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 

Abstract—A waterproofing layer is necessary to maintain the 

performance of a patch antenna sensor, especially when 

embedded in a wet environment. The influence of varying levels 

of damaged waterproofing layers on the accuracy and sensitivity 

of sensors has been analyzed in this paper. The behavior of a 

patch antenna sensor with a possible damaged waterproofing 

layer is described by an equivalent model with a covered 

dielectric load. Theoretical calculation and simulation in HFSS 

ver.15 have been utilized to confirm the influence of the leakage. 

The antenna sensor with a damaged waterproofing layer tends to 

have a smaller initial resonant frequency and poor accuracy. 

Considering three antenna sensors with undamaged, half-

damaged, and fully damaged waterproofing layers, an 

experiment is conducted to verify the influence of damage on 

sensor performance. Compared with the undamaged 

waterproofing layer case, the case with a fully damaged 

waterproofing layer has an initial resonant frequency that is 50% 

smaller, and the error increases from 10% to 33%. The 

identification method for the damaged condition of the 

waterproofing layer is summarized based on the irregularity of 

the return loss (S11) and resonant frequency. 

 
Index Terms—Patch antenna; Damaged waterproofing layer; 

Leakage; Setting time detection. 
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I. INTRODUCTION 

HE health monitoring of reinforced concrete (RC) 

elements related to measuring deformation, humidity, 

setting time, and temperature is becoming more 

common in the stages of construction and maintenance [1]–

[6]. Patch-antenna-based sensors are potential tools for 

identifying the internal conditions of cement-based materials 

[7]–[12]. Nevertheless, as shown in Fig 1(a), because the 

antenna sensor is sensitive to the dielectric medium (cement) 

and conductor (rebar) in the near field [13]–[15], the complex 

electromagnetic environment of cement-based materials, 

especially during the hydration stage, will produce noise in 

measurements and significantly decrease testing accuracy 

[16], [17].  

The waterproofing layer has been designed to maintain 

reasonable performance of the antenna sensor embedded in 

wet environments including human skin [18], clothing [19], 

and cement-based material [20]–[22]. Focusing on the cement-

based material, the waterproofing layer is necessary for 

embedded antenna sensors [23], [24]. Two basic concepts with 

different waterproofing layers are shown in Fig. 1(b).  

 
(a) 

 
(b) 

Fig. 1. Configuration of antenna sensor embedded in concrete 

(a) embedded environment considering dielectric medium 

(cement, aggregate, water) and conductor (rebar) (b) types of 

normally embedded antenna sensor for deformation or 

condition sensing. 

 

Type A configuration detects relative deformation or 

movement of the antenna sensor [23], [25]. The environment 

T 
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is expected to not affect the accuracy of the sensor because the 

waterproofing layer is thick enough to provide a constant 

electromagnetic environment at the near field of the antenna 

sensor. Type B configuration detects the condition of the 

cement-based material, such as temperature, setting time, and 

moisture content, utilizing the shift of the effective dielectric 

constant of the antenna sensor as the sensing parameter [24], 

[26]–[28]. The sensing range is within the near field of the 

antenna which needs to be as thin as possible relative to the 

cement-based material to enlarge the influence of the varying 

dielectric constant. 

Type B configuration is likely to result in failure of the 

waterproofing layer because of the thin design which produces 

leakage inside the sensor package. Because the leak will allow 

water to attach to the surface of the sensor and produce errors 

in measurements, the influence of the leakage should be 

investigated. It is also necessary to identify the possible 

damage causing the leakage to the waterproofing layer. 

Though waterproofing is widely utilized as part of the 

encapsulation of sensors, the entire influence of the damage to 

the waterproofing layer is not fully investigated. 

This research would like to quantitatively identify the 

influence of a damaged waterproofing layer on the accuracy 

and sensitivity of the embedded patch antenna sensor, further 

summarizing the identification method for the possible 

damage of the waterproofing layer in the practical utilization. 

