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HIGHLIGHTS

« Several amounts of SCM were used as binary, ternary and quaternary blends in SCC.

« Silica fume, Class C and F fly ash, metakaolin and slag were studied in one paper.
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« SCM reduced the permeability of almost all mixtures.

« Class C fly ash improved the permeability better than Class F fly ash.
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In this study, permeability properties of 17 self-consolidating concrete (SCC) mixtures containing various
supplementary cementitious materials (SCM) were investigated by different experimental approaches.
The effects of SCM type and content on the compressive strength, rapid chloride ion permeability (RCPT),
water penetration depth, water absorption and sorptivity were studied. For these purposes, various
amounts of silica fume (SF), metakaolin (MK), Class F fly ash (FAF), Class C fly ash (FAC) and granulated
blast-furnace slag (BFS) were utilized in binary, ternary, and quaternary cementitious blends. Results
showed that partial replacement of PC by SCM increased the compressive strength of control mixtures
at 28 and 90 days (except for FAF at 28 days). Mixtures containing MK presented a better performance
compared to other SCM at 7 days. The utilization of SCM reduced the RCPT results of almost all mixtures
compared to the control mixtures and the reduction was more significant with an increase in the SCM
content. All of the mixtures containing SCM had lower penetration depths when compared to reference
mixtures at 28 and 90 days. Good correlations were established between the percentage of permeable
voids and water absorption. Moreover, there was an inverse but almost linear relationship between
permeable voids content and compressive strength of the mixtures.
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1. Introduction One of the most important differences between SCC and con-

ventional vibrated concrete is the incorporation of supplementary

Self-consolidating concrete (SCC), one of the latest achieve-
ments of concrete technology, was first emerged by Japanese
researchers in the second half of 1980s. It is considered as a
concrete which can flow readily under its own weight to
completely fill the formwork and self-consolidate without any
mechanical vibration. This kind of concrete must achieve magnifi-
cent deformability and great stability to ensure high filling capac-
ity of the formwork with complicated shapes, deep and narrow
sections and congested structural members [1,2].
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cementitious materials (SCM), such as fly ash (FA), blast-furnace
slag (BFS) and silica fume (SF) at higher volumes in SCC. Thus, a
number of studies about the effects of SCM on the fresh and
hardened properties of SCC have been conducted. It was reported
that utilization of SCM in SCC not only improves the rheological
properties and stability of the fresh concretes but also can decrease
the cost of SCC and the amount of the CO, production related to the
use of Portland cement (PC) in concrete. On the other hand, utiliz-
ing by-products or wastes as alternative cementitious materials in
concrete provide a more sustainable concrete technology through
the creation of a balance between development and environment.
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In addition, the use of SCM in SCC mixtures improves the mechan-
ical, durability and long term properties of concrete [3-10].

FA is one of the most widely used SCM in SCC. The current
annual worldwide production of coal ash is estimated about 700
million tones of which at least 70% is fly ash [11,12]. Many studies
[13,14] reported that the use of FA in concrete reduces the dosage
of HRWR to obtain similar workability compared to concrete made
with only PC and improves the rheological and mechanical proper-
ties and durability of concrete. Moreover, FA utilization reduces the
demand for cement, fine fillers and viscosity-enhancing chemical
admixtures in SCC [15,16].

Another important SCM that has more application in production
of SCC is BFS. Each year, in spite of 250 million tones production of
BES in the world, just 90 million tones of it has been utilized in the
production of concrete [17]. Similar to FA, utilization of BFS in
concrete may increase the workability, durability and long-term
properties of concrete [17,18].

SF is considered one of the most effective SCM that greatly
increases the strength and significantly reduces the permeability
of concrete. In spite of its a few disadvantages such as its limited
availability, difficulty to obtain the desired workability and the
current high price (relative to PC and other SCM) of SF, it is being
used increasingly as a property-enhancing material [19,20].

Metakaolin (MK) is a thermally activated aluminosilicate mate-
rial processed by calcining kaolin clay within the temperature
range of 650-800 °C. An important difference between MK and
other SCM is that MK is a primary product, while FA, BFS and SF
are secondary products or by-products. Thus, MK can be produced
with a controlled process to achieve the desired properties [21,22].
In recent years, there has been a growing interest in the use of MK
as a SCM to produce concretes with improved properties. However,
only a limited number of studies are available about the properties
of SCC containing MK. According to the previous studies [5,7,22] it
has been reported that the concrete incorporating MK has a higher
compressive strength with no detrimental effect on the long-term
strength, higher resistance to the transportation of water and
diffusion of harmful ions and higher durability aspects than the
control PC concrete.

Despite the above-mentioned advantages of SCM in SCC, they
may also weaken SCC properties compared to the plain mixture
containing no SCM. For instance, SF and MK significantly increase
the early strength and considerably reduce the permeability of
SCC but may impair the required workability in fresh concrete
[5,20-22]. On the contrary, FA and BFS generally decrease early
strength but improve workability [5,8,13,16]. These negative
effects may be hindered by combined use of the SCM in concrete
by providing a synergistic effect [4,5,23]. However, there is only
limited work on the use of ternary and quaternary blends of SCM
in SCC. Such a lack of information has found significant importance
in this investigation.

