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Abstract

This paper reports the investigations on the early hydration process of fresh concrete using a non-contact electrical resistivity measurement.
The bulk resistivity development (p(f)—t curves) and the pore solution resistivity development (po(#)— curves) of fresh concrete, with and without
fly ash replacement, were obtained for the period from casting to the age of 48 h. The porosity development (¢(f)—¢ curves) was obtained from the
p(t)—t and po(7)—t evolution curves with the calculated initial porosity and the measured porosity at 1 day by mercury intrusion porosimetry (MIP).
The degree of hydration (o(f)—t) of the cement-based materials was then obtained based on the porosity change with time, which was caused by
the increase of hydration products with a lower density as compared to that of the original cement in the hydration system. The comparison of the
degree of hydration predicted from the porosities (¢(f)—¢) and obtained from the experimental measurement of non-evaporable water showed a

good agreement of the two.

The setting and hardening behavior of fresh concrete was characterized by the characteristic points on the p(f)—¢ and dp(f)/dt—t curves. The
retarded hydration caused by the fly ash incorporation could be identified by the characteristic points.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement-based materials have a complex hydration process
and microstructure, varying in time and depending on chemical
composition, admixture incorporation and temperature. The
degree of hydration describes the process of hydration, and
directly relates to the fraction of the hydration products or
porosity in a hydration system that governs the properties of
cement-based materials. There are many methods to estimate
the degree of hydration of cement, such as calorimetry,
chemically bonded water, X-ray diffraction and image analysis.
However, different methods give different results for the degree
of hydration due to the different criteria [1].

The hydration of cement-based materials leads to a continuous
decrease in the amount of porosity due to the increase in hydration
products. The degree of hydration and porosity in a hydration
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system are essentially correlated. Conventionally, porosity of
concrete is measured at mature stages by the MIP method. Powers
and Brownyard [2] used a model to relate capillary pores in a
cement paste to the degree of hydration and initial water to cement
ratio.

Electrical conduction occurs primarily due to ion transport
through the pore solution in a cement-based system. It is
strongly dependent on both pore solution conductivity and
porosity. Electrical measurement methods have been applied to
study the microstructural evolution in hydrating cement-based
material systems [3—6]. However, the results from conventional
electrical measurement are problematic due to the problems of
the contact between electrodes and fresh cement, caused by
electrochemical reactions and shrinkage gap.

Recently, a non-contact electrical resistivity method (NC-
ERM) [7] has been developed to measure the resistivity
development of fresh concrete and of the pore solution within
the concrete mixes. The NC-ERM eliminates the contact
problems between electrodes and surrounding materials in
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conventional set-ups for impedance measurement since there
are no electrodes in this set-up. The non-contact electrical
resistivity method has been successfully used in the investiga-
tion of the hydration process of cement [8], W/C effect of
cement paste [9], alkali effect on hydration process of cement
[10], and superplasticizer selection [11] in cement pastes.

The feasibility, sensitivity and effectiveness of NC-ERM for
monitoring the hydration of cement-based materials have been
verified in Ref. [8]. A power law relation between w/c ratio and
bulk resistivity at a fixed curing time was found in Ref. [9]. Ref.
[10] correlated electrical resistivity development to heat
evolution. Two types of superplasticizers were compared by
testing the electrical resistivity and fluidity of the pastes and a
criterion was established for superplasticizer selection for use in
concrete as reported in Ref. [11]. It should be pointed out that
previous studies using NC-ERM mainly concentrated on pure
cement paste and no attempt was made to interpret the degree of
hydration of a concrete from resistivity measurement. However,
since more accurate results can now be obtained by NC-ERM
for cement paste as well as concrete, it should be possible to
obtain the porosity and the degree of hydration of a concrete
from the results of NC-ERM. In this study, the effect of fly ash
on concrete was investigated. The porosity evolution (¢(f)—f) is
obtained from the contribution of porosity to the bulk resistivity
development in the control sample and the fly ash samples. The
derivation of the degree of hydration (o(¢)) is based on the
assumption that the decrease of porosity was related to the
volume difference between the hydrates and hydrated cement.
The o(f)—t curve is compared with the experimental results
obtained from thermo-gravimetric analysis and good agreement
was observed.

