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Design and application of cement concrete moisture content sensor
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Abstract: Cement concrete is a composite material employed in a multitude of engineering construction projects. The setting state of
cement concrete exerts a profound influence on the advancement and security of such endeavours. It has been demonstrated that the
setting time of cement concrete is contingent upon the water content. Therefore, a water content sensor based on the principle of
capacitance detection is designed to measure the water content of cement concrete. According to the dielectric properties of cement
concrete and the detection principle of capacitive sensors, and utilising the edge electric field to extend the measuring range, capacitive
edge electric field sensors of parallel plate and cylindrical types were designed. A finite element simulation analysis was conducted using
COMSOL software, and the cylindrical structure was selected based on a comparison of the penetration depth, sensitivity and signal
strength of the two sensor structures. Subsequently, the performance of the cylindrical sensors with different parameter combinations was
compared by orthogonal experiments, and the optimal parameter combinations of the sensors were determined as electrode spacing of
5 mm, electrode width of 50 mm, and electrode radius of 15 mm. This configuration enabled the sensors to reach a depth of penetration
of 66. 86 mm, a signal strength of 11.387 pF, and a sensitivity of 0.267. Finally, the developed sensor was utilised for the actual
measurement of cement concrete with varying water contents, and the output capacitance value exhibited a satisfactory linear relationship
with the water content, with a non-linear error of +1.276% and a maximum relative error of 1.533% in comparison with that of the
weighing method, which demonstrated a satisfactory measurement effect.
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Table 1 Summary table of orthogonal design and simulation results
S AR IEPE d/mm FLR ¥ h/mm AR AR r/mm RYE CEIBEURE/mm {75/ pF
1 5 30 10 0. 181 46.39 6. 869
2 5 40 12.5 0.227 48.4 9.127
3 5 50 15 0.267 66. 86 11. 387
4 10 30 12.5 0.139 53.61 7. 044
5 10 40 15 0.176 61.01 9. 053
6 10 50 10 0.139 67.56 6. 999
7 15 30 15 0. 147 58.58 7.433
8 15 40 10 0.119 64.7 5.873
9 15 50 12.5 0. 149 73. 68 7.623
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Table 2 Extreme difference analysis table of sensitivity

It K EARAIEE d/mm BUARSEE h/mm  EAREAR 1/mm
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table of signal intensity
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K 2 23.096 24.053 23.794
3 20.929 26. 009 27.873

1 9.128 7.115 6.580

K, fH 2 7.699 8.018 7.931
3 6.976 8. 670 9.291

R 2. 151 1.554 2.711

MR A e 22 43 BT € 11 70 M 245 SR 15 16 28 S 56 1) 45 L 45
BB N RIS HA G d=5 mm;r=15 mm;
h=50 mm, HAERE N 5 B VR AT 34 66. 86 mm 5 5 5
4 11.387 pF  REEEN 0.267,

4 IKiRRE T &KEEN KL

4.1 (ERERARESLR

F T B BT R A S PR AT AT S By I TR A
AREER BT 5 3 1) TR AE XK P TR BRE b 5 /K R AG
IS 1 Pl A EE P B AT L BT BTG I s
2R PVC A DL BE A 2501 M 4, SE P an A 4
Bi7s

Kl 4 feRasiyE
Fig. 4 Sensor physical diagram

LT A LI /D FR A6 U fL JE 26 FH FDC2214 0
F, HA R R 28 7, I i LR 0~ 250 nF R B 1K 5
0.3 {F, Z3i i R W R0 R T 28 W9 454, P e i T4
fiEJ1oR AN S 2 R B R ), 15 A T T RE K VR TR
B EARI 3 A g K R K B B B A 5
PEHLECE S KR 10~80 o/m® HYZKIEIREE T, L ik is
5 FDC2214 35 %4 , 8 e b A8 AL A4 A ) e 235 2R of
TFaE S5 AL RS o 5 4 A [] 25 7K R A K Y8 TR 3+
PR TN R B A 1R 5 BT R, S B R 6

(a) B, EAT Z2 0 i J5 B 3446 22 ) ok e 1R 5 +
FIKEBELSHAERFLRZWE 6(b) i,

U AR [T]

K5 HEERRER

Fig.5 Schematic diagram of the circuit connection

(a) SEHUI 5t 1]