The current study focuses on the permeability properties of SCC
containing various amounts of SF, FA, MK and BFS as a partial
replacement of cement. These SCM were used in binary, ternary,
and quaternary cementitious blends to investigate the variations
of some rheological and hardened properties of SCC. The fresh
concrete tests include slump flow, Tso time, V-funnel flow time
and plastic viscosity while hardened concrete tests were compres-
sive strength, chloride ion permeability, water penetration depth,
water absorption rate, volume of permeable voids and sorptivity.

2. Experimental methods
2.1. Materials
In this study an ordinary Portland cement CEM [ 42.5 R, was used. Five types of

SCM, which are SF, FAC, FAF, MK, and BFS, were also used in the binary, ternary, and
quaternary cementitious blends. Table 1 summarizes the physical and chemical

Table 1
Physical and chemical properties of PC and SCM.
PC SF FAC FAF MK BFS

Cao (%) 64.06 0.25 36.56 324 03 35.2
SiO> (%) 17.74 8792 3194 595 51.1 40.3
Al,03 (%) 476 04 13.5 185 39.1 10.2
Fe,03 (%) 317 035 409 696 215 0.67
MgO (%) 128 3.97 142 203 0.7 6.9
SO3 (%) 294 0.21 3.86 047 0.08 1.4
K20 (%) 0.8 0.81 094 193 1.78 0.97
Na,0 (%) 045 179 1.1 127 0.11 1.12
Free lime (%) 2.21 - 269 042 - -
Other minor oxides (%) 0.64 143 0.91 126 0.88 1.34
Loss on ignition (%) 1.95 2.87 2.99 432 3.8 1.9
Specific gravity 3.13 2.29 2.73 238 254 2.97
Blaine Fineness (cm?/g) 3310 - 3470 3220 - 3650
Surface area B.E.T. (m?/kg) - 24520 - - 15410 -

Residue on 45 pm sieve 4.2 17.4 195 04 1.3

(%)

properties, and Fig. 1 shows the particle-size distributions of the PC and SCM. As
can be seen in Fig. 1, SF is obviously the finest of all SCM. The next finer material
is MK which is considerably different from the other SCM. In addition, the particle
size distribution of PC, BFS, FAC and FAF are similar to each other. Crushed lime-
stone with a maximum particle size of 15 mm and 4 mm were used as coarse
and fine aggregate, respectively. The bulk specific gravity of the coarse and fine
aggregates were 2.64 and 2.61, respectively, and their absorption capacities were
0.21% and 0.67%, respectively. A polycarboxylate ether-based HRWR conforming
to ASTM (494 Type F [24] with a specific gravity of 1.06 and a solid content of
28% was employed to achieve the desired workability in all of the mixtures.

2.2. Mix proportions

As summarized in Table 2, one control mixture without any SCM and 16 SCC
mixtures with SCM were designed to have a constant w/b ratio of 0.44 and a total
binder content of 454.5 kg/m>. For all SCC mixtures the fine aggregate-to-total
aggregate ratio, by mass, was set at 0.53. These parameters were not altered in this
research to eliminate their effects on the results and to inspect the effect of SCM
merely. The HRWR dosages used in the mixtures were adjusted to secure an initial
slump flow of 650 + 10 mm. The control mixture contained only PC whereas other
mixtures incorporated binary (PC + SF, PC + FAC, PC + FAF, PC + MK and PC + BFS),
ternary (PC + SF + BFS, PC + FAC + BFS, PC + FAF + BFS and PC + MK + BFS) and qua-
ternary (PC + SF + FAC + BFS) cementitious blends in which a portion of PC was
replaced with the SCM. The replacement levels for various SCM were different: it
was 4%, 8% and 12% for SF, 4%, 8%, 18% and 36% for MK, 18% and 36% for FA and only
18% for BFS (36% BFS was not used since there was some bleeding on the surface
when it was utilized by more than 18-25%). All substitutions of the cement by
SCM were made on the total mass basis of the binder. In the production of SCC
the mixing efficiency, mixer type, mixing sequence, etc. are very important factors
affecting the properties of SCC [25,26]. Therefore, the same procedure for batching
and mixing was followed to supply the same homogeneity and uniformity in all of
the mixtures. The identification of the mixtures was made according to the type and
amount of the SCM. For example, (8SF18FAC18BFS) denotes the quaternary mixture
containing 8% SF, 18% FAC and 18% BFS.
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Fig. 1. Particle size distributions of PC and SCM.
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Table 2
Mix proportions of SCC mixtures substituted with SCM (kg/m?>).

Mixture ID Water PC SF FAC FAF MK BFS HRWR Aggregates (SSD)
Fine Coarse

Control 200 454.5 - - - - - 5.75 883 783
4SF 200 436.5 18 - - - - 6.7 880 778
8SF 200 418.5 36 - - - - 7.5 875 774
12SF 200 400 54.5 - - - - 8 870 771
8SF18BFS 200 337 36 - - - 81.5 6.7 874 774
18FAC 200 373 - 81.5 - - - 5.82 878 778
36FAC 200 291 - 163.5 - - - 6.35 872 773
36FAC18BFS 200 209.5 - 163.5 - - 81.5 55 871 772
18FAF 200 373 - - 81.5 - - 4.67 872 772
36FAF 200 291 - - 163.5 - - 4.36 859 762
36FAF18BFS 200 209.5 - - 163.5 - 81.5 431 858 761
8MK 200 418.5 - - - 36 - 6.5 878 779
18MK 200 373 - - - 81.5 - 7.5 873 773
36MK 200 291 - - - 163.5 - 10 861 762
36MK18BFS 200 209.5 - - - 163.5 81.5 9.35 860 761
18BFS 200 373 - - - - 81.5 5.35 881 781
8SF18FAC18BFS 200 255.5 36 81.5 - - 81.5 7 868 769