The setting and hardening behavior of fresh concrete with or
without fly ash is followed by the characteristic points on the
resistivity curves and the effect of fly ash, which modified the
kinetics of the hydration, was revealed. It was observed that the
linear relationship between compressive strength and degree of
hydration revealed by this study extends closer to the original
than that reported in the previous studies.

2. Raw materials and sample preparation

All tests have been carried out using ordinary Portland
cement (ASTM type I), quartz sand with size of 0.6 mm—5 mm
and crushed granite with size of 5 mm—10 mm. The density of
Portland cement and fly ash (ASTM class F) are 3.15 and 2.2 g/
cm’, respectively. The Blaine specific surface area of the
cement is 3560 cm?/g. The free lime content is 1.36%. Their
chemical compositions are shown in Table 1.

Table 1
The chemical composition of cement and fly ash (%)

Sample CaO SiO, ALO; Fe,0; MgO SO; K,O Na,O LOI

6437 2053 620 323 082 247 043 0.17 178
338 4999 37.12 3.06 052 0.67 040 0.16 3.82
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Fig. 1. Pictures of the non-contact electrical resistivity apparatus and mold cross
section.

Concrete samples were prepared with a sand/coarse
aggregate weight ratio of 0.5 and a total aggregate volume
ratio of 60%, at water/binder (cement+fly ash) ratio (w/b) of
0.4. Samples C0.4, C0.4FA25, C0.4FAS50 represented concrete
with w/b=0.4, and fly ash replacement by percentages of 0%,
25% and 50%, respectively.

The pore solutions were extracted from another batch of
specimens with the same mix proportion through a filter with a
vacuum pump at 20, 40, 60, 80, 100, 120, 140, 160 and 180 min
and through squeezing by a compression machine [12] at
24 and 48 h. The solution electrical resistivities were denoted as
S-C0.4, S-C0.4FA25 and S-C0.4FA50.

The hydrated pastes for thermo-gravimetric analysis were
prepared by stopping hydration using acetone at the designated
ages and the samples were then dried in a vacuum oven with
temperature of 23 °C for 24 h.

3. Test methods
3.1. Electrical resistivity

The electrical resistivity of the concrete mixes and the pore
solution within the mixes was measured by a non-contact
electrical resistivity apparatus, as shown in Fig. 1. The
transformer principle was adopted in this apparatus. When an
AC voltage from the generator was applied to the primary coil
of the transformer, a toroidal voltage, ¥, would be inducted in
the ring sample that acted as the secondary coil of the
transformer. The toroidal current / could be measured by a
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leakage current meter and hence the resistance of the concrete
could be obtained through V and 7, based on Ohm’s law. For a
trapezoidal cross section mould with radius 7, 7, 73 and 7y
(r1<r,<r3<r,), as shown in Fig. 1, the formula for the
resistivity (p) was derived as Eq. (1) [13],
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Where /4 represents the height of the sample.
Each concrete sample was cast into the electrical resistivity
mold (1672 c¢m® in volume) with a cover preventing water
within the sample from evaporation. The measurement of the
electrical resistivity was conducted over 48 h at data recording
intervals of 1 min, under an ambient temperature of 2242 °C.

3.2. The degree of hydration

Aggregate in concrete is regarded as an inert part without
chemical reaction. The degree of hydration of concrete is
represented by the reaction of paste fraction. Chemically bonded
water is usually used as a measure of the degree of hydration
(a(?)). Chemically bonded water content in a mix is defined
as the mass loss per gram of original binder material between
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temperatures of 105 °C and 950 °C, measured by thermo-
gravimetric analysis. The thermo-gravimetric test was
conducted using TGA/DTA 92 from room temperature to
950 °C, with increments of 10 °C/min in N, environment.
The degree of hydration is calculated from the fraction
of chemically bonded water content at time ¢ (W”m) to that

C
Wa
CcompA

of completely hydrated cementitious materials or

ﬁ ), as shown in Eq. (2).

comp.

W, (1)
C

W

()

When the ignition loss of the original cement (L¢) and fly ash
(Lga) are considered, the equations are expressed as:
For plain Portland cement sample,
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For fly ash replacement of cement by a ratio of 5, f=weight
of FA/(weight of cement+weight of FA), fly ash (class F) is
considered to be unreactive during the examined period, because
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Fig. 2. The bulk electrical resistivity and resistivity rate. (a) Electrical resistivity development p(7)—z. (b) The rate of electrical resistivity development dp(¢)/dz—z.
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at early age up to 48 h, not much pozzolanic reaction happens
[14].

| Whos
Woso

W
(C+FA)

comp.

