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Abstract 12 

In India, sandstone was broadly used to construct structures like Agra fort, Red Fort Delhi and Allahabad fort, 13 
etc. Around the world, many historical structures were collapsed due to the adverse effect of damages. Structural 14 
health monitoring (SHM) is very useful to take appropriate action against the failure of structure. The Electro-15 
mechanical impedance (EMI) technique is used to continuously monitor the damage. This technique is helped to 16 
analyse the hairline crack, location, and severity of damage to structural elements. A 10cm length and 5cm 17 
diameter sandstone cylinder was used in experimental work. A cutter was used to create the artificial damages 18 
of 2mm, 3mm, 4mm, and 5mm respectively along the length, at the same place in specimens. The signature was 19 
measured for each depth of damage between 30 kHz to 400 kHz frequency range.  The comparative result of 20 
healthy and damages state with different depth was concluded base on EMI signature form the sample. RMSD 21 
Statistical methods like root mean square deviation (RMSD) is used for quantification of damage. This paper 22 
motivates the application of the EMI technique to the historical building made of sand stone as key material. 23 
 24 
Keywords Structural health monitoring, EMI technique, Sensor system, Sandstone, Historical structure. 25 
 26 
 27 

Introduction 28 

 29 
A lot of historical structures exist on the earth 30 
which contains the importance of history, 31 
civilization, symbols, etc. The historical structure 32 
contains comprehensive valuable history (Berrocal-33 
olave et al., 2021). From ancient times, marble, 34 
sandstone, granite, wood, iron, limestone was used 35 
as construction material (Spectus, 2010). In India, 36 
there are a huge amount of ancient and historical 37 
structures (Dighe et al., 2020). The historical 38 
structure contains different construction materials, 39 
designs, and aesthetic, which is related to cultural 40 
diversity and religious diversity in India (Prakash 41 
& Rajdeo, 2019) (Pinna et al., 2022).  42 
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 59 

Many structures and forts containing Art, culture, 60 
and religious value were constructed during the 61 
period of the Mughal Empire. During this period, 62 
marble, and sandstone were widely used as 63 
construction material. Taj Mahal is an example of 64 
white marble, and Agra and Delhi fort are 65 
examples of various types of sandstone 66 
construction material. ‘Khusro Bagh’ was also 67 
constructed by sandstone, lime mortar etc. The 68 
‘Khusro Bagh’ is a large walled garden complex 69 
located close to the Prayagraj Junction railway 70 
station, in Prayagraj district, Uttar Pradesh, India 71 
(Prasad et al., 2019). The four sandstone 72 
mausoleums within this walled garden, present an 73 
exquisite example of Mughal architecture. The 74 
structures are respectively tombs of Prince Khusro, 75 
tombs of Shah Begum, Khusrau's sister, Nithar, 76 
and tombs of Bibi Tamolan Khusrau's tomb was 77 
completed in 1622, while that of Nithar Begum's, 78 
which lies between Shah Begum's and Khusrau's 79 
tombs, was built on her instructions in 1624-25. 80 
Most of the structures in the Khusro Bagh are 81 
constructed with sandstone masonry (Figure 1 (a)).  82 
Red, brown, yellow, and white colour sandstone 83 
with lime mortar have been used in Khusro Bagh 84 
structures. Primarily large amount of red sandstone 85 
is used in these structures. 86 

Sandstone is a natural sedimentary rock. It is 87 
available in a vast amount on the earth. Sandstone 88 
has been a prevalent construction material from 89 
ancient times to till now. The compressive strength 90 
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and load-carrying capacity were high for sandstone 91 
as compared to other ancient construction 92 
materials. The sandstone has been used in beams, 93 
columns, domes, Mihrab arch, flooring, wall, 94 
fountains, etc., in structure. Sandstone is a hard 95 
rock that contains sand-size grains of mineral, 96 
sand, cementitious material, and organic material. 97 
The formation of sandstone is in two phases. In the 98 
first phase, sand particles sedimentation occurs 99 
through air or water; in the second phase, the 100 
compaction occurs with physical pressure and 101 
chemical changes. Variable colours are found in 102 
sandstone like red, black, brown, cream, dark-103 
brown, yellow, pink, white, light and dark grey, 104 
etc.  The colours of sandstone depend upon the 105 
mineral composition. These days’ sandstone is 106 
broadly used in flooring, wall tiles, retaining wall, 107 
river training and stone masonry, etc. No painting 108 
is required after the use of sandstone. Sandstone 109 
has a fabulous construction material due to its 110 
shining, colour, and softness. The sandstone has 111 
been widely used in new construction structures i.e. 112 
Ambedkar Park Lucknow, Kashi Vishwanath 113 
corridor Varanasi, etc. 114 