(a) Field survey map

0 10 20 30 40 50 60 70 80 90
EIKFE/(g-em?)
(b) BKEHBERRR

(b) The relationship between water content
and capacitance

Ko fRiastne sy

Fig. 6 Sensor calibration experiment

IEH TR oK TR BE 1 19 75 K R — i fE 20 ~
50 g/m’ i3 & 6(b) BARE X IR AT 1, H 28 1 et I 45 )
HAES SR Z A RIFMAHE LR, SKRTE
20 g/m* DA B LA AR AR R A K, S R A RIS /K e TR
IR KR A K, KR S KA R TS A PR TR
B MEKFES0 g/m’ LU EIKIRIREE + Fok o b Head
TR FN AR, A b G218, Ik T kR 2
W2, IF B A5 A TR O, 5k B KR 20 ~
50 g/m’ AOSEIG BN EAT ARG, 13 RIK TR IR Bk %



- 230 - S 1[I I IV = 3

KEHHEEMIUEG A,

F(x) =10.531 + 0. 476 4x (8)

e x K UTREE £ 1 B K3 f (x) AR 5 K%
TR AR A, BLA ML RER =
0. 994 87, 1. A 3% T 141 2 i 37 1 (R AT XK e Ve TR 58 1+ 7%
IR IR LA RAF AR SEPE, ARAE A R = (K
ZE/ ) TR B AR L iR = £, 276%
4.2 FFLEELE

KT A U A SRR (R HE R T — 1 B KR
40 g/m® IR e TR BE L BURE J5 43 55 P FR o0 92 FAG Sk 4
AT KRG 24 h ELLRI 38 2 5 AR Ik AT LA,
ST A It O T AR Y g R S R A
TRUCTREE - 1 SEBR 5 7K 3 I [R] B K A2 SR 25 A TBL 2 47
K VRTRBE A P A7 3% SR B K A% B I A5 1) L 2
T AT SRR AR R 14 2 A5 B X6 I 174 75 7K 6, S 626
& 7(a) B, 22 il 0 R A B 7K 236 5 1) 9 A2 4k 4n 1]
7(b) P,

By

(a) KRHER

(a) Experimental device diagram
40.01 N
—— REE
&> 39.0F
=
o
B 38.5¢
$ 38.0F
*
< 375+
37.0F
36.5¢F
0 5 10 15 20 25
B} &) /h
(b) KRR B 45 5%

(b) Monitoring results of cement concrete

K7 keI EE L KA A

Fig.7 Water content test of cement concrete

T e R T R o o 6 W I A 3 A K e TR
PrREGEAT LB, 2 ) AL SR DU A5 Y 55 AKX TR
AR 22 I an R 8 s, MRl 8 Mg B3 Tih
S5 LI [ A XK R TR 1 3 K A% g 5 PR o Tk 7
16 h #7735 2 e KA XHR 2 1. 533% , 3 /2 5256 1 i B
B, B RGBSR, T LA T R I K e TR

238 &

e B A K A

16}

Y

oK . -

ELO- \ /

08t

06k /

0 s 1015 20 2

i &) /h
B8 AHX iR 2k

Fig. 8 Relative error curve

5 % it

AR SCEF R KR TR BE A 1 15 /K 8 o, B 1 — bk
TiL G BAEROK IR EE 5K R AL RS . 8 i %
IR AR R ZEUAL, S T AR SRR K Y TR Bk
T E KRR, E S i COMSOL 5 ARy T
PR IRAR AR I ELil 3 Mo B P AE 25 A7 Al A S 1Y
PERE, BEHE T YERESEINOE R A PIAER S 1, HR i 1E
ST IE AT B 1AL IR B B L S AL Al
[EFE d 5 mm, BCEAR r O 15 mm, AR SERE A 2R
50 mm , f& J& 2% 2 15 VR FE W] 3K 66. 86 mm {7 5 ik A
11.387 pF R 0. 267, FHUK 38 52 I 5 AN [ 35 7Kk %
K PEIRBE L, 7 B AL B i b e 2k, JE MR 22
+1.276% , HA RAFIILE R R . foe)m XK Pl 6 £ it
1724 h BESLWEIN R AL GRS B 9 5 KR S AR R AR L
BB RAAXS R 22 1. 533% , M 2 12 22 0/, oA R AT
A RCR
ARSCH BT A% s FAT AR B2 Je il I 5
R AF P AR, E R BE X B — TR S BEA TR I , Jim 2 T 3 M
B X HCE: | S AN [R) TR BE A 7K DR TR BB - 7K S e
A EINER [ D S 32 AP R AR S
SR AT I A SRR 3 e 4 g T 45 R v
FIRGEE ) FE RS AR Pk F5 it — L 05T
Sk
[ 1] V. F5F FIRK RS B0 BE L 23 J20E T 4% 4 7
IEBEFE[ D] AT i R, 2019,
XU W B. Research on control method of concrete based
on lower moisture state [ D ]. Beijing: Tsinghua
University, 2019.

