
 

Journal of Cement Based Composites 1 (2022) 5624 

 
 

journal home: www.acapublishing.com/journals/5/cebacom 
 

*Corresponding Author: fatihcelik@ohu.edu.tr  
Received 23 January 2022;  Revised 12 February 2022; Accepted 12 February 2022 https://doi.org/10.36937/cebacom.2022.5624 
2717-9303 /© 2022 The Authors, Published by ACA Publishing; a trademark of ACADEMY Ltd. All rights reserved. 

1 

 
 

Research Article 

An Experimental Investigation of the Effects of Fly Ash and Nano Titanium Dioxide 
(n-TiO2) Usage as Viscosity Modifying Agents (VMAs) in Cement-Based Grouts on 
Rheological Parameters 
   
 
 

Fatih Celik*1 , Andaç Batur Çolak2 , Oğuzhan Yıldız3 , Samet Mufit Bozkır1  
1 Niğde Ömer Halisdemir University, Civil Engineering Department, Niğde, Turkey 
2 Niğde Ömer Halisdemir University, Mechanical Engineering Department, Niğde, Turkey 
3 Niğde Ömer Halisdemir University, Civil Engineering Department, Niğde, Turkey 

Keywords   Abstract 
Nano titanium oxide,  
Rheology of grout,  
Fly ash,  
Plastic viscosity,  
Yield stress,  
Mineral additives. 

 The effects of n-TiO2 additions at different amounts by mass (0.0%, 0.3%, 0.6%, 0.9%, 1.2% 
and 1.5%) on rheological properties (plastic viscosity and yield stress) of cement-based grouts 
incorporated with fly ash as mineral additive at different constitutes (0%-for control 
purpose, 5%, 10%, 15%, 20%, 25% and 30%) were investigated by analysis of experiments in 
this study. To prepare all samples, w/b ratio was defined as 1.0. To prevent sedimentation of 
TiO2 nanoparticles in free water and to supply uniform distribution of TiO2 nanoparticles in 
water with help of removing of these nanoparticles from each other, Ultrasonication method 
was applied by using a Horn type Ultrasonic Homogenizer in this experimental study. All 
experimental viscosity values of the cement-based grout samples were also obtained by 
using Coaxial Rotating Cylinder Rheometer test machine. Modified Bingham analytical 
model was used to investigate on this study for reference grout samples because of it shows 
dilatant (shear-thickening) flow behavior. Test results show that plastic viscosity values of 
the grout samples obtained by addition of FA remarkably decrease with rising amount of n-
TiO2. Yield stress of fresh grout mixtures increases with respect to increase amount of FA 
content in all grout mixtures with different proportions of n-TiO2. the usage of FA as a 
mineral additive in cement-based grouts has improved the yield stress value of the samples. 
Since n-TiO2 has such a low specific surface area, the water requirement of the grout matrix 
tends to increase. Therefore, this situation causes increasing of cohesion. The developed 
ANNs model has been able to predict the plastic viscosity and yield stress of cement-based 
grouts containing TiO2 nanoparticle doped fly ash with very low error rates and high 
accuracy 

1.Introduction 

Cement-based grout materials which are used in many construction 
industries such as building industry, various tunnel applications, 
permeation injection and pre-stressed anchors are one of the basic 
materials frequently used in civil engineering [1-5]. These grout 
materials used in most of the building elements are generally defined 
as a suspension composite containing cement, water, and various 
additives [6]. There are many factors affecting the rheological and 
workability properties of cement-based grouts such as water-ratio 
(w/b), cement characterization, chemical additives and addition 
amounts, mineral additives, time, and temperature [7-8]. The ability 
of pumping performance, penetrating gaps and cracks of cement-
based grouts depend on especially their rheological and workability 
properties.  By increasing the water amount in cement-based grouts, 
the viscosity can be reduced, and the flow capacity can be increased. 
Therefore, application of grout injection methods uses a wide range of 
water-binding ratios. 

Sedimentation of solid particles on cement-based grouts causes 
several problems with the increasing amount of water, the cement-
based grout material starts to collapse, and the mechanical properties 
of the grouts decreases after hardening. Therefore, some mineral 
additive materials such as fly ash, silica fume, ground granulated 
blast furnace slag, metakaolin, bentonite and rice husk ash used to 
prevent sedimentation of solid particles and collapse of grouts for 
negative impact of water in cement-based grouts. In general, the 
physical and chemical properties of fresh and hardened cement-based 

grout such as hydration temperature, chemical resistance and 
general durability can be improved by the addition of supplementary 
cementation materials. [6-19]. The use of mineral additives and 
determination of appropriate mixing ratios to improve the physical 
properties of cement-based grouts such as rheological, mechanical 
and durability are considering as critical issues for construction 
industry [7]. 

