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Abstract
The present research investigates the usefulness of NT as a �ller ingredient and its in�uence on the
reduction of chloride ion diffusivity (Deff) in mortar. The �ow of Cl−ions or �ux through the mortar is
in�uenced by the concentration of NT in the material; as NT content increases, �ux decreases, indicating a
delay in ion migration. There is a negative correlation between the concentration of NT and the diffusion of
Cl−ions in the anolyte chamber; the control specimen demonstrates the greatest diffusion. The sample
containing NT exhibits a notably reduced diffusion of Cl-ions in comparison to the control sample,
indicating a decline in the mobility of Cl-ions in both chambers. Maximum compressive strength of mortar
on 3, 7, 28, 56 and 90 days was obtained at 1.5% replacement as also evident from the microstructure at
28 days. The Grey ranking proposed that the control mix has the lowest rank of Deff and decreased with
decreasing NT replacement. It is concluded that the Taguchi-based grey relational analysis method is an
extremely useful instrument for optimizing such experimental studies. Grey relationship coe�cients affect
resource utilization, energy e�ciency, and cost-effectiveness; hence this study could increase process
e�ciency.

Introduction
The corrosion of steel in concrete that is caused by chloride is one of the most common factors that
contribute to the deterioration of reinforced concrete structures. In particular, the design and construction
of structures that will be developed in maritime environments require a distinct evaluation of chloride
permeability since it is such an important characteristic that it must be analyzed individually [1]. In
addition to capillary suction and absorption, ion diffusion in water is another method by which chlorides
are introduced into concrete. This could lead to a signi�cant concentration of chloride ions on the surface
of the reinforcing steel if the in�ltration process is repeated or carried out over an extended period of time
[2]. As the reinforcing steel is subjected to alternating wetting and drying, or freezing and thawing, it
becomes increasingly apparent that salts are making their way towards the steel. Due to the fact that the
concrete is susceptible to movement and the accumulation of harmful components, the cyclic action
makes the durability di�culties even more challenging [2]–[4].

The incorporation of �ne �llers has the effect of hastening the hydration process of cement [5]. When �ne
powders of limestone, quartz, silica fume, and pulverized �y ash are applied at a maximum cement
replacement level of 15%, it has been established that the application of �ne powders of limestone, quartz,
silica fume, and pulverized �y ash can reduce the amount of time it takes for cement to hydrate [6].

Fine �llers, on the other hand, have the potential to in�uence the dimensional stability of a cement mix by
causing the cementitious material to shrink [7], [8]. Researchers observed an increase in chemical
shrinkage after the addition of �ne �llers to cement paste by the researchers. According to the �ndings of
earlier investigations [9], the addition of "coarse" particles to cement pastes did not reduce the amount of
chemical shrinkage that occurred when compared to the addition of OPC mixes. As a consequence of this,
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the particle size of the �ller that is added to the cement can be optimized in order to hasten the hydration
process while having a minor effect on the dimensional stability of the cement system [10].

It is necessary to do a study that is only focused on the impact that chemically inert �llers have on the
hydration of cement because there is an increasing interest in inert additives to cement, such as titanium
dioxide (TiO2). In recent years, nano-particles have garnered a lot of interest, and the different forms that
they can take have proven to be highly effective in enabling the construction of concrete that is stronger,
more durable, and has better mechanical properties [11].

Recently, a number of researchers [11–14] have developed cement-based or asphalt-based concrete that
incorporates TiO2 nano-particles (NT) in order to either boost the longevity of the concrete or to impart
certain qualities that are desirable. There has been a signi�cant amount of interest in the inclusion of NT
into cement-based products [15]. This is because NT is environmentally friendly, has a high catalytic
activity, and is inexpensive.

On the other hand, the fact that its impacts on the characteristics of cement-based materials were
acknowledged was not even close to being su�cient. However, despite the fact that absorption is the
primary mechanism of chloride transport in near-surface unsaturated concrete, the concentration of
chlorides in this layer makes it possible for chlorides to diffuse deeper into the concrete [16]. As a
consequence of this, transport of chloride ions is mostly accomplished by the process of diffusion at
greater depths. Several different test protocols are available for the purpose of assessing the resistance of
concrete to chloride intrusion. Each of these procedures offers either a chloride ion diffusion coe�cient or
an index of concrete resistance to chloride ion penetration [17].

