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A B S T R A C T   

Cement-based sensors have been highlighted for using as structural health monitoring sensors; however, the 
conventional cement-based sensors can only detect the levels of applied loading not the direction of the loading. 
Therefore, this study proposes a new method for developing cement-based sensors which can detect the levels of 
applied loadings with their direction. The proposed method involves using carbon nanotube and carbonyl iron 
powder (CNT@CIP)-based nanohybrid clusters, which are added to the cement-based sensors during fabrication, 
and controlling their conductive networks through magnetization curing. The fabricated cement-based sensors 
are then tested for piezoresistive sensing. The experimental outcomes indicated directional sensitivity values of 
3.12%, 2.47%, and 0.98%/MPa stress sensitivity in horizontal, random, and vertical sensors. In addition, their 
long-term sensing capabilities are predicted using a long short-term memory (LSTM) model. The findings of this 
study could be useful in developing multi-directional cement-basd sensors and predicting their long-term sensing 
capabilities.   

1. Introduction 

The development of cement-based sensors have attracted increasing 
attention which can meet the requirements for structural health moni-
toring systems due to their various advantages such as simple 
manufacturing, easy installment, low cost, and high mechanical dura-
bility [1–4]. In addition, the cement-based sensors showed the possi-
bility of using as crack monitoring sensors and smart infrastructures 
[5–7]. To fabricate the cement-based sensors, the conductive fillers have 
been added to the cementitious composites including metallic materials 
and carbon-based materials [8–11]. Among the various types of 
conductive fillers, carbon nanotubes (CNT) have been regarded as the 
favorable candidate owing to their high electrical conductivity with low 
amount [12–16]. Mardani et al. added 0.45% of CNT to the cementitious 
composites, and it showed 43.66 of gauge factor and 0.13 of stress 
sensitivity [13]. Dong et al. fabricated 0.5% of multi-walled CNT 
(MWCNT)-embedded cement composites, and it showed 12.5% of 

fractional change of resistivity as 10 MPa of compressive loading was 
applied [14]. 

Based on the previous studies, it can be said that many researchers 
have attempted to [8–11]improve the dispersion of conductive fillers in 
the cement matrix [17–22], and many efforts were also given to enhance 
the sensitivity and durability of the cement-based sensors [23–26]. 
However, the conventional cement-based sensors are not able to moni-
toring the direction of applied forces. As the conductive fillers are 
inherently distributed randomly within the composites, their mobility is 
solely contingent upon the magnitude of the applied loads [27]. For 
these reasons, the cement-based sensors with anisotropic conductive 
fillers-based networks have been proposed by some researchers [28–30]. 
For example, Tian et al. added nickel powders to the cement and cured 
under the magnetization, proposing the novel cement-based sensors 
with magneto-aligned nickel powder [30]. These proposed sensors with 
differently aligned direction exhibited the different sensitivity even the 
same applied loading is applied, showing the potential of monitoring the 
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direction of applied forces [30]. Meanwhile, a large amount of magnetic 
and/or nickel powder is required to fabricate the cement-based sensors 
compared to that fabricated with CNT due to the low electrical con-
ductivity of the magnetic and/or nickel powder. However, in case of 
CNT-embedded cement-based sensors, it is impossible to align the CNT 
particles in the sensor to form the anisotropic conductive networks. To 
solve these limitations, carbonyl iron powder (CIP) was newly used in 
the present study to form the CNT and CIP (CNT@CIP) nanohybrid 
clusters. As they were added together, they can form CNT@CIP nano-
hybrid clusters, which can respond to the external magnetic field, 
allowing the fabrication of cement-based sensors with aligned conduc-
tive fillers [31]. 

The present study aims to fabricate the cement-based sensors with 
different directionally aligned CNT@CIP nanohybrid clusters and uti-
lizes the developed sensors for monitoring the both levels and direction 
of the applied loadings. First, various characterization methods 
including zeta potential measurement, Fourier-transform infrared (FT- 
IR) and Raman spectroscopy were conducted to investigate the forma-
tion of CNT@CIP nanohybrid clusters. Second, the DC and AC electrical 
conductivity of the sensors with different aligned direction was exam-
ined. Third, their piezoresistive sensing capabilities of the sensors were 
examined under various loading conditions including monotonic, short- 
term, and long-term cyclic loading to evaluate the possibility to be uti-
lized as multi-directional sensors in structural health monitoring sys-
tems. Lastly, a deep learning model based on long short term memory 
(LSTM) which shows a superior capability for accurately prediction was 
utilized to predict the long-term piezoresistive sensing capabilities of the 
sensors, using the experimental data obtained [32,33]. 

