i+l

NRC Publications Archive
Archives des publications du CNRC

Dielectric behaviour of hardened cementitious materials
Gu, P.; Beaudoin, J. J.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

Publisher’s version / Version de I'éditeur:

Advances in Cement Research, 9, January 33, pp. 1-8, 1997-01-01

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=686f4f6-4498-41a0-9787-b3403569e943

https://publications-cnrc.canada.ca/fra/voir/objet/?id=686{f4f6-4498-41a0-9787-b3403569e94 3

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at

https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



Institute for Institut de
Research in recherche en
Construction construction

http://www.nrc-cnrc.gc.calirc

Dielectric behaviour of hardened cementitious materials

NRCC-38997

Gu, P.; Beaudoin, J.J.

January 1997

A version of this document is published in / Une version de ce document se trouve dans:
Advances in Cement Research, 9, (33), January, pp. 1-8, January 01, 1997

The material in this document is covered by the provisions of the Copyright Act, by Canadian laws, policies, regulations and international
agreements. Such provisions serve to identify the information source and, in specific instances, to prohibit reproduction of materials without
written permission. For more information visit _http://laws.justice.gc.ca/en/showtdm/cs/C-42

Les renseignements dans ce document sont protégés par la Loi sur le droit d'auteur, par les lois, les politiques et les réeglements du Canada et
des accords internationaux. Ces dispositions permettent d'identifier la source de l'information et, dans certains cas, d'interdire la copie de
documents sans permission écrite. Pour obtenir de plus amples renseignements : http:/lois.justice.gc.ca/fr/showtdm/cs/C-42

National Research ~ Conselil national
Council Canada de recherches Canada



http://www.nrc-cnrc.gc.ca/irc
http://laws.justice.gc.ca/en/C-42/index.html
http://lois.justice.gc.ca/fr/showtdm/cs/C-42




Advances in Cement Research, 1997, 9, No. 33, January, 1-8

Dielectric behaviour of hardened cementitious
materials

Ping Gu™* and J. J. Beaudoin*

Institute for Research in Construction, Canada

The dielectric behaviour of mature Portland cement pastes prepared at water /cement ratios 0-3 to 0-7, and pastes
containing various percentages of silica fume at water/cement ratio 0-3 was investigated over a frequency range
of 1 MHz to 15 GHz. The value of dielectric constant is waler content dependent. 4 linear correspondence
berween dielectric constant and evaporable water was obtained for water-saturated pastes. Experimental results
relating dielectric constants to porosity for Portland cement pastes hydrated for one year were in good agreement
with Sen’s approximation for rock, e.g. e, = 1-5¢}, + P'(e}, — 1-5¢ly), where &, = the real part of the effective
dielectric constant, €, = the real part of the dielectric constant of water, &;, = the real part of the dielectric
constant of cement paste and P is the porosity. Addition of silica fume appears to have a small and indirect effect

on the dielectric constant value of the paste. This Is due to the pore size effects and evaporable water content.

Introduction

The hydration of Portland cement involves the
initial dissolution of CaO, CaS042H>0 or CaSOy-
%HQO, aluminate phases and alkali. This is followed by
the reaction of C3S8 and C,S with free water and
formation of C—S-H, calcium hydroxide (Ca(OH),),
ettringite and other minor compounds, which bridge
individual particles and fill up capillary pores. These
reactions promote the formation of a rigid micro-
structure and strength development. The stability of
C—-S-H contributes to changes in morphology, inter-
facial regions, pore structure and intrinsic strength.
These characteristics can be studied by means of im-
pedance or conductance measurements.

Electrical conductivity measurement (ECM), * ac.
impedance spectroscopy (ACIS; =13 and dielectric
constant measurement (DCM) ? have been used in

cement and concrete hydration investigations. Studies

have indicated that specific parameters obtained from
these methods are very sensitive to the hydration
process, moisture content, temperature and microstruc-
tural characteristics of cement paste and concrete.