Archaeological structures and heritage sites 115 
located in India are exposed to the risks of 116 
environmental (Ural & Dog, 2008; Saba et al., 117 
2018). Preserving cultural and architectural values 118 
and stability is very important. Many types of 119 
damage or deterioration occur in stone for various 120 
reasons in historic structures (Mahesh et al., 2021; 121 
Silva et al., 2022). The physical and chemical 122 
environmental, and loading impacts are significant 123 
causes of the deterioration of sandstone (Fermo et 124 
al., 2015). Different types of pollution threaten the 125 
existence of these historical structures and pieces of 126 
evidence (Varotsos et al., 2009). Pollution is a 127 
significant cause of the deterioration of historical 128 
structures like the white colour of the Taj Mahal 129 
marble has been going to yellowish colour due to 130 
the acid rain (Natarajan, 2022). Within two decades, 131 
the pollution is gradually rising due to the increasing 132 
size of vehicles, factories, workshops, thermal 133 
plants, refineries, and residential complexes 134 
(Belfiore et al., 2013). CO (Carbon monoxide) and 135 
SO2 (Sulphur dioxide), are significant causes of 136 
deterioration of the sandstone in Gwalior Fort 137 
Madhya Pradesh (Pandey & Kumar, 2015). Rising 138 
damp in structural components and air pollution 139 
accelerates the deterioration of sandstone under the 140 
presence of NO2 and SO2 (Batista et al., 2019). Joerg 141 
Ruedrich et al. investigated the deterioration in 142 
sandstone under the weather conditions like wet-dry. 143 
They found the critical parameter is to increase the 144 
porosity in the sandstone indicator of deterioration 145 
(Ruedrich & Bartelsen, 2011). Akoğlu et al. 146 
investigated the swelling which play’s important 147 
role for deterioration of sandstone under chloride 148 
environment. The micro crack increased the 149 
separation of layer especially along the bending 150 

plan, affect the deterioration in sandstone (Saltik, 151 
2010). Rina (Irena) Wasserman was investigated the 152 
reason for sandstone deterioration was humidity, 153 
saltwater and high air pollution (Wasserman, 2021). 154 
Małgorzata Labus was investigated the deterioration 155 
and weight loss in sandstone under insolation, rain 156 
and frost (Labus and Bochen, 2012). J.J. Ortega-157 
Calve et al. were investigated some bacteria is 158 
harmful to sandstone structure like cyanobacteria 159 
and chlorophytes that are present near the soil, 160 
plants, and surface of the structure (Ortega-calve 161 
and Ariiio, 1995). The leading causes of the 162 
deterioration in the historical building materials are 163 
air pollution, temperature, acid rain, salt water, and 164 
biological factor (Effectiveness et al., 2018) 165 
(Vidović et al., 2022). 166 

