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� The most significant factors affecting the chloride permeability were obtained.
� Linear relationship between RCPT and chloride diffusion coefficients was found.
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� Different percentages of decline of permeability versus time were warranted.
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This paper utilizes the statistical design of experiments approach to optimize the mixture design of self-
consolidating concrete (SCC) incorporating metakaolin (MK). The factors studied were total binder con-
tent, percentage of MK, water-to-binder ratio, and curing conditions. The results obtained from the devel-
oped statistical models were exploited to determine the most significant factors affecting the chloride
permeability and the expected service life (calculated using Fick’s second law of diffusion) of the tested
mixtures. The developed models were also used to optimize the level of each response variable to min-
imize the chloride permeability, and to maximize the expected service life of the developed high perfor-
mance SCC mixture. The results yielded an optimum SCC mixture with MK which achieved the lowest
chloride permeability compared to counterpart SCC mixtures containing fly ash, slag, and silica fume.
The results also showed that MK replacement proved to be the most significant variable affecting the
chloride permeability, decline of permeability over time, and the service life of the tested mixtures.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The production of self-consolidating concrete (SCC) is normally
achieved by: (a) increasing the quantity of fines in the mixture,
which could be done by incorporating one or more supplementary
cementitious materials (SCM’s) [1–3]; (b) adding high range water
reducer admixtures (HRWRA), and if necessary, viscosity modify-
ing admixtures (VMA) [4–5]; and/or (c) decreasing the coarse
aggregate content in the mixture [6–7].

Different SCM’s have been successfully used in the production of
SCC, such as fly ash, ground granulated blast furnace slag, volcanic
ash, cement kiln dust, rice husk ash, and silica fume [2]. Metakaolin
(MK) is another type of SCM that is considered relatively new; it has
been widely used for the production of high strength and high per-
formance concrete over the past two decades [8]. In recent years,
MK was introduced for the production of SCC. The behavior of MK
in SCC mixtures was found to be similar to that in normal concrete
mixtures, which showed an enhancement of the overall mechanical
and durability performance [5].

Unfortunately, the production of SCC usually warrants a high
cost, which is attributed to the high cement contents, high percent-
age of SCM’s, and/or high doses of HRWRA. For this reason, opti-
mizing SCC mixtures is vitally required to minimize the cost
while maintaining the best fresh and hardened properties of the
mixture. Statistical design of experiments is a useful tool
that can be used to optimize the mixture components of SCC.
Additionally, prediction models can be developed to evaluate the
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response at different levels of the governing factors. By using such
models, the numerical optimization can then be performed to min-
imize or maximize the response [9–10]. Statistical design of exper-
iments has been widely used in the mixture design and
optimization for both normal concrete and SCC specially those con-
taining SCM’s [9–10]. Alternative soft computing methods are also
applied to develop prediction models for different concrete proper-
ties. Examples of these methods are: artificial neural networks
[11], genetic algorithm [12], and adaptive neuro-fuzzy inferencing
systems [13]. However, most of these models require previous
knowledge database about the input and output parameters along
with significant mathematical work for the development of
prediction relationships [13]. To this date, researchers apply the
statistical design of experiments technique to analyze, model,
study interaction between parameters, design, and optimize the
behavior of SCC mixtures [14]. Durability and service life of con-
crete structures are considered to be the most important proper-
ties that need to be accounted for when optimizing SCC
mixtures. Reinforced concrete structures, especially those sub-
jected to high percentages of chlorides, should be given a special
design consideration to extend their service life by reducing the
corrosion of their embedded reinforcing steel [15–17]. The corro-
sion occurs when the chlorides from deicing salts, groundwater,
or seawater penetrate the concrete cover and reach the reinforcing
steel. Once the percentage of the chloride around the steel bar
exceeds the threshold needed for corrosion initiation, the corrosion
starts and rapidly propagates through the entire steel bar, leading
to a mass loss and delamination of the concrete cover [17].