Diffusion cells or immersion in a solution are utilized in order to evaluate the diffusivity of porous
materials such as mortar. This evaluation is carried out on the assumption of steady-state chloride ion
diffusion across the cement paste specimen, as stated by Fick’s �rst law, or non-steady-state diffusion over
the mortar specimen, as stated by Fick’s second law [3]. When discussing the process of chloride ion
diffusion in concrete, the term "non-steady state diffusion" refers to the period of time during which the
ions are transported while simultaneously being attached to the cement phases. On the other hand, the
term “steady state diffusion” refers to the period of time during which the �ow remains constant [18]. To
achieve results, however, the methods that have been recommended are time-consuming and can take
several months or even years to complete, particularly in the case of high-performance concretes. The
problem of being time consuming has been solved by employing an electrical �eld to speed up the
movement of chloride ions. This has made it possible to shorten the testing period from a number of
months to a few hours [19].

The resistance of concrete to penetrating chloride ions has been evaluated by the use of migration tests in
a number of researches [20–22]. These tests were initially utilized to evaluate penetration based on the
total penetrated load, as stated by ASTM C 1202/1992 [23], and to estimate the diffusion coe�cient under
steady-state conditions, as recommended by Andrade [21]. Both of these objectives were accomplished
through the utilization of these tests. In recent years, a number of publications have utilized migration
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studies in non-steady-state environments in order to derive the diffusion coe�cient [3, 18], [24]. The
process and settings of these tests may vary depending on the reason for which they are being conducted;
nonetheless, they are all based on the induction of ion mobility under the in�uence of an external electric
�eld [19].

Indirect correlations may exist between the results of different chloride diffusion coe�cient measurements
[25], even though the data from different methods cannot be directly compared. This is the case even if the
�ndings from different methods cannot be directly compared to one another. The ionic species in the pore
solution can be transported through the interconnected pore network of concrete, which follows the Nernst-
Plank equation [3] as described in Eq. (1)

Nernst-Planck

Total �ow = Diffusion + Migration + Convection

1

where Jj (x) is the ionic �ux of species j (mol/cm2/s), Dj is the effective diffusion coe�cient of species j in

the concrete (cm2/s), Cj is the concentration of species j in the pore solution as a function of location x
(mol/cm3), Zj is the valence and V(x) is the convection velocity of the ionic species i (cm/s), F is Faraday’s
constant (96487 C/mol), R is the universal gas constant (8.314 J/mol/K), T is the absolute temperature (K)
and E is the electrical voltage (V). The ion movement under the concentration gradient, which is governed
by Fick's �rst rule, the ion movement driven by the electrical potential, and the ion convection under the
pressure gradient, density difference of �uid, and so on, each item in Eq. (1) has its own transportation
method [4]. The concentration and pressure gradients are minimal in an electrically accelerated chloride
diffusion test, and the mobility of the chloride ion is only controlled by the electrical �eld.

There is special case of Nernst Planck Equation, which uses electrolyte equivalent conductivity as the main
parameter, which follows Nernst-Einstein [3] equation as described in Eq. (2)

Nernst—Einstein:

2

where i is the current density travelling through or applied between electrodes (A/cm2), and tj denotes the
number of species transferred. In order to make both equations useful for the speci�c example of chloride

−J j (x) = D + DjCj + CjV (x)
∂Cj (x)

∂x
ZjF

RT

∂E (x)
∂x

= DjCj

itj

ZjF

ZjF

RT

∂E (x)
∂x
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transport in concrete, simplifying assumptions were provided. In a typical 'diffusion cell,' the effective
chloride diffusion coe�cient Deff was calculated using the following formulas.

Nernst— Planck :

Deff =  (3)

Where,

l is the concrete disc thickness (cm)

 is the chloride �ow (mol/cm2 per s)

γ is the activity coe�cient.