Structural health monitoring (SHM) has been 167 
playing an important in preventing the abrupt failure 168 
of structures such as towers, bridges, dams, offshore 169 
structures, and buildings (Ai et al., 2014; Mishra, 170 
2021). SHM techniques provide safety, reliability, 171 
of structure. SHM is one of the best effective 172 
industrialized methods for determining structural 173 
integrity. SHM techniques is helpful for recognize 174 
quality of structure, minor to major structural failure 175 
with an early indication of damage. Measuring the 176 
indication of the damage at an early stage through 177 
the SHM technique is to take appropriate action to 178 
prevent the damage before the collapse. It is a 179 
process to determine the presence, location, severity 180 
of damages present in the system, and also the 181 
remaining service life of the system. In SHM, 182 
various techniques are used to continuous or 183 
discontinuous monitoring and study the change in 184 
the behavior at any stage of the structure (Martínez-185 
garrido and Ergenc, 2016). SHM is divided into two 186 
groups first is the global response technique, and the 187 
second is the local technique. In global technique 188 
contain static response and dynamic response 189 
technique.  The global dynamic response technique 190 
is based on low frequency excitation and their 191 
vibration response like displacement, velocity, and 192 
acceleration, however global static response 193 
technique is based on only static displacement 194 
response. Mostly non-destructive evaluation (NDE) 195 
test is conducted to evaluate the change in the 196 
structural parameters. The local damage in structural 197 
members plays a hostile role in the structure. Many 198 
non-distractive tests, such as Ultrasonic, X-rays, 199 
Eddy current, Magnetic particle, Dye penetrant, 200 
EMI technique, etc., are conducted to evaluate the 201 
performance of damages in members of the structure 202 
(Maurya et al., 2020). The limitation of these 203 
techniques is less sensing range, and most of the 204 
method depends on the geometry, material 205 
properties, and depth of cracks, etc. The minimum 206 
and maximum probability sensitive range of the 207 
local technique are provided in table 1. 208 
The EMI technique is comparatively new in SHM. 209 
Last few decades, this technique has been used in 210 
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buildings, bridges, railways, towers, etc., for 211 
monitoring purposes. EMI technology based on the 212 
piezoelectric ceramic (PZT) sensor has versatile 213 
potential applications in SHM (Dongyu et al., 2014; 214 
Bhalla & Soh, 2004a).  The PZT sensors were used 215 
as embedded or surface-bonded inside the host 216 
specimens (Maurya et al., 2022a). The surface-217 
bonded sensor applied at the surface with the help of 218 
high epoxy adhesive (Moharana & Bhalla, 2014; 219 
Saravanan & Chauhan, 2022). The embedded sensor 220 
is used inner part of the host structure (Negi et al.,  221 
2018). The PZT sensor effectively monitors and 222 
detects incipient damage (Shanker et al., 2011). The 223 

incipient damage influences the strength and 224 
sustainability of structural members. This technique 225 
helps determine the incipient damage of structural 226 
elements. The PZTs sensor are also used in global 227 
dynamic response technique below the frequency 228 
range 100 Hz. The use of the EMI technique in 229 
aerospace and automobile sectors indicates the 230 
change in function during the operational process 231 
and any chance of malfunction. The PZT sensor is 232 
also used in parallel and series combination (Priya et 233 
al., 2018). 234 

 235 

 236 
Fig. 1 (a) Historical structure Khusro Bagh, (b) and (c) Sample collection of Khusro tombs 237 
 238 
Table 1  Sensitivity range of common local techniques (Bhalla  2004) 239 

S.  

 

 Name of Local 

Technique 

Minimum probability 

detectable crack 

length 

Maximum probability 

Detectable crack length 

(>95%) 

Remarks 

1 Ultrasonic pulse 

velocity  

2mm 5-6mm Depends upon the properties 

and geometry of material 

2 X – Ray 4mm 10mm Dependent upon 

Structural Member 

configuration. 

Better for thickness of member 

is grater then 12mm 

3 Magnetic particle 2mm 4mm surface -- 

4 Dye penetrant 2mm 10mm surface -- 

5 Eddy currents 

(At low 

frequency) 

2mm 4.5-8mm Thickness of testing specimen 

<12mm only 

6 Eddy currents 

(At high 

frequency) 

2mm for surface and 

0.5mm for bore holes 

2.5 mm for surface and 

1.0mm for bore holes 

-- 

 240 



 

Environmental impact on historical 241 

structure 242 

Environmental impact on sandstone structure is a 243 
lengthy and time taken process. Acid water, 244 
temperature, pressure, wet-dry, humidity, freeze-245 
thaw, etc., are significant causes of deterioration 246 
of historical structures under the environmental 247 
impact (Batista et al., 2019; Manohar et al., 248 
2020). The porosity participates in the 249 
deterioration of stone due to environmental 250 
effects. The variation of temperature with sudden 251 
rainwater is very harmful to structure.  252 
The shrinkage and swelling is a major process of 253 
deterioration of historical stone structure. The 254 
porosity of stone rock plays a vital role in 255 
durability. The deterioration rate of stone 256 
depends upon the porosity; damage or 257 
deterioration rises gradually when porosity 258 
increases. Figure 2 (a), (b), (c), and (d) contain 259 
the deterioration of sandstone in the Khusro 260 
tombs structure. 261 
 262 