* Materials Laboratory, Institate for Research in Construction,
Mational Research Council, Ottawa, Ontario, Canada, K1A OR6

(ACR 230) Paper received 19 April 1995; last revised 19 December
1995; accepted 4 March 1996,

DCM is more sensitive than ECM and ACIS in the
early detection of changes in hydrating cement
systems. Large values {up to 10000) of dielectric
constant at early hydration times have been reported
at low frequencies (less than 1 MHz). These values
decreased rapidly with the maturity of the
pasl:e.zs“%’29 This is attributed to interfacial and
double-layer polarization effects which become less
important in hardened cement paste. The dielectric
constant is much smaller {close to 80) at radic and
microwave frequencies, depending on free water
content in the paste. 17,19.21,22,26.7 Small values of
dielectric constant, e.g. 7 to 20, were also observed in
very low water/cement ratio pastes, compressed
cement pastes and cement/polymer composite
systems. % 1t was suggested that the dielectric proper-

_ ties of hydrating cement paste are closely related to its

‘free-water’ content.'™® There remains a paucity of
published data on the dielectric prqpemes of cement
and concrete specially at radio frequeﬁ*cws ‘A sum-
mary of previous work is given in Table 1. 4n this
study, the dielectric properties of hardened cement
paste at various water/cement ratios were “determined
over the frequency range, 1 MHz to 1-5GHz. The
approximation, &f = 1'5gf, + P*(ei, — 1°5e(p) relating
the effective dielectric constant, £i, to porosity (P)
was tested for one-year hydrated Portland cement
pastes. It will be discussed in detail in a following
section, This preliminary work also revealed that the
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Table 1. Summary of relative dielectric constant data

Reference Frequency range Relative dielectric constant Remarks

Perez-Pena et al ' 1 kHz to 2 MHz 69178 Type 1, 11T and MC500 cements, warm-
pressed, w/c = 0-2, cured 1 day at 30°C

Gorur ef al. [17] Microwave 12-28 (&'} OPC, w/c =103 to 04, hydrated up to
48 hours

Wilson et al. [18, 19] 1 MHz-100 MHz ~~100 and less OPC, w/e =105,
cement:sand:aggregate = 1:1-5:3, cured
1 day

Yoon et al. {207 10 kHz—1 MHz 20-30 OPC (Korea), w/c = 0-4, hydrated 2

hours, measured at 0 to —30°C

Olp ef gl [21] I MHz-300 MHz

40-360, increase with hydration

time

Type 1 Portland cement, w/c = 045 to
0-60, hydreted up to 24 hours

Al-Qadi et ol [22] 1 MHz-100 MHz

6300

Type I Portland cement, w/c = 035 to
0-55, hydrated up to 28 days

McCarter et al. [23--26] 1kHz ~10% and decreases with hydra- | OPC, w/c =03 to 05, hydrated up to
tion time 24 hours
Taylor et al. [27] 10 MHz--56 MHz 65115 OPC, w/c = 0-35, hydrated up to 52
hours
Wittmann ef al. [28] 8-5 GHz~12'3 GHz 30-10 OPC, w/c = 04, hydrated up to 30
days
Coverdale et al. [29] Low frequency (7 < f<3MHz) | (a) 90000 to 4000 (b} 4000 to | (a) OPC, w/c =04, hydrated up to
12400 120 hours (b} OPC, wfc =02 to 1.0,

hydrated 1} months

dielectric - constant value of hydrated cement paste
varies indirectly with original water/cement ratio and
silica fume content.

Experimental procedures

Materials

Type 10 Portland cement was used. The chemical
composition {mass %) is as follows: Si0, = 19-83;
Ca0 = 61-21; Fe;0; =3-20; ALOy =4-18; MgO =
4-09; 'SO; = 3-93; Na,O = 045 and K0 = (-82. The
silica fume was obtained from the SKW Ceo., Monireal,
Quebec. Fresh cement was mixed at various water/
cement ratios from 0-3 to 0-7. Paste samples containing
silica fume were also studied, added to the cement in
amounts ranging from O to 25% by mass. The
watet /solid ratio was 0-3. All the specimens were cast
in cylindrical moulds, 3 cm diameter X 6 cm and cured
in a 106% relative humidity environment for 24 hours
and subsequently immersed in a saturated lime solution
for 1 year. Cement paste samples were sliced to form
3 mm thick discs. They were tested under two con-
ditions; first, under a water-saturated (surface free
water was removed before each dielectric measure-
ment) condition; second, after 24 hours vacuum drying.