Nernst—Einstein

Deff =  (4)

Where,

tcl is the transference number of chloride ions;

A is the cross-sectional area of concrete disc (cm);

z = ion valence (chlorides = 1);

F = Faraday's constant (23063 cal/volt.eq);

R = gas constant (1.9872 cal/mol.K);

Ccl = concentration of chlorides in the catholyte (mol.cm–3);

γ = activity coe�cient of the catholyte solution (Cl– = 0.657) and

 = effective applied voltage (9 V

Taguchi Method
The Taguchi method was devised by Genichi Taguchi in the 1950s as a technique for optimizing
processes. The Taguchi technique of experimental design guarantees an effective, uncomplicated, and
methodical approach to optimizing experimental designs for cost and performance quality. The Taguchi
technique prioritizes design above the manufacturing process in quality control and aims to prevent
production modi�cations before they occur [26–28]. Taguchi devised standard orthogonal arrays that
enable the e�cient evaluation of various parameters and their impact on the variability of a certain

RTlJCl

ΔEZClFγCCl

JCl

RT

nF 2

itCl

ΔE

1
A

1
γZClCCl

ΔE
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product or process features. This can be achieved by a minimal number of tests conducted
simultaneously. Subsequently, a loss function is established to calculate the discrepancies between the
anticipated outcomes and the test �ndings. The loss function is also converted into a signal-to-noise (S/N)
ratio, denoted as η [29]. Typically, there are three signal-to-noise options available, depending on the type of
characteristic: higher-the-better (HB), nominal-the-better (NB), and lower-the-better (LB). When the objective
of the work is to maximize a response HB is selected; when objective is to target the response NB is
selected, while when aim is to minimize the response LB is selected.

In this paper, the major governing factors, which in�uence the effective diffusivity (Deff) of chloride ions in
mortar, were analyzed. These include the percentage of NT, conductivity (mS/cm) and time (in mins.) when
the conductivity was measured. The NT % used in these experiments were 0, 0.5%, 1.0%, 2.0%, 2.5% and
3.0%. The values of conductivity depended on the time at which the readings were taken. This time was
�xed as 0, 15 min, 30 min, 45 min, 60 min, 75 min, 90 min and 105 min. This was in accordance to the
recommendations by Andrade [3]. Thus, the objectives of the current research include, obtaining the Deff

values for mortar containing NT in various percentages; establish the Taguchi based Grey Relational
model for Deff of chloride ions using three control factors, i.e., (1) NT percentage (2) time (mins.) (3) and
conductivity (mS/cm) and provide Grey Relational ranking for the data. Further, the average compressive
strength of mortar were investigated up to 90 days and correlation was drawn between he obtained
compressive strength and the microstructure of samples at 28 days.

Experimental Method
Sample Preparation:

Cement mortars were poured into cylinder moulds measuring φ 25 mm by 100 mm. Three specimens were
used to produce each combination. The cylinder mould was taken out after 24 hours, and all of the
specimens were cured for 28 days in water at 23 ± 2°C.

Cell type
Figure 1 shows the schematic of the cell used to calculate the diffusivity coe�cient of Cl-ions. This test is
comparable to those recommended by ASTM C-1202 [30], AASHTO T277 [31], Nord Test NT Build 492 [20],
and numerous other researchers [21], [22], [24], [32]. Over the course of the studies, a constant potential of
9 V was maintained. This is low enough to prevent unintended heating but high enough to greatly speed
up the process. It is presumed that there was no voltage drop across the two chambers' liquid. 0.1 M NaCl
was used in the catholyte chamber and 0.3 M NaOH in the anolyte chamber. This was in line with the
recommendations made by Andrade 1994 [24] and Whiting [1].Each chamber's solution volume remained
constant at 200 millilitres. Andrade et al. [24] proposed that it is possible to achieve any solute
concentration. It was also suggested that the analysis make advantage of the ions' activity.
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On the other hand, diluted solutions result in low driving power and consequently contribute to
inaccuracies, whereas concentrated solute solutions should not be utilized as they diminish activity [21].
However, in this instance, the 0.3M NaCl activity coe�cient was 0.657.

Parameters measured
The parameters which need to be monitored during the entire process are the conductivity in the anolyte
and catholyte. In order to have a comprehensive understanding of the diffusion/migration process, other
parameters such as current density, chloride reduction in catholyte and both resistivity and conductivity of
anolyte and catholyte were recorded. These measurements were taken at every 15 min up to 105 min.

Mortar Characteristics
Ordinary Portland cement (OPC), according to the IS 2386 − 1963(Revision 2016)[33] was used in all the
tests. Standardized sand was used to prepare the mortar in the ratio 1:3 with w/b ratio as 0.46. The
physical properties of cement are reported in Table 1. For each test (i.e. for 0% NT, 0.5% NT, 1% NT, 1.5% NT,
2.0 % N and 3% NT) three duplicate samples were cast and cured for 28 days at 25°C. The average values
of these samples are considered in the current work. Sand con�rming to Zone III and complying IS: 383–
2016[34] was used. The diameter of mortar specimen taken for measurements is 2.5 cm. The length of the
specimen is 5 cm for all the experiments in order to achieve non-steady state.