2.3. Testing procedure

2.3.1. Fresh and mechanical properties

The slump flow value of mixtures was measured immediately at the end of mix-
ing (9 min after the initial contact of water with cement). The final diameter was
determined in the slump flow test, and the time required for the concrete to spread
to a diameter of 500 mm (Tso) was recorded. When the flow of the spread stopped,
the concrete was inspected visually to check the presence of any segregation and
bleeding. All of the mixtures prepared in the present study were homogeneous with
no evidence of bleeding or segregation. Then plastic viscosity and V-funnel time
tests were made in parallel. The slump flow values were represented by the mean
diameter (measured from two perpendicular directions) of the concrete spread
after lifting the standard slump cone. The V-funnel time test consisted of a V-
shaped container with an opening of 65 x 65mm at the bottom and
500 x 65 mm at the top. The plastic viscosity of mixtures was evaluated using a
coaxial cylinder concrete rheometer (ConTec 4SCC). The viscosity was determined
at 6 rotational speeds varying between 0.10 and 0.70 rps. For each rotational speed,
the concrete mixture was sheared for 6 s, and the torque values related with the
shear stress were noted. A linear regression was used to correlate the shear stress
and shear rate values determined at the descending branch to calculate the plastic
viscosity, assuming the Bingham flow model for the concrete mixture. The com-
pressive strength of the concrete was determined using 100 x 200 mm cylinders
according to ASTM C 39 [27]. The average compressive strength of three specimens
are reported at 7, 28 and 90 days.

2.3.2. Permeability properties

The rapid chloride permeability test (RCPT) was conducted on 50 mm-thick
specimens cut from the middle of each 100-mm diameter concrete cylinders as
mentioned in ASTM C 1202 [28]. The results were evaluated by average Coulomb
charge of three specimens. The water penetration depths under pressure were per-
formed on 150 mm cubes as per TS EN 12390-8 [29]. In this procedure 150 mm
cube specimens were exposed to 500 + 50 kPa downward pressure for 72 h to pen-
etrate drinkable water throughout the specimen (Fig. 2). After the end of 72 h, the
test specimens were split exactly into halves and water penetration front was
marked on the specimen as shown in Fig. 3. The maximum penetration depth of
water under the test area was measured in mm. The results are reported in the
average of three specimens. The sorptivity test was conducted in accordance with
ASTM C 1585 [30]. This test method is based on determining the rate of absorption
of water by concrete by measuring the increase in the mass of a cubic specimen
with time when only one surface of the specimen is exposed to water. The exposed
surface of the three cubic specimens was immersed in water and water ingress of
unsaturated concrete was dominated by capillary suction during contact with
water. In this test, the cumulative volume of water absorbed per unit surface area
(mm?/mm?) was determined as a function of time. The water absorption rate and
percentage of permeable voids test were determined according to the procedure
given in ASTM 642 [31]. Three 100-mm cubic specimens were immersed in water
and the weight gain was observed at regular periods until a constant weight gain
was observed. The results of initial surface absorption were almost negligible and
the final absorption of all specimens was observed after 96 h immersing in water.
All of these permeability tests were conducted at 28 and 90 days.

Fig. 2. Permeability test set up for determining the water penetration depth.
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Fig. 3. Water penetration depth after the test.

3. Results and discussion
3.1. Fresh and mechanical properties

3.1.1. Tsg flow time

Tso flow time is a test to assess the flowability and the flow rate
of SCC in the absence of obstructions. Tso flow times obtained from
17 SCC mixtures with various SCM are presented in Table 3 and
Fig. 4. These values are in the range of 1.1-5.28 s. Such a wide
range in flow time for the mixtures having same slump flow values
and w/b ratio is due to the use of different SCM types with very
diverse properties in these mixtures. As demonstrated in Fig. 4
the partial replacement of PC by FAC and MK increased Tso flow
time of control mixtures. The binder containing 36% MK or 36%
FAC increased Tso flow times up to 4.96 and 5.28 s, respectively.
On the other hand, Tsg flow time reduced when SF and BFS were
incorporated in the binder system. The mixture containing 8% SF,
18% FAC and 18% BFS (quaternary system) led to the greatest
reduction in Tso flow time. As can be seen in Fig. 4, higher flow
times were obtained when replacement percentage of FAC and
MK was increased while contrary behavior was observed when
percentage of SF was increased. Also partial substitution of FAF
with PC has no significant effect on Tso flow time values. Besides,
in all ternary systems, with the use of 18% BFS with other SCM
types a downward trend of Tso flow time was observed in

Table 3
Rheological and mechanical properties of the SCC mixtures made with various SCM.

comparison with binary systems without BFS. As shown in Fig. 4,
among the 17 mixtures prepared in this study, eight of them have
Tso flow time under 2 s, while the remaining mixtures showed flow
times greater than 2 s. It can be noted that according to classifica-
tion of European Guidelines [32], these mixtures can be classified
as VS1 and VS2, respectively.