Chloride permeability is a significant property of concrete rep-
resenting its service life. The assessment of the chloride permeabil-
ity in concrete is usually performed using one of the following
standard tests [18–19]: rapid chloride penetration test (RCPT)
(ASTM C1202) and/or chloride bulk diffusion test (ASTM C1556).
Most of the models used for predicting the corrosion initiation
time account for the resistance of concrete to chlorides [16,20].
Concrete with low permeability and dense microstructure is
proved to have more resistance to chloride ingress and longer time
for corrosion initiation [17,21].

Recently, different methods were developed for predicting the
service life of concrete structures. These methods usually monitor
the service life of concrete structures in two periods, including ini-
tiation and propagation periods. The initiation period is the period
in which the chlorides penetrate the concrete cover until they
reach a threshold level (enough to initiate corrosion) at the rebar
surface. The propagation period starts after the initiation period
and ends when significant damage occurs in the structure resulting
in cracks and rebar mass loss. The time of the initiation period is
calculated using a simplified Fickian diffusion approach assuming
that the chloride diffusion is the dominant mechanism of rebar
corrosion. The time of the propagation period, however, depends
on the definition of ‘‘significant damage.’’ This level of damage in
general varies depending on the requirements of the owner and
the nature of the structure.

The main objective of this study was to develop an optimum
SCC mixture incorporating metakaolin using a statistical design
of experiments approach. The total binder content, percentage
of MK, water-to-binder ratio, and curing conditions were varied
to obtain the best mixture in terms of chloride permeability (RCPT
and chloride diffusion), and extended service life. The statistical
design of experiments approach was also used to present the
most significant factors affecting each response variable in the
mixture and to develop some prediction models for each test
result. The study also presented a relationship between the
different methods of assessing the chloride permeability in
concrete for predicting the chloride diffusion of SCC mixtures
containing metakaolin.
2. Research significance

Statistical prediction models can be used to predict the long-
term behavior of SCC mixtures in terms of affecting variables.
These models can be used to optimize the level of each variable
and to minimize and/or maximize the responses of SCC mixtures.
However, the available models in the literature are limited for
SCC mixtures containing specific SCM’s, such as FA, SF, and SG.
As a result, a statistical optimization of SCC mixture containing
MK was deemed necessary. The findings obtained from this inves-
tigation are of special interest for engineers applying MK in the
production of SCC mixtures.

3. Experimental procedure

A total of 27 SCC mixtures were tested in this investigation. Twenty mixtures
were used to optimize the mixture proportions of SCC using a statistical design of
experiments approach, and 7 mixtures were used in the stage of validating the
developed models. The 20 mixtures were designed by applying the Box–Wilson
central composite design (CCD) method [22]. Three factors varied throughout the
20 mixtures, including the total binder content (A = 400–500 kg/m3), water-to-bin-
der ratio (B = 0.35–0.45), and the percentage of cement replacement by MK (C = 0–
25%). The coarse-to-fine aggregate ratio was kept constant for all 20 mixtures as 0.9.
The amount of HRWRA was determined based on maintaining a target slump flow
of 650 ± 50 mm as per ASTM C1611 [23]. The slump flow diameter was fixed at this
presumed value to ensure that all tested mixtures can achieve acceptable similar
fresh properties for SCC. The amount of HRWRA required for each mixture to
achieve the target slump flow was firstly determined based on testing some trial
mixtures under similar mixing procedure. It should be noted that the HRWRA dos-
age was not considered as an independent variable in this study. The HRWRA dos-
age was only used to maintain a constant slump flow in all SCC mixtures. The
reason behind that was if the HRWRA dosage was simultaneously varied as an inde-
pendent factor with other mixtures ingredients, it would have yielded some unac-
ceptable SCC mixtures with significantly varied values of slump flow.