Since the detection of the dielectric constant is the main 

working principle of the embedded patch antenna sensor, 

mainly the influence of the dielectric medium is taken into 

consideration in this paper. It should be noted that the 

influence of the conductor (rebar) is mainly concentrated on 

the interrogation and will be investigated in the future. Water 

leakage is regarded as the main effect of the damaged 

waterproofing layer. Instead of all embedded sensor types, an 

antenna sensor for the setting time detection in Ref. [26] is 

selected as a sample to simplify the analysis. The theoretical 

calculation was first utilized to identify the type and degree of 

possible leakage. The leaked water introduced by the damaged 

waterproofing layer is equivalent to an extra dielectric layer 

covered on the antenna. The change of resonant frequency is 

utilized for the detection of setting time. The variation of 

accuracy and sensitivity caused by the extra layer is calculated 

by transforming the electrostatic field region of the above area 

of the patch antenna sensor into the interior of a rectangle 

according to the conformal mapping. After that, the simulation 

in High-Frequency Structure Simulator (HFSS) ver.15 [27] is 

utilized to evaluate the influence quantitatively. Experiments 

are finally carried out to confirm the influence, considering 

three specimens with perfect, half-broken, and no 

(corresponding to totally damaged one) waterproofing layer. 

The possible detecting way for the damage of the 

waterproofing layer is finally summarized. This analysis is 

expected to improve the feasibility of the embedded patch 

antenna sensors.  

This paper is arranged as follows: Section 2 theoretically 

analyzes the influence of the possible damage in the 

waterproofing layer using the conformal mapping; Section 3 

identifies the influence quantitatively based on the simulation 

in HFSS ver.15. In Section 4, an experiment with a 

waterproofing layer under different damaged conditions has 

further confirmed the influence. The possible detection 

method for the waterproof damage has been summarized and 

verified in Section 4. Finally, the conclusion is drawn, and the 

potential research in the future is clarified. 

II. METHODOLOGY 

The influence of the damaged waterproofing layer is first 

investigated here quantitatively. All the sensors of type B will 

share the same sensing mechanism. To simplify the analysis, 

only a patch antenna sensor utilized for setting time detection 

is considered an example [26]. As the most popular sensing 

parameter, the resonant frequency is selected instead of the 

multi-electromagnetic parameters [28]. Because of the wettest 

and most complex inside environment, cement paste is chosen 

as the detecting material in this paper. It should be noted that 

this analysis can work not only for the setting time detection 

using resonant frequency but also for other conditions, such as 

the detection of humidity and temperature by bandwidth or 

radiation efficiency, because of a similar mechanism [29]. 

In this section, the working principle of the patch antenna 

sensor for setting time is clarified first. After that, the 

damaged waterproof's possible influence on the sensor's 

effectiveness is clarified, followed by a quantitative study of 

the sensitivity and the proposal for the identification of the 

damaged waterproofing layer.  

A. Working principle for the embedded antenna sensor 

One of the simplest forms of the setting time sensor with a 

dielectric constant ε1 for the dielectric board is shown in Fig. 2 

[26]. The waterproofing layer, which is a dielectric medium, is 

not considered here because of its physically thin size (0.05 

mm). The height of the radiation patch hco is 0.035 mm (1 oz). 

Two kinds of materials with dielectric constants ε2 and ε3 

surround the antenna sensor, representing the cement paste 

and air, respectively. 

 
             (a)                                         (b) 

Fig. 2. Normal patch antenna sensor with covered cement 

paste and outside air. (a) Front view (b) in-plane view. 