3.1.2. V-funnel flow time

V-funnel flow times obtained from 17 SCC mixtures with vari-
ous SCM are presented in Table 3 and Fig. 4. As seen in Fig. 4 these
values ranged from 8 to 25 s. SF had a significant influence on V-
funnel time. As the amount of SF was increased, reduction in flow
time values was visible. 12% replacement of SF resulted in the
greatest reduction (2 times less) in V-funnel flow time. Also reduc-
tion in flow time values was observed with the use of FAF and BFS
in SCC mixtures. On the other hand, adding MK and FAC increased
flow time values in all of the mixtures. The binder containing 36%
MK or 36% FAC increased V-funnel times up to 24 and 25 s, respec-
tively, while that of control mixture was only 16 s. As shown in
Fig. 4 the mixture containing 8% SF, 18% FAC and 18% BFS (quater-
nary system) led to a decrease in V-funnel flow time relative to the
mixture containing only PC. In addition, in all ternary systems, use
of 18% BFS with other SCM resulted in a considerable decrease in
V-funnel flow time compared to those of the binary systems with-
out BFS (Fig. 4). European Guidelines [32] provides a classification

Mixture ID Tso time (s) V-funnel time (s) Plastic viscosity (Pas) Compressive strength (MPa)
7 days 28 days 90 days

Control 2 16 174 39 43.8 515
4SF 1.6 15 150.8 40.6 53.7 58.8
8SF 1.8 13 107.7 345 64 64.6
12SF 1.1 8 74.3 355 64 66.8
8SF18BFS 1.7 12 87.6 36.7 66.5 71
18FAC 3.5 21 2283 39.7 50.1 54.2
36FAC 53 25 328.3 411 56.5 63
36FAC18BFS 3.8 22 277.5 38.9 50 56.3
18FAF 1.9 14 184.5 37.6 41 50.6
36FAF 22 14 206.1 25.6 37.6 54.1
36FAF18BFS 2 12 189 18.8 35.8 45.6
8MK 29 20 184.9 44.2 45.2 529
18MK 34 19 203.3 56 63.4 67.7
36MK 49 24 302.2 46.3 64.5 65
36MK18BFS 4.1 21 270.5 39 47.1 59.6
18BFS 1.9 15 131.6 41.7 54.6 65.6
8SF18FAC18BFS 1.5 14 1243 373 56.8 66.8
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Fig. 4. Tso and V-funnel flow times for SCC mixtures made with various SCM.

of SCC viscosity according to V-funnel times. The mixtures having a
V-funnel time between 9 and 25 s are classified as VF2. According
to this classification all of the mixtures prepared in this study are
classified as VF2.

3.1.3. Plastic viscosity

Plastic viscosity values for the binary, ternary and quaternary
mixtures containing various SCM are presented in Table 3 and
Fig. 5. These values are between 74 and 328 Pas. As can be seen
in Fig. 5, the partial replacement of PC by FAC, FAF and MK have
increased plastic viscosity of the control mixtures. The highest
increase was observed in 36FAC mixture whose plastic viscosity
was approximately 88% greater than the viscosity of the control
mixture. On the other hand, plastic viscosity was reduced when
SF and BFS were incorporated in the binder systems. This reduction
was more pronounced when 12% SF was incorporated with PC in
control mixtures. As demonstrated in Fig. 5 the amount of reduc-
tion became lower as the replacement level of SF was decreased.
This behavior was contrary to the behaviors of MK and FAC: as
the percentage of MK and FAC was increased, plastic viscosity also
increased. As shown in Fig. 5 8SF18FAC18BFS mixtures (quaternary
system) led to a decrease in plastic viscosity relative to the control
mixture and mixtures containing 18% FAC. Besides, similar to Tsq
and V-funnel flow times, in all ternary systems use of 18% BFS with
other SCM resulted in a decrease in plastic viscosity values com-
pared to those of the binary systems without BFS.

SF particles due to their spherical shape can pack better than PC
particles [33]. Increasing the packing density can reduce shear
stress to enhance the flow by filling the voids and providing
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Fig. 5. Variation of plastic viscosity in SCC mixtures made with various SCM.

additional lubrication [34] thus reduction in plastic viscosity val-
ues. Morphology is an important factor that affected the plastic vis-
cosity of the mixtures with MK: contrary to the lubrication effect of
spherical shape and smooth surface (as was the case in SF), open
pores at the surface, elongated shape, irregular surface texture of
the MK particles can increase the plastic viscosity values.

3.1.4. Relationship between rheological parameters

One of the aims of the present study is to establish correlations
between workability test results (Tso flow time, V-funnel flow
time) and plastic viscosity values. The relationship between Tsq
flow time and V-funnel flow time is plotted in Fig. 6. It was
observed that there is a strong positive relationship between the
results of these two tests. This result is consistent with the previ-
ous results [32,35]. As shown in Fig. 7, Tsq flow time values are well
correlated with plastic viscosity values. In addition a positive expo-
nential relationship was observed between V-funnel flow time and
plastic viscosity values (Fig. 8). The correlation coefficients of these
relationships were calculated as 0.868 and 0.813 respectively.

As shown in Figs. 7 and 8, there is a gradual increase in the plas-
tic viscosity values by increasing the Tsq and V-funnel flow time
values. However, when the correlation coefficients of these rela-
tionships are compared, it can be concluded that Tsq test results
reveal a better correlation with plastic viscosity values than the
V-funnel test results. From the results above it can be concluded
that it is possible to have an idea about the plastic viscosity of
SCC mixtures by measuring the Tso and V-funnel flow times of
them.