After completing the fresh properties tests of the 20 mixtures, 100 mm (4 in)
diameter � 200 mm (8 in) length cylinders were cast and cured for a maximum per-
iod of 180 days. These cylinders were used to prepare the samples of the RCPT and
chloride diffusion tests. Two curing regimes were used: the first regime was to sub-
merge the samples in water for 180 days, while the second regime was to store
them in air for the whole 180-day period. Both regimes were performed at a con-
trolled temperature of about 23 �C. After the 28-day curing period, the RCPT and
chloride diffusion tests were performed on both air- and water-cured samples
according to the standard tests ASTM C1202 [18] and C1556 [19], respectively.

The RCPT test was replicated at 90 and 180 days to measure the decrease in the
chloride permeability versus concrete’s age defined as the diffusion decay index
(m). Using the values of m for each mixture and the chloride diffusion coefficients
(Da) obtained from the chloride diffusion test, the service life of the 20 mixtures
were predicted by means of Fick’s second law of diffusion.

A statistical analysis was performed on the results obtained from each test
(RCPT and Da tests), then the most significant factor affecting each response variable
was determined, and prediction models for each test (response variable) were
developed. The statistical analysis was completed by commercially available soft-
ware for the design and analysis of experiments. These models were used to deter-
mine the optimum level of each factor by applying the numerical optimization tool.

The next stage used the numerical optimization tool to determine one optimum
mixture proportions that achieved the best durability, and longest service life. In
this stage, two SCC mixtures, including the optimum SCC mixture and another
selected SCC mixture, were tested for validating the prediction models by compar-
ing the results obtained from the models and the actual tests. Meanwhile, three
additional SCC mixtures containing fly ash (FA), slag (SG), and silica fume (SF), as
well as two normal concrete (NC) mixtures without any SCM’s, were also tested
and compared to the optimum SCC mixture.

3.1. Materials

In this program, type GU Canadian Portland cement, similar to ASTM Type I
[24], with a specific gravity of 3.15, was used for both NC and SCC mixtures. The
MK used in this research was delivered from the Eastern United States by Advanced
Cement Technologies, conforming to ASTM C618 Class N [25], with a specific gravity
of 2.56. The SG and SF used in this investigation have specific gravities of 2.89 and
2.27, respectively. FA conforming to ASTM C618 Class F [25] was employed in this
project, with a specific gravity of 2.26. The chemical properties of cement and all
SCM’s are shown in Table 1.

A high range water reducer admixture (HRWRA), similar to ASTM Type F [26],
was applied to achieve the required slump flow of SCC mixtures. The specific grav-
ity, volatile weight, and pH of the HRWRA were 1.2, 62%, and 9.5, respectively. Nat-
ural sand was used for the production of the SCC mixtures with specific gravity of



Table 1
Chemical properties for SCM’s and cement.

Chemical properties % Cement MK SG SF FA

SiO2 19.64 51–53 40.3 >85 52
Al2O3 5.48 42–44 8.4 – 23
Fe2O3 2.38 <2.2 0.5 – 11
FeO – – – <5 –
TiO2 – <3.0 – – –
C – – – <10 –
P2O5 – <0.2 – – –
SO4 – <0.5 – – –
CaO 62.44 <0.2 38.71 <5 5
MgO 2.48 <0.1 11.06 <5 –
Na2O – <0.05 – – –
C3S 52.34 – – – –
C2S 16.83 – – – –
C3A 10.50 – – – –
C4AF 7.24 – – – –
K2O – <0.4 0.37 – –

L.O.I. 2.05 <0.5 0.65 – –
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2.70 and water absorption of 1%. Both 10 mm and 20 mm maximum size natural
crushed stones were included as coarse aggregates in the SCC mixtures with a
specific gravity of 2.70 and water absorption of 1%.
3.2. Mixture design and SCC proportions using CCD method