2. Experimental program 

2.1. Fabrication of samples 

To fabricate the CNT@CIP-based nanohybrid clusters-embedded 
cement-based sensors, 10% of silica fume (Elkem Inc., EMS-970), 
0.35% of multi-walled CNT (KUMHO Petrochemical Co., Ltd), 16% of 
CIP (BASF), 0.5% of polycarboxylate acid-typed superplasticizer (SP) 
(Dongnam Co., Ltd., FLOWMIX 3000 U), and 40% of water by cement 
mass were prepared. The sensors was fabricated as follows; first, the 
solution including water and SP was prepared, and conductive fillers (i. 
e., CNT and CIP) were added to the prepared solutions. The specification 

of the used fillers can be found in the previous study by the authors [31, 
34]. The prepared mixtures were hand-mixed for 1 min, and sonicated 
for 1 h using a tip-typed ulatrsonicator (Sonic & Materials, USA) with 
50% of maximum amplitude and 10 s of on/off pulse interval. At the 
same time, the dry mixtures including cement and silica fume were dry 
mixed for 5 min using a Hobart-mixer. Then, the sonicated mixtures 
were poured into the dry-mixtures, and they were additionally mixed for 
5 min. The total mixtures were poured into cubical molds with 50 mm 
size. The copper electrodes with 70 mm length and 20 mm width coated 
with silver paste were embedded into the composites. Then, the per-
manent magnets were attached to both side of the molds, to form the 
CNT@CIP clusters-based chain structures in the composite [35]. While 
the samples were cured, the sensors were divided into three different 
groups according to the direction of magnetic field, denoting ‘random’, 
‘horizontal’, and ‘vertical’, respectively. For ‘random’ groups, the 
CNT@CIP clusters were randomly dispersed in the cementitious com-
posites without applying magnetic field as shown in Fig. 1. The applied 
magnetic field at the side and center of the molds were about 200 and 
100 mT, respectively. For ‘horizontal’ and ‘vertical’ groups, the direc-
tion of magnetic field and electrodes were horizontal and vertical, 
respectively as described in Fig. 1. 

2.2. Experiment methods 

To examine the formation of CNT@CIP-based nanohybrid clusters, 
various characterization methods were applied. A zeta potential 
analyzer (ELSZ-2000, Otsuka Electronics) was used to observe the 
relative surface charges of CNT and CIP, respectively. FT-IR and Raman 
spectra of the used fillers (e.g., CNT, CIP, and CNT@CIP clusters) were 
observed using a FTIR-7600 (Lambda scientific) and XperRam S 
(Nanobase Inc), respectively. In addition, microstructural images of 
each filler and CNT@CIP-based nanohybrid clusters were obtained using 
a field emission scanning electron microscope (FE-SEM, Hitachi S4800). 
Then, the DC and AC electrical characteristics of the samples were 
investigated using a portable multi-meter (U1281A, Keysightv. 

Technologies) and LCR meter (IM3523, HIOKI), respectively, with a 
two-probe method. The piezoresistive sensing capabilities of the samples 
were investigated as the cyclic loadings were applied to the samples. The 
multipurpose servo-hydraulic universal testing machine (Walter Bai) 
was used to apply the sinusoidal loadings with 12.5 MPa and 0.25 Hz for 
4 cycles in short-term loading test. In a long-term loading test, the 
loading with 10 MPa and 0.25 Hz was applied to the samples for 5000 
cycles. During the cyclic loading tests, the electrical resistances of the 
samples were recorded using a digital multi-meter (Agilent Tech, 
34410 A), and the measured electrical resistances were converted to the 
fractional change in electrical resistance (FCR) which expressed the 
sensitivity of the sensors. 

3. Development of CNT@CIP-based nanohybrid clusters 

In Table 1, the zeta potential values of CNT, CIP, and CNT@CIP in 
deionized water are summarized. The measured zeta potential values 
indicate the absolute values, and they were converted to the relative 
values as summarized in Table 1. The relative zeta potential values of 
CNT and CIP were 16.7 eV and − 13.0 eV, respectively, indicating that 
they were positively and negatively charged in the solution. The oppo-
site charges indicated that the CIP can be wrapped with the CNT 

Fig. 1. (a) Schematic of the formed CNT@CIP-based conductive networks and 
(b) simulation of the magnetization method using FEMM software. 

