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Abstract The aim of this paper is to investigate the
microstructure indicators and more effective durability
mechanisms of SCCs (Self-Consolidating Concretes) con-
taining supplementary cementitious material. The refer-
ence SCC mixture at constant water-to-cementitious mate-
rial (W/CM) ratio of 0.45 and total cementitious material
content of 450 kg/m> was prepared. The other mixes con-
taining binary (92% PC+8% SF, 88% PC+12% SF, and
80%PC +20%MK) and ternary (72%PC + 8%SF +20%MK)
cementitious blends of metakaolin and silica fume were
studied. The effect of using MK and SF in SCCs made with
binary and ternary cementitious blends of metakaolin and
silica fume and cement on chloride transport and electrical
properties was investigated by measuring electrical resistiv-
ity parameters such as pore surface conductivity, pore solu-
tion conductivity, and tortuosity of pores as chemical and
physical indicators of durability. Observations indicated a
stronger relationship between the chloride migration coef-
ficient and pore surface conductivity. A new parameter 7o
(multiplication of tortuosity and pore surface conductivity),
called pore chemi-physical factor, was introduced. Results
indicate that the addition of pozzolanic materials such as
silica fume and metakaolin leads to a remarkable increase
in pore surface conductivity. The correlation coefficient
between 7o, and the chloride migration coefficient was
0.97. So, if chloride ions are absorbed by pore surfaces,
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the chloride migration coefficient will decrease in greater
tortuosity.
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Pore surface conductivity - Supplementary cementitious
material

1 Introduction

Due to its effects on durability performance of cementitious
materials, pore structure is a key factor in explaining the
moisture and ionic transport phenomenon [1, 2]. Moisture
and ionic transport into concrete govern the service life of
reinforced concrete structures [3-5]. In concrete technol-
ogy, it is known that the mechanism of failure begins by
fluid penetration into micropores of the concrete. Concrete
durability is influenced by processes, in which particles
such as ions or molecules enter and pass through pores
within liquids, while gases fill the voids.

Total porosity of cement-based materials is the most
prevalently employed pore structure characteristic of con-
cretes. According to Neithalath and Jain’s study [6], mois-
ture intake parameters such as sorptivity are functions of
porosity. Previous studies have reported that the use of up
to 9% by mass of silica fume as a cement substitution mate-
rial eventuates in a noticeable alteration of pore structure,
including remarkable reduction in pore sizes and connec-
tivity of the cement pastes or concretes [7, 8]. The other
combined microstructural parameter is @f (product of
porosity and pore connectivity), which is used to relate the
pore structure to the moisture and ionic transport [9]. The
use of silica fume leads to an even more remarkable reduc-
tion in pore sizes and connectivity than a reduction in the
porosity [7, 10]. As illustrated by Cam and Neithalath [9],
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the incorporation of silica fume as a cement replacement
material lessens the pore solution conductivity because of
decreased concentration of the highly conductive Na+ and
K+ ions, and reduces ¢f, because of the pore filling and
pozzolanic effect of silica fume particles. However, based
on the experimental results, pore connectivity is found to be
much more efficient in the alteration of chloride transport
than porosity [6]. According to Grathwohl’s “Diffusion in
Natural Porous Media”[11], tortuosity is a microstructural
parameter that is explained as the type of “fudge” factors in
macroscopic transport equations to calculate complicated
transport paths in porous substances. This complicated
parameter is described by the percolating pore space, which
controls the transport properties in cement pastes.

In addition to microstructural parameters as mentioned
before, Glass and Buenfeld [12] introduced a parameter,
according to the types of interaction between different ions
and pore walls, which influences the chloride movement
into concrete. Two types of interactions exist between chlo-
ride ions and pore walls, a chemical chloride binding that
is dominated by the aluminate phase, and a physical bind-
ing where chloride ions can bind to pore walls without any
chemical compositions (the surface forces lead the chlo-
rides to bind to pore walls) [13—15].