 

The cement paste can be regarded as a mixture of water 

(liquid), air, and cement under hydration (solid). Hence, the 

dielectric constant of cement paste should be evaluated by a 

mixing model. Several mixing models have been proposed by 

Sihvola [30], Wiener [31], and Birchak [32], have been 

proposed. In this paper, the model of Birchak is utilized for the 

calculation of the dielectric constant of cement, since it is 

L

WrWe1 We1

Le1

Lr

Lm2

Wm1

We2 Wm2 We2

Lm1

W

h0

ε3

ε2

ε1

h1

h2

Antenna sensor

Cement paste

Air Radiation patch

Dielectric board
hco

This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIM.2025.3564021

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Xinjiang University. Downloaded on April 30,2025 at 04:07:12 UTC from IEEE Xplore.  Restrictions apply. 



3 

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

proposed directly for the calculation of the soil, which shares 

similar mixing states with cement paste. The complex 

permittivity of the cement ε2-d is determined by the moisture 

content, as described in Eq. 1 [33], [34]. 
0.5 0.5 0.5

2 (1 )d w w d w s dR R       ,                         (1) 

where Rw is the volume fraction of the water inside the cement 

paste. εw-d and εs-d are the complex permittivity of water and 

the solid part of the cement, which is set as 82 (15 ℃) [35] 

and 5 [26] respectively. The dielectric constant of cement is 

obtained from the real part of the output of Eq. 1. The 

effective dielectric constant of the patch antenna εe is 

influenced by the nearby dielectric medium, based on Eq. 2 

[28]. 
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(2) 

where q1n, q2n, q3, and q4 are the effect factors for the dielectric 

board, water layer, covered cement, and air, respectively. 

Especially, q3 has been revised for the error caused by the 

overestimation of the top layer of the model (which is the 

covered cement and air) [36]. Based on the reference [26], the 

influence of the dielectric constant and the location of the 

covering material can be summarized as follows: 1). Dielectric 

constant. With the increase of the dielectric constant of 

covering material, the equivalent dielectric constant of 

dielectric board will increase due to the fringe effect. 2). 

Location. The material near the radiation patch will cause a 

larger fringe effect than the material far from the radiation 

patch.  

Considering the effective dielectric constant, the resonant 

frequency of the antenna sensor is given by Eq. 3. 

0
2 r e

c
f

L 
 ,                                       (3) 

where c is the light speed, ε1 is the dielectric constant of the 

board, and Lr is the length of the patch antenna radiation patch.  

Hence, the resonant frequency can be a parameter for 

detecting moisture content. As mentioned in Ref.[28]–[29], 

the setting time of cement paste can be obtained at several 

characteristic points of the moisture content of the cement. 

Detailed speaking, the point when the moisture content starts 

to decrease is the initial setting, and the point with a maximum 

change rate of the moisture content is regarded as the final 

setting, as defined in Eq. 4.  

( ) ( )   fin fing t g t t t R     ,                         (4) 

'( ) ( ) g t f t ,                                 (5) 

where tfin is the final setting time, and Δt is the time step. g(tfin) 

is the change rate of moisture constant, which is equal to the 

differential coefficient of the moisture content f(t) in Eq. 5. 

Since the resonant frequency is confirmed to have a nearly 

linear relationship with the moisture content of the cement 

paste [26], the setting time detection can be done using the 

measured resonant frequency as the sensing parameter instead 

of moisture content. 

B. Possible effects introduced by damaged waterproof 

1) Basic equivalent model 

As shown in Fig. 3, two effects will be introduced by the 

damaged waterproofing layer. One is the change in the 

distribution of the nearby dielectric medium. The possible 

leakage will introduce extra water on the surface of the 

radiation patch randomly based on the damage place. Another 

one is the prevention of hydration and evaporation. Compared 

with the water outside the waterproofing layer, the leaked 

water inside the layer is hard to participate in the hydration 

and evaporation. 

Combining the two effects mentioned above, the antenna 

sensor with a damaged waterproofing layer is equivalent to a 

theoretical model in Fig. 4. 

 
Fig. 3. Concept of influence of leakage caused by damaged 

waterproofing layer to the evaporation and hydration of the 

water. 
 

