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Evaluation of Setting Time in Cement Paste with Fly Ash Replacement
Using Piezoelectric Sensors
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This study investigated the setting characteristics of cement paste with varying proportions of fly ash replacement using the
electro-mechanical impedance (EMI) sensing technique. Cement paste samples were prepared with a water-to-binder ratio of
40 %, substituting fly ash for 10 %, 20 %, and 30 % of the cement weight. Piezoelectric (PZT) sensors were embedded in
the center of each cement paste sample to continuously monitor the EMI signals. Vicat needle test and semi-adiabatic
calorimetry test were conducted to validate the reliability of the EMI sensing technique in monitoring the setting of cement
paste. Experimental results revealed notable changes in the magnitude and resonant frequency of the EMI resonant peaks
during the setting time. It was confirmed that the setting times measured through the EMI sensing technique were
correlated with those determined by the Vicat needle test and semi-adiabatic calorimetry test.
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1. M 2 AZEtY Z32|EQ| SZS tHSIA| Xttt E35| S2H0[0fiA],
N2 52 Yot SEARI0| XHElE HEEME Z32

Z7| £t AHE= St BHSst AEAIH S0t = EO| 2% ¢ NPUHEE Tt SHEHES IfUsk=d| a7t

H MEHE SXIGICH EFAIERE X M2 AF0IZ 51| H QUCE of2{et HIZIER] At HUMYARL] otAIE H2tol7|
Cf. 02f3t AIBIE TO|AEO| AKIO| THYS SZ(setinglolakn 3t CIIsH S0l et 477k Zatln Qlott of24eh &
SHCHMindess and Young 1981), A|HIEC] 242 Z32|E9| 0f HEE dAld 2 AMEEH9 22X S0| ({5 sia/ofof &
ZAE, 2EXR0IE HIXIAN Z7(Q0M JHAIAE, HEE! b A 2H2 HOoIRICHUppalapati et al, 2021; Sharma et al, 2020).
M 52 ZH5k= £20 2A0|CHChristensen 2006), [H2EA Al FZ 0|2t 22 ZHE siZSH7| ot Lee et. al.(2016), Lee
HEO| SZANIE HEGHA Ifelshe A U1 £2356M and Lee(2022), Lee(2023)1} Zhang et al (2020)2 M7 |5t
ANHIEQS| 222 =X6t= 7H tHEXQI IS HIFIEAR] A| ol o|HA(Electro—mechanical Impedance, EMI) AIAT|#HE 0]
Sap HUKSIAISO0|CHASTM C 191-21 2021; ASTM C 403/C ot MHEA Mzol 32 SYUES Metstict of Aol
403 M-21 2021), O] AHHE2 MBI 80|14, EX[Q X7t M J7te] ¥ (piezoelectric, PZT) AIME AHEA Xi=0i| Of
2h= S0 AAEE JHX| D QUL SEX|TE 0] & AlglEE 25 o] PZT M EM tlensS BA01 S254E EVish
ASA 7|HH0M 222 MGl AggHoZ 258 & S A RACE PZT MME 0lE¢et EMI Al 7T Ja2of 7(8het
ME SZO| QIOIM CHUSH 9IS BHO| thEt WAt RS Ch PZT A7 SAE(host) PAST HHE0] Qe AL, PZT
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2 AS A= PZT M= A9 PZT buzzer element

Fig. 11h 2Tt PZT ANE AE AHE HO[AE DR &
AHE HOIAEO S U= 0122 HEgez ¢ 2E
0| Loty | W20 PZT MO EMI ASE mfeteh=| 01
=0[ AT W2t AJE HO|AE o PZT HMME D& |
FloliMe HAX7E BIEA] ERsitt, 2 A8l o1FE 2

AFEHE OI&stH PZT HIME HAHXIZIZ SIUCE

Table 1. Specification of PZT sensor used in this study

Frequency | Resonant resistance Capacity Plate
(kHz) Q) (pF) material
35+05 350 30,000 + 30 Brass
} 250mm
' a
0.23mm
44
r':'—rf
0.imm 1

Fig. 1. PZT sensor used in this study
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Table 2. Mixing design of cement paste

SR Water to binder Binder
Designation fio (%
n e Cement (g) Fly ash (g)
Plain 1,000 0
10 % 909 91
40
20 % 833 167
30 % 769 231
2 AISIo| M= Z210|0fA| X220 T2 A|HE H0|AEQ]
SZAHES BIISH| st KS L 52019

BEESUHEAHES)
C|

PZT sensor

o ' =

—Y%

Personal computer

O

LCR meter

GP-1B

Cement paste

Fig. 2. Test setup for measuring EMI of PZT sensor
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Fig. 3. Needle penetration depth as a function of hydration age
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Fig. 4. Temperature of cement paste as a function of hydration age
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Table 4. Specific times determined by the semi-adiabatic temperature