In other words, the main chemical and physical phenom-
ena occur in cement-based materials. Examples include
the chemical binding by pore solution and the electrostatic
interaction between ions contained in the pore solution
and the electrical double layer (EDL). The electrocapillary
process between pore wall surfaces and pore solution is
referred to as the electrical double layer. This phenomenon
causes a viscous electric effect that leads to decreased chlo-
ride movement [16]. Chatterji and Kawamura [17] were the
first to launch a qualitative study on the EDL influence on
the ionic transport properties of cement-based materials.
Nguyen and Amiri [18] have simulated chloride profiles
in concrete by incorporating fly ash and slag to illustrate
the influence of electrical double layer on chloride ingress.
Different methods have been used to investigate this issue
and its relationship between EDL and ionic transport. In
the present study, a microstructural parameter o, (the elec-
trical conductivity of pore surface) [19] based on the EDL
concept from electrical conductivity was considered as an
indicator of the electrical double layer. The relationship
between o, and chloride migration coefficient was analyzed
in order to show how the electrical double layer affects the
chloride movement.

The durability of SCCs with or without supplementary
cementitious material was studied in pervious publication
[20-23]. There is the lack of studies on the microstruc-
tural and electrical resistivity properties of SCCs contain-
ing silica fume and metakaolin. Influences of MK and SF
were also studied in self-compacting concretes made with
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binary and ternary cementitious blends of metakaolin and
silica fume on chloride ion transport properties by meas-
uring electrical resistivity parameters such as pore surface
conductivity, pore solution conductivity, shape formation,
and pore tortuosity in the present study.

2 Durability Indicators: Chemical and Physical
Microstructure Indicators

Electrical mensuration is employed as a non-destructive
test to evaluate the durability properties of materials. The
micropore structure properties, which can be calculated in
this test by electrical measurement methods, include poros-
ity, pore connectivity, water permeability, and ion diffusiv-
ity [24, 25]. Also, electrical measurement procedures have
been suggested to scan water and ionic transportation into
concrete [26-30]. Electrical specification is thus considered
a durability indicator. Several models have described the
electrical conductivity of the composite system [19, 31].
The most important of these models, which incorporates a
composite system in distinct phases, is the effective electri-
cal conductivity; see Eq. 1[19]:

0}:2 (O'i(Piﬁi)’ (1)
i=1

where 0., ¢,, and f3,, are the electrical conductivity, volume
fraction, and the connectivity factor of each component(i),
respectively.

Since pore solution in concrete is conductive, Eq. 1 can
be simplified and changed into Eq. 2 [19, 32]:

o= 00PP, (@)
where o, is the pore solution conductivity and ¢ is the total
porosity (some studies suggested capillary pores, while the
others, total porosity).

According to equations 1 and 2, it is essential to iden-
tify the formation factor constituting total porosity and pore
interconnectivity as an effective parameter in the electrical
resistivity of concrete. The Nernst—Einstein’s Equation was
used:

M — & — F’ (3)
0y D eff

where 6y, 6,4, Degy, and D, are the total electrical conduc-

tivity of concrete, electrical conductivity of pore solution,

effective chloride migration coefficient, and chloride self-

diffusion coefficient in water, respectively, and F is the

inverse of the formation factor (¢f) [6, 32]. See Eq. 4 [6].

In this study, the formation factors of all mixes were cal-
culated with relative chloride migration coefficients (D

/Dy) and relative electrical conductivity (Gqg/6,r)-
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When determining the physical and geometrical speci-
fications of pores, pore conductivity in concrete, and the
manner in which pore solution can move in and fill voids,
one cannot depend solely on the total porosity volume
and its geometry, but also on the tortuosity of connected
pores [6]. Accordingly, the value of connected pore tortu-
osity can be defined as the function of porosity and for-
mation factor [33]:

2 O-pore

7t = o, 4

7

where 7 is the tortuosity, based on equations 3, 4:

r=p"'2 ®)

Rajabipour and Weiss [19] suggested that the electri-
cal conductivity of concrete specimens does not depend
solely on pore electrical conductivity, but also on a new
parameter, introduced as the electrical conductivity of
pore surfaces; see Eq. 6 [19]:

o= o(2).

where o, is the electrical conductivity of pore surfaces and
(2/A) is a microstructural parameter of the surface-to-vol-
ume ratio of the pore.