Fly ash materials additives uses as a mineral additive for cement-
based grouts that not only increase the durability properties but also 
increase the rheology, workability, and long-term durability 
performance of cement-based grouts [20]. With the added history of 
other SCMs, the fluidity and long-term flow of cement-based mortars 
can be achieved, there may be costs for injection applications. In 
recent years, the use of Nano Particle Powders (NPPs) as additives in 
cement-based grouts used frequently in the literature. Many 
properties of cement-based grouts can be improved by the addition of 
these nanoscale particles [21]. Nano particles added into the cement-
based grouts can be improved not only in the mechanical properties 
but also in the rheological and workability properties of the mortar 
materials [22-23]. Recent works shown that short setting time of 
cement-based grouts obtained by adding nano silica particles in 
samples. [24-26]. In addition, there some studies in the literature 
about improving the pore structure of concrete by adding nano silica 
(n-SiO2) [27-28]. Previous studies have shown that due to the large 
specific surface area of the nano silica in the cement-based matrix, it 
increases the water requirement of the samples. [29-30].  
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The estimation of minimum apparent viscosity obtained from 
cement-based grouts prepared with the addition of nano silica 
particles has been studied at different w/b ratios [31] and an analytical 
prediction model is proposed for viscosity determination in this 
study. It has been seen from studies in the literature that other 
different type nano particles used as additives in cement-based 
grouts are nano alumina particles (n-Al2O3). It is understood from 
past studies that the specific surface area of nano alumina is very 
similar to nano-silica because both have similar nano-colloidal 
structure [31-32]. Higher ettringite contents can be observed with the 
initial dissolution of nano alumina during the early hydration 
process. There are a lot of studies in the literature about addition of 
Nano calcium carbonate in the cement-based grouts for enhancing 
mechanical and flowability properties [33].  Calcium carbonate nano 
powders has little effect on regulating the amount of water required 
for nano-added cement-based grouts. It has been shown that 
increasing the amount of n-CaCO3 in the cement-based grouts up to 
2% by weight causes decreasing in the viscosity of the fresh grouts 
and also the setting time of the grouts can be shortened. 

There are several previous studies about rheological properties of 
cement-based grouts prepared by adding nano particles [34-35]. 
Collepardi et al. [34] investigated the effect of using nano silica 
particles as an additive on cement-based grouts. They found that 
increasing the amount of nano silica particles in the cement matrix 
caused a reduction on setting time, segregation, and bleeding, and can 
also improve the cohesion of the grout mix. Rostami et al. [36] have 
investigated Rheological properties of cement paste with the addition 
of nano silica and branched polymer. Results showed that viscosity 
and shear stress increased with the increasing addition of nano silica 
particles. It has been observed that the viscosity of the cement paste 
mixture is largely dependent on the size of the nano silica particles. 
The cement paste viscosity increased with the decreasing aggregation 
rate of nano silica particles. Li et al. [37] investigated effect of cement 
and nano-SiO2 particle sizes on the shear strength, microstructure, 
and rheological properties of samples. According to this study the 
early wet shear strength parameters (cohesion and internal friction 
angle) and microstructural properties of samples were significantly 
improved with the addition of super fine cement and nano-SiO2 
particles. The larger cement grout viscosity caused by the rapid 
hydration reaction with the addition of super fine cement and nano-
SiO2 particles can be significantly optimized by adding 
superplasticizer (SP). According to this study higher viscosity was 
observed in finer cement samples. Liu et al [38] investigated 
experimental study for grouting performance in dynamic water 
condition with four different type of nano particle materials (carbon 
nanotube (CNT), graphene oxide (GO), nano-SiO2, and nano-Al2O3, 
among 30-100 nm particle size. This study showed that addition of 
nano particles in cement-based grout increased grouting 
performance of specimens. Diffusion distance, maximal fluid 
pressure, residual grouts percentage and sealing efficiency has 
evaluate for grouting performance in this study. The diffusion 
distance of grouts was increased with the addition of Al2O3 and SiO2 
nano particles in the grout material but decreased with the addition 
GO and CNT nano particles. Maximal fluid pressure was increased 
with the addition of CNT nano particles and nano-SiO2 particles but 
decreased with the addition of CNT and nano-SiO2. The residual 
grouts percentage of nano-Al2O3 composite grout was increased with 
the addition of Al2O3 nano particles. Liu et al [39] investigated the 
fresh property, mechanical performance, and microstructure 
properties   with addition of nano silica particles in magnesium 
phosphate cement. Results showed that, fluidity of magnesium 
phosphate cement increased with the 0%-6% incremental addition of 
silica nano particle.  