Table 1
Physical Properties of OPC (53 grade)

Fineness
(%)

Le Chatelier
Soundness (mm)

Speci�c
Gravity

Consistency

(mins.)

Setting Time
(mins.)

Compressive
strength (MPa)

    IST FST 3
Day

7
day

28
days

2.24 8.1 3.15 30 99 225 27.4 41.3 57.7

Water:
Municipally supplied portable tap water free of organic impurities, as con�rmed by IS: 456–2000 [35] and
IS: 10500:2012 [36], was used for mixing and curing all concrete mixes. The tap water characteristics are
presented in Table 2.
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Table 2
Tap water characteristics

S.No. Parameter Value Unit

1 Chloride 158 mg/l

2 pH 7.3 -

3 Fluoride 0.42 mg/l

4 Dissolved Oxygen 9.18 mg/l

5 Chemical Oxygen Demand 0 -

6 Biological Oxygen Demand 0 -

7 Free Residual Chlorine 0.13 mg/l

Nano Titanium Dioxide
NT was procured from Khammam, Telangana's Nano Wings Pvt. Ltd. Based on the speci�cations provided
by IS: 2386 Part III- 1963 [33], it was determined that the �neness modulus was 3.12. The other
physiochemical features of NT that are pertinent to the discussion are listed in Table 3.

Table 3 Properties of NT  

S.No Properties Obtained Values Units

1

2

3

4

5

6

Type

Diameter

pH

Surface Volume Ratio

Density

Purity

TiO2 (rutile)

10–20

6.7

163

3.74

> 99.9%

-

nm

-

m2/g

g/cm3

Results and Discussion
In this section the average compressive strength of mortar samples on 3, 7, 28, 56 and 90 days are
discussed �rstly and the obtained results are correlated to the microstructure of samples. Next, a brief
discussion on the diffusivity test, which includes cumulative chloride ion concentration and results of
effective diffusivity, is presented. Further, based on the obtained experimental results, Taguchi Grey
analysis is done.
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Compressive Strength and microstructure of Mortar incorporating NT
The average compressive strength of cement mortar on 3, 7, 28, 56 and 90 days are shown in Fig. 2 with
NT% varying from 0, 0.5%, 1.0%, 1.5%, 2.0%, 2.5% and 3.0% respectively. The seven days average
compressive strength of cement mortar for 0, 0.5%, 1.0%, 1.5%, 2.0%, 2.5% and 3.0% of NT were 17.53,
18.67, 20.32, 22.98, 21.34, 19.64 and 15.65 MPa respectively. Similarly, at 28 days these values were
26.65, 29.11, 31.02, 33.29, 30.12, 29.10 and 24.47 MPa respectively. It is seen that as the percentage of NT
increases, the compressive strength increases up to 1.5% NT then starts to decrease. Signi�cant
improvement in strength is seen from 3 to 7 days and from 7 to 28 days. After 28 days, the improvement in
strength is found to reduce.

Some of the possible explanations for the increase in strength of up to 1.5% of NT include the in�uence of
nominal pozzolanic activity of NT and the �ller effect [37–39]. Both of these factors could be responsible
for the improvement. The qualities of the NT also have an effect on the type of cement paste that is
generated as well as the interfacial transition zone, both of which have an impact on the tensile strength of
the material. Similar reasons were reported by Rawat et al.[37]which reported the compressive strength of
concrete incorporating NT at similar replacement levels.

To gain a better understanding of the morphology of concrete containing NT and to provide a suitable
explanation for the strength gain mechanism and to obtain a rationale for the maximum strength at 1.5%
NT, micro-characterization of the mortar samples at 28 days was carried out. Hitachi S-3400N SEM, was
utilized in order to investigate the microstructure. The examination of samples was conducted using a
probe diameter of 2 micro-metres, an accelerating voltage of 15 kilovolts, and a probe current of 50 nano-
amperes. It has been estimated that the SEM measurements result in an inaccuracy of around ± 2 at. %.
The microstructure of cement mortar incorporating various percentages of NT is presented in Fig. 3 at a
constant magni�cation of 10 µm. A homogeneous mix is seen in most part of Fig. 3(a) indicating
continuous and rich C-S-H gel. This is the SEM Back-scatter image of the control mix (i.e. mix containing
0% NT).