Compared with the original model in Fig. 2, the updated 

model set an extra water layer between the cement and the 

patch antenna. During the detection for the setting time, it is 

regarded as a constant layer according to the early stage of 

cement hydration due to the prevention effect of evaporation 

and hydration. The height of the extra layer is determined by 

the level of the damage. The dielectric constant of the extra 

layer εext is set equal to water (εext = εw = 82). Considering the 

effects of the extra layer, an updated effective dielectric 

constant εeu is defined and calculated based on Eq.6 according 

to reference [33]. 

1 2 3 1 2 3 4( , , , , , , , , )eu ext n ext n nf q q q q q     ,                     (6) 

where qext is the effect factor for the extra layer.  

Since the extra layer will have a larger dielectric constant 

and a closer location compared with the cement paste, the 

fringe effect caused by the extra layer will be much stronger. 

Therefore, when an extra water layer existed, the change in the 

dielectric constant of the cement layer farther from the patch 

antenna has a relatively reduced effect on the resonance 

frequency of the patch antenna, resulting in a decreased 

sensitivity of the detection. This effect is further verified by 

theoretical calculation in the next section. 

 
Fig. 4. Equivalent theoretical model of antenna sensor with 

leakage considering damaged waterproofing layer (front view). 

 

2) Influence of the extra layer 

The influence of the extra layer is discussed based on the 

equivalent model mentioned above. The height of the extra 

layer he is set as an index to describe the level of the damaged 

waterproofing layer. Considering the case with the parameters 

of the antenna sensor and cement listed in Tab. Ⅰ, the influence 

of the possible leakage on the effective dielectric constant and 

fundamental resonant frequency ff of the antenna sensor is 

shown in Fig. 5.  

The dielectric constant of the cement paste ε2 is set as 14 

corresponding to the state before initial setting [26]. With the 
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height of the extra layer increased from 0 to 0.5 mm, the 

updated effective dielectric constant εeu increased from 2.49 to 

2.68, causing the initial resonant frequency to vary from 1.86 

to 1.8 GHz.  

Besides, the initial resonant frequency remains nearly 

constant after the height of the extra layer achieving 0.4 mm, 

indicating the maximum influence of height can be set at the 

nearby region of 0.4 mm. Hence, in the following analysis, the 

maximum height is set as 0.5 mm to simplify the calculation. 

It should be noted that the real height of the water layer 

remains unknown and may be larger than 0.5 mm. 

TABLE I 

PROPERTIES OF ANTENNA SENSOR AND CEMENT. 

Parameters W Wr L Lr h0 h1 he 

Value (mm) 60 50 67 50 0.254 10 0~0.5 

Parameters ε1 ε2 ε3 εext hco   

Value 2.2 14~6 1 82 1oz   

where W is the width of the antenna, and h0 is the height of the 

dielectric board. 

 

 (a)  

(b)  

Fig. 5. Influence of the leakage caused by damaged 

waterproofing layer to (a) updated effective dielectric constant 

εeu and (b) fundamental resonant frequency ff. 

 

 
       (a)                                          (b) 

Fig. 6. Influence of the leakage caused by damaged 

waterproofing layer on the sensitivity (a) resonant frequency - 

ε2 (b) sensitivity - he. 

 

The influence on the sensitivity S defined in Eq. 7 is then 

analyzed. The dielectric constant of the cement is shifted from 

14 to 6, corresponding to the state before the initial setting and 

after the final setting. As Fig. 6 shows, the sensitivity varied 

from 5 % to 0.4 %, with the height of the extra layer increased 

from 0 to 0.5 mm. 

0

i ff f
S

f


 ,                                   (7) 

where f0 is the original fundamental resonant frequency. fi, and 

ff are the fundamental resonant frequency at the initial and 

final settings, respectively. In summary, the increase in the 

extra layer's height will decrease the fundamental resonant 

frequency and sensitivity at a considerable rate. 