Several chemical and physical phenomena occurring in
cement-based materials are crucial to the understanding
of water and chloride transport, including chemical bind-
ing, pore solution activity, and electrostatic interaction
between the ions involved in pore solution and EDL. The
electrocapillary process between pore wall surfaces and
pore solution is referred to as the electrical double layer.
This process causes a viscous electric effect that leads to
a decrease in chloride movement [16]. For purposes of
this study, a microstructural parameter o, (the electrical
conductivity of pore surface) [19] based on EDL concept

from electrical conductivity was considered as an indica-
tor of the electrical double layer to show how the elec-
trical double layer affects chloride movement. The rela-
tionship between o, and the chloride migration coefficient
was discussed.

3 Experimental Program
3.1 Materials

In this study, a locally available type II Portland cement
and limestone powder were used to develop self-compact-
ing concrete mixes. Table 1 shows the chemical character-
istics of the cementitious materials used in the mixes. Self-
compacting concrete mixtures are generally made from
natural river sand with a specific density of 2.44 and water
absorption of 3.1% as fine aggregate and 19 mm maximum
size stone of 2.54 specific density, and coarse aggregates of
1.8% water absorption. Figure 1a, b shows the used aggre-
gate grading for SCC mixes and limestone powder.

A polycarboxylate superplasticizer with a density of
1.01 g/cm3, referred to as the p100 and produced by the
Shimisakhteman Co., was used to achieve the SCC work-
ability requirements according to EFNARC [34].

3.2 Mixture Proportion

Five self-compacting concrete mixtures were designed to
be used in this work. The water-to-cementitious material
ratio of mixtures was kept at a constant of 0.45 and a total
cementitious material content of 450 kg/m® was considered.
The reference mixture contains 450 kg/m® of cement with-
out any pozzolan. The other mixes contained binary (92%
PC+8% SF and 88%PC + 12%SF, 80%PC +20%MK) and
ternary (72%PC+ 8%SF +20%MK) cementitious blends,

Table 1 Chemical

o . Chemical composition Cement (%) Silica fume (%) Metakaolin (%) Limestone
charac':terlstlcs of cementitious powder
materials (%)

Sio, 20.74 94.00 52.80 2.80
Al O, 4.90 1.00 36.30 0.35
Fe,0; 3.50 0.10 4.21 0.50
MgO 1.20 0.60 0.81 1.80
CaO 62.95 1.00 0.10 51.22
SO, 3.00 1.20 - 1.24
K,O0 - - - -
Ignition loss 1.56 - 3.53 42.06
Free lime 0.74 - - 2.8
Physical property

Specific density (kg/m>) 3150 2200 2600 2660
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where the proportions of Portland cement in mass were
replaced with SF and MK. Details of the mixtures and com-
pressive strength of SCCs are shown in Table 2. After cast-
ing the required specimens according to test procedures, all
samples were left to set for 24 h, before demolding; they
were then cured in a water tank for 28 days at 20 °C.

4 Test Procedure
4.1 Workability Properties

After mixing occurs, self-compacting concrete procedures
such as slump flow, V-funnel, J-ring, and L-Box are con-
ducted to meet the European Federation of National Asso-
ciations Representing for Concrete (ENFARC) [34] SCC
workability requirements.

4.2 Mercury Intrusion Porosimetry (MIP)

Total porosity and pore size distribution curves were meas-
ured by mercury intrusion porosimetry (Thermo Finnigan,
Pascal 440) with a maximum pressure of 207 Psi. The con-
tact angle was 140° and the measurable pore size ranged
from about 5 nm to 1000 pm. The samples, which were
about 5 mm in size, were separated from the crushed speci-
mens for pore structure testing. In order to avoid dehydra-
tion, the samples were dried at about 105 °C for 24 h before
the MIP test.

4.3 Electrical Resistivity Test

The electrical resistivity test was conducted on three cube
specimens (100x 100x 100 mm) after 28 days of curing.
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The test makes it possible to measure the electrical resis-
tivity parameters such as pore surface conductivity, pore
solution conductivity, shape formation, and pore tortuos-
ity. Two plates of brass were used as two electrodes on the
saturated surfaces of dry samples to measure the electrical
resistivity by a specific ohm meter. Normally, a thin layer
of loose cement paste is used in binding to connect con-
crete and brass plates.