3.1.5. Compressive strength

The compressive strength test results of the 17 SCC mixtures are
presented in Table 3 and Fig. 9. As can clearly be seen in this figure,
the 90-day compressive strengths of the mixtures were slightly
increased in comparison with 28-day compressive strengths. How-
ever, the increase in strength of the mixtures was significant
within the time interval of 7-28 days. The highest compressive
strength was observed in 8SF18BFS mixture whose compressive
strength was approximately 38% greater than of the control mix-
ture at 90 days. The lowest compressive strength belonged to
36FAF18BFS mixtures at 7 days. As shown in Fig. 9, except for
the mixture containing 4% SF, the partial replacement of PC by SF
and FAF decreased the compressive strength of control mixtures
at 7 days. This reduction was more pronounced when FAF incorpo-
rated in higher levels. In addition, mixtures containing MK present
a better performance compared to the other SCM at 7 days. This
behavior is due to high pozzolanic activity of MK particles at early
age. Giineyisi et al. [36] reported that addition of MK into the

26
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Fig. 6. Relationship between Tso and V-funnel flow time.
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matrix improved the bond between the cement paste and aggre-
gate particles, which in turn significantly modified the strength
of concrete. Also Poon et al. [37] showed that at early ages, the
higher pozzolanic activity of MK resulted in a higher rate of
strength development and pore refinement when compared to SF
or FA blended cement paste. The results of the present study
showed that the contribution of MK to concrete strength was
noticeable up to 18% replacement of cement by MK. Accordingly,
regardless of the age of concrete, increasing the percentage of
MK from 18% to 36% did not show a significant effect on compres-
sive strength. These results are in agreement with the findings of
the other researchers [7,37-40].

As demonstrated in Fig. 9 the binary and ternary use of FAF
reduced the compressive strength of the control mixtures irrespec-
tive of the testing age. In contrast, the compressive strength devel-
opment of FAC included mixtures was found to have higher
strength values than the control mixtures at all ages. The reason
for this fact can be explained as follows: FA is a pozzolanic by-
product containing glassy material which can be broken down only
when the pH value of the pore solution is at least 13.2. Since the
increase in the alkalinity of the pore solution requires a certain
amount of hydration of the PC in the mix to take place, the pozzo-
lanic reaction of FAF could not begin until a couple of months [41].

As can be seen in Fig. 9 there is a considerable increase in the
compressive strength of mixtures containing SF between the ages
of 7 and 28 days. On the other hand, compressive strength devel-
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Fig. 9. Variation of compressive strength in SCC mixtures made with various SCM.

opment of SF incorporated mixtures was found to be insignificant
beyond 28 days. For example, the increase in strength of 12SF mix-
ture was 80% between 7 and 28 days while it was only 0.04%
between 28 and 90 days. According to ACI 234R guideline [19]
the main contribution of SF to concrete strength development at
normal curing temperatures takes place from about 3 to 28 days,
and after 28 days it is minimal.

As shown in Fig. 9 except for the mixtures containing FAF and
BES, there was not any significant development of compressive
strength after 28 days. It should be noted that when BFS was
blended with PC and SF in binary and ternary systems, compressive
strength of the mixtures was increased, while the opposite ten-
dency was observed when it was blended with other SCM in ter-
nary systems, irrespective of the age of the mixture. The reason
for behavior can be explained as follows: in the ternary mixtures
containing BFS, the volume of other SCM is more than the binary
mixtures containing BFS and ternary mixtures containing BFS
and SF. On the other hand, the strength development of concretes
containing these SCM and BFS was impaired, indicating the
absence of sufficient CH for BFS pozzolanic activity. In spite of this,
Bickley et al. [42] reported that high strength development of con-
crete could be obtained with addition of BFS to mixtures contain-
ing SF. This explanation is in agreement with the result obtained
for the highest compressive strength of the mixture containing
8% SF and 18% BFS among the mixtures prepared in the present
study.

R?=0.8169

V-funnel time, (sec)

#8SF18FAC18BFS O18BFS

X 8SF ®4SF

36FAF18BFS < Control
O36FAC18BFS O8MK
=36MK18BFS

16 19 22 25

A12SF X8SF18BFS

*18FAF =36FAF

B18FAC A36FAC
18MK =36MK

Fig. 8. Relationship between V-funnel flow time and plastic viscosity.
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3.2. Permeability properties

3.2.1. Chloride ion permeability

The effect of using single, binary and ternary blends of SCM on
the rapid chloride ion permeability test (RCPT) results is shown in
Table 4 and Fig. 10. As can be seen, the utilization of SCM reduced
the RCPT results of all mixtures (except for the 28-day age mix-
tures containing FAF) compared to the control mixtures. The
reduction became more significant with an increase in the SCM
content. The chloride ion penetrability limits, suggested by ASTM
C1202 [28], were compared with the test results and according
to this classification, the SCC mixtures of this study (except for
the 28-day age concretes containing FA) can be classified as con-
cretes with low (1000-2000 Coulomb) and very low (100-
1000 Coulomb) permeability.

As can be seen in Fig. 10, chloride ion permeability of MK
blended mixtures was lower than that of the other mixtures. This
is more significant at 28-day results. While the chloride permeabil-
ity of the reference mixture was 6535 Coulomb, that of the SCC
mixture with 18% MK decreased to only 259 Coulomb (Fig. 10).
Similar results were obtained for 90-day results as well. Moreover,
chloride ion permeability of the mixtures containing SF and MK
were observed to be similar to each other (Fig. 10). 28- and 90-
day results of the mixture with 12% SF were only 10% and 8% of
the reference mixture, respectively.