There are also some studies of addition nano particle for oil well 
cementing process in petroleum industry. Goyal et al [40] investigated 
addition of nano silica particle on physical properties in the field of 
oil well industry. Results showed that addition of nano silica 
decreasing the settling time and increasing the compressive 
strength’s rate.  Investigation results showed that addition of nano 
silica particle in cemented grout increasing in physical properties 
such as compressive strength, a decrease in porosity as well as 

permeability in hardened cement, and substantial decrease in fluid 
loss. Guo et al [41] investigated effect of addition nano TiO2 in calcium 
aluminate cement on hydration time. Addition TiO2 nano particle 
percent mass ratio and water to cement ratio was 1%-5% and w/c 0.4. 
Addition of 3% nano-TiO2 in Calcium aluminate cement effect of 
induction period and early hydration period were decreased time 4 h 
and 6 h, respectively. Mohammed et al. [42] investigated addition of 
Nano silica particle in Portland cement samples on yield stress, 
maximum shear strength, plastic viscosity, and mechanical 
properties. Water to cement ratio of samples was 0.35 and 0.45 and 
temperatures ranging from 25 0C to 45 0C. Addition of 1% nano silica 
particles in cement paste increased 14%-66% compressive strength of 
samples. Addition of Nano Silica up to 1% increased the yield stress 
and the ultimate shear stress the cement paste samples. Zhang et al 
[43] investigated addition of polymer nano particles (PNPs) and 
polycarboxylate Superplasticizer (PCS) in fresh cement on rheological 
properties. Results showed that addition of PNPs and PCS decreased 
yield stress and plastic stress properties of the samples. 

Artificial neural networks (ANNs), known as an artificial intelligence 
tool, has recently been a popular tool used by researchers in many 
engineering applications. Colak et al. [44] has experimentally 
investigated the effect of high temperature on the flexural and 
compressive strength of mortars containing waste PET aggregates. 
Mortar samples prepared in 5 different concentrations with 2.5%, 5%, 
10%, 20% and 30% PET aggregate substitution in total were heated up 
to 100, 150, 200, 250, 300 and 400 °C. After waiting for 1, 2 and 3 hours 
at these temperatures, bending and compressive strength tests were 
carried out. It was observed that the bending strength and 
compressive strength values decreased with increasing temperature 
and PET aggregate amounts in all mixtures. An ANNs model was 
designed in order to predict bending and compressive strength values 
using experimental data. It has been seen that the developed ANNs 
model can predict the bending and compressive strengths with an 
average error of -0.51%. Fidalgo et al. [45] examined the effect of TiO2 
properties on band gap energy in their study. The data used in the 
study were taken from the literature for the development of ANNs 
topologies due to the system complexity. For this reason, the 
standards of the characterization techniques of band gap 
measurement and the optimization of experimental catalysis reports 
such as the effect of different crystal phases in a single material with 
the ANNs model were evaluated and it was stated that the ANNs 
model was an ideal tool. Jiang et al. [46] developed an ANNs model to 
estimate the photodegradation rate constants of organic pollutants in 
the presence of TiO2 nanoparticles in aqueous solution and 
ultraviolet irradiation. The ANNs model has been discussed with 
various factors affecting photodegradation performance such as 
ultraviolet density, TiO2 dosage, type of organic pollutant and initial 
concentration in water and initial pH of the solution. The ANNs model 
was developed with 446 data obtained from the literature. It was 
stated that the developed ANNs model showed good accuracy with 
0.173 root mean square error (RMSE). 

As mentioned in upper paragraphs, the use of nano powders as 
additives in cement-based grouts has noticeable effects on the 
rheological and fluidity properties of fresh grout matrices. However, 
these studies generally were conducted with different nano powders 
and lower w/b ratios. Any detailed experimental study has not been 
detected on how n-TiO2 will affect the fluidity properties of grouts 
such as plastic viscosity and yield stress at high w/b ratios. Also, no 
studies based on adding n-TiO2 to fresh grout mix have been done on 
the rheological properties of cement-based grouts combined with fly 
ash as a mineral additive. Therefore, the effects of n-TiO2 additions at 
different amounts by mass (0.0%, 0.3%, 0.6%, 0.9%, 1.2% and 1.5%) on 
rheological properties (plastic viscosity and yield stress) of cement-
based grouts incorporated with fly ash as mineral additive at different 
constitutes (0%-for control purpose, 5%, 10%, 15%, 20%, 25% and 30%) 
were investigated by using a statistical modeling approach and 
analysis of experiments in this study. 