[2] PR AHEE, ks . RS KR E ) ik giik (1],
PEdE R4l (AR B, 2019, 49 (2):



5% 6 IR BE L 5 KR A T 5 . 231 .
219-229. EREMMISE[D]. Ki% . KiEH T R, 2004

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

SUNM L, FU F,SHEN Y X. Summary of methods for
determination of soil [ J]. Journal of Northwest University
(Natural Science Edition) , 2019,49 (2) . 219-229.
KANDALA C V, HOLSER R, SETTALURI V, et al.
Capacitance sensing of moisture content in fuel wood
chips [ J]. IEEE Sensors Journal, 2016, 16 ( 11):
4509-4514.

kB ATIGE SRR, 5F. RHOK BRIk T |
SrAr[I]. I S (AR, 2021 ,35(4) :55-65.
ZHANG Y, XING H Y, ZHANG X, et al. Simulation
analysis of soil moisture sensor probes [ J]. Journal of
Electronic Measurement 2021,
35 (4) . 55-65.

SR, PRSI 2L RN 3K 73 5k 5E [ D . v
4 V9P TR, 2019.

ZHANG M. Research on soil moisture detection by array

and Instrumentation

capacitive sensor [ D]. Xi’ an; Xi’ an University of
Technology, 2019.

B BT, AU, A5 () i oI ER A SRR K 2y
PRI W9 ()] RALAEBTE 5L, 2016, 38 (11):
252-256.

HUANG T, ZHAO CH Y, ZHU CH G, et al. Research
on capacitive seed moisture sensor with coplanar arc
surface [ J].
Research, 2016, 38(11) . 252-256.

PR T X T R BT L A T i AR X 1
KA s BT SR RE AT [0 ], AR HLAR 2 Hiz,
2016,47(11) :185-191.

GAO ZH T, LIU W P, ZHAO Y D. Design and

performance analysis of non-contact soil moisture sensor

Journal of Agricultural Mechanization

based on capacitive method [ J]. Journal of Agricultural
Machinery, 2016,47 (11) . 185-191.

ALAM M N, BHUIYAN R H, DOUGAL R A, et al.
Concrete content measurement

moisture using

interdigitated near-field sensors [ J ]. IEEE Sensors
Journal, 2010, 10(7) ;1243-1243.

NOLYINGK B E. A Novel proximity gauge[ J]. Journal
of Physics E: Scientific Instruments, 1969, 2 (2):
356-360.

XHETT, Jr B J , TRk, BT RITTMEE Lo
RIS B ST [T ], AR AR 241, 2020,
41(3) :202-211.

ZHAO Y J,FANG Y K,ZHANG Y D. Finite element-
based modeling of soft tissue bending by flexible cannula
(1]
Instrument, 2020,41 (3) . 202-211.

B RR. 7 g 4 R AR OK 23 vl D0 S Jist 28R A HC)

needle puncture Chinese Journal of Scientific

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

DAI H ZH. Research on the principle of micromoisture
dielectric measurement and its measurement system of
transformer insulated cardboard board [ D ]. Dalian:
Dalian University of Technology, 2004.

HAINSWORTH J M, YLMORELG A. The use of com-
puter-assisted tomography to determine spatial distribu-
tion of soil water content [ J]. Australian Joural of Soil
Research,1983,21(4) :435-443.

. TR R B A EA T K e 28d BT 5 B T 1)
WESEL D] WK IR R Tolk e, 2015.

YANG X. Study of cement 28d compressive strength
prediction based on early resistivity [ D ]. Harbin;
Harbin Institute of Technology, 2015.