Instrumentation

An HP 4291A RF Impedance/Material Analyser
equipped with an HP 16453A Dielectric Material Test
Fixture was used for dielectric measurements. Equip-
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ment and test fixture calibrations were carried out
before each experiment. Data were collected using a
frequency scan ranging from 1MHz to 1'5GHz at
22°C. Total porosity values of the hydrated cement
pastes were determined by mercury intrusion porosi-
metry at pressures up to 408 Mpa, using an American
Instrument Co. porosimeter. Porosity values based on
mercury intrusion approximate capillary porosity
values and do not include C-S—H gel pore space.

Evaporable and chemically combined water

The evaporable water content was determined by
mass loss of cement paste vacuum heated at 105°C
for 24 hours. The chemically combined water was
determined by the mass loss between 105°C and
1000°C. The data was normalized on the basis of the
cement content in the sample.

Results and discussion

Dielectric behaviour of hardened cement pastes

Water-saturated pastes. Plots of relative dielectric
constant (g;) and dissipation factor (tand =¢"/e")
versus frequency for water-saturated hardened Portland
cement pastes prepared at various water/cement ratios
are given in Fig. 1{(a) and 1(b), respectively. The values
of &, decrease rapidly at frequencies ranging from 1 to
200 MHz, then at a much slower rate as the frequency
increases beyond 200 MHz. The water/cement ratio
appears to have an effect on &. The curves for

Advances in Cement Research, 1997, 9, No, 33
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Fig. 1. Plots of dielectric parameters versus frequency for
one-year-old water-saturated hardened cement pastes pre-
pared at various water/cement ratios ranging from 0-3 to
07: (a) relative dielectric constant (&,); (b} dissipation
Jactor (fland =¢€"/¢')

dissipation factor also decrease slightly with increase of
frequency. The effect on dissipation factor of water/
cement ratio is only detectable in the frequency range
1-400 MHz.

Vacuum-dried pastes. Similar plots of the dielectric
data for vacuum-dried pastes are given in Fig. 2(a) and
2(b). The & curves decline rapidly at frequencies -
50 MHz. Relatively constant values of &, about 5-10
depending on water /cement ratio, were observed as the
frequency increased beyond 100 MHz. The dissipation
factors are relatively low. They also decrease slightly
with an increase in frequency from 1| MHz to 50 MHz.

Water-saturated pastes containing silica fume. The
curves of relative dielectric constant and dissipation
factor versus frequency for pastes containing silica
fume ranging from 6% to 25% by mass of cementitious
solids are very similar to those of pure cement paste
systems (Fig. 3(a) and 3(b)). The values of dielectric
constant for pastes containing silica fume are slightly
smaller than those of pure cement paste at the same
frequency. The higher the percentage of silica fume,
the smaller is the relative dielectric constant except for
pastes containing 20% and 25% silica fume. ‘

Advances in Cement Research, 1997, 9, No. 33
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Fig. 2. Plots of dielectric parameters versus frequency for
one-year-old vacuum-dried hardened cement pastes prepared
at various water/cement ratios ranging from 0-3 to 67 (a)
relative dielectric constant (g.); (b) dissipation factor
(land =&"/¢')

Relative dielectric constant values, recorded at
various frequencies, for vacuum-dried and water-
saturated cement pastes, and pastes containing silica
fume is given in Table 2. Examination of the data
indicates the following:

(i) The wvalues of dielectric constant, &, and
dissipation factor, tand, for water-saturated
pastes are larger than those for vacuum-dried
pastes.

(if) Water/cement ratio has a larger effect on both
the dielectric constant, &, and dissipation factor,

tan d, in water-saturated pastes than in vacuum-

dried pastes.

(1ii) Higher water/cement ratio preparations have
larger dielectric constant wvalues for water-
saturated specimens, Lower water/cement ratio
preparations have larger dielectric constant
values for vacuum-dried specimens.

{iv) The values of dielectric constant, g, for pastes
containing silica fume are slightly smaller than
those for pure cement paste prepared at the
same water/cement ratio. Paste with 15% silica

3
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Fig. 3. Plots of dielectric parameters versus frequency for
one-year-old water-saturated hardened cement pastes con-
taining 6 to 25% silica fume at a water/cement ratio of 0-3:
(a) relative dielectric constant (e,); (b) dissipation factor
{tand ="'}

fume addition has the smallest value of ¢. A
slight increase of & was observed for paste
containing 20% and 25% silica fume.