The 28-day permeability of the FAF mixtures was comparable to
that of the reference mixture as can be seen in Fig. 10. However, a
significant improvement was observed in these mixtures at the
end of 90 days, which can be explained by the pozzolanic activity
of FAF that became significant at later ages. For example, while
the 28-day permeability of the mixture containing 18% FAF was
86% of the reference mixture, it was only 23% of the reference at
90 days. In addition, the chloride ion permeability of the mixtures
containing FAC and BFS were higher than that of the SF and MK
mixtures at 28 days. However, the difference decreased at 90 days.
In spite of this, the decrease in the permeability of FAF mixtures
beyond 28 days was not seen in the mixtures containing FAC and
BFS.

The main effect of the SCM on the pore structure of concrete is
the reduction of large pores via blocking them with hydration
products. The transformation of continuous pores into discontinu-
ous pores has a profound effect on the permeability of concrete
[19]. Sellevold and Nilsen [43] reported that SF is more effective
in reducing permeability than it is in enhancing strength and
suggested that it is the improved quality of the cement paste

Table 4
Permeability properties of the SCC mixtures made with various SCM.

aggregate transition zone which is largely responsible for this
behavior. In another investigation Kostuch et al. [44] concluded
that reduction in diffusion properties of mortars containing MK is
related to the significant decrease in the average pore size of mor-
tar matrix. They reported that MK can be effective in reducing the
rate of diffusion of CI~ and Na* ions in mortar.

Byfors [45] reported that addition of SF up to 20% by mass of
cement considerably reduced the diffusion rate of chloride ion
compared to the performance of ordinary PC paste.

In a study presented by Poon et al. [21], it was stated that, com-
pared to that of the control mixture, incorporation of 20% MK and
15% SF decreased chloride ion permeability by 79% and 62%,
respectively. In a more resent study Hassan et al. [7] investigated
the chloride ion permeability of SCC incorporating MK and SF. They
reported that chloride ion permeability of mixtures containing 11%
SF and 20% MK decreased by 54% and 88%, respectively compared
to that of the control mixture. Also Giineyisi et al. [5] reported that
MK was the most effective SCM that had significant effect in reduc-
ing the chloride ion diffusivity of SCC in comparison with mixtures
containing FA and BFS.

Bouikni et al. [46] stated that the pore size of cement matrices
containing 50-65% BFS was considerably reduced when compared
with PC paste without BFS. Moreover, Giineyisi and Gesoglu [47]
reported that the decrease in the chloride ion permeability of con-
crete containing BFS was due to change in the pore structure of the
hydrated cementitious system.

Similar to the present study, Uysal et al. [12] studied the effects
of FAC and FAF on chloride ion permeability of SCC. They reported
that chloride ion permeability of the concretes containing FAC and
FAF decreased at 90 days when the FA content, regardless of its
type, was increased. Moreover, it was noticed that mixtures con-
taining FAC performed better than FAF mixtures. Improvement in
chloride ion penetration of SCC mixtures containing FA could be
related to the capability of transformation of large pores in the
cementitious matrix into small pores and reduction in micro crack-
ing in the transition zone [10,48]. The results obtained in present
study upon utilization of FA in SCC were similarly observed by
other researchers [16,23,48].

3.2.2. Water penetration depth

The water penetration depth describes the ease with which a
fluid may flow through a porous body on a pressure differential.
The variations of water penetration depth values for binary, ter-
nary and quaternary mixtures containing SCM are demonstrated
in Fig. 11. As can be seen, the 90-day results were lower than the

Mixture ID Chloride ion permeability (coulombs) ~ Water penetration (mm)  Water absorption (%) Permeable voids (%)  Sorptivity index (mm/min'/?)
28 days 90 days 28 days 90 days 28 days 90 days 28 days 90 days 28 days 90 days
Control 5635 5058 244 18.0 2.96 2.09 7.0 5.0 0.068 0.039
4SF 5183 1403 23.6 16.3 2.72 1.9 6.4 4.5 0.057 0.020
8SF 966 685 143 6.8 1.97 1.98 4.6 4.8 0.049 0.012
12SF 560 408 121 7.6 1.69 1.27 3.9 2.9 0.031 0.017
8SF18BFS 614 529 13.7 53 1.90 1.26 4.4 3.0 0.051 0.019
18FAC 3810 1386 18.0 11.0 2.83 2.08 6.6 4.8 0.053 0.035
36FAC 3240 2286 19.0 5.5 2.72 2.0 6.3 4.8 0.056 0.028
36FAC18BFS 1326 942 20.1 8.3 2.26 1.48 5.2 34 0.073 0.014
18FAF 4901 1171 21.0 12.0 3.90 2.0 8.9 4.6 0.055 0.033
36FAF 4159 624 24.0 16.8 3.20 2.02 7.3 4.6 0.104 0.020
36FAF18BFS 4204 660 231 13.2 2.67 1.96 6.1 4.5 0.074 0.019
8MK 871 618 20.8 14.8 2.0 1.85 4.8 4.4 0.062 0.027
18MK 259 158 15.8 9.8 1.91 1.27 4.4 3.0 0.037 0.015
36MK 268 140 17.0 9.1 2.29 1.39 5.2 3.2 0.050 0.029
36MK18BFS 307 256 173 5.6 1.91 1.62 43 3.7 0.061 0.024
18BFS 2520 1834 19.4 12.6 2.65 1.5 6.0 3.5 0.071 0.023
8SF18FAC18BFS 511 359 8.7 53 1.34 1.28 3.1 3.0 0.051 0.013
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Fig. 11. Variation of water penetration depth in SCC mixtures made with various
SCM.