Loading impact on historical structure  263 

 264 

The loading impact on historical structure cause 265 
by dead load, live load, earthquake load, wind 266 
load, vibration loads. Generally, no new 267 
construction occurs on historical structure due to 268 
no change in historical originality, so the dead 269 
load does not increase. Mostly the vibration load 270 
and earthquake loads are very harmful as 271 
compared to other loads. Now a day development 272 
is a need of every city. The rate of growth of the 273 
infrastructure of the city is very high. The need 274 
of human being in the city is the metro, multi-275 
story building, water tank, water supply line, 276 
electricity and mobile tower, and railway line and 277 

station. New construction near the historical site 278 
produces vibration due to transport systems, 279 
electrification, water supply line, tower, bridges, 280 
metro, railway etc. The heavy vibration 281 
equipment in the construction industry produces 282 
vibration, which harms the stability of the 283 
historic structure.  284 

 285 

 286 

Materials and Methods  287 

 288 

Experimental work  289 

 290 
The PZT-5H square sensor of 1 × 1 cm is 291 
manufactured by Ceramic India Ltd. The 292 
properties of the PZT-5H sensor are given in 293 
table 2. This PZT sensor has contained both 294 
nodes on the upper surface. A special type of low 295 
resistance single core wire of one meter was 296 
attached to PZT nodes. A smooth surface 297 
sandstone specimen of 10 cm in length and 5cm 298 
in diameter have been used for testing collected 299 
from the Khusro tomb. The center of specimen 300 
diameter is also the center of PZT patch. The 301 
high-strength epoxy has been used to attach the 302 
PZT sensor to the sandstone surface. A LCR 303 
meter is used to measure the signature 304 
conductance and susceptance. One end of the 305 
wire attached with PZT electrode and another 306 
end of this wire is connected with an LCR meter. 307 
To analyze the sustainability of sandstone, the 308 
manual damage has been created along the length 309 
at depths of 2mm, 3mm, 4mm, and 5mm 310 
respectively, at the same place in specimens with 311 
the help of a cutter. Figure 3 is the experimental 312 
test setup for testing in the laboratory. 313 

 314 

 315 
Fig. 2 (a), (b), (c), and (d) Deterioration of sandstone in Khusro tombs structure 316 
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317 
318 

Fig. 3 Experimental test setup 319 

 320 

Properties of sandstone 321 

 322 
The sandstone is a sedimentary rock that forms 323 
by clastic sedimentation of sand, minerals, 324 
organic compounds, cementitious, matrix 325 
material. The size of grains of minerals ranges 326 
from 0.06 to 2 mm and wide range of the strength 327 
from less than 5.0 MPa to over 150 MPa. The 328 
strength is depending upon the porosity, 329 
cementitious material, matrix material, grain size, 330 
composition. In this experimental the sandstone 331 
sample made by the collected sandstone from 332 
tombs of Prince Khusro in figure1 (a), (b), and 333 
(c). A lithological characteristics studies of 334 
sandstone sample have been conducted. The 335 
sample is characterized by non-bedded structure; 336 
it is compacted in nature. It is containing Quartz 337 
and orthoclase. The rock has clastic texture. 338 
Subordinate amount of muscovite mineral is 339 
present 340 

 341 

Damage in sandstone 342 

 343 
The volumetric change in the original objects is 344 
called deterioration/damage. There are many 345 
causes of damage in sandstone like 346 
environmental and loading impact (Korkanç, 347 
2013). The environmental deterioration is 348 
gradual deterioration. Small pieces erosion of 349 
sandstone are spall out from in the structure 350 
when the surface deterioration starts in 351 
sandstone. The depth of damage increases when 352 
the material spalls out from the structure. In this 353 
experimental work the depth of damage is 354 
gradually increase up to 5mm depth. A cutter was 355 
used to create the artificial damages in the 356 
specimen along the length. The damage depth is 357 
2mm, 3mm, 4mm, and 5mm.The signature has 358 
been measured at every depth of damage (figure 359 
4 (a), (b), (c), and (d)).360 

 361 

 362 

Fig. 4 (a), (b), (c) and (d) are 2mm, 3mm, 4mm, and 5mm depth of damage respectively. 363 

 364 



 

 365 

Fig. 5 Common smart materials: applications and the associated stimulus-response. 366 
 367 