(4)

(1) (1= (1 = B)Le — PLen) — 1] /

Where a(%): the degree of hydration at time t;

Wios, Woso: sample weight at temperature 105 °C and 950 °C
at time ¢.

W "._: chemical bounded water per gram completely

Ceomp. 7 (CHFA) gy,
hydrated cementitious material.

The amount of chemically bonded water for completely
hydrated cement can be determined based on Bogue’s equa-
tion [2,15]. A typical value of 0.23 is used for cement [16].
The amount of chemically bonded water for completely
hydrated fly ash—cement blend should be slightly lower than
that of cement due to the dual effects of fly ash particles
provided in the blend, pozzolanic reaction and filler function
[17,18].

3.3. Mercury intrusion porosimetry (MIP)

The porosity values of the concrete samples at 24 and 48 h
were measured using a Micromeritics AutoPore IV 9500
MIP.

3.4. Setting time and compressive strength

To evaluate the setting and hardening properties of the
concretes, penetration resistance and compressive strength tests
were conducted. The setting time of concrete was measured
according to ASTM C403. The cubes of size 100x 100 mm
were prepared and tested at ages of 1 day and 2 days for
compressive strength. The samples were prepared with the same
mix proportions as those used in the bulk resistivity tests, under
the same conditions.

4. Experimental results

The bulk electrical resistivity curves with time (p(f)—¢) of the
concrete mixes are plotted in Fig. 2(a). The differential of the bulk

Table 2
The characteristic points on the resistivity curves
Mix Point M Point T Point P1 Point P2
P t P t dp/dt t dp/dt t
Qm )y (@Qm) () Qmh) () (Qmh) (b
C0.4 2.543  0.617 2878 3.59 0.369 6.60 0.791 14.00

C0.4FA25 3.028 0.733 3.259 3.86 0.297 7.07 0.395 15.06
C0.4FAS0 3.787 0917 3.960 4.08 0.233 7.56 0.216 16.02
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Fig. 3. The electrical resistivity of pore solution p(f) during the first 48 h.

resistivity curve (dp(¢f)/dt—f) of the control sample C0.4, as an
example, is presented in Fig. 2(b). The bulk resistivity develop-
ment presents the hydration process and the differential gives an
assessment of the rate of hydration occurring in the system.

Two significant results can be seen in Fig. 2. The first one is
that the three samples exhibit a similar resistivity/time response.
The electrical resistivity p(¢) drops to the minimum point M and
then gradually increases with time at the different rates to points
T, P1 and P2, corresponding to turning point, peak 1 and peak 2
on the curve of dp(7)/dz, respectively. The values of resistivity at
point M and the resistivity development rate dp(7)/d¢ of the peak
points and the time to reach the characteristic points of each
sample are given in Table 2.

The second significant result is that the curves of the fly ash
samples show a higher initial electrical resistivity than the
control sample due to less soluble ions and a little higher solid
fraction in volume in the fly ash samples. However, a slow rise
with time in the bulk resistivity of the fly ash samples leads the
curves to be overtaken by that of sample C0.4 at a time of 8.4 h
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@ MIP result
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Fig. 4. The porosity development with time for concrete samples during the first
48 h.
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Fig. 5. The degree of hydration with time during the first 48 h.

and 10.1 h, respectively. Meanwhile, the resistivity of sample
C0.4FA25 becomes greater than that of sample C0.4FA50 after
11.5 h.

The electrical resistivity development of the pore solution
with time (po(f)—t) is plotted in Fig. 3. It can be seen that
the three curves have similar trends, exhibiting a sharp
decrease in resistivity at 40, 60 and 80 min after mixing for
samples S-C0.4, S-C0.4FA25 and S-C0.4FA50, followed by a
slight fluctuating trend during the rest time up to 48 h, cor-
responding to the saturation of ion concentration in the pore
solution. It can be seen that sample S-C0.4 has the lowest
initial pg. The po of sample S-C0.4FA25 is smaller than that
of S-C0.4FAS50. This trend is consistent with the phenomenon
observed in the bulk resistivity development at the early stage
for samples CO0.4, C0.4FA25 and CO0.4FA50. The time
corresponding to the inflection point on the curve po(f)—t of
each sample is close to that of point M on the curve p(¢)—¢ of
the corresponding concrete mix, suggesting that pore solution
resistivity determines the bulk resistivity before reaching that
point.