 

3) Possible effects 

Several indexes have been considered to evaluate the 

influence of leakage. The first one Er, as defined in Eq. 8, is 

related to the readability of the antenna sensor. 

| | /r in d in n in nE f f f    ,                             (8) 

where fin-d and fin-n are the detected initial values of the 

fundamental resonant frequency from the sensor with and 

without a damaged waterproofing layer, respectively.  

Another index, Ea, is set corresponding to the accuracy of 

the detected setting time. 

| | /a d n nE t t t  ,                                  (9) 

where td and tn are the setting time measured from the sensor 

with and without a damaged waterproofing layer, respectively.  

The final index Es is proposed to evaluate the sensitivity of 

the antenna sensor.  

| | /s f m in m in mE f f f    ,                           (10) 

where ff-m and fin-m are the resonant frequencies at the initial 

and final setting time, respectively. As shown in Fig.7, the 

following states are expected to be seen: 

 
Fig. 7. State of influence of the damaged waterproofing layer, 

considering accuracy, readability, and sensitivity of the sensor. 

 

1). Damage point: the leaked water due to the damaged 

waterproofing layer will form an extra layer. 

2). Constant state: this state refers to the entire retardation 

period and a short period following it. During the induction 

period, the hydration is stopped, causing a constant water 

amount. After that, since the water-cement ratio is much larger 

than the upper part due to the concentration of water, the 

consumed water can be roughly ignored directly after the 

induction period. Hence, in this state, the extra layer will 

remain constant, seriously decreasing the sensitivity and 

readability of the antenna sensor. However, since the extra 

layer is constant, the change tendency of the resonant 

frequency will not be affected. Hence, the accuracy will not 

normal

damaged point

se
n

si
ti

v
it

y

Time

Changeable point

constant changeable state

re
ad

ab
il

it
y

ac
cu

ra
cy

This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIM.2025.3564021

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Xinjiang University. Downloaded on April 30,2025 at 04:07:12 UTC from IEEE Xplore.  Restrictions apply. 



5 

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

decrease.  

3). Changeable point: with the progress of hydration and 

evaporation, the height of the extra layer starts to decrease due 

to the decrease in the moisture content of the cement paste. It 

should be noted that the change does not happen suddenly but 

within a time range, and the changeable point is an equivalent 

state for this phenomenon. The point should be slower than the 

initial setting but faster than the final setting since the cement 

will lose much water between the initial and final setting.  

4). Changeable state: with the decrease in the height of the 

extra layer, the resonant frequency will increase, which seems 

to increase the sensitivity. However, it should be noted that the 

increase in the resonant frequency is not due to the finish of 

the initial setting or the coming of the final setting. Hence, the 

resonant frequency change cannot be utilized to detect the 

setting time, which means the accuracy will decrease in this 

state.  

 

C. Proposal of identification way for possible leakage 

Based on the influence of leakage, two main things are 

expected to be the indexes for the identification of possible 

leakage: 

1) Huge change in the initial resonant frequency. 

2) Abnormal setting time value and antenna’s signal. 

To further confirm the proposed characteristics and 

identification way, a detailed simulation in HFSS ver.15 is 

carried out in Section 3, followed by experiments in Section 4. 

III. SIMULATION 

Based on the same setting of Tab. Ⅰ, a simulation in HFSS 

ver.15 is proposed to verify the theoretical calculation of the 

sensitivity and initial resonant frequency in Section 2. 

 

A. Setup of Simulation in HFSS ver.15  

Considering the error for the equivalent boundary, a 

simulated model is established in HFSS ver.15 for further 

verification based on the parameter setting in Tab. Ⅰ. The 

concept is shown in Fig. 8(a). RT/duroid® 5880 laminate is 

utilized as the dielectric board material. A block with a 

changeable dielectric constant set on the rectangular patch 

antenna represents the cement paste. The whole model is fed 

by a wave port (driven modal), with the input as a time-

harmonic voltage signal with an amplitude of 1V. An air box 

is set to contain the whole model. The length of the air box is 

larger than a quarter wavelength of the antenna, considering 

the needs of the simulator under far-field radiation.  