4.4 Pore Solution Analysis

To measure the electrical conductivity of pore solution,
powder samples of each specimen were drilled and dis-
solved in a certain amount of water. Pore solution conduc-
tivity was obtained by recording the solution’s electrical
resistivity, and calibration with the saturation degree of
samples which Ms is the powder mass, Mw is the amount
of water in which the powder was dissolved, @ is the open
porosity, 6, is the solution’s electrical conductivity, Mgy,
is the SSD mass of cubic samples of each concrete, and
Opore(reaty 18 the electrical conductivity of pore solution. It
was supposed that free ions within the pore solution were
released in water after 24 h.

4.5 Pore Surface Conductivity Measurement

To determine the pore surface conductivity of concrete
samples, the relationship between the overall conductiv-
ity (from electrical resistivity test) and the pore solution
conductivity (from pore solution analysis) was observed
for each concrete sample at a saturated surface-dried state
(equations 2-6).
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4.6 Rapid Chloride Migration Test

The rapid chloride migration test was carried out accord-
ing to NT BUILD 492(See Fig. 2). The chloride migration
coefficient was determined according to the Guideline NT
BUILD 492 (Eq. 7).

: [(273 + T)Lx,
Dy = 0.0239(273 + T)L X — 0.0238 ( )Lxg )
(U -2 U-2

(7N
where D, is the chloride migration coefficient, m%s; U is
the applied voltage, V; T represents the average initial and
final temperatures in the catholyte solution, 0C; L is the
thickness of the specimen, mm; X, is the average of pen-
etration depths, mm; and t is the test duration, hour.

5 Results and Discussion
5.1 Workability

Fresh properties of self-compacting concrete mixtures
are presented in Table 3. These results indicated that

all mixtures have acceptable workability according to
EFNARC [34].

5.2 Porosity

Results of the pore structure measured by MIP are shown
in Table 4. The pore size distribution curves of SCCs are
presented in Figs. 3 and 4. The S-Ref showed the high-
est porosity. The pore distribution curve of other SCCs
is slightly different. The pore size distribution curve of
S-Ref (plain SCC) showed the significant volume of the
pores to be 100 nm. This curve reached a plateau of less
than 10 nm; device limitations, no more than 3 nm in pore
diameter, illustrated the majority of pores to range from 10
to 100 nm in size. Pores measured to be larger than 10 nm
are called capillary pores [35]. The S-MK curves showed
a steady decrease down to 3 nm (the equipment’s meas-
urement limit). This indicated that the volume percentage
of pores might not be intruded by mercury, even at the
maximum pressure of 207 psi, and most fraction pores are
finer than 3 nm. The considerable difference between the
average pore diameter of reference SCC and that of others
showed the range of pore size in SCCs containing SCM to
be much wider and finer, while the total porosities of SCCs
containing SCMs were higher than that of S-Ref. Specific
surface of S-MK and S-SF/MK pores showed the highest
amount. It can be argued that MK and SF/MK combination
as a replacement of Portland cement causes finer pores. It
can be noticed that SCCs incorporating binary and ternary

Table 3 Fresh properties of self-compacting concrete mixtures

Mix Slump T50 (s) J-ring (mm) V-funnel L-box
flow
(mm)
S-Ref 640 1.18 5 3.57 0.9
S-SF 730 2.14 5 11.11 0.9
S-SF2 640 0.99 7 3.35 0.85
S-MK 730 2.59 3 8.84 1
S-SF/MK 710 1.59 5 5.46 0.9
Fig. 2 NT BUILD 492 set-up
Table 2 MixFure proportions Mix W/Cm Cement SF MK LP Aggregate SP Compres-
and compressive strength of sive strength
self-compacting concrete (28 days)
kg/m® ) (MPa)
S-Ref 0.45 450 0 0 150 1497 1.43 353
S-SF 0.45 414 36 0 150 1483 2.28 50.4
S-SE-2 0.45 396 54 0 150 1476 2.57 37.1
S-MK 0.45 360 0 90 150 1477 3.42 81.8
S-SF/MK 0.45 324 36 90 150 1463 342 82.3
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Table 4 Results of pore structure measured by MIP