Table 1 
Zeta potential values of the CNTs and CIP in water.  

Zeta potential 
value 
(mV) 

Water CNT in 
water 

CIP in 
water 

CNTs and CIP in 
water 

Absolute values -34.0 -17.3 -47.0 -27.3 
Relative values 0 16.7 -13.0 6.7  
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particles, leading to the hybridization through the electrostatic inter-
action [36]. This hybridization of CNT and CIP was verified by the zeta 
potential values of CNT@CIP, showing intermediate surface charges 
(6.7 eV) of that observed in individual CNT and CIP. In addition, these 
zeta potential values can be used to quantify the stability of the colloidal 
dispersions of the materials. Here, the absolute zeta potential values of 
CNT, CIP, and CNT@CIP were − 17.3, − 47.0, and − 27.3 eV, respec-
tively. It is generally accepted that the particles having zeta potential 
values greater than + 30 or less than − 30 mV can form stable colloidal 
dispersion. Therefore, the dispersion quality of CNT is relatively low, but 
that of CIP has a good dispersion property. In the case of CNT@CIP, the 
relatively low colloidal stability of CNT is compensated by hybridization 
with CIP, and thus CNT@CIP has an appropriate quality of colloidal 
dispersion. 

The FT-IR spectra of CNT, CIP, and CNT@CIP are observed in Fig. 2a. 
For the CNT spectra, it showed notable peaks at 1089 cm− 1, 1255 cm− 1, 
1382 cm− 1, 1635 cm− 1, 1706 cm− 1, and 3432 cm− 1. These peaks can be 
deduced from the C-O stretching, C-N stretching, O-H deformation, ar-
omatic C––C stretching, C––O stretching, and O-H stretching, respec-
tively [37,38]. For CIP spectra, the main peaks were observed at 
1095 cm− 1, 1382 cm− 1, 1635 cm− 1, and 3438 cm− 1 from the C-O 
stretching, O-H deformation, C––O carbonyl stretching, and O-H 
stretching, respectively. As seen in Fig. 2a, a few oxygen-containing 
functional groups can be found in the FT-IR spectra of CNT and CIP. 
Hence, it can be asserted that they have a propensity to readily establish 
hydrogen bonds [31]. This expectation is verified by the FT-IR spectrum 
of CNT@CIP, showing a superposition of their individual features. The 
Raman spectra of CNT and CNT@CIP are exhibited in Fig. 2b. It 

indicates that CNT and CNT@CIP showed D peaks at 1348 and 
1345 cm− 1, and G peak at 1583 and 1579 cm− 1, respectively. The 
relative intensity of D peak to G peak (ID/IG) was changed from 1.03 to 
1.09 (Fig. 2b), indicating the crystallinity of graphitic carbon-based 
materials [38]. Therefore, based on the spectroscopic analyses, it can 
be said that the CNT particles are well hybridized with CIP, forming 
CNT@CIP-based nanohybrid clusters with strongly-interactive in-
terfaces. In summary, the zeta potential analyzer was used to examine 
CNT and CIP nanohybridization based on the changes of their zeta po-
tential values; since, if they form a hybrid structure, the zeta potential of 
the resulting hybrid can be the intermediate value between zeta po-
tentials of CNT and CIP. FT-IR and Raman spectroscopies are repre-
sentative vibration spectroscopies, and thus the peak shifts in FT-IR and 
Raman spectra can be directly related to the vibration transitions of 
chemical bonds through the chemical interactions [39]. If CNT and CIP 
can form a hybrid structure, the functional groups on their surface can 
interact multi-modally each other. The O-H stretching peaks of CNT and 
CIP were observed at 3453 and 3438 cm− 1, respectively. Interestingly, 
the O-H stretching peak of CNT@CIP was located at 3450 cm− 1, indi-
cating there was hydrogen bonding between CNT and CIP to form 
strongly-interactive nanohybridized structures. The C––O stretching 
bond was not observed from CNT, but it was observed at 1731 cm− 1 

from CIP which was shifted to 1708 cm− 1 from CNT@CIP. The shift of 
O-H and C––O stretching peaks implied those bonds were involved in 
formation of hydrogen bonding between CNT and CIP [40]. Likewise, 
Raman spectra of CNT, CIP, and CNT@CIP can also provide information 
about the interaction between CNT and CIP. The D and G peaks of CNT 
were observed at 1348 and 1583 cm− 1, and those peaks were shifted to 

Fig. 2. (a) FT-IR spectra of CNT, CIP, and CNT@CIP-based nanohybrid clusters and (b) Raman spectra of CNT and CNT@CIP-based nanohybrid clusters.  