2. Testing process 

2.1. Materials used in this study 
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In this experimental study ASTM C150 CEM II-42.5 (Type-II) Portland 
cement (PC) and fly ash obtained from Iskenderun-Turkey Iskenderun 
Sugözü Thermal Power Plant F-class fly ash (FA) used as Portland 
cement and mineral additives, respectively. Some physical and 
chemical properties of cement and fly ash are given in Table 1 were 
obtained from manufacturer companies of the samples. Size 
distribution of the cement and mineral additives are important 
parameter for rheological features of cement-based grouts. Hereby, 
particle size distribution curves of the Portland cement and fly ash 
used in experimental study shown in Figure. 1. According to curves 
in Figure 1 that the fly ash and Portland cement particle sizes are 
almost the same 1-100 microns range of sample particle sizes. 
According to sample results shown that range of particle sizes of fly 
ash has enhanced to the rheological features of cement-based grouts. 
The fact that the particle size of cement and fly ash is close to each 
other has contributed to ignoring the effects of the particle diameter 
of the fly ash substituted for cement. 
 
Table 1. Some Physical and Chemical properties of Portland Cement 
(PC) and Fly ash (FA). 
  

Chemical Analysis  CEM-I 42.5-R 
(Cement) (%) 

Fly ash (FA) (%) 

CaO 60.15 1.72 
SiO2 20.46 62.21 
Al2O3 7.78 21.15 
Fe2O3 3.09 7.29 
MgO 2.66 1.59 
SO3 2.33 0.15 
K2O 0.82 2.12 
Na2O 0.22 0.94 
TiO2 0.30 0.83 

Physical Analysis 

 

Loss on ignition 2.55 2.01 
Specific gravity 3.10 2.33 

 

 
Figure 1. The particle size distribution curves of Portland cement 

and Fly ash (FA). 

All particle size distribution of fly ash and Portland cement obtained 
from Master sizer machine using laser scattering method. Nano 
Titanium dioxide (n-TiO2) were used as additive nanoparticle powder 
in this experimental study. The SEM image of n-TiO2 used as nano 
additive in this work is shown in Figure 2. As can be clearly seen from 
the SEM images given in Figure 2, the nano sized TiO2 particles are 
arranged in a chain form in a geometry close to spherical. Due to its 
spherical structure, it has a large specific surface area. This caused 
this nanomaterial in the mixing matrix to be effective on the fluidity 
behavior. All these n-TiO2 nano particles were obtained by a 
commercial firm called as Nanografi company in Turkey. Some 
physical and chemical properties of these n-TiO2 are seen in Table 2 
and Table 3. These all properties were supplied by the commercial firm 
that sell these nano powders. 
 
 

Table 2. Material analysis results of TiO2 nanoparticle used in this 
experimental study 

Elemental Analysis Na Fe K Al 

Nano Titanium 
Oxide (n-TiO2) (%) 0.0076 0.0046 0.0085 0.0055 

 
 
Table 3. Some physical properties of n-TiO2 used in experimental 
study 

Physical properties n-TiO2 

Purity (%) 99.6 

Color White 

Average Particle Size (nm) 38 

Specific Surface Area (m2/g) 35 

Mass density (g/cm3) 0.4 

Density (kg/m3) 4100 

Weight Loss on Drying (%) 1.2 

Loss on ignition (%) 3.2 

pH 5.5-6.5 

 
 

 
Figure 2. The SEM image of n-TiO2 as nano additive used in this 

study. 

2.2. Preparing the samples and mix design 

The most important factor affecting the mechanical, durability and 
rheological properties of cement-based grouts is water to binder ratio 
(w/b).  All this study w/b ratio was defined as one. This w/b ratio is 
frequently used especially in permeation and jet grouting application 
in the geotechnical works. The effects of TiO2 Nano Particle Powder 
additions at different amounts by mass (0.0%, 0.3%, 0.6%, 0.9%, 1.2% 
and 1.5%) on rheological of cement-based grouts incorporated with fly 
ash as mineral additive at different constitutes (0%, 5%, 10%, 15%, 
20%, 25% and 30%) were investigated in this study. Here, fly ash is 
substituted for cement, while n-TiO2 is directly added to the mixture 
in a liquid form. 