Mix Total cumula- Total specific ~ Average pore Total
tive volume surface area diameter (nm) porosity
(mm?/g) (m*/g) (%)
S-Ref 63.6464 11.997 104.15 14.41
S-SF 71.9737 23.662 6.13 16.8
S-SF2 105.230 26.33 5.48 16.79
S-MK 73.6957 23.698 5.27 16.91
S-SF/MK  88.3077 31.151 5.93 20.07
120 4
——— S-Ref
w1 NN\ S-SF
> — —5-MK
o 80
g — - - S-SF/MK
560 S-SF2
£
E 40
E
© 20 -
o —

1000.0 10000.0

pore size(Nanometer)

Fig. 3 Cumulative volume of pores of SCCs

80

blends of MK and SF showed only a small volume of pores
to be larger than 1000 nm.

5.3 Durability Indicators: Micropore Structural
Parameters

Pore shape and tortuosity factor, pore conductivity, and
pore surface conductivity were calculated and are listed
in Table 5. The different values of the relative chloride
migration coefficient (D./D,) and the relative electrical
conductivity (6,/0p,,) presented in Table 5 prove that the
suggestion of Rajabipour and Weiss [19] can be applicable
to concrete containing SCMs. Rajabipour and Weiss [19]
suggested that the electrical conductivity of concrete speci-
mens does not depend solely on pore electrical conductiv-
ity, but also on a new parameter, introduced as electrical
conductivity of pore surfaces. The incorporation of 8% sil-
ica fume as a replacement of cement results in a reduction
of @p values. However the alteration is not considerable.
The addition of 12% silica fume instead of cement caused
an increase of up to about 250% of ¢p value. No signifi-
cant alteration in the ¢f values of SCC containing MK as
a cement replacement was observed. The ¢ value of SCC,
containing ternary cementitious blends of metakaolin and
silica fume, has had a noticeable reduction compared to
that of the SCC reference. The value of pore shape factor in
SCC-SF/MK constitutes only a more half of SCC-Ref. The
pore shape factor of two SCCs containing binary cemen-

-Ref .\ . o
70 - SR titious blends of metakaolin and silica fume proved to be
el N 7T > approximately the same. This does not mean that the poros-
S —— -5-MK . .. .
o ity and pore conductivity values of the above-mentioned
= 501 —— - S-SF/MK .
Ky SCCs are similar.
=Y SSF2 As shown in Table 4, total porosity of the reference
(=) ot
¥ 30 P SCC was less than those of SCC-SF and SCC-MK.
3 20 - ] Therefore, the value of pore connectivity in SCCs modi-
10 - "';'.\ fied with binary cementitious blends of metakaolin and
0 ST e Sr——— silica fume are higher compared to SCCs without any
! 10 100 1000 SCMs. Compared to SCC-Ref, the incorporation of silica
pore size(nm) . . .
fume in SCC mixes results in a remarkable pore connec-
o tivity reduction; this is mainly due to the pore filling and
Fig. 4 Pore size distribution curves of SCCs . . . .
pozzolanic effects of silica fume. Previous studies have
Tabl(.e 5 . Chemical and physical Mix @p (DIDy) op (6loy) B T o, (nS) 6, (S/m)
pore indicators
S-Ref 0.0060 0.035 0.042 4.90 1.85 2.10
S-SF 0.0059 0.015 0.035 5.35 792.69 1.54
S-SF2 0.0152 0.047 0.064 3.96 159.34 0.61
S-MK 0.0054 0.024 0.032 5.59 424.76 0.74
S-SF/MK 0.0031 0.039 0.016 8.00 217.25 0.24
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shown that the addition of silica fume (up to 9% mass) as
a cement replacement material results in significant pore
size and connectivity reduction of cement pastes or con-
cretes [7, 8].