Fig. 3. SEM images of (a) CNT, (b) CIP, and (c) CNT@CIP-based nanohybrid clusters.  
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1345 and 1579 cm− 1 by nanohybridization with CIP. It is well known 
that Raman bands are affected by interfacial interaction, and thus the 
shift of D and G peaks of CNT indicated CNT were successfully nano-
hybridized with CIP [41].” 

The SEM images of CNT, CIP, and CNT@CIP-based nanohybrid 
clusters are shown in Fig. 3. In Fig. 3a, it can be found that the diameter 
and length of CNT are approximately 15–40 nm and 100 µm, respec-
tively. And, a broad size distribution from 500 nm to 5 µm can be seen in 
diameter of CIP. In addition, it can be confirmed that the CNT particles 

were attached to CIP, wrapping the CIP surfaces. The SEM images are in 
close agreement with the results of zeta potential analysis, confirming 
the formation of CNT@CIP-based nanohybrid clusters. 

4. Electrical characteristics and piezoresistive sensing capability 

The electrical resistances of the sensors were measured and the 
measured values were converted to electrical resistivity considering the 
size of the used electrodes as shown in Fig. 4. It can be observed that the 
magnetization curing affects the electrical characteristics of the sensors 
[42]. Specifically, the fact that the direction of magnetic field also affects 
the electrical characteristics of the sensors was found. ‘Horizontal’ 
sensors showed low electrical resistivity, while ‘vertical’ sensors showed 
high electrical resistivity compared to that of ‘random’ sensors (See 
Fig. 4a). 

This phenomenon can be explained from the effects of CNT@CIP 
clusters-based conductive networks on the electrical conductivity of the 
samples. In the ‘horizontal’ sensors, the CNT@CIP clusters-based 
conductive networks formed well in the same direction of electrodes. 
This means that the electrons can easily move through the conductive 
networks when the electrical resistance of the sensors is measured, 
reducing the electrical resistivity [31]. However, in the ‘vertical’ sen-
sors, the formed conductive networks are vertical to the direction of 
electron movements, hindering the movements of the electrons. For 
these reasons, the electrical resistivity of the ‘vertical’ sensors is higher 
than that of the ‘random’ sensors. Similar results can be found in the 
previous study by Park et al. [43]. They observed that the aligned chain 
structures of CIP can lead to the easy movement of the electrons; thus, it 
reduced the electrical resistance of the composites, which are in close 
agreement with the present test results [42,43]. In addition, this 
anisotropic electrical resistivity implied that the structure of CNT@CIP 
clusters were stably maintained during mixing with cementitious com-
posites and magnetization curing because the anisotropic electrical re-
sistivity originated from the alignment of CNT@CIP chains along with 
the magnetic field. 

Meanwhile, the AC impedance of the samples and their Cole-Cole 
chart are exhibited in Figs. 4b and 4c, respectively. In these figures, 
the AC impedance of the sensors regardless of the direction of nano-
hybrid clusters-based chain structures decreased as the frequency 
increased, which are similar result to the previous study [43]. However, 
interestingly, the degree of decreasing AC impedance was different ac-
cording to the direction of the formed chain structures. At the low fre-
quency, the ‘vertical’ and ‘horizontal’ sensors showed high and low 
values of AC impedance compared to that of ‘random’ sensors, respec-
tively. However, it changed as the frequency increased, indicating that 
the AC impedance of ‘horizontal’ sensor is higher than that of ‘vertical’ 
and ‘random’ sensors. 

Fig. 5 shows an experimental setup for piezoresistive sensing test. 
The ‘horizontal’ and ‘vertical’ sensors were put on the plate, and the 
compressive loading applied to the samples, at the same time. From the 
multi-meter, the electrical resistance was measured, and the measured 
values were converted to the fractional change in electrical resistance. 
The piezoresistive sensing capabilities of the samples were shown in  
Fig. 6. 