The electric field is mainly concentrated at the top and 

bottom part of the radiation patch, as illustrated in Fig. 8(b). 

To clearly show the impact of leakage, we intentionally 

introduced simulated damage in these areas where the electric 

field is most concentrated, as these regions are expected to 

have a greater influence on the antenna sensor's performance. 

 
(a) 

 
(b) 

Fig. 8. Concept of the simulated antenna sensor (a) model 

setup (b) electric field distribution at 1.92 GHz (with a load of 

cement paste, dielectric constant of cement = 6). 

B. Results and discussion  

With the dielectric constant of the dielectric board shifting 

from 14 to 6, the S11 curve of the patch antenna is shown in 

Fig. 9. The height of the extra layer is set constant as 0mm for 

Fig. 9(a) and 0.5mm for Fig. 9(b), corresponding to the case 

without and with possible damage in the waterproofing layer. 

With the variation in parameters of the water layer, the Q 

factor of the antenna sensor is measured and confirmed to be 

at least 30, demonstrating that the proposed sensor remains 

detectable during practical utilizations. 

 
      (a)                                         (b) 

Fig. 9. S11 curve with the dielectric constant of covering 

material ε2 varied from 6-14 (a) he=0 mm (b) he=0.5 mm. 
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       (a)                                          (b) 

Fig. 10. Influence of the extra water layer (a) Resonant 

frequency under the change in the dielectric constant of the 

dielectric board and height of the extra layer (b) sensitivity - he. 

 

Though the S11 has no huge difference, the value of both 

resonant frequency ff and sensitivity S decreases obviously 

with the setting of an extra layer. 

The resonant frequency value is then selected from the 

minimum value of the S11 curve. Similar to the analysis in 

Section 2.B.2, the resonant frequency is plotted in Fig. 10. As 

the dielectric constant of the dielectric board shifts from 14 to 

6 and the height of the extra layer increases from 0 to 0.5 mm, 

the total change in resonant frequency decreases from 0.05 

GHz to 0.03 GHz. The sensitivity decreases by about 40% 

when the height of the extra layer increases to 0.5mm, which 

indicates that slight damage in the waterproofing layer may 

greatly influence the detecting accuracy. 
  

C. Identification of the damaged state of the waterproofing 

layer 

Based on the effects analyzed in Sections 2 and 3, the 

following characteristics can be utilized to identify potential 

leakage introduced by a damaged waterproofing layer: 

1). Serious decrease of the initial resonant frequency. 

2). Resonant frequency remains constant for a long time. 

3). The detected initial setting time will be close to the 

detected final setting time (e.g., within 30 minutes). 

4). S11 has a huge variation compared with the normal case.  

Ⅳ. EXPERIMENT 

An experiment is designed to check the influence of the 

damaged waterproofing layer. The initial resonant frequency, 

testing accuracy, and sensitivity of each specimen are 

compared first, followed by the verification of the method to 

identify the damage. 

A. Experiment setup 

With the design shown in Tab. Ⅱ, the utilized three antennas 

with waterproofing layers under different damage conditions 

are fabricated, as shown in Fig. 11.  

The patch antenna is positioned at the bottom of the cement, 

with the initial gap between the cement and the antenna sensor 

considered as the thickness of the waterproofing layer. Cement 

with grade PI.42.5 is utilized to fabricate cement paste under 

normal consistency with a water-cement ratio of 1:3 [37].  

 

TABLE Ⅱ 

DESIGN OF THREE SPECIMENS WITH DIFFERENT DAMAGE. 

Type Waterproofing layer Damage 

① No damage Two layers of plastic wrap No 

② Part damage One layer of plastic wrap Several holes 

③ Full damage No plastic wrap Remove 

 
Fig. 11. Pictures of the manufactured designs described in Tab. 

II. Top-left corner (no damage), right (part damage), and 

bottom-left corner (full damage). 
 