5.4 Pore Connectivity and Pore Tortuosity

The pore connectivity and pore tortuosity of SCC mixes,
which are physical geometrical indicators of pore struc-
ture, are presented in Fig. 5. As mentioned before, it
does not mean that the porosity and pore conductivity
values are equal; the durability specifications of SCC
mixes are therefore similar when their pore shape values
are the same. The pore connectivity value of SCC-Ref is
0.042, while SCC mixes modified with binary cementi-
tious blends of silica fume and metakaolin are 25% less
in comparison with reference SCC (0.034, 0.032). But
when the SCC mix was prepared with 12% silica fume
as a cement replacement, pore connectivity increased
up to 0.063. Results show that the SCC containing both
metakaolin and silica fume has the lowest pore connec-
tivity. The incorporation of ternary cementitious blends
of metakaolin and silica fume in SCC mixes resulted in a
noticeable reduction in pore connectivity, which was not
observed in SCC mixes that lacked modification materi-
als. This is mainly due to the pore filling and pozzolanic
effects of silica fume and metakaolin. However, when
cement is replaced with silica fume greater in mass by
8% of the cement’s weight, the silica fume continues to
react, while low pH values and the absence of portland-
ite work to destabilize the monocarbonate [36]. Calcula-
tions by lothenbach et al. [37] indicate that, upon further
replacement of PC by silica fume (or upon further reac-
tion of the silica fume), ettringite will become unstable.

9 4 ESZ<A Pore Tortousity === Pore Connectivity -7
8 4
-6

P~ 7 1
] L5
s ® )
= >
. V]
£ 5 5
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] S
2 4 L3 ®
c o
H it
o =]
o 3 a
) -2
a

2 4

F1
1 4
0 0

S-Ref S-SF S-SF-2 S-MK S-SF/MK

Fig. 5 Pore connectivity and pore tortuosity of SCC mixes

According to Grathwohl’s publication [11] on “Dif-
fusion in Natural Porous Media,” tortuosity, the other
microstructural parameter, is described as a type of
“fudge” factor in macroscopic transport equations to
account for the complicated transport paths in porous
substances. This complicated parameter is described by
the percolating pore space that controls the transport
properties in cement pastes. When compared to SCC-
Ref, pore tortuosity of SCC mixes, presented in Fig. 5,
indicates that the use of silica fume and metakaolin as a
cement substitution leads to a significant increase in pore
tortuosity.

5.5 Pore Solution Analysis

To investigate the chemical pore structural parameters of
SCC mixes, pore solution conductivity and pore surface
conductivity were calculated and analyzed. Figure 6 shows
pore solution conductivity and pore surface conductivity
of SCCs. The pore solution conductivity value of SCC-
Ref is 2.1 S/m, which is the highest. Because pore surface
conductivity of SCC-Ref is much lower than its pore solu-
tion conductivity, it can be ignored. Addition of pozzo-
lanic materials such silica fume and metakaolin leads to a
remarkable increase in pore surface conductivity. Incorpo-
ration of 8% silica fume as a cement substitution results in
the reduction of pore solution conductivity. This indicates
that free ion concentrations of K+ and N+ in pore solu-
tion are low and therefore reach the pore surface, causing
pore surface conductivity to increase. Cam and Neithalath
[9] have shown that the incorporation of silica fume as a
cement replacement material lessens the pore solution con-
ductivity because of decreased concentration in highly con-
ductive Na+ and K+ ions, and reduces ¢f because of pore
filling and pozzolanic effects of silica fume particles.
Compared to SCC without any pozzolanic replace-
ments, the use of 8% silica fume leads to reduced pore

# pore surface conductivity O pore conductivity

2500 -
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[A(TY]
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Conductivity
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o wv
o o
o o

! !

500 -

T ]
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Fig. 6 Pore surface o,(uS) and pore solution op(mS/m) conductivity
of SCC mixes

@ ﬂ& @ Springer



590

Int J Civ Eng (2018) 16:583-592

solution conductivity up to 30% and increases the
value of pore surface conductivity to 792 pS. Accord-
ing to the present study, the microstructural parameter
o, (the electrical conductivity of pore surface) based
on EDL concept from electrical conductivity was con-
sidered as an indicator of the electrical double layer.
In other words, using silica fume in SCC mixes results
in an EDL increase. It is known that the pozzolanic
actions alter the microstructure of C-S-H, and it can
be followed by changes in the electrical binding capac-
ity of pore surface conductivity, as well as the physical
pore properties [38]. The partial replacement of cement
with silica fume affects the C-S-H in three ways [39]:
(1) increased C-S-H volume, (2) C;A dilution, which
leads to reduced chloride binding capacity, and (3) pH
value reduction, which leads to increased chloride bind-
ing capacity. An increase in the pH of the pore solution
leads to an increase in the solubility of Friedel’s salt; so
it causes the release of chloride to the pore solution and
the amount of chemically bound chloride can be reduced
[40]. Results show that the addition of SF as a partial
replacement of Portland cement leads to increased pore
surface electrical resistivity. Increased electrophysi-
cal absorption of chloride ions on C-S-H surfaces may
occur. The chemical pore structure values (o, o,) of
SCC containing MK are lower than those of SCC mixes
modified with silica fume. MK contains a higher amount
of Al element which is supposed to have higher chemi-
cal chloride binding capacity (Friedel’s salt formation),
whereas pore surface conductivity is related to electro-
physical absorption of chloride ions on C-S-H.