Figure 3 (b-g) shows the SEM Back-scatter image of concrete containing 0.5%, 1.0%, 1.5%, 2.0%, 2.5% and
3.0% NT respectively. Spherical tiny particles of NT uniformly dispersed, can be clearly seen in all the
images. Further, as the NT replacement increases, minute micropores can be seen. Figure 3 (d) represents
the microstructure of mortar containing 1.5% NT, which appears to be dense and the pores and NT are
uniformly dispersed throughout. As the NT replacement increases to 2% (Fig. 3(e)) the size of the pores
increases. This increase is further more in 2.5%NT (Fig. 3(f)). At a replacement level of 3%NT (i.e.
Figure 3(g)), micro-cracks are visible clearly. Based on the above discussion, it is evident that the structural
behavior of the mortar is largely governed by the presence of pores and micro-cracks. The higher the pores
and micro-cracks, lesser is the average compressive strength. This provides a possible explanation of
1.5%NT replacement to be the optimal value in case of cement mortar.

Cumulative Cl ion concentration in Anolyte
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Figure 4 shows the total chloride concentrations in the anode cell for various mixes. It was discovered that
the cumulative chloride concentration in the anode cell of three duplicate samples demonstrated good
reproducibility for a given percentage of NT. When chloride reaches steady state diffusion, linear regression
is used to determine the Δca/Δt (slope). When the measured cumulative chloride concentration was more
than 0.1 g/L, the steady state diffusion starting point was identi�ed in this study [37]. Figure 4 shows the
steady state diffusion starting time. Figure 4 shows a very strong association between the steady state
diffusion starting time point and the percentage of NT. Because there are fewer pores in the microstructure
as the percentage of NT increases, the steady state diffusion beginning time increases as well [4].
Diffusion reaches a steady state later as a result. Figure 2 shows the anode cumulative chloride
concentration for the linear regression result for each of the three duplicates of each mixture. Given that
the low w/c cement mortar samples have a denser bulk than the high w/c cement mortar samples, it is
reasonable logical that the regression slope (Δca/Δt) declines with the reduction of w/c, indicating a lower
chloride diffusion coe�cient for a lower w/c cement mortar sample [37].

Diffusion test:
Figures 5 shows the averaged values of Deff vs time t in anolyte and catholyte for two identical migration

tests. As expected, the diffusivity coe�cient values are more in control mix (typically of the order 10− 13

cm2/s) in case of anolyte and catholyte [27]. As the percentage of NT increases, the pores in the mortar are
reduced due to the �ller effect and improved microstructure thereby reducing the migration of Cl−ions [19].
The percentage reduction of diffusivity values between control mix and mortar containing 1 %NT and2 %
NT an 1 % NT an 3 % NT at15 min is 33.18 % and 2.14 % respetively. At the end of the experiment, i.e. at
105 min, these values are 43.82 % and 2.3 %. Also as the time increases, the effective diffusion coe�cient
decreases for all the samples. It is clearly seen that for samples 2% NT and 3% NT the diffusivity
coe�cients are signi�cantly less, typically of the order of 10− 14 (cm2/s). Further, Deff values for anolyte
and catholyte are less upto nearly 30 min for all the samples, after which the variations are more
predominant.

Optimization using Taguchi based grey relational analysis
A contemporary mathematical technique for factor analysis in a system is grey relational analysis [40, 41].
It is always employed to rank the components according to importance and assess each one's signi�cance
within a particular system. The essential idea behind it is assessing the

degree of resemblance determined by relevance calculations for a data series. Higher similarity
corresponds to increased signi�cance. GRA is used in the current research to obtain the best combination
of NT (%), time (mins.) and conductivity (mS/cm) for effective diffusivity (cm2/s).

The original dataset, D, is formed in the sequence:
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5

Here, the original data value of the index k at solution i is represented by . Further, the value of m in this
work is 29, while the value of n is 3 (i.e. NT (%), time (mins.) and conductivity (mS/cm). The NT (%) and
conductivity (mS/cm) are considered as smaller the better; while time (mins.) is considered as larger the
better. Hence, the normalization is now carried out using the following equations:

6

for larger the better response (i.e. for time) and

7

for smaller the better response NT (%) and conductivity (mS/cm).