 368 

Piezoelectric materials 369 

 370 

Some unique crystal materials like PZT [Pb (Zr1-371 
xTix) O3], PLZT [(Pb1-xLax) (Zr1-yTiy) O3)], 372 
lithium Niobate (LiNbO3), and quartz (SiO2), 373 
etc., have the piezoelectric effect. These types of 374 
crystal is also called non-centrosymmetric 375 
crystals. The chemical composition of piezo-376 
ceramic is [Pb (Zr1−xTix) O3]. Generally, the 377 
piezo-ceramic is called PZT. PZT has an 378 
interesting smartness when the voltage applied 379 
on PZT it generates mechanical force and, when 380 
it is subjected to mechanical force, becomes 381 
electrically polarized. PZT is a smart material 382 
that have dual character, sensor as well as an 383 
actuator (Shanker et al., 2011). Various types of 384 
PZTs patches are commercially available such as 385 
specification, sensing frequency range, and 386 
shapes. Figure 6 is an experimental PZT patch 387 
having a size of 1cm×1cm. 388 

 𝐷𝑖 = 𝜀𝑖𝑗𝑇̅ 𝐸𝑗 + 𝑑𝑖𝑚𝑑 𝑇𝑚   1 389 𝑆𝑘 = 𝑑𝑗𝑘𝑐 𝐸𝑗 + 𝑠𝑘𝑚𝐸̅ 𝑇𝑚   2 390 

Where equation 1 is direct effect and 391 
equitation 2 is converse effect. The equations 1 392 
and 2 can be rewritten in the tensor form as 393 
equation 3 (Sirohi & Chopra, 2000). 394 [𝐷𝑆] = [𝜀𝑇̅̅ ̅ 𝑑𝑑𝑑𝑐 𝑠𝐸̅ ] [𝐸𝑇]   3 395 

Where (D) is the electric displacement vector 396 
quantity [3x1] and unit is (C/m2), (S) is the 397 
second order strain tensor [3x3], (E) is applied 398 
external electric field vector [3x1] and unit is 399 

(V/m).T is stress tensor [3x3] and unit is (N/m2). 400 

(𝜀) is di-electric permittivity. (
T ) is the second 401 

order dielectric permittivity tensor under constant 402 
stress and unit is (F/m), (dd) and (dc) is the third 403 
order piezoelectric strain coefficient tensors and 404 

unit is respectively (C/N), (m/V). (
E

s ) is fourth 405 
order elastic compliance tensor under constant 406 
electric field and unit is (m2/N). 407 
 408 

 409 

Fig. 6 Sandstone testing sample surface bonded with 410 
PZT sensor. 411 

Table 2 Properties of PZT-5H sensor 412 

Properties  Symbol Units Value 

PZT thickness, 

m 

t 0.003  PZT 

thickness, cm 

PZT size, cm x 

cm 

‘l’ and 

‘w’ 
0.01 x 

0.01  

PZT size, m x 

m 
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Young’s 
modulus  

𝑌𝐸  6.4 

Density   (g/cm3) 7.45 

Piezoelectric 

Charge 

(Displacement 

Coefficient)  

d31,d32 Coul/N x 

10-12 

-186 

Piezoelectric 

Charge 

(Displacement 

Coefficient) 

d33 (pC/N) 670 

Piezoelectric 

Charge  

d15  (pC/N) 660 

Electric 

permittivity, x 

10-8  

𝜀11𝑇  =  𝜀22𝑇  F/m 1.750  

Electric 

permittivity, x 

10-8 

𝜀33𝑇  F/m 2.124  

Mechanical loss 

factor 
𝜂 - 0.0325 

Dielectric loss 

factor 
𝛿 - 0.02 

Poisson’s  µ - 0.31 

 413 

 414 

EMI technique 415 

 416 

EMI technique is NDE method. In the EMI 417 
technique, a PZT patch is used to monitor the 418 
health of the structure within a specific range of 419 
frequency. The EMI technique is similar to the 420 
global dynamic response techniques. In the 421 
global dynamic response technique, the 422 
frequency range works less than 100 Hz. Within 423 
100Hz frequency is not suitable for incipient and 424 
hairline damage (Maurya et al., 2022b). The 425 
incipient and hairline damage evaluation and 426 
repair are necessary to prevent the big failure. 427 
The EMI technique is helpful to the measure the 428 
incipient damage, severity, and location of 429 
damages. The difference between in global 430 
dynamic technique and EMI is the frequency 431 
range. EMI technique works on 30 kHz-400 kHz 432 
frequency range. An LCR meter or impedance 433 
analyzer is used to acquire the signature. The 434 
LCR meter measures the admittance which 435 
consists of the real part (conductance) and 436 

imaginary part (susceptance), when plotted as a 437 
function of frequency, gives a unique signature to 438 
structures.1-D and 2-D expressions of 439 
electromechanical admittance, written below in 440 
equations 4 and 5 respectively.(Consumption, 441 
1994; Bhalla & Soh, 2004a, 2004b). 442 𝑌̅ = 𝐺 + 𝐵𝑗 = 2𝜔𝑗 𝑤𝑙ℎ [(𝜀33𝑇̅̅ ̅̅ − 𝑑312 𝑌𝐸̅̅̅̅ ) +443 ( 𝑍𝑎𝑍+𝑍𝑎) 𝑑312 𝑌𝐸̅̅̅̅ (tan 𝑘𝑙𝑘𝑙 )  ]   4 444 