28-day results. Moreover, all of the mixtures had lower penetration
depths when compared to the reference mixtures at both ages. The
lowest penetration depth (which was only 29% of that of control
mixture) was obtained at 90days for the 8SF18BFS and
8SF18FAC18BFS mixtures. The mixture with 36% FAF showed the
highest depth at 28 days, which was still 98% of the reference
mixture.

It is clear from Fig. 11 that similar to the results of RCPT, SF and
MK were the two significant SCM in the reduction of water pene-
tration depths at 28 and 90 days. The decrease was more signifi-
cant at 90 days. An increase in replacement level of SF and MK
decreased the penetration depths further. Such a decrease was
greater when BFS was used with SF and MK. Although it is certain
that FAF and FAC can decrease the water penetration depths of the
reference mixture at 28 and 90 days, the behavior of these admix-
tures was inconsistent when their contents were increased in the
binary binders. However, in the ternary blends containing FAF
and BFS, the decrease in penetration depth was more significant.
Besides, when used in the binary systems, BFS decreased the pen-
etration depth compared to that of the reference mixture; how-
ever, it showed a more efficient performance when used together
with SF and FAC.

Although the use of SCM reduced both water penetration depth
and chloride ion permeability, the reductions in the former test
results were not so significant as the reductions in the RCPT results.
This can be explained as follows: water permeability test is based
on measuring the ingress of water to the capillary pores of an

unsaturated concrete, whereas RCPT test is based on the electrical
conductivity of the concrete specimen through its connected
capillary pores. The difference between the results of these two
permeability tests can be related to the ability of these SCM to
combine the CI~ and Na* ions of the pore solution. Besides, the
RCPT result depends on the electrical conductivity of the pore solu-
tion, which is determined by the composition of the pore solution.
The electrical conductivity or RCPT value of a concrete can be
reduced by lowering the alkalinity of concrete pore solution.
Accordingly significant reduction in concentration of alkali ions
and associated hydroxyl ions in the pore solution with utilization
of SCM can be an expected phenomenon [49].

Gesoglu et al. [23] studied the single and combined effects of SF,
FA and BFS on the permeation properties of SCC. Similar to our
observation they indicated that both the binary cements contain-
ing SF and quaternary blend containing SF, FA and BFS, had the
lowest water penetration depth compared to the control mixture.
Moreover, the SCC mixtures incorporating SF led to a better water
permeability owing to their less porous interfacial zone and the
refined pore structure of the paste matrix. In another investigation
[5] on the permeability properties of SCC containing MK, FAF and
BES, it was reported that MK was the most efficient mineral admix-
ture to reduce the water penetration depth of the SCC mixtures. In
addition, reduction in water penetration depth was observed when
FA and BFS were incorporated with PC in binary, ternary and qua-
ternary SCC mixtures. These results are in agreement with the
observations of present study.

Dinakar et al. [50] studied the water penetration rate of SCC
containing 10-70% FAF. They reported that mixtures containing
10-30% FAF performed a better water penetration depth compared
to those containing higher replacement percentages. Moreover, in
an investigation on the effect of mineral admixture replacement
level on SCC properties, Uysal et al. [8] presented that mixtures
containing15% FAC and 20% BFS were the two mixtures that had
the lowest water penetration depths when compared to other mix-
tures including the control one.

3.2.3. Water absorption and permeable voids

28- and 90-day water absorption values of the mixtures having
a w/b ratio of 0.44 and containing various SCM are presented in
Table 4 and Fig. 12. Similar to the previous sections, significant
improvements in water tightness and permeable voids content of
the SCM-bearing mixtures were observed at later (90-day) age.
The lowest absorption values were seen in the quaternary system
at both 28- and 90-day ages. The highest absorption, which was
133% of the reference mixture, belonged to the mixture with 36%
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Fig. 12. Variation of water absorption in SCC mixtures made with various SCM.
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FAF at 28 days. The 90-day absorption of this mixture was very
close to that of the reference mixture.

As can be seen from Fig. 12, the 28- and 90-day absorptions of
the MK and SF mixtures were lower than those of the reference
mixtures. Generally, the absorption decreased with an increase in
the MK and SF replacement levels. The beneficial effect of SF and
MK in reducing the water absorption of mixtures can be due to
the filling effect of ultrafine SF and MK particles as well as their
pozzolanic reaction. The reduction in the size of capillary pores
increases the probability of transforming the continuous pores into
discontinuous ones. The absorption values of the mixtures with

8 28 days
A 90 days

Permeable voids (%)
[e)]

32 42 52 62 72

Compressive strength (MPa)

Fig. 15. Relationship between compressive strength and permeable voids.

FAF were higher than those of the reference mixture at 28 days.
However, at 90 days, the results of FAF mixtures became close to
the reference mixture (Fig. 12). Also the absorption values of FAC
and BFS mixtures were similar and lower than the reference mix-
ture at 28 and 90 days, respectively. As cited by Sabet et al. [51],
Shetty [52] reported that a high quality concrete should have a
final absorption of less than 5%. According to this classification,
all of the SCC mixtures prepared in this study could be classified
as high-quality from absorption point of view.