There are some constraints using of nanoparticles in cement-based 
grout mixtures for ensuring uniform distribution of the samples. 
More uniform dispersion of nanoparticles in cement-based grout 
sample that will be more effective, efficient, and accurate 
experimental results [36–37]. One of the biggest problems in the use of 
nano particles in the other materials increasing the particle size by 
combining the nanoparticles called agglomeration. Therefore, to 
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control clustering of among nanoparticles and to preparing more 
uniform dispersion of nanoparticle in fresh aqueous cement-based 
grout samples, Ultrasonication method is widely used to explode with 
ultrasound wave the particles in the nanoparticle clusters [38-39]. 
Therefore, to prevent sedimentation of TiO2 nanoparticles in free 
water and to supply uniform distribution of TiO2 nanoparticles in 
water with help of removing of these nanoparticles from each other, 
Ultrasonication method was applied by using a Horn type Ultrasonic 
Homogenizer in this experimental study. Ultrasonication method 
keeps n-TiO2 particles suspended in water. The Ultrasonic 
Homogenizer device used in this experiment is shown Figure 3. 

 

Figure 3. The view of the Ultrasonicator used in the study 

 

Firstly, TiO2 nano particles added in 200 ml distilled water for the 
fresh cement-based grouts preparation process applying ultrasonic 
treatment for durations of 180 minutes. After dispersing process was 
completed, this aqueous nano fluid mixture was mixed to the cement-
based grout mixtures. Thereby, TiO2 nano particles mixed to add with 
the grout matrixes without any agglomeration and non-uniform 
dispersion. This preparation method of nano additive was applied to 
all cement-based grout samples. A standard rotary laboratory mixer 
that has 5-liter volume capacity was used for preparing the samples. 
To prepare the grout mix, first FA and cement as binders were mixed 
with water for 1 minute at 240 rpm. All addition of nano particles and 
fly ash in cement-based grout samples mixed to prepare with a 
standard rotary laboratory mixer. Firstly, preparing the grout 
samples, Fly ash and cement as binders were mixed with water for 1 
minute at 240 rpm. And then, mixer was stopped and then both 
binders were mixed for 1 minute by hand to obtain more homogenous 
mix. And then, cement-based grout was also mixed again with the 
mixer for 3 minutes at 240 rpm. Finally, fresh grout including n-TiO2 
and 200-ml water and prepared by Ultrasonic homogenizer, were 
dumped to cement-based grout sample and mixed again with 
laboratory mixer for one minute also. All experimental studies and 
tests conducted by keeping constant the room temperature and 
humidity respectively as 23 ± 3 oC and 55%-65%. 

 

2.3. Conducting of all rheological, workability and stability 
tests  

All experimental viscosity values of the cement-based grout samples 
were also obtained by using Coaxial Rotating Cylinder Rheometer test 
machine. Brookfield Viscometer DV2T shown in Figure 4.  

 

 

Figure 4. The view of viscosity test conducted in the study 

The average test time for a mix ratio was measured as roughly 12 
minutes after the start of mixing. Bleeding testing was also conducted 
for all mixtures to investigate the stability of the cement-based grout 
samples. Although the slippage effect was considered in a few past 
studies [47-48], this effect was not investigated because of using high 
shear rates in all experiments conducting for this study. Although 
slippage effect was reviewed in the past [47-48], this effect on the 
history of high speeds has not been investigated in all experiments 
for this study. The shear rates are selected between 12 s-1 and 760 s-1 

in order to observe the shear stress and apparent viscosity in a wide 
range. (See Figure 5).  

 

Figure 5. An example of shear rate versus apparent viscosity curve 
for one grout sample prepared in this study 
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Because of the rising and falling behavior of the grout material was 
observed during the rheology tests hence pre-sheared a method as 
previously heard was not considered necessary for our study (see 
Figure 6). There are many mathematical models to study determining 
the rheological parameters of grout matrices but choosing the most 
appropriate model is crucial to maintaining the true flow of mortar 
mixes [6,8]. The Bingham model does not provide reliable results for 
the dilatant flow behavior samples to determine the most common 
model for non-Newtonian fluids [49-50]. Modified Bingham analytical 
model was used to investigate on this study for reference grout 
samples because of it shows dilatant (shear-thickening) flow behavior 
(as shown in Figure 6). This mathematical model is expressed by a 
second order polynomial equation [50]. This mathematical model is 
defined as the following equation: 

 

Where, τ= shear stress (Pa), τ 0= yield stress (Pa), μ p= plastic viscosity 
(Pa.s), �̇ = shear rate (1/s) and c=constant. 