Evaporable and chemically combined water

The water content in the pastés is usually described
by the term ‘evaporable water’, which is defined as
the sum of the capillary water and adsorbed or
intercalate water between C-S~H layers. The evapor-
able water can be easily determined from the mass
loss of the paste vacuum dried at 105°C for 24 hours.
The water content or evaporable water in the pastes
appears to have an important contribution to the &
values. Figure 4(a) is a plot of the dielectric constant
(&) versus evaporable water (g/g of cement). The
water saturated pastes prepared at higher water/
cement ratios give rise to larger & values. This is
because pastes prepared at high original water/cement
ratio have high porosity values. They contain more
evaporable water including adsorbed water and inter-
calate water between C--S—H layers in the water-
saturated condition than pastes prepared at low water/
cement ratio (Fig. 4(b)). It is apparent that evaporable

4

water is the main contributor to the dielectric constant
reading since chemisorbed or chemically bonded water
molecules may fail to follow the alternating field in
the frequency range investigated (ie. 1MHz-1-5
GHz). The lower g values for pastes prepared at
low water/¢cement ratio and pastes containing silica
fume additive can also be explained on this basis.

The & data tecorded for vacuum-dried pastes at
various frequencies is plotted against the original
water/cement ratio in Fig. 5(a): linear behaviour was
observed. The regression coefficients are 0-97-0-99
for all curves. In contrast to water-saturated pastes, the
values of g decrease as the water/cement ratio
increases. It appears that the chemically bound water
(in C—-S—H and Ca(OH),) is not the sole contributor
to the paste dielectric property since the chemically
bound water increases with increase of water/cement
ratio as indicated in Fig. 5(b). It is suggested that the
dielectric constant of C-S-H is lower than that of
unhydrated cement. Further experiments will be car-
ried out to clarify this point.

Effect of porosity

It has been reported that the measurement of
dielectric constant can provide information on the
water-filled porosity of sedimentary rocks without
water conductivity data if h'ogh frequency (normally in
the GHz range) is utilized.* An approximate relation
between the real part of the effective dielectric
constant, ¢/, and porosity, P, suggested by Sen et
al,™ can be applied to a water saturated cement paste

system as expressed below:
el = 1-5ek, + P (el — 1-5e(;) ey

where &, and &, are the real part of dielectric
constants of water and cement paste solids. The d.c.
limit given by Equation (1) holds at low frequencies
for which the inequalities oy > wé(ew — &¢p) and
O > weo(e; — £5p) are satisfied. The terms gy, and o,
are the conductivities of water and water saturated
cement paste, and follow Archie’s Law (0, = 0, P'™).
A plot of g, versus P''5 produces a linear relationship
with the intercept 1-5e¢, and slope (& — 1'5&¢). The
experimental £, data obtained from water-saturated
pastes versus the porosity term P’ are plotted in Fig,
6. Linear curves predicted from Equation (1) were
obtained. The values of the intercepts and slopes are
listed in Table 3.

The calculated dielectric constant value for cement
paste is about 11 (the imaginary part of the dielectric
constant is negligible). This is close to those values
obtained from the vacuum dried samples (6-11). The
slight difference may be due to the intercalate water
between C--S-H layers. The values of ¢, (63 and 79)
are also quite close to 80, the value for pure water.
The relatively good agreement suggests that Equation
(1) is applicable to cement paste systems.

Advances in Cement Research, 1997, 9, No. 33
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Table 2. Values of dielectric constant, &,, of vacuum-dried and water-saturated hardened Portland cement pastes and pastes

containing silica fume

Dielectric behaviour of hardened cementitious materials

Values of relative dielectric constant, &, for water-saturated hardened OPC pastes

w/c ratio 54 MHz 100 MHz 200 MHz 300 MHz 500 MHz 1GHz
03 3837 32:41 27-08 24-52 2159 18-78
04 4443 3704 30-25 27-04 2344 20-25
05 56-35 44-97 3511 30-90 26-80 2372
06 6243 4929 3799 3324 2889 2584
07 69-14 53-33 4091 36:05 3172 2897