SENIN S F, HAMID R. Ground penetrating radar wave
attenuation models for estimation of moisture and chloride
content in concrete slab [ J]. Construction & Building
Materials, 2016,106( 1) :659-669.

Ui AR B BT LR IR BE 4 A R O B T R
TG YIR M D] EK R, 2022.
DUANMU Z ANG. Measurement method and experimental
study of compressive strength based on the dielectric
constant of concrete at early age [ D]. Chongqing:
Chongging University, 2022.

B, PRER I G A (M. U WA R
1, 1985.

ZHAO K H, CHEN X M. Electromagnetism [ M ].
Beijing: Higher Education Press, 1985.

AL-QADI 1T L, HAZIM O A, SU W, et al. Dielectric
properties of portland cement concrete at low radio
frequencies| J ]. Journal of Materials in Civil Engineering,
1995, 7(3) :192-198.

BT W QA1 T B S I S g o a L T
s [)]. LR FH AR HEH,2010,27(9) ;. 52-55.
LIU R J,ZHANG Y W, WEN CH W, et al. Orthogonal

trial design and analytical methods study [ J].
Experimental Technology and Management, 2010,
27 (9) . 52-55.

XEZE AU DR, M o, 4. B T SR B 1y Tl
ARSI T ] R, 2016,37(11)
2582-2587.

LIUY J, ZHU L Q, YANG D B, et al. Soil water
content estimation model based on air humidity [ J].
Chinese Journal of Scientific Instrumentat, 2016,
37 (11) . 2582-2587.

WA TR e R T A S SR v 1) - SR A3 1 R e 1
L] BT HR ,2016,39(3) £ 106-109.

CHEN D, WEN Z ZH. Design of soil moisture sensor



-232- e R = I O 38 &
based on frequency domain reflection method [ J]. water content of concrete using ground-penetrating radar([ J ].
Electronic Measurement Technology, 2016,39 (3) . 106- Cement and Concrete Research, 2007, 37 (8):
109. 1164-1171.

[21] @z, o B ZURKDGE LRGN B (EBEEN
RGBT 1], 7 I 5 R 2 4, 2015, S RMS, 2022 4FF o [T RS AR
29(6) :853-859. BHE A BEAR 2 2, B v [ T K 2 A
HUANG Y ZH, ZHENG L, WANG B B. Research on WA EEMIE T S A T
the dielectric measurement system of the multi-wavelength E-mail ; jin2013121312@ 163. com
edge electric field sensor [ J]. Journal of Electronic Jin Qingpeng received his B. Sc. degree
Measurement and Instrumentation, 2015, 29 (6 ). from China Jiliang University College of
853-859. Modern Science and Technology in 2022. Now he is a M. Sc.

[22] EFW, S0, - 1m R 2 2 R B0k e B ] candidate in China Jiliang University. His main research interest

FEBRSE[T]. BT 5 R 3= 4R, 2020, 34 (5) includes precise instrument design.
133-139. XIBE GAEfFIEE) 2011 4FF 2 BT
WANG R H, GAO H M. Swdy on the velocity EORAE 2R, 2014 AF TR R AR A
measurement of solid particles [ J]. Journal of Electronic +24407,2019 4T KRB R RG A,
Measurement and Instrumentation, 2020, 34 (5):. Ry P R RO, AR T W) RS
133-139. WAV N B IN RGEBET

[23] BOAST W B. A Conductometric Analysis of Portland Cement E-mail; lu_liu@ cjlu. edu. en
Pastes and Mortars and Some of its Applications [ M ]. Liu lu ( Corresponding author) received his B. Sc. degree
Ames: lowa State University, 1936. from Lanzhou University of Technology in 2011, M. Sc. degree

[24] WANG X, SUBRAMANIAM K V. Ultrasonic monitoring from Tianjin University in 2014, and Ph. D. degree from Tianjin
of capillary porosity and elastic properties in hydrating University in 2019, respectively. Now she is a lecturer in China
cement paste [ J]. Cement & Concrete Composites, Jiliang University. Her main research interests include precision
2011, 33(3) :389-401. instrument design, micro nano structure, and detection system

[25] KLYSZ G,BALAYSSAC J P. Determination of volumetric design.