The design of mixtures was obtained after determining the different levels of
each factor by using the CCD method. This method divides the design space into
three parts: the full-factorial part, the axial part, and the central part [22]. The three
parts together yielded the 20 runs that were represented by 20 SCC mixtures
included in the first stage of the study. The three parts consist of examining the
studied factors at five different levels. The first part, the full-factorial, involved
studying the three factors or variables (k = 3) at two levels only (�1 and +1 in coded
factors) with a total number of runs of nf = 2k = 8 runs. Secondly, the axial part
defined as na = 2k = 6 runs and the coded factors were identified as the coded values
of �1.68 and +1.68. The selection of the coded values of the axial part was designed
to obtain a rotatable experimental design region, which can be achieved by using
the value of a = ±(2k)1/4 = ±1.68 [22]. By maintaining a rotatable design, the uncer-
tainty of determined response surface symmetry can then be fixed. The remaining
runs were set at the center, or nc = 6, with a coded value of 0.

A minimum number of center points was calculated using the equation pro-
posed by Schmidt and Launsby [22], nc = [4⁄(nf + 1)0.5] � 2k = 6 runs. The coded val-
ues of each factor were calculated based on Eq. (1) for five different levels of each
variable. For example, the coded value of water-to-binder ratio of 0.37 can be esti-
mated by using Eq. (1) as follows: Coded Factor = (0.37 � 0.4)/(0.5 � 0.06) = �1. The
overall range of variables was selected based on reviewing the literature of propor-
tioning SCC containing metakaolin using similar material properties [5,27]:

Coded Factor ¼ ðactual value� central valueÞ
0:5 ðrange between maximum and minimum valuesÞ ð1Þ

The total number of runs (mixtures) was 20, as described above. By using the
previously described levels of each factor for each mixture, the mixture proportions
were calculated by applying the absolute volume method. Table 2 outlines the mix-
ture proportions for each run (mixture). After determining the mixtures ingredi-
ents, all materials including cement, sand, SCM’s, and coarse aggregate were dry
mixed in a rotary mixer for 5 min. The required amounts of HRWRA (determined
from the trial mixtures) were blended with the mixing water, then added to the
dry materials and mixed for about 5 min. After achieving the target slump flow of
SCC mixtures, the fresh properties tests were performed followed by casting sam-
ples from each mixture.

After analyzing the results of testing the 20 SCC mixtures, the numerical opti-
mization was implemented and yielded the optimum SCC mixture containing
MK. This optimum mixture (MK), along with another selected SCC mixture (MK-
V), were then both tested under the same previously described tests for validating
the statistical models obtained from the ANOVA. Furthermore, this optimum mix-
ture was compared to three additional SCC mixtures (containing 30% FA, 30% SG,
and 8% SF) and two NC mixtures (Table 2). The replacement levels of FA, SG, and
SF were selected as the optimum levels for these SCM’s based on the results
obtained from other research [5,15,28]. Regarding the NC mixtures, two mixtures
were included to examine different coarse aggregate sizes, denoted as NC1
(10 mm coarse aggregate) versus NC2 (20 mm coarse aggregate). The validation
mixture containing MK (MK-V) was randomly selected to validate the statistical
models.
4. Numerical procedure

4.1. Service life prediction using Fick’s law of diffusion

After measuring the apparent chloride diffusion coefficients
(Da) and the diffusion decay index (m) for each mixture, the follow-
ing assumptions were made to predict the service life for the tested
mixtures:

� The chloride threshold value is 0.05% (% weight of concrete), as
given from the literature [20,29].
� The chloride diffusion is the dominant mechanism and is gov-

erned by Fick’s second law of diffusion in the differential Eq.
(2) [30],

dC
dt
¼ Da �

d2C

dx2 ð2Þ

where C = the chloride content, Da = the apparent diffusion
coefficient, x = the depth from the exposed surface, and t = time.
� The chloride diffusion coefficients (at 28 days) decrease period-

ically as a function of time because of the cement hydration
process. As a result, the chloride diffusion should be calculated
at different time periods using Eq. (3) [31]:

DðtÞ ¼ Dref �
tref

t

� �m

ð3Þ

where D(t) = diffusion coefficient at a time = t, Dref = diffusion
coefficient at time tref (28 days), and m = diffusion decay index.
� The surface chloride concentration (Cs) of the simulated struc-

ture had reached the maximum chloride concentration at the
start time of chloride diffusion.
The solution for estimating the time of corrosion initiation was

implemented using a finite difference application of Eq. (2). The
values of chloride diffusion coefficient were varied at different time
steps using Eq. (3), until the value of chloride concentration near
the rebar surface reached the chloride threshold value. At this
stage, the time was reported, which indicated the corrosion
initiation for each mixture.