The porosity results of the samples from MIP test and the
resistivity model are shown in Fig. 4. The results of the degree
of hydration from the thermal analysis are shown by solid dots
and the results of the degree of hydration from the porosity
simulation are plotted by the curves in Fig. 5. The control
sample has a lower porosity and a higher hydration degree
compared with the samples with fly ash replacements. The
degree of hydration decreases with the increase of the fly ash
replacement contents of 25% and 50% at the measured ages.

The test results of setting time and compressive strength at
1 day and 2 days are shown in Table 3.

Table 3
Concrete setting time and compressive strength

Mix Setting time (h) Compressive strength
(MPa)
Initial Final 1 day 2 days
C0.4 3.75 5.88 25.93 32.87
C0.4FA25 4.03 6.43 18.55 22.31
C0.4FA50 4.17 7.01 10.68 13.64

5. Discussions
5.1. Electrical resistivity model and the derived ¢(t)—t curve

Conductivity of a concrete is determined mainly by the
porosity and conductive ion concentration in the pore solution.
From the standpoint of conductivity, concrete can be regarded
as a two-component composite material, pore solution and solid
phase (aggregate+hydration products+unhydrated binders).

Archie’s law [19] reflects the relationship between the
resistivity and porosity of rocks saturated with conducting
liquid. It can be applied to cement paste for a saturation degree
of 100%. A resistivity model presented in Egs. (5) and (6) was
developed from a two-component system to show the
relationship of the bulk resistivity evolution p(z), pore solution
resistivity po(f) and porosity ¢(¢) in concrete [9].

In (p(6)) = I (1)) — m(0) 1 (9(0) )
lt) = my+ LD ) ©

Where p; and p, are the bulk resistivity values at the initial
recording point and age of 1 day. m is a fitting function of time.
The m, and m, are the m values at the initial point and age of
1 day.

These equations show that the bulk electrical resistivity p(¢)
is a function of the electrical resistivity of the pore solution pg(?)
and porosity ¢(f), such that p(¢) increases with the increase of
po(f) and the decreases of ¢(7).

The main procedures for obtaining the porosity curves ¢(¢)—¢
are as follows:

(1) Determine the m; and m, values according to the porosity
and resistivity values at the two points. The initial
porosity is determined by the ratio of the original water
volume ratio to the total volume of each constituent in the
concrete, and the porosity at 1 day is obtained using MIP,
as shown in Table 4.
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Table 4

The initial total volume, initial porosity and MIP porosity of the concrete mixes

Mix Initial Vi (cm3 ) Initial porosity MIP porosity
(1 g binder) (bo) (1 day)

C0.4 1.794 0.223 0.130

C0.4FA25 1.879 0.213 0.157

C0.4FAS0 1.965 0.204 0.179

(2) Calculate m(f) according to Eq. (6) using the measured
p().

The m values of samples C0.4, C0.4FA25 and C0.4FAS50
range 1.25-2.27, 1.29-2.07 and 1.33-1.83 during the
first 48 h, respectively. It is also interesting to note that the
change of m values for fly ash blend samples.

It can be seen that m value increases with increasing fly
ash content at very early age, it is attributed to the fact that
fly ash has a lower specific gravity than cement. Thus, the
FA samples have smaller initial porosity and higher initial
tortuosity than that of the control sample. However, as the
hydration develops, at 48 h after casting, more hydration
products develop in a cement system than that develop in
a fly ash modified system. This leads to less voids and
higher tortuosity in a cement sample. Hence, a higher m
value is also reached.

