal CH plaques were observed in the G0R0 mixture, 

where pozzolans such as GBFS and RHA were not used. The 
approximate size of the CH plate is 20 µm (Fig. 13b). Simi-
lar microstructure images were also observed in mixtures 
treated with steam curing (Fig. 13c). It was determined that 

Fig. 13   SEM images of cementitious composites
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dense CSH gels were formed in the microstructure and that 
the gels were in the form of needles. These dense CSH gels 
formed in the microstructure greatly increased the strength 
of cementitious composites.

3.5 � ANN Model Results

The regression results of the developed ANN model are 
given in Fig. 14. R2 values for training and test data were 
obtained as 0.93 and 0.95, respectively. These results show 
that the training and testing were quite successful. In addi-
tion, the R2 value of the whole model was obtained as 0.93. 
It has been determined that 28-day compressive strength can 
be obtained with very high accuracy using GBFS and RHA 
content and curing conditions.

Figure 15 illustrates the ANN training’s error reduction 
method, which offers the best illustration possible of the 
model training procedure. The figure shows the network 
training error as a blue line and the test error as a red 
line. The training is finished when the verification error 
reaches the predetermined objective or stops declining. 

Fig. 14   Regression results of 
the ANN model

Fig. 15   MSE of Training and testing
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The figure shows that the best training performance was 
achieved after 6 epochs.

Figure 16 shows the training status of the ANN model. 
The training of the ANN model has been completed in 31 
epochs. Also, there was no recurrence due to any errors.

As can be seen in Fig. 17, it has been observed that 
the measured and estimated values are quite close to each 
other as a result of the simulation performed. Thanks to 
the developed model, the 28-day compressive strength can 
be determined largely by using the GBFS and RHA con-
tent and curing conditions. It will be possible to decide on 
the optimum mixing ratios with the Bayesian algorithm.

4 � Conclusions

•	 The workability decreased as the RHA content increased 
in cementitious composites. Workability is improved if 
up to 10% GBFS is used.

•	 As the content of RHA and GBFS increased, the mix-
tures' water absorption and apparent porosity decreased. 
In addition, the use of thermal curing methods (HWC or 
SC) significantly reduced water absorption and apparent 
porosity.

•	 RHA and GBFS have no obvious effect on unit weight. 
However, since thermal curing methods intensified the 
microstructure, unit weights increased.

•	 Increasing the content of RHA and GBFS decreased the 
3-day compressive strength. However, the 7-day com-
pressive strength increased with the increase in RHA 
content. As both RHA and GBFS content increased, 28 
and 90-day compressive strengths increased. Similar 
results were observed in flexural strengths. Steam curing 
application increases compressive and flexural strength 
more than hot water and normal water curing.

•	 The low w/c or w/b ratio observed a dense microstructure 
in SEM images. Needle-like CSH gels and hexagonal-
shaped CH plaques were observed.

•	 A highly accurate ANN model has been developed. It has 
been found that optimum material amounts and curing 
conditions can be determined using the algorithm.

•	 As a result, cementitious composites with high early-age 
strength could be obtained with 25% cement savings by 
using RHA and GBFS. It has been shown that more sus-
tainable and durable mixtures can be obtained with the 
proposed mixtures.
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