 

Figure 6. The showing of shear rate-shear stress curve for ascending 
and descending conditions to determine Modified Bingham model 

2.4. Developing of the ANNs Model for This Study 

Developed inspired by the biological structure of the human brain, 
ANNs are frequently used in many engineering applications recently 
[51]. ANNs have high capability compared to traditional models in 
simulating complex models that do not have a linear relationship 
between each other [52]. In the development of ANNs, firstly the data 
is optimized and then the ANNs model is trained using the obtained 
data. Prediction parameters are obtained after determining the ideal 
ANNs structure by analyzing the performance of the trained ANNs 
model. The flow chart of the ANNs model is given in Figure 7.  

 

Figure 7. Flowchart of the ANNs model [44]. 

In this study, an ANNs model has been developed to predict the plastic 
viscosity and yield stress of TiO2 nanoparticle doped cement-based 
grouts containing fly ash. In the ANNs model, the multi-layer 
perceptron (MLP) model, which is frequently used in the literature, has 
been preferred [53]. In MLP network models, there is an input layer 
where data entry is made, at least one hidden layer and an output 

layer where prediction results are obtained. In the hidden layer of the 
ANNs model, there is a computational element called the neuron. In 
the input layer of the developed ANNs model, TiO2 nanoparticle 
concentration (φ np) and fly ash concentration (φ FA) have been defined 
as input parameters, and plastic viscosity (μ) and yield stress (τ ) 
values have been obtained in the output layer. The mail configuration 
topology of the developed MLP network model is given in Figure 8.  

 

Figure 8. Main configuration topology of the ANNs model 

A total of 42 experimentally obtained data sets have been used in the 
training of the ANNs model, which has been developed to predict the 
plastic viscosity and yield stress of cement-based grouts containing 
TiO2 nanoparticle doped fly ash. Optimizing the data to be used in the 
development of ANNs models plays an important role in the 
prediction performance of ANNs models [54]. For this reason, the 
performances of different ANNs models developed by grouping 
experimental data differently have been analyzed and the grouping 
providing the highest performance has been used. 25 of the data have 
been used for the training of the ANNs model, 11 for the verification 
and 6 for the test phase. There is no fixed methodology used in 
determining the number of neurons to be used in the hidden layers of 
ANNs [55]. After optimizations with different neuron numbers, the 
most optimized model with 7 neurons in the hidden layer has been 
chosen. The basic structure of the developed ANNs model is shown in 
Figure 9.  

 

Figure 9. Basic structure of the ANNs model [44] 

Levenberg-Marquardt training algorithm, which is frequently used by 
researchers, has been used as a transfer function in the ANNs model 
[56]. The Tan-Sig function has been used as the transfer function in 
the hidden layer of the MLP network model, and the Purelin function 
in the output layer [57]. The transfer functions used are given below: 

(x) =
1

1 + exp (−x)
                                                                                              (2) 

purelin(x) = x                            (3) 

The mean squared error (MSE) and coefficient of determination (R) 
parameters have been selected to analyze the predictive performance 
of the developed ANNs model [58]. The equations used to calculate the 
MSE and R parameters are given below: 

MSE =
1
N
�(Xexp (i) − XANNs(i))2
N

i=1

                                                                      (4) 
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R

= �1 −
∑ �Xexp(i) − XANNs(i)�

2N
i=1

∑ �Xexp(i)�
2N

i=1

                                                                                                   (5) 

Analyzing the error rates between the predicted values obtained from 
the ANNs and the experimental data is another important parameter 
used in the performance analysis of ANNs. For this purpose, error 
rates of ANNs have been calculated and analyzed using the following 
equation [59]. 