The accurate initial and final setting times are given by the 

standard penetration test using a Vicat apparatus. The testing 

environment is kept constant during the experiment by the air 

conditioner, as listed in Tab. Ⅲ. A Vector Network Analyzer 

(VNA, Rohde & Schwarz – Munich, Germany) is utilized to 

interrogate antenna sensors and obtain the S11 curves by 

coaxial measurements, and the results are discussed in Section 

4.B. Before observation, short, open, load, and through 

standards are sequentially connected to the VNA ports to 

define the reference plane and remove systematic errors. 

TABLE Ⅲ 

PARAMETERS OF PACKAGE AND TESTING CONDITION. 

Parameters 
Dimension 

(mm3) 
Cement 

height (mm) 
Temperature 

( C) 
Humidity 

(%) 

Value 74 𝗑 74 𝗑 20 15 15 41 

 

B. Data analysis 

1). Standard penetration test 

Corresponding to each specimen, standard penetration tests 

have been done every 10 minutes. The results of the standard 

penetration test are shown in Tab. Ⅳ. Two states are 

considered: 1). At 130 minutes: the penetration depth of the 

test needle is less than 67 mm, indicating that the cement has 

developed a certain level of strength and has entered the initial 

setting stage. 2). At 200 minutes: the test needle no longer 

leaves a scar on the cement, demonstrating that the cement has 

developed sufficient strength and has reached the final setting 

stage. 

Since the environmental conditions and water-cement ratio 

remained the same for each group, the obtained setting time is 

the same among the three groups, which is 130 min for the 

No damage

Full damaged

Plastic wrap

Patch antenna 

sensor

Cement paste

Part damaged

Set damage

Damage
distribution
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initial and 230 min for the final setting. 

 

TABLE Ⅳ 

PENETRATION DEPTH AND STATE OF SCARE OF STANDARD 

PENETRATION TEST. 

Time (min) ~100 120 130 ~210 220 230 

Penetration depth (mm) 70 68 67 / / / 

Scar state / / / clear 
not  

clear 
none 

 
2). Detection of setting time 

The measured S11 curves with smooth filtering for the three 
specimens are shown in Fig. 12. The resonant frequency is 
then obtained from the last point of the S11 curve and further 
plotted in Fig. 13. The initial setting time of the cement is 
determined at the point where the resonance frequency begins 
to increase.  

Subsequently, at each time point t, a time window [t−Δt, t+
Δt] is selected, and the slope of the linear fitting curve of the 
resonance frequency within this window is used as the change 
rate at time t. The results are shown in Fig. 14. The final 
setting time of the cement is determined at the extremum point 
of the change rate. Δt is set to 40 minutes in this study based 
on previous reference [28]. 

 
TABLE Ⅴ 

RESULTS OF THE OBTAINED SETTING TIME-BASED ON 

ANTENNA WITH DIFFERENT DAMAGE. 

 Vicat Type① Type② Type③ 

Initial setting time (min) 130 110 160 210 

Final setting time (min) 230 220 180 220 

Average error (%) / 9.8 22.4 32.9 

 

 
(a)                          (b)                             (c) 

Fig. 12. Change of S11 curve of antennas during cement 

hydration for the specimens (a) no damage (b) part damage (c) 

full damage. 

 
The detected setting time by patch antenna sensors with 

different damage types is compared with the standard-setting 
time measured by the Vicat apparatus, as shown in Tab. Ⅴ 
[25]. An error err is defined to compare the accuracy of the 
antenna sensor, as defined in Eq. 11.  

an v verr t t t  ,                                       (11) 

where tan and tv are the setting times detected by the antenna 
sensor and Vicat apparatus. The initial fundamental resonant 
frequency, sensitivity, and error are compared in Tab. Ⅵ. 

With the increase of the damage level, the initial resonant 
frequency decreases by nearly 50 %, with the error increased 
from 9.8% to 32.9 %. The sensitivity increases about three 
times for type ③, while it is meaningless due to the huge 
detecting error. 