Sabet et al. [51] studied the effects of SF, FA and natural zeolite
on water absorption properties of SCC. Similar to our results, they
reported that among the SCM types investigated in their study, SF
was the most effective SCM in reducing the water absorption of
SCC. It was also noticed that incorporation of natural zeolite and
FA decreased water absorption, however these SCM were not as
effective as SF. In another investigation Madandoust et al. [53]
observed that the water absorption of SCC containing MK was
much lower than that of a reference concrete. Moreover, Shekarchi
et al. [54] reported that water absorption in normal concrete was
decreased by 28% for a mixture containing 15% MK.

Fig. 13 presents the volume of permeable voids for SCC
mixtures containing various SCM. Similar to water absorption,
the volume of permeable voids was also lower for SCC containing
various SCM. As shown in this figure SF and MK have a significant
effect on the volume of permeable voids in SCC. Fig. 14 shows that
the correlation ratio between the percentage of permeable voids
and water absorption for 90 days and 28 days were respectively
0.996 and 0.992 (Note that there are two trendlines in Fig. 14 for
28 and 90 days and they almost coincide). From this figure it can
be concluded that there is a good correlation between these two
parameters. The permeable voids content increases as water
absorption increases. The relationship between the permeable
voids content and compressive strength is presented in Fig. 15,
indicating that there is an inverse but almost linear relationship
between these two sets of results.

3.2.4. Sorptivity index

The variations of 28- and 90-day sorptivity indices of binary,
ternary and quaternary mixtures containing SCM are presented
in Fig. 16. Similar to water absorption test results, the sorptivity
values at 90 days were lower than those at 28 days. However,
except 36FAC18BFS, 36FAF, 36FAF18BFS and 18BFS mixtures, the
28-day sorptivity values of all of the mixtures were lower
compared to the reference mixture. On the other hand, all of the
mixtures presented a sorptivity index lower than that of the refer-
ence mixture at 90 days. The lowest sorptivity, which was 31% of
the reference mixture, was observed for the 8SF mixture at
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Fig. 16. Variation of sorptivity index in SCC mixtures made with various SCM.
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90 days. The highest value (153% of the reference mixture)
belonged to the 28-day result of the 36FAF mixture. Similar to
other permeability test results, the sorptivity index of SF and MK
bearing mixtures is much lower than that of the reference mixture.
This behavior was based on the filler effect and high pozzolanic
activity of SF and MK particles at early ages. As shown in Fig. 16,
FAC bearing mixtures had a sorptivity index close to reference mix-
ture while the use of FAF generally increased the sorptivity index at
28 days. On the other hand, sorptivity was observed to decrease at
90 days for the FAC and FAF bearing mixtures that can be related to
pozzolanic activity of FAF at later ages.

4. Conclusion

The main conclusions derived from this study can be summa-
rized as follows:

(1) Plastic viscosity values were found to be well correlated
with both Tsq and V-funnel values. However, the correlation
was better with the former one.

(2) The increase in strength for most of the mixtures (except
18FAF, 36FAF and 18BFS mixtures) was more significant
between 7 and 28 days than the increase between 28 and
90 days. The highest compressive strength was observed in
8SF18BFS mixture at 90days and the lowest strength
belonged to 36FAF18BFS mixture at 7 days.

(3) The partial replacement of PC by SF (when its amount is
higher than 4%) and FAF decreased the compressive strength
of control mixture at 7 days while mixtures containing MK
presented a better performance compared to the other
SCM at the same age. The development of strength in FAC
bearing mixtures was higher than the control mixtures at
all ages.

(4) The compressive strength of mixtures containing SCM
except FAF were higher than the control mixtures at 28 days
and there was not any significant development of strength
after 28 days except in the FAF and BFS mixtures.

(5) The utilization of SCM reduced the RCPT results of all of the
mixtures (except the 28-day mixtures containing FAF) com-
pared to that of the control mixtures and the reduction was
more significant with an increase in the SCM content. The
permeability of MK and SF blended mixtures was lower than
that of the other mixtures.

(6) The chloride ion permeability of the mixtures containing
FAC and BFS were higher than that of the SF and MK mix-
tures at 28 days. However, the difference decreased at
90 days and the mixtures containing FAC performed better
than FAF mixtures.

(7) All of the mixtures containing SCM had lower penetration
depths when compared to the reference mixtures at both
ages. The lowest depth was obtained at 90 days for the
8SF18BFS and 8SF18FAC18BFS mixtures and the highest
depth belonged to 36FAF at 28 days.

(8) Similar to the RCPT results, SF and MK were the two signif-
icant SCM in reducing the water penetration depths at 28
and 90 days but the reductions were more apparent in the
RCPT results.

(9) FAF and FAC decreased the water penetration depths of the
reference mixture at 28 and 90 days. BFS decreased the pen-
etration depth of the reference mixture, too; however, it
showed a more efficient performance when used together
with SF and FAC.

(10) The lowest absorption values were seen for the quaternary
system at both ages. The highest absorption, which was
133% of the reference mixture, belonged to the mixture with
36% FAF at 28 days. In addition SF and MK were, again, the

two SCM that had the most significant effect on the water
absorption of control mixture.

(11) Similar to water absorption, the volume of permeable voids
was also lower in the mixtures containing SCM. There was a
good correlation between the percentage of permeable voids
and water absorption. Moreover, there was an inverse but
almost linear relation between permeable voids and
compressive strength.

(12) Except 36FAC18BFS, 36FAF, 36FAF18BFS and 18BFS mix-
tures, the 28-day sorptivity values of all of the mixtures
were lower compared to the reference mixture. There was
a progressive reduction in sorptivity indices with prolonged
curing.
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