Error Rate (%) = �
Xexp − XANNs

Xexp
� x 100                                                           (6) 

 

3. Results and discussions 

3.1. Materials used in this study 

The changes of plastic viscosity and yield stress values of the grout 
samples prepared with different addition proportions of n-TiO2 and fly 
ash (FA) amounts are shown in Figure 5 and Figure 6. As can be clearly 
seen from Figure 5, it is seen that the plastic viscosity changes 
behaviors of the samples prepared with and without fly ash are 
opposite to each other with increase of n-TiO2 content. While plastic 
viscosity decreases up to a certain amount of n-TiO2 (0.6%) for the 
grout samples prepared in different n-TiO2 substitutions without FA 
additives, it starts to increase again after this ratio is exceeded (see 
Figure 10). In other words, the smallest plastic viscosity (6,1 mPa.s) was 
obtained at a rate of approximately 0.6% n-TiO2 proportion for the 
grout samples prepared without addition of FA. This proportion is 
seen as the place where the fluidity is highest for these types of grout 
mixes prepared without FA. On the other hand, the behavior of grout 
samples prepared with FA and n-TiO2 additives shows different 
changes in plastic viscosity values. Plastic viscosity values of the 
grout samples obtained by addition of FA remarkably decrease with 
rising amount of n-TiO2. This indicates that the flowability of cement-
based grouts containing FA is significantly increased with the 
addition of n-TiO2. As can be clearly seen from Figure 10, it is 
understood that the mixture with the highest decrease is the mixtures 
with 15% fly ash. At same time, while it is observed that the plastic 
viscosity values of the n-TiO2 additive grouts with up to 15% of the FA 
additive ratio have increased significantly, a slight decrease is 
observed in the plastic viscosity values after this increase (see Figure 
10).  

ϕnp (%)
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Figure 10. The changes of plastic viscosity values of the grout 
samples prepared with different addition proportions of n-TiO2, and 

fly ash (FA) amounts 

 

According to Figure 11, using FA as a mineral additive in fresh grout 
samples has considerable effects on yield stress changes. Yield stress 
of fresh grout mixtures increases with respect to increase amount of 
FA content in all grout mixtures with different proportions of n-TiO2 
as shown in Figure 11.  

The lowest yield stress values were measure in the grout samples 
prepared by addition of 20% FA for all n-TiO2 contents. All results 
show that the usage of FA as a mineral additive in cement-based 
grouts has improved the yield stress value of the samples. Because of 
having very low specific surface area, n-TiO2 addition to the grout 
samples has increased the yield stress values incrementally. Since n-
TiO2 has such a low specific surface area, the water requirement of the 
grout matrix tends to increase. Therefore, this situation causes 
increasing of cohesion, in other words yield stress. 
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Figure 11. The changes of yield stress values of the grout samples 
prepared with different addition proportions of n-TiO2, and fly ash 

(FA) amounts 

The training performance of the MLP network model developed in 
Figure 12 can be seen. In the graph, the changes of the MSE values 
obtained from the training, validation, and test stages of the ANNs 
model according to the epoch numbers are shown. MSE value, which 
has a high value at the beginning of the training phase of the ANNs 
model, decreases in the later epochs and reaches its ideal value in the 
7th epoch. In the period when errors have been minimized, training 
of ANNs model has been completed.  

 

Figure 12. Training performance of the ANNs model 

The training status of the ANNs model developed in Figure 13 is 
shown. The graphs show the change in the gradient coefficient 
according to the number of epochs. In the graphs, the proximity of the 
final values of the gradient coefficient to zero is evident. However, it 
is also seen that the minimum gradient coefficient values continue to 
decrease with increasing epochs. The errors obtained from the ANNs 
model reached the ideal values after repeated testing and the training 
phase has been ended in this way. These outputs obtained from the 
training processes of the ANNs model show that the training process 
of the MLP network model has been ideally completed. The error 
histogram of the ANNs model developed in Figure 14 is shown. 



Celik et al. Cement Based Composites 1 (2022) 5624 
 

   

 7 

 
 

Analyzing error histogram graphics is important in determining the 
prediction performance of ANNs. When the graph is considered, it is 
seen that the numerical values of the difference between ANNs 
predictions and target data are quite low. However, it is also seen that 
the error values obtained from each data set used in the training of 
the ANNs model are located close to the zero-error line. This situation 
of the error histogram graph confirms that the developed MLP 
network model has been designed with low and acceptable error rates. 

 

Figure 13. Training state of the ANNs model 

 

Figure 14. Error histogram of the ANNs model 

Figure 15 shows the change of plastic viscosity according to TiO2 
nanoparticle concentration for each fly ash concentration. While TiO2 
nanoparticle concentrations are located in the x-axes of the graphs, 
there are plastic viscosity values in the y-axes. When the graphics are 
examined, it is seen that the predicted values obtained from the ANNs 
model are compatible with the experimental plastic viscosity values. 
The proximity of the data points to each other shows that the 
developed ANNs model can predict plastic viscosity values with 
acceptable error rates. In Figure 16, for each fly ash concentration, the 
variation of yield stress according to the TiO2 nanoparticle 
concentration is given. It is clearly seen in the graphs that the yield 
stress predicts obtained from the ANNs model are compatible with the 
experimental yield stress values. This perfect agreement of the data 
points obtained from the ANNs model, and the data points obtained 
from the experimental data is the proof that the values obtained from 
the developed ANNs model are of high accuracy.  