As seen in Fig. 6, it can be found that the degree of fractional change 
in electrical resistance was different according to the direction of 
CNT@CIP-based clusters. The ‘horizontal’ sensor showed higher elec-
trical resistance change, while ‘vertical’ sensor showed lower electrical 
resistance change compared to the ‘random’ sensor. This result can be 
deduced from the direction of the formed CNT@CIP-based conductive 
networks in the sensor, which is explained in Fig. 4. The direction of the 
networks is same as the direction of the applied loading, leading to the 
continuous changes in electrical resistance when compressive loading is 
applied to the sensors. Whereas, the direction of network and applied 
loading is vertical in the ‘vertical’ sensor. Therefore, the changes of 
electrical resistance is much lower than ‘random’ and ‘horizontal’ 

Fig. 4. (a) Electrical resistivities, (b) AC impedance, and (c) relationship be-
tween imaginary and real parts of the ‘horizontal’, ‘random’, and ‘verti-
cal’ samples. 
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sensors, leading to low sensitivity as seen in Fig. 6a. Meanwhile, the 
obtained fractional change in resistance values can be used to calculate 
the stress sensitivity (%/MPa). The horizontal, random, and vertical 

samples showed 3.12, 2.47, 0.98%/MPa of the stress sensitivity, 
respectively. As summarized in Seo et al., the stress sensitivity obtained 
in the previous studies are similar or lower than 1.5%/MPa [44]. Thus, it 
can be said that the fabricated sensor showed the outstanding stress 
sensitivity compared to those found in the previous studies. 

Similar result can be seen in monotonic loading test as shown in 
Fig. 6b. In initial stage, the change of electrical resistance was much 
higher in ’vertical’ sensor, leaching to the maximum value of electrical 
resistance change. However, the continuous changes of electrical resis-
tance change was observed in the ‘horizontal’ sensor since the direction 
of applied loading is same as that of networks. Based on these piezor-
esistive sensors, the two different types of sensors showed different 
sensitivity compared to the sensor fabricated with normal curing 
method (i.e., ’random’ sensor). Thus, the direction of applied loading 
can be predicted as same loading was applied to the ’horizontal’, ’ver-
tical’, and ’random’ sensors, respectively. In this regard, the authors can 
say that the sensors fabricated in the present study can be used in 
cement-based sensors with multi-directions, solving the problems of the 
conventional cement-based sensors for using in structural health moni-
toring sensors. 

Meanwhile, the long-term piezoresistive sensing test results during 
5000 cyclic loading condition are shown in Fig. 7. As depicted in Fig. 7, 
the ’horizontal’ sample exhibited the highest FCR, followed by the 
’random’ and ’vertical’ samples in order. The observed trends in FCR 
values with respect to the orientation of conductive networks are 

Fig. 5. Experimental setup for multi-directional piezoresistive sensing test.  

Fig. 6. Piezoresistive sensing test results under (a) cyclic and (b) monotonic loading conditions.  

Fig. 7. Long-term piezoresistive sensing test results under 5000 cyclic 
loading condition. 
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consistent with the results presented in Figs. 4 and 5. Consequently, it is 
believed that the mechanism of FCR measured through repetitive cyclic 
loadings follows a similar context. However, as the number of loading 
cycles increases, the FCR magnitude of the ’random’ and ’horizontal’ 
samples slightly diminishes. This reduction is hypothesized to result 
from the accumulation of micro-damage due to repetitive loadings and 
the consequent changes in the internal structure of the samples. 

5. Prediction of long-term sensing capability using LSTM model 

A computational method for predicting the FCR in the composites 
using a deep learning based LSTM model is proposed. The LSTM model is 
a type of deep learning architecture specifically designed to handle 
sequential data by addressing the vanishing gradient problem [45,46]. 
Prior to implementing the LSTM deep learning model, the collected FCR 
data was preprocessed to facilitate efficient and stable model training. 
First, we converted the resistivity data into a suitable scale for LSTM 
analysis. Although data is typically scaled between − 1 and 1 for deep 
learning applications. However, in case of the data applied in this 
analysis were scaled within this range, the number of decimal places 
would increase, which would eventually lead to an increase in the 
amount of computation and a delay in the computation speed [47]. 
Hence, we opted for a range of − 3–3 for the present LSTM simulation as 
shown in Fig. 8. 

Following data scaling, the experimental dataset was divided into 

two subsets: a training set comprising 3000 data points and a validation 
set consisting of the remaining 2000 data points. This partitioning 
allowed for the evaluation of the LSTM model’s capability on previously 
unseen data. Then, a connected 128-single layer LSTM network was 
designed and implemented to predict the FCR in the samples under 
receptive compressive loads. The model’s architecture and training pa-
rameters were optimized to enhance its prediction accuracy and 
generalization capability. 