Thus, the C matrix is formed as below:

C  (8)

Next, the deviation sequence is obtained as,

9

10

D =

⎡
⎢ ⎢ ⎢ ⎢ ⎢
⎣

d1
1 d1

2 ⋯ d1
n

d2
1 d2

2 ⋯ d2
n

⋮ ⋮ ⋮
dm1 dm2 ⋯ dmn

⎤
⎥ ⎥ ⎥ ⎥ ⎥
⎦

dik

C
i
k =

dik − min(dik, i = 1,2 … … .29)

max(dik, i = 1,2 … … .29) − min(dik, i = 1,2 … … .29)

C
i
k =

max(dik, i = 1,2 … … .29) − dik

max(dik, i = 1,2 … … .29) − min(dik, i = 1,2 … … .29)

=

⎡
⎢ ⎢ ⎢ ⎢ ⎢
⎣

c1
1 c1

2 ⋯ c1
n

c2
1 c2

2 ⋯ c2
n

⋮ ⋮ ⋮
cm1 cm2 ⋯ cmn

⎤
⎥ ⎥ ⎥ ⎥ ⎥
⎦

Δ0i (k) = ∥ x∗
0 (k) − x∗

i (k) ∥

Δmax = maxmax∥ x∗
0 (k) − x∗

j (k) ∥
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11

The identi�cation coe�cient ζ is considered in the range 0–1. In the present work this value is taken as
0.50. The relation between the ideal and actual normalized experimental results is �nally expressed in
terms of Grey relational coe�cient using the formula:

12

Δmin = minmin∥ x∗
0 (k) − x∗

j (k) ∥

ζi (k) =
Δmin + ζΔmax

Δ0i (k) + ζΔmax
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Table 4
Taguchi Grey relational Calculations

Input Output Taguchi Grey Calculations

NT
%

time
(min)

Conductivity
(mS/cm)

Deff(cm2/s)
x 10− 13

Deviation
Sequence

Grey
relational
coe�cient

Grey
Rank

Average
value of
Grey
Rank

Final
Grey
Rank

0 15 2.88 8.09 1 0.333333333 25 39 VII

0 30 2.74 7.77 0.959804 0.342511724 34

0 45 2.57 5.04 0.6168823 0.447674746 35

0 60 2.23 4.87 0.5955282 0.456400848 42

0 75 2.11 3.88 0.471172 0.514841881 43

0 90 2.09 3.41 0.4121342 0.54816498 44

0 105 2.08 3.32 0.400829 0.555044272 47

0.5 15 2.69 7.23 0.8919734 0.359202274 23 38 VI

0.5 30 2.51 6.16 0.7575681 0.397592768 30

0.5 45 2.36 5.59 0.6859691 0.421596145 37

0.5 60 2.28 4.68 0.5716619 0.466565082 41

0.5 75 2.17 3.67 0.4447934 0.529216247 40

0.5 90 2.11 3.45 0.4171586 0.545161953 45

0.5 105 2.08 3.41 0.4121342 0.54816498 48

1 15 2.61 5.87 0.7211406 0.409453274 18 34 V

1 30 2.42 5.03 0.6156262 0.448178799 27

1 45 2.33 4.64 0.5666374 0.468762881 33

1 60 2.21 3.99 0.4849893 0.507619716 36

1 75 2.18 3.19 0.3844994 0.565291486 38

1 90 2.14 3.01 0.3618892 0.580120965 39

1 105 2.13 3 0.3606331 0.580967671 46

1.5 15 2.57 3.88 0.471172 0.514841881 13 26 IV

1.5 30 2.46 3.03 0.3644015 0.578434934 24

1.5 45 2.31 2.65 0.3166688 0.612243328 26

1.5 60 2.24 2.11 0.2488381 0.667701082 28
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Input Output Taguchi Grey Calculations

NT
%

time
(min)

Conductivity
(mS/cm)