𝑌̅ = 𝐺 + 𝐵𝑗 = 4𝜔𝑗 𝑙2ℎ [(𝜀33𝑇̅̅ ̅̅ − 𝑑312 𝑌𝐸̅̅ ̅̅1−𝜈 ) +445 ( 𝑍𝑎, 𝑒𝑓𝑓𝑍𝑠,𝑒𝑓𝑓+𝑍𝑎,𝑒𝑓𝑓) 𝑑312 𝑌𝐸̅̅ ̅̅1−𝜈 𝑇̅ ]   5 446 

Where 𝑌 ̅ is complex electromechanical 447 
admittance, G is conductance, B is susceptance, 448 
Z is mechanical impedance, Za is mechanical 449 
impedance of the PZT patch, d is piezoelectric 450 
strain coefficient, 𝜔 is angular velocity, l is half-451 
length of PZT patch, h is thickness of PZT patch, 452 
w is width of PZT patch,, ɛ is electric 453 

permittivity, 𝜀33𝑇̅̅ ̅̅  is complex electric permittivity 454 

at constant stress, 𝑌𝐸̅̅̅̅  is complex Young’s 455 
modulus of elasticity at constant electric field, k 456 
is spring constant, 𝜈 is Poisson's ratio, 𝑇̅ is 457 
complex tangent function, 𝑍𝑎, 𝑒𝑓𝑓 is effective 458 

impedance of the PZT patch, 𝑍𝑠,𝑒𝑓𝑓  is effective 459 

impedance of the structure, j =√−1. 460 
 461 

Major findings 462 

 463 
The variation of conductance has been 464 

measured, such as the conductance signature of 465 
health state and at damage depths of 2mm, 3mm, 466 
4mm, and 5mm, respectively. All conductance 467 
signatures are shown compared with healthy state 468 
conductance signatures in Figures 7, 9, 11, 13, 469 
and 15. 470 

The susceptance signature is imaginary part 471 
of the admittance. The variation of susceptance 472 
signature is very slight as compared to the 473 
conductance signature. The susceptance signature 474 
has been measured at a healthy state and various 475 
damage depths such as 2mm, 3mm, 4mm, and 476 
5mm, respectively, which are in figure 8, 10, 12, 477 
14, and 16.  478 

A comparative signature of conductance at 479 
the healthy state with various depths of damage 480 
has been in Figure 17. 481 

A comparative signature of susceptance at the 482 
healthy state with various depths of damage has 483 
been in Figure 18. 484 

Shifting the signature curve towards the left 485 
side from the baseline indicates the damage in 486 
the specimen. The shifting of curves was directly 487 
dependent upon the depth of damage when the 488 
depth of damage increases then the shifting 489 
towards the left side in conductance and 490 
susceptance signature. The change in the 5 mm 491 
damage signature is high compared to other 492 
signatures. 493 

The percentage RMSD value is used for the 494 
evaluation of the damage. The percentage RMSD 495 
values was calculated for conductance and 496 
susceptance was shown in figure19. 497 

With the help of conductance and 498 
susceptance percentage, curve of RMSD value is 499 
plotted in figure 20. 500 



 501 

       502 
Fig. 7 Healthy state conductance/Frequency signature. 503 

 504 

 505 
Fig.8 Healthy state susceptance/ Frequency signature. 506 

 507 

 508 
Fig 9. 2 mm Damage-conductance/Frequency signature 509 
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 512 
Fig.10 2mm Damage - susceptance/ Frequency signature 513 

 514 

 515 

 516 
Fig. 11 3 mm Damage-conductance/Frequency signature 517 

 518 
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 520 

 521 
Fig.12 3mm Damage - susceptance/ Frequency signature 522 
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 524 
Fig. 13 4 mm Damage-conductance/Frequency signature 525 