(3) Calculate ¢(¢) based on the obtained p(f), po(f) and m(z).
The resultant curves ¢(#)—¢ are shown in Fig. 4. It can be
seen that the curve ¢(f)—¢ reflects a decrease in porosity.
The fly ash samples have a lower decreasing rate of
porosity, although the fly ash samples possess a lower
initial porosity due to the lower density of the fly ash as
compared to that of cement as mentioned earlier. The slow
pore-decreasing rate led to the porosity of the fly ash
samples being larger than that of the control sample after
4.8 h and 5.6 h, respectively. Subsequently at a time of
6.8 h, the ¢ value of sample C0.4FA50 was larger than
that of sample CO0.4FA2S5, indicating that fly ash
replacement of cement led to a significant dilution effect
of cement and reduces the amount of hydrates. Such effect
increased with the replacement percentage. It is noted that
¢(f)—t dynamically and continuously reflects porosity
change in the early hydration system.

5.2. The relationship between porosity and hydration degree

Powers—Brownyard proposed a model [2] to describe a
hydrated paste, which was assumed to have three components,
unhydrated cement, hydration product, and capillary pores. The
capillary pores were regarded as the remnants of the initially
water filled space in a hydrated cement paste. The porosity of a
cementitious paste was dependent on the water cement ratio and
the degree of hydration. The degree of hydration could be
expressed in terms of water cement ratio and the volume change
ratio of pores per gram of cement in the hydration system. At
early ages, the capillary pores were considered as main
conductive paths and the hydration of class F fly ash is ignored.
The porosity was determined by the ratio of the capillary

volume Vi qpinary to the total volume of each constituent in the
concrete Vig, as shown in Eq. (7). The degree of hydration
could be derived from the porosity obtained by resistivity
measurement, as shown in Eq. (8).

() = T — |IE (2020 / Vo (1)
(Z(l‘) == |:WD—/WC - ¢(f) : Vtotal:| : % (8)

for Dy =1.01 g/em®, D,=3.15 g/em?®, Dy=1.529 g/em® (based
on assuming that 1 unit volume of cement produces 2.06 unit
volume of gel) [2], and W/C=0.4,

o(t) = 2.971[0.4 — (1) - Viotal] 9)

for sample C0.4, a(t)=1.188 —5.330¢ ()

for sample C0.4FA25, a(f)=1.188—5.583¢(?)

for sample C0.4FA50, o(r)=1.188—5.838¢(7)

where D, D, and D, represent the density of the pore
solution, cement and hydrates, respectively.

The degree of hydration obtained from the resistivity
measurement (using Eq. (9)) is compared with the experimental
results of dehydration conducted using the thermo-gravimetric
analysis, as shown in Fig. 5. It can be seen in Fig. 5 that the
measured results of the degree of hydration are reasonably close
to the curves, especially for the control sample. It is noted that
experimental results are slightly higher than the results obtained
with Eq. (9).

The pores contribution to the conductivity of the mixes is
included in the ¢(f)—¢ curves. Therefore, the derived o(7) from ¢
(?) can be used as an indicator of the mechanical properties of
concrete which are essentially related to porosity within the mix.

5.3. Setting and hardening processes

Considering the characteristic points on the resistivity
development curves, the resistivity/time response can be divided
into 5 regions, designated I, II, III, IV and V, corresponding to
dissolution, competition of dissolution—precipitation, setting,
hardening and hardening deceleration periods, as shown in
Fig. 2(b). A similar observation has been reported and explained
in detail in Ref. [9]. Hence, the emphasis here is on the influence
of fly ash on the setting and hardening process of concrete.

The bulk electrical resistivity and the rate show a steep
increase at point T at the time of 3.59 h for sample C0.4, which
is close to its initial setting time 3.75 h, indicating the
percolation threshold of the solid phase. The initial setting
occurs at times of 3.75 h, 4.03 h and 4.17 h for samples C0.4,
C0.4FA25 and CO0.4FA50, obtained by ASTM C403 proce-
dures, shown in Table 3, when the degree of hydration is 6.53%,
4.14% and 2.07% (or normalized hydration degree by cement
content is 6.53%, 5.52%, 4.14%) respectively. At the final
setting times, the degree of hydration is 13.96%, 9.61% and
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6.11% (or normalized hydration degree by cement content is
13.96%, 12.81%, and 12.22%), respectively. It is seen that the
lower degree of hydration leads to prolonged initial setting for
the fly ash samples. The higher the degree of hydration, the
earlier the setting time. It suggests that the hydrates content in
the samples dominates the setting time and initial strength gain.
It can also be seen that the time of occurrence of P1 is very close
to the final setting times of samples CO0.4, C0.4FA25, and
C0.4FA50, which suggests that P1 indicates transition from a
setting to a hardening process. The time from point M to point
P1 and the resistivity rate at point P1 are related to the fly ash
incorporation content, as fly ash prolongs the time from M to P1
and decreases the rate of resistivity development. Fly ash
replacement of 25% and 50% causes a retardation of 0.27 h and
0.42 h in the initial setting time, and 0.55 h and 1.13 h in final
setting time, respectively. The shift of point P1, caused by fly
ash incorporation, is proportional to the change in setting time.
The studies show that resistivity development can be used to
describe the setting behavior of concrete [20].