In the present of LSTM, two distinct prediction methods were 
considered: open loop and closed loop. In the open loop method, the 
LSTM model uses its own previous predictions as inputs for making 
future predictions. After training the LSTM model, an initial input 
sequence is fed into the model. It then generates a prediction for the next 
time step, which is subsequently used as input for predicting the 
following time step [48,49]. The closed loop prediction method, on the 
other hand, involves using the actual observed values from the ground 
truth as inputs for making predictions at each time step. In this method, 
the LSTM model generates a prediction for a specific time step based on 
the true value of the previous time step, rather than relying on its own 
previous predictions [48]. Herein, we compared the open loop and 
closed loop prediction methods in terms of their root mean square error 
(RMSE), which served as a measure of the model’s capabilities. Fig. 9 
shows the comparison of experimental measurements and LSTM anal-
ysis for each specimen, divided into open loop and closed loop. 

The RMSE values predicted by the open loop LSTM for the 

Fig. 8. Scaled piezoresistive sensing test results under cyclic loading condition: (a) Horizontal, (b) random, and (c) vertical samples.  
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horizontal, random, and vertical samples are 0.0797, 0.0495, and 
0.0966, respectively; while the RMSE values predicted by the closed 
loop method for the same samples are 1.3932, 1.0489, and 1.4281, 
respectively. Therefore, for all samples, the open loop-based analysis 
produced more accurate predictions than the closed loop-based pre-
diction. The difference in prediction accuracy between open loop and 
closed loop methods arises primarily due to the error accumulation. The 
closed loop methods exclusively rely on pre-trained data for forecasting 
subsequent sequences, thereby accruing errors over time and dimin-
ishing prediction accuracy. In contrast, the open loop methods contin-
uously update the model with present observations to anticipate 
forthcoming sequences, thereby mitigating error accumulation. In 
overall, the results obtained from the LSTM deep learning model suggest 

Fig. 9. The comparison of experimental measurements and LSTM analysis for each specimen (a) open loop and (b) closed loop.  

Table 2 
Specifications and hyperparameter values applied to LSTM 
analysis.  

Index Components 

Epoch 150 
Number of layer 128 
Dropout ratio 0.2 
Learning rate 0.001 
Optimizer Adam 
Data scaling -3–3 
Forecasting method Open loop 

Closed loop  
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that it is capable of accurately predicting the piezoresistive capability of 
cement composites under cyclic compressive loads [50]. 

The prediction results presented above were obtained by applying 
optimized hyper-parameters derived through extensive numerical 
analysis. To provide a more comprehensive understanding of the applied 
parameters, we have summarized the detailed information regarding 
these hyper-parameters in Table 2. In an effort to promote further 
research in the field of using LSTM modeling for predicting long-term 
piezoresistive sensing capability of sensors, we have shared the MAT-
LAB code and experimental measurement data used in this study. By 
providing these resources, we aim to facilitate the practical application 
of these composites, as well as the advancement of deep learning tech-
niques for piezoresistive sensing prediction. 

6. Conclusion 

In this study, cement-based sensors which can detect both levels and 
direction of the applied loadings was developed. A new method for 
developing CNT@CIP-based nanohybrid clusters was introduced. The 
proposed clusters were added to the cement-based sensors and the 
orientation of conductive networks in the sensors was controlled by the 
magnetic field. Afterwards, the piezoresistive sensing capabilities of the 
sensors were investigated and their long-term sensing capabilities were 
predicted using the LSTM model. The main findings obtained in present 
study are summarized as follows.  

1) The novel method for developing CNT@CIP-based nanohybrid 
clusters was proposed, and their formation was evaluated using 
various characterization methods.  

2) The magnetization curing method was used to control the orientation 
of conductive networks in the cement-based sensors, and the 
different electrical conductivity of cement-based sensors according 
to differently aligned conductive networks was observed.  

3) The possibility of developed cement-based sensors for using as multi- 
directional sensor was evaluated under the monotonic, cyclic, and 
long-term loading conditions.  

4) LSTM model was used to predict the long-term sensing capabilities of 
the fabricated cement-based sensors using the experimental results, 
and their accuracy regarding their methods was compared. 

The current experimental findings reveal that the sensors with 
differently aligned conductive networks exhibit different levels of 
sensing sensitivity when subjected to identical compressive loads. 
Consequently, it is anticipated that the applied load’s direction can be 
discerned through a comparative analysis of the sensors’ sensing 
sensitivity. 
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