Deff(cm2/s)
x 10− 13

Deviation
Sequence

Grey
relational
coe�cient

Grey
Rank

Average
value of
Grey
Rank

Final
Grey
Rank

1.5 75 2.14 1.85 0.2161789 0.69814961 29

1.5 90 2.04 1.63 0.1885442 0.726169844 31

1.5 105 2.01 1.61 0.1860319 0.728829076 32

2 15 2.38 1.74 0.2023615 0.71188411 4 15 III

2 30 2.25 2.26 0.2676799 0.651313098 17

2 45 2.19 0.647 0.0650672 0.884850506 12

2 60 2.02 0.322 0.0242432 0.95375584 14

2 75 1.95 0.345 0.0271323 0.948528536 16

2 90 1.89 0.356 0.028514 0.946048723 20

2 105 1.87 0.352 0.0280116 0.946948971 22

2.5 15 1.89 0.363 0.0293933 0.944477399 2 11 II

2.5 30 1.74 0.649 0.0653184 0.884457283 5

2.5 45 1.62 0.549 0.0527572 0.9045563 8

2.5 60 1.53 0.449 0.040196 0.925590048 11

2.5 75 1.42 0.129 0 1 10

2.5 90 1.37 0.649 0.0653184 0.884457283 19

2.5 105 1.32 0.641 0.0643135 0.886032276 21

3 15 0.96 0.322 0.0242432 0.95375584 1 7 I

3 30 0.9 0.417 0.0361764 0.932528991 3

3 45 0.67 0.647 0.0650672 0.884850506 6

3 60 0.56 0.762 0.0795126 0.862793974 7

3 75 0.51 0.747 0.0776284 0.865608351 9

3 90 0.48 0.971 0.1057656 0.825401763 15

Table 4 shows the, time and conductivity values used in the calculation of Taguchi Grey Relational ranking
for various %NT replacement. The output in the calculation was effective diffusivity. The deviation
sequence, Grey relational coe�cient and Grey ranks are also shown in Table 4. The �nal ranking is
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obtained based on the values of average ranks for a given NT percentage. Calculations of the grey
relational coe�cient are performed for every possible combination of input and output elements. Higher
levels of performance are indicated by deviation sequence values that are smaller. For every possible
combination, the Grey Rank and the average value of the Grey Rank are then computed. to rank the
combinations, their grey relational coe�cients are taken into consideration. Once the average grey rank for
each NT level has been taken into consideration, the �nal grey rank may then be established. Generally
speaking, the time, conductivity, and diffusion coe�cient all decrease as the magnitude of NT increases.

At the given factors, the best performance is seen with 3% NT replacement. When it comes to time,
conductivity, and diffusion coe�cient, intermediate values of NT demonstrate a performance that is
modest. In general, the performance of time, conductivity, and diffusion coe�cient diminishes as the value
of NT increases. The �nal grey ranks can be utilized to determine the ideal combination of input and
output factors that need to be considered. In terms of performance, the lowest grey rank is related with the
best performance. Taking into consideration the lower grey rankings in the �nal ranking, it is likely that the
ideal conditions for the procedure are related with NT = 3.0% and other particular input parameters.

Conclusions
The current paper investigates the effectiveness of Nano-titania (NT) as a �ller material and its impact on
reducing the diffusivity (Deff) of chloride ions in mortar. The concentration of NT in the material in�uences

the �ow of Cl− ions or �ux through the mortar, resulting in a decrease with increasing NT content,
indicating a delay in ion migration. Increasing the amount of NT correlates with a decrease in the diffusion
of Cl- ions in the anolyte chamber, with the control specimen exhibiting the highest diffusion. The diffusion
of Cl- ions in the NT-containing sample is signi�cantly lower than in the control sample, signifying a
decrease in Cl- ion mobility in both chambers. A Taguchi-based grey relational analysis method was used
to determine the ideal parameters that will reduce the effective diffusivity in mortar containing NT. Based
on this study, optimal Deff was obtained at 2% NT replacements. The Grey ranking suggested poorest ranks
of Deff for control mix. Grey relational coe�cients and rankings quantify the input-output relationship. This
study could improve process e�ciency by determining grey relational coe�cients which in turn affects the
resource use, energy e�ciency, and cost-effectiveness. Taguchi Grey relational analysis gives a
quantitative and rigorous way to analyze varied relationships. This research could be used to a variety of
�elds of civil engineering that use similar approaches or systems. Engineers, scientists, and practitioners
seeking to improve analogous processes may �nd the insights bene�cial.
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Figures

Figure 1

Layout of the chloride migration test
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Figure 2

Compressive strength values for cement mortar incorporating NT for various days
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Figure 3

Micro-structure of cement mortar incorporating NT for various NT%
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Figure 4

Total chloride concentrations in the anode cell
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Figure 5

Plot of Diffusivity coe�cient vs time for duplicate experiments for (a) Anolyte and (b) Catholyte