4.2. Statistical analysis and numerical optimization procedure

The results from each test were subjected to a statistical analy-
sis using commercially available program for experimental design.
This program performs nonlinear regression analysis for each test
result (response variable) based on the input values (variables).
Finally, the software yields a mathematical equation of the
response. The developed equations are mostly based only on the
most significant factors (variables) and their interactions. The
equation can be linear or non-linear based on the behavior of the
response variable throughout the range of variables. Linear equa-
tions involve main variables and their interactions, while non-lin-
ear formulas include higher order variables (quadratic). It should
be noted that the linear models were firstly considered for some
response variables as trial models (not presented in this paper)
before choosing the CCD method. These linear models showed that
the curvature had a significant effect on the response variables
indicating that higher order variables were essentially utilized
(using CCD method).

The significance of variables and their interactions was deter-
mined after performing the analysis of variance (ANOVA) by apply-
ing the least-square approach. The ANOVA tests the probability
values (probability > F or P-value), which indicate the probability
that the contribution of a given parameter to the tested response
exceeds the value of the specified coefficient or the factor is signif-
icant if its value is <0.05. In addition, the degree of significance



Table 2
Mixture proportions for the 27 tested mixtures.

Mix.
No.

A: total binder
(kg/m3)

B: water-to-
binder

C: SCM
level (%)

C.A. size
(mm)

Cement
(kg/m3)

SCM
(kg/m3)

C.A. (kg/
m3)

F.A. (kg/
m3)

Water
(kg/m3)

HRWRA dose
(l/m3)

(HRWRA/total
binder) � 100

1 420 0.37 19.9 10 336.42 83.58 868.45 964.94 155.4 10.43 2.48
2 480 0.37 5.1 10 455.52 24.48 822.98 914.42 177.6 4.00 0.83
3 450 0.40 12.5 10 393.75 56.25 828.88 920.98 180.0 4.57 1.02
4 450 0.40 12.5 10 393.75 56.25 828.88 920.98 180.0 4.57 1.02
5 480 0.43 19.9 10 384.48 95.52 781.10 867.89 206.4 4.86 1.01
6 450 0.45 12.5 10 393.75 56.25 801.18 890.19 202.5 3.29 0.73
7 450 0.35 12.5 10 393.75 56.25 856.59 951.77 157.5 15.43 3.43
8 400 0.40 12.5 10 350.00 50.00 873.63 970.70 160.0 8.14 2.04
9 420 0.37 5.1 10 398.58 21.42 874.05 971.17 155.4 8.71 2.07

10 450 0.40 25.0 10 337.50 112.5 823.82 915.35 180.0 7.33 1.63
11 420 0.43 19.9 10 336.42 83.58 837.41 930.46 180.6 6.14 1.46
12 450 0.40 12.5 10 393.75 56.25 828.88 920.98 180.0 5.29 1.18
13 480 0.43 5.1 10 455.52 24.48 787.50 875.00 206.4 2.57 0.54
14 420 0.43 5.1 10 398.58 21.42 843.02 936.68 180.6 3.57 0.85
15 450 0.40 12.5 10 393.75 56.25 828.88 920.98 180.0 4.71 1.05
16 450 0.40 12.5 10 393.75 56.25 828.88 920.98 180.0 4.57 1.02
17 480 0.37 19.9 10 384.48 95.52 816.57 907.30 177.6 9.57 1.99
18 500 0.40 12.5 10 437.50 62.50 784.14 871.27 200.0 4.29 0.86
19 450 0.40 12.5 10 393.75 56.25 828.88 920.98 180.0 5.29 1.18
20 450 0.40 0.0 10 450.00 0.00 833.95 926.62 180.0 2.33 0.52
MK 490 0.39 19.9 10 392.3 97.657 795.85 884.27 191.1 10.77 2.20
MK-V 450 0.40 15.0 10 382.5 67.5 827.87 919.86 180.0 5.29 1.18
SG 490 0.39 30.0 10 343 147 799.47 888.31 191.1 1.54 0.31
FA 490 0.39 30.0 10 343 147 782.01 868.90 191.1 2.00 0.41
SF 490 0.39 8.0 10 450.8 39.2 798.70 887.45 191.1 3.08 0.63
NC1 490 0.39 0.0 10 490 0 804.65 894.05 191.1 – –
NC2 490 0.39 0.0 20 490 0 804.65 894.05 191.1 – –