Table 3. Setting times determined by the Vicat needle test test
- Initial set Final sct 'T%n.me gap between - "l“t‘:mpefature Time at maximum | Time gap between
Designation . . initial and final set Designation | rising time(a) temperature(b) (a) and (b)
(min) (min) . . c :
(min) (min) (min) (min)
Plain 345 415 70 Plain 217 480 263
10 % 375 465 90 10 % 288 564 276
20 % 312 654 342
20 % 420 580 160
30 % 367 792 425
30 % 480 710 230
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Fig. 5. EMI signal behavior of PZT sensor of Plain sample (0 hour
to 4 hours)
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Fig. 6. EMI signal behavior of PZT sensor of Plain sample (5 hour

to 8 hours)

Fig. 72 S2{0|0HAIE XIZet AME HO[AEQ| 2LAZI0]
ME PZT M2l EM STITA9| b4 HISHS LIEFH Z0]Ct,
SCf0|OHA] X[2HE0| S7tEaE STLAY Fupe7t DFate
FHo= 0lFot= AlE STLF7E A%st= AIF0| Xl
HNOZ LIEFLICE Table 5= EMI AlA7[HHO 2 AbSol 2 AJHO|
SZAES HEHH Z0Ich S2fojofA] X[gk20| S71EeE =2
2 SEARIO| X|HE[eH, =20t ZEC| ARIX0|= S7tst
= Aoz LERRTE £ot S2f0|01A| X&tE0] E7Ie+5 =2
1f ZZO| AZIZHA0| BItsks As =elg » {ln
4, A F

oS7HO

AHIE HO|AEQ) ANBIE 2 HA & 7H57 (0] L
SHAl =lCk(Neville 2000), £3t2E M0 A|HE m0o|AEQ)
232t ASok=s AIERH Zl0 220) =96k= AIFR2 A
EO 23IH B 71570  QHtXoz XA JiAT|

42 2|t fS2E0l =Yoty| MOl 7t
=

Cf, w2t AIME HO|AES] of2 =T}

o=

sfsic

-

|
7

SrRAMREIIRISS| =2 20241 62 165



Plain

180

160 |
Initial set Final set

140

Resonant frequency (kHz)

120

0 2 4 6 8 10 12 14
Time (hour)

200
10%

180

160 [
Initial set
140 [

Resonant frequency (kHz)

120

Time (hour)
200

180

160 |

140

Resonant frequency (kHz)

Time (hour)

200

180

160 | Initial set

140

Resonant frequency (kHz)

120 . . .
0 2 4 6 8 10 12 14
Time (hour)

Fig. 7. EMI resonant peak frequency as function of hydration age
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Table 5. Setting times determined by the EMI sensing technique

st Imtlal set Flnal set Time gap between i.nitial
(min) (min) and final set (min)
Plain 250 430 180
10 % 310 500 190
20 % 390 630 240
30 % 430 720 290

ooy > oot b
o U Mmoo oy
o L h g -
o o &M b oo
m;:';O“T'ImrT—I
= 03 =
s - 235 =
xoap & ox o W
X o N 0x =
N O >
ﬁgioﬁ—”*
S = 1o
S > 2
o s oo 0P
X e o MW
| O|'>'||'\I

mw -

B oF
por |—>||_‘—O
HT W =
AN - =2
=3 ox T
I M >
= o gy O
I 2T
mn 12y
L 2 o
0 e Hu

OpA
(NN
>
oA
rlo
o
N

m

bl
>
oot
=)

m O
=

A7 2ot =A Lt

m
o L Y
i

IZIER A0 FolE ZEAHE(RICS] 2HUH0I7E25 mm7t
Sl AE)2 2ol Sfa YoMez MHE gtz ABIE 10|
ANEE LIEHL X £8HCHMindess and Young
AHIE HOIAETZE Fofl Ciet 2
ZAZ0[7} 40 mmD[ZH0| El= AIE)
Ol ZZAIFIECH M= A LIEHATE Fig,
& AIolM ABIE TO[AET} o]
[Zteh= AIES EMI ZXIT|=2.9| Zeof

A
Sol7| AlAfote At FARGHA| LEt

rlo
N
ol

0.
i

P
N

>

m
lo
g

for
I

e
njo ro

nx
E
HL
ra
>
=

o
rr
R
oA

o
1o
I

2
0x 1

o
o
e -l
o |
2omo ooy
o =
I
1o T
SN TH ¢
P o
N g

m

bal

C o4
N
[
-|>|+E
+ 0
og
12
0
U
=)

EMI A7 [20fA] A
7R, PZT MA| ZH10| BAE 29I AIHE HO|AET} SF
S ARBITM 2H4S Woisto) ARIE HOJAE Q] 7|7x |

A7} HSHEICE 0[2{st SAE LRE20| 7% Un[HA S}

2
|m
=
(=)
[>
|m
=
=2
el
N
_|
=
R
i
=2
u
N |'|.|9,E

oo [

rx
>
N
ne
=
Ton
ro
-4
A

Jal
Ofl
[l
njo
o9k
0%
ol
=
ro
o
[y
(W)
>
«
@
S
%)
«©
=

4> 1o
0
i)



500

400 |

Time (min)

300
-0~Vicat needle test

-1-EMI sensing technique

——Semi-adiabatic test

200
0 10 20 30

Fly ash replacement rate (%)

Fig. 8. Initial setting time based on fly ash replacement ratio
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