Values of relative dielectric constant, &, for vacuum-dried hardened OPC pastes
03 10-97 10-35 977 946 909 868
04 914 869 827 8-04 773 7-40
05 918 8-46 7-38 7-54 717 678
06 6-88 656 625 610 587 563
07 620 592 567 5-52 533 312
Values of relative dielectric constant, &, for water-saturated hardened Portland cement pastes containing various amounts of silica fume. w/c
ratio = 03
Silica fume (%) 54 MHz 100 MHz 200 MHz 300 MHz 500 MHz 1 GHz
6 2932 2594 22:55 2074 18-61 16-49
10 2803 24-54 21-09 1826 17:29 15-54
15 2281 2044 1801 1676 15-43 14-33
20 2570 22:56 1989 1875 17-69 16-86
25 2795 24-52 21-80 2070 19-64 18-80
8¢ -
(a} L’ —A— 54 MHz °  300MHz
i LA .| @ 100MHz  —— 500 MHz
= 60 A . ~@~ 200MHz  ~pE—~ 1GHz
£ A’ .
3 i .9 3 08
§ i ’ ‘ . @ P - (b)
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Fig. 4. Plot of (a dielectric constant (¢,) versus evaporable water content (g/g of cement); and (b) water/cement ratio versus

evaporable water content (gfg of cement) in the water-saturated condition
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Fig. 6. Plot of the effective dielectric constant, &l, obtained
for water saturated pastes versus the porosity term, P>

Table 3. Intercept and slope values for the curves of Fig. 6

Curve Intercept Slope Edp £l
a 172 459 11-5 632
b 166 623 11-1 79:0

Effect of waterjcement ratio and silica finme content

A plot of g versus silica fume content at
frequencies of 200 MHz, 500 MHz and 1GHz is
shown in Fig. 7. The value of &, decreases as silica
fume content increases to about 15% then recovers

6

&~ 200 MHz
-@- 500 MHz
-¢- 1 GHz

ry n
@ [¥)
&

Relative dielectric constant (g,)
=

. s 1 L L !

10 15 20 25 30
Silica fume content (%)

-
o
[e=]
g
el

Fig. 7. Plots of relative dielectric constant (€.} versus
silica fume content of cement paste at frequencies of
200 MHz, 500 MHz and | Ghz. The water/solid ratio was
0-3

shightly. This phenomenon can be attributed to the
densification effect of silica fume. Ultra-fine silica
fume particles fill the space between cement grains

- and react with Ca(QH), to form C-S-H gel with a

lower Ca/Si ratic. Thus porosity and pore size are
reduced by hydration and pozzolanic reaction. The
pore population contains a greater population of fine
pores- at the same total porosity. This results in a
lower value of dielectric constant. This effect was also
observed in impedance studies of cement—silica fume
compressed systems. The impedance increased with
silica fume content up to 15% and decreased at 20%
angd 25% (Fig. 8). This may reflect changes to the
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paste microstructure at high dosages of silica fume.
The excess silica fume is considered to be inert
material due to the absence of sufficient Ca(OH);
reactant in the cement paste, In this case, the
microstructure of the system is more porous than that
at the optimum addition. This evidence is compatible
with mechanical property and durability data reported
elsewhere.”

Conclusions

Dielectric constant values for hardened Portland ce-
ment pastes in the RF range show a rapid decrease in
the interval 1 MHz to 100 MHz. They reach relatively
constant values at higher frequencies. The values of
dielectric constant and dissipation factor for water-
saturated pastes are larger than those for vacuum-dried
pastes. The value of dielectric constant is water con-
tent dependent.

The approximate relation g = 1-5e4, + P5(e}, —
1-5e¢,) was tested for hydrated Portland cement pastes.
The good agreement suggests that the equation is
applicable to cement paste systems.

Larger dielectric constant values are associated with
larger amounts of evaporable water in the water-
saturated cement pastes. A linear relationship between
dielectric constant and evaporable water was obtained
for water-saturated cement pastes. The addition of
silica fume particles fills the space between cement
grains and reduces the porosity and pore size of the
paste. This can result in a lower volume of capillary
water (free water) and smaller dielectric constant
values.

Advances in Cement Research, 1997, 9, No. 33
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