2 1200 -

ER(Ohm.m) = 206.131- 635.03 4
R?=0.8115

1000 -

800 -

600 -

400 -+

200 -

Electrical Resistivity (Ohm.m)

0 T T 1
3 5 7 9
t(pore tortousity)

5.6 Relationship Between Durability Indicators

To better understand the effects of micropore structural
parameters on macro indicators of chloride diffusion, the
relationships between the durability indicators and physi-
cal and chemical microstructure indicators of tortuosity and
pore surface electrical conductivity are shown in Figs. 7
and 8. The durability indicators include the transport of
chloride and electrical resistivity.

It was observed that the relationship between pore tor-
tuosity and chloride migration coefficient was weak (see
Fig. 7b). Figure 7a does, however, show a good linear rela-
tionship between electrical resistivity and tortuosity, with
0.85 correlation coefficient. It is noteworthy that the electri-
cal resistivity has been significantly governed by tortuos-
ity. Because higher tortuosity leads to a longer path, and
decreased electrical conductivity, a long path may cause
delay in the movement of several ions.

The results shown in Fig. 8a, b indicate a good rela-
tionship between the chloride migration coefficient and
the electrical conductivity of pore surfaces, which is the
chemical microstructure indicator of durability, but not a
good relationship with tortuosity. This observation shows
that the migration phenomenon is influenced by chemical
microstructural parameters.

From the results, it can be seen that the addition of SF
as a partial replacement of Portland cement leads to an
increase in the electrical resistivity of pore surfaces. It may
result in an increase of electrophysical absorption of chlo-
ride ions on C-S-H surfaces. The electrical conductivity of
pore surfaces can be an indicator of electrical double layer,
as in the presence of pozzolans, which causes the higher
electrical charge. Ions have a tendency to absorb to the pore
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Fig. 7 Relationship of pore tortuosity with (a) electrical resistivity and (b) chloride migration coefficient of SCC mixes
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Fig. 8 Relationship of chloride migration coefficient with (a) pore surface conductivity and (b) pore chemi-physical factor of SCCs

surfaces, which can lead to reduced ion transport. The cor-
relation coefficient between 7o, and the chloride migration
coefficient was 0.97. For purposes of this study, this param-
eter was referred to as the pore chemi-physical factor. This
strong relationship can point out that if chloride ions absorb
and bind to the pore surfaces, the chloride migration coef-
ficient will decrease in greater tortuosity.

6 Conclusion

The influences of MK and SF were studied in relation to
self-compacting concretes made with binary and ternary
cementitious blends of metakaolin and silica fume by
measuring new parameters of pore surface conductivity
and pore chemi-physical factor. Additionally, chloride ion
transport properties, including macro indicators and micro-
structure indicators of durability, were also studied. The
following conclusions can be drawn:

e When compared to SCC-Ref, the pore tortuosity of SCC
mixes indicates that the use of silica fume and metaka-
olin as a substitution of cement leads to significant
increases in pore tortuosity.

e Addition of pozzolanic materials such as silica fume
and metakaolin leads to a remarkable increase in pore
surface conductivity.

e The migration phenomenon is influenced by chemical
microstructure parameters, which proved a good rela-
tionship between the chloride migration coefficient and
pore surface conductivity, but not with tortuosity.

e The correlation coefficient between 7o, and the chloride
migration coefficient was 0.98. This strong relationship
can point out that if chloride ions absorb and bind to the
pore surfaces, the chloride migration coefficient will
decrease in greater tortuosity.
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