After point P1, concrete hydration moves into the hardening
period.

Right after P1, the rate of resistivity development (dp(f)/df)
has a temporary decrease. It could be contributed to phases
transform from AF? to AFm due to consumption of gypsum,
releasing conductive ions Ca®" and SO3F  [21,22]. When the
transform reaction between the two phases is in equilibrium, the
increase in the degree of cement hydration caused the resistivity
rate to increase again until P2 is reached. After point P2, the
increase rate of the bulk resistivity decreases, which implies a
hardening deceleration.

The characteristic points P1 and P2 on samples C0.4FA25 and
C0.4FA50 shift to the right, i.e. it takes a longer time for the fly ash
samples to reach the points as shown in Table 2, describing the
effect of fly ash addition in delaying each hydration stage. The
delayed setting and hardening stages of the fly ash samples can be
attributed to less cement in the fly ash samples.

The inclusions of class F fly ash in the binder results in a
decrease of strength development (see Table 3) in comparison to
the control mix, particularly for 50% fly ash incorporation. The
concretes with fly ash have lower compressive strengths. Higher
dosages of fly ash lead to lower hydration degrees and lower
compressive strengths, which is the same trend as that in the
bulk resistivity evolution.

5.4. The relationship between the degree of hydration and
compressive strength

Strength development in the concrete mixes relies on the
increase of the hydration degree or the decrease of porosity. The
correlation of compressive strength and the degree of hydration is
plotted in Fig. 6. It can be seen that the relationship exhibits a linear
trend, and is independent of the fly ash incorporation. The
differences of strength among samples C0.4, C0.4FA25 and
C0.4FAS0 are consistent with the differences in the degree of
hydration. It should be pointed that a similar linear relationship
between compressive strength and the degree of hydration has been
reported in Ref. [2]. However, the intercept that appeared in current

35
30 y = 64.42x - 0.6976
R?=0.9876

254
204
151
104
5 -
0 T T T
0 0.1 0.2 0.3 04 0.5 0.6
degree of hydration

compressive strength (MPa)

Fig. 6. The relationship of the degree of hydration and compressive strength at
1 day and 2 days.

research is much close to the origin, implying that strength gain is
strongly dependent on hydration. The retarding effect of fly ash on
hydration process appears in the resistivity parameters and the
porosity, which form the basis for deriving the degree of hydration.

It can be concluded that the curves o/(f)—¢ dynamically reflect
the internal microstructure development and strength develop-
ment in cement-based materials. The degree of hydration is a
direct indicator of strength and the resistivity in return is an
indirect measure of its strength.

6. Conclusions
The main conclusions can be drawn as follows:

1. The characteristic points on p(f)—t reflect the transition
processes during hydration of concrete. The lowest point M
on the p(f)—t curve shows that the dissolution process
reaches the supersaturation point of the solution. The first
peak point P1 on dp(#)/d¢—t exhibits that the time occurring is
related to final setting of concrete mixes.

2. The a(t)—t is obtained by electrical resistivity measurement
and shows a good agreement with the experimental results of
thermo-gravimetric analysis. The a(f)—¢ variation exhibited
in fly ash samples shows how much fly ash retards cement
hydration in the early stage. The larger the amount of fly ash
incorporation, the stronger the retarding effect.

3. The linear relationship between the degree of hydration and
compressive strength shows that the degree of hydration is a
direct indicator of compressive strength and is independent
of fly ash incorporation. The curve o(f)—¢ developed from
electrical resistivity measurement reflects the hydration
kinetics of fresh concrete.
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