 
                        (a)                                     (b)                                    (c) 

Fig. 13. Change of resonant frequency of antennas during 

cement hydration for the specimens (a) no damage (b) part 

damage (c) full damage. 

 
 

 
                        (a)                                       (b)                                    (c) 

Fig. 14. Change rate of the resonant frequency of antennas 

during cement hydration for the specimens (a) no damage (b) 

part damage (c) full damage. 

 

3). Verification of damaged waterproofing layer 

Based on the strategy proposed in Section 3. C, the 

variation of return loss (S11) ΔS and the setting time interval Δt 

defined in Eqs. 12-13 are summarized in Tab.Ⅵ for 

identifying the damage to the waterproofing layer. Based on 

previous experiment datasets [26]-[28], the limitations of ΔS 

and Δt are tentatively designed as 5 dB and 30 min. The 

damaged case tends to have a large ΔS and a small Δt, which 

can be the evidence of damage evaluation of the waterproofing 

layer. 

max minS S S   ,                                   (12) 

ini fint t t   ,                                       (13) 

where S is the minimum value of each S11 curve. Smax and Smin 

are the maximum and minimum values among the dataset S. 

tini and tfin are the initial and final setting times, respectively. 

The case with a large ΔS and small Δt is supposed to have a 

damaged waterproofing layer. The identified results 

corresponding to the three types of antenna sensors are listed 

in Tab. Ⅶ. 

Influenced by the damaged waterproofing layer, the basic 

trend of the change of sensitivity and initial resonant 

frequency remained the same, indicating the proposed 

detecting method of damage is effective. More experiments 

are expected to be carried out to verify detailed influence, such 
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as the damage location, type of waterproofing layer, and 

water-cement ratio.  

It should be noted that the identification of damage relies on 

the unusual changes in the dielectric constant caused by 

leakage. However, since the dielectric constant of cement 

paste can also be influenced by factors such as temperature 

variations or the presence of cracks, a more detailed analysis 

should be conducted after the initial assessment using the 

proposed method in this paper. Besides, the reasonable value 

of the limitation still needs to be investigated for the real 

application. Besides, the identification of damage level also 

needs to be evaluated based on a better index considering 

much more complex conditions. 

 

TABLE Ⅵ 

RELATIONSHIP BETWEEN INITIAL RESONANT FREQUENCY, 

SENSITIVITY, AVERAGE ERROR AND TYPE OF DAMAGE. 

Type 
Initial resonant 

frequency(GHz) 

Sensitivity 

(%) 

Average error 

(%) 

① No damage 1.85 0.011 9.8 

② Part damage 1.2 0.026 22.4 

③ Full damage 0.95 0.032 32.9 

 

TABLE Ⅶ 

EVALUATION OF DAMAGE LEVELS BASED ON PROPOSED 

METHODS. 

Type ΔS Δt Evaluation 

① No damage 0.7 110 No damage 

② Part damage 16.1 20 Possible damage 

③ Full damage 9.1 10 Possible damage 

 

V. CONCLUSION 

This paper has evaluated possible effects and identification 

methods of the damaged waterproofing layer in a patch 

antenna sensor embedded in cement paste. Leakage is 

regarded as the main effect of the damaged waterproofing 

layer. Three conclusions are drawn as follows: 

1. According to the experiment, the damaged waterproofing 

layer tends to decrease the initial resonant frequency by more 

than 50%, which will cause a huge problem for the 

interrogation. 

2. Damaged waterproofing layer tends to decrease the 

detecting accuracy. When the waterproofing layer is damaged, 

the average error for setting time detection increases from 9.8% 

to 32.9%. The sensitivity will increase, but it is meaningless 

because of the great error. 

3. The damaged case can be identified based on the variation 

of return loss (S11) ΔS and the setting time interval Δt. A 

better identification index is expected to be analyzed in the 

future. 
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