Note: C.A. and F.A. are coarse and fine aggregates, respectively; MK-V = validation SCC mixture containing MK; 1 kg/m3 = 1.65 Ib/yd3; 1 mm = 0.039 in.
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among the significant factors can be determined based on the F-
value for each factor. The factor with a higher F-value is considered
more significant than other factors with lower F-values. On this
basis, the significant variables for each response variable were
selected to form the prediction equations. As a result, only vari-
ables with P-value of less than or equal 0.05 were considered sig-
nificant and included in the model, and those had P-value higher
than 0.05 were excluded. These equations exhibit some coeffi-
cients, which depend on the contribution of each variable. The
equations can be interpreted in forms of coded values or actual val-
ues of significant variables. The factor with lower value of probabil-
ity > F is preceded by higher coefficients in the respective equation
(only in case of equations in the form of coded values are used). For
simplifying the equations, the form of actual values of each vari-
able was applied for models, in this paper. The selection of these
equations was limited to obtaining a possible higher value of cor-
relation coefficient R2 for each model. After many trials in the uti-
lized software, best-fit models were then obtained for each
response. These fitted models were tested to check the normality
of the residuals, detect the presence of autocorrelation in the resid-
uals, and detect regression outliers which may influence fitting the
model to the data. It should be mentioned that the diagnostics tool
in the utilized software was used to test the prediction models.
These tests involved checking normal plot of residual, residuals
versus predicted and run values, residual versus three individual
factors, and predicted versus actual values plots. Moreover, Box-
Cox plots for Power Transforms were used to check if any transfor-
mation is required in the prediction model. The results of these
tests showed that after trying different forms of power transforms,
the natural log transformation was recommended for all prediction
models described in this paper. In addition, after performing the
natural log transformations, all fitted models yielded satisfactory
diagnostics results and deemed useful for prediction.

Upon obtaining the prediction equation for every response, the
numerical optimization tool was exploited to determine the opti-
mum level of each factor (A, B, and C). The numerical optimization
was performed as a multiple-response optimization developed by
Derringer and Suich, described by Myers, Montgomery and Ander-
son-Cook [32]. The developed prediction models were used in this
optimization, along with the predefined targets or the optimization
constraints, in a number of trials, which maintained the desired
criteria. The optimization was then performed by choosing the lim-
its to determine the area that gives the optimal zone superim-
posed. The target in this technique was established to maximize
the corrosion initiation times, and to minimize the chloride perme-
ability of the SCC mixture. In this optimization, the developed pre-
diction models were used, along with the predefined targets or the
optimization constraints, in a number of trials which maintained
the desired criteria.
5. Results and discussions

Fresh properties tests were conducted to measure the flow abil-
ity/viscosity (T500, T500J, and V-funnel), passing ability (difference
between slump and J-ring flow diameters, and L-box), and segrega-
tion (segregation factor) of all tested mixtures, and the results
obtained from each test are presented in Table 3. It can be noticed
from Table 3 that all tested SCC mixtures achieved the presumed
target slump flow (650 ± 50 mm). Nevertheless, some mixtures
showed relatively low passing ability (L-Box), low J-