 526 

 527 
Fig.14 4mm Damage - susceptance/ Frequency signature 528 

 529 

 530 

 531 
Fig. 15 5 mm Damage-conductance/Frequency signature 532 
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 534 
Fig.16 5mm Damage - susceptance/ Frequency signature 535 

 536 

Evaluation of conductance and 537 

susceptance signature  538 

 539 
The purpose of the evaluation is co-related with 540 

structural functions like strength gain and 541 

losses, damage, early strength change, etc. 542 

There are serval statistical methods like RMSD, 543 

mean absolute percentage deviation (MAPD), 544 

covariance (Cov), and correlation coefficient 545 

(CC) is used to evaluate the damage. The 546 

RMSD value is calculated with the help of 547 

conductance and susceptance signature. In the 548 

EMI technique, the RMSD is widely used to 549 

assess the damage's severity. The severity of 550 

damage is estimated by the amount of variations 551 

between two conductance and susceptance 552 

signatures. The equitation of percentage RMSD 553 

is written in equitation number 5.  554 

RMSD (%) = √∑ (𝐺𝑖1−𝐺𝑖0)2𝑁𝑖=1∑ (𝐺𝑖0)2𝑁𝑖=1 × 100 5 555 

 556 
The variation of conductance and susceptance 557 

both are calculated individual. A significant 558 

change was found in RMSD value of 559 

conductance signatures compared to RMSD 560 

values of susceptance signature. The RMSD 561 

value of conductance and susceptance at 562 

different depths of damage is shown in figure 563 

19. The equitation of percentage RMSD is 564 

shown in figure 20.  565 

 566 

 567 
Fig.17 Comparative conductance signatures /frequency curve. 568 
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569 
Fig.18 Comparative susceptance signatures /frequency curve 570 

 571 

 572 
Fig.19 Percentage RMSD value of conductance and susceptance signature. 573 

 574 

 575 
 576 

Fig.20 Equation of Percentage RMSD value of conductance and susceptance signature. 577 
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Results 578 

 579 
A comparative result of conductance signature is 580 
in figure 17. The continuous shifting has been 581 
observed in conductance signature from baseline 582 
up to 5 mm damage. The 2mm, 3mm, 4mm, and 583 
5mm, has been observed a continuous increase in 584 
damage then; the signature of conductance also 585 
shift towards the left side. It indicates the severity 586 
of the damage. The shifting depends upon the 587 
damage level; if the damage is more than 5 mm, 588 
then the curve may shift more on the left side. 589 

The percentage of RMSD values also depends 590 
on damage severity. A linear function generated 591 
with the help of the percentage of RMSD values 592 
has been correlated in the form of a straight line. 593 
Generated linear function may be use damage 594 
more than 5mm of depth.  595 

 596 

Limitations 597 

 598 
Most of the chance is PZT patch gets broken due 599 
to its brittle nature when removed from the host 600 
structure. The PZT patch sensing zone is limited. 601 
The sensing range depends upon material shape, 602 
size, and properties of the material. Generally is a 603 
0.4 to 2 meters length of sensing zone. Aging, 604 
mechanical, electrical, and thermal, etc., are 605 
some limitations of the PZT patch. The main 606 
restrictions in the historical structure are the 607 
originality and aesthetic view of the structure. 608 
The sandstone masonry structure contains 609 
different bonding materials such as lime mortar, 610 
etc. at this junction point, the signature is 611 
affected. 612 

 613 

Conclusions 614 

 615 

The historical structure is very important in 616 
culture, history, and tourism. Health monitoring 617 
is necessary for preventing the adverse effect of 618 
structure. The EMI technique is helpful to 619 
determine the incipient damage as well as 620 
damage severity for the sustainability of 621 
historical structure made of sandstone. 622 

There are lot of restrictions on the historical 623 
structure that does not change its originality of 624 
structure. Due to this limitation a non-destructive 625 
test is useful for monitoring the health of 626 
historical structure. This technique may be 627 
directly used to monitor the health of structures 628 
within the restriction of historic structures. 629 

The baseline of the signature is very useful 630 
for the future analysis of damage and 631 
rehabilitation of the structure. The conductance 632 
signature and susceptance signature are co-633 
related to the strength gain and losses of the 634 
specimen. 635 

The PZT size is tiny, so this technique does 636 
not affect the aesthetic or harm the historical 637 
structure. This technique is less time consuming.  638 

 The percentage RMSD value is used to 639 
evaluate the damage and further deterioration in 640 
the structure. 641 
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