Figure 15. Change of plastic viscosity according to TiO2 nanoparticle 
concentration for each fly ash concentration. 

Figure 16. Change of yield stress according to TiO2 nanoparticle 
concentration for each fly ash concentration. 

Figure 17 shows ANNs predictions and experimental data for each 
data point used in the development of ANNs model. In the graphs, it 
is clearly seen that ANNs predictions and experimental data are 
located very closely for each data point. This ideal agreement of the 
ANNs outputs obtained from each point and the experimental data 
confirms that the developed ANNs model can predict the plastic 
viscosity and yield stress of cement-based grouts containing TiO2 
nanoparticle doped fly ash with ideal accuracy. 
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(a) 

 
(b) 

Figure 17. Experimental and ANNs prediction a) Plastic viscosity b) 
Yield stress 

Figure 18 shows the error rates between the predicted values obtained 
from the ANNs model and the experimental data for each data point. 
When the error rates calculated for each of the 42 data sets used in 
the development of the ANNs model are analyzed, it is seen that the 
data points are generally located close to the zero-error line. The 
developed ANNs model has been able to predict the plastic viscosity 
of cement-based grouts with TiO2 nanoparticle doped fly ash with an 
average error rate of -1.04% and the yield stress with an average error 
rate of 0.02%. These error rates show that the ANNs model has been 
developed to ideally predict the plastic viscosity and yield stress of 
the TiO2 nanoparticle doped cement-based grouts with fly ash. While 
there are experimental data on the x-axis of Figure 19, on the y-axis 
there are predictive values obtained from the ANNs model. 
Considering the location of the data points, it is seen that it is 
generally located near the equality line. The fact that the data points 
are located close to the equality line is another proof that the 
predicted values obtained from the ANNs model are in ideal harmony 
with the experimental data, which are the target values. Performance 
data obtained from each stage of the developed ANNs model are given 
in Table 4.  

 
(a) 

 
(b) 

Figure 18. Error rates for the ANNs model a) Plastic viscosity b) Yield 
stress 

 
(a)  

 
(b) 

Figure 19. Experimental results vs ANNs predictions a) Plastic 
viscosity b) Yield stress 
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Table 4. Performance parameters of the ANNs model 

  Samples MSE R 

Training 25 6.47E-02 0.99609 

Validation 11 4.56E-02 0.99714 

Test 6 7.42E-02 0.99431 

All 42 6.15E-02 0.99585 

 

4. Conclusions 

Some important critical conclusions that can be drawn from the 
experimental study are shown below. 

1.The smallest plastic viscosity (6,1 mPa.s) was obtained at a rate of 
approximately 0.6% n-TiO2 proportion for the grout samples prepared 
without addition of FA. This proportion is seen as the place where the 
fluidity is highest for these types of grout mixes prepared without FA. 

2.Plastic viscosity values of the grout samples obtained by addition of 
FA remarkably decrease with rising amount of n-TiO2. This indicates 
that the flowability of cement-based grouts containing FA is 
significantly increased with the addition of n-TiO2. 

3.Using FA as a mineral additive in fresh grout samples has 
considerable effects on yield stress changes. Yield stress of fresh grout 
mixtures increases with respect to increase amount of FA content in 
all grout mixtures with different proportions of n-TiO2. 

4.All results show that the usage of FA as a mineral additive in 
cement-based grouts has improved the yield stress value of the 
samples. 

5.Because of having very low specific surface area, n-TiO2 addition to 
the grout samples has increased the yield stress values incrementally. 

Since n-TiO2 has such a low specific surface area, the water 
requirement of the grout matrix tends to increase. Therefore, this 
situation causes increasing of cohesion, in other words yield stress. 

6.The developed ANN model has been able to predict the plastic 
viscosity of cement-based grouts containing TiO2 nanoparticle added 
fly ash with an error rate of 0.2% to 4.84%, and the yield stress with 
error rates varying between -0.38% and 4.51%. These results showed 
that ANNs are an ideal tool that can be used to predict the plastic 
viscosity and yield stress of cement-based grouts containing TiO2 
nanoparticle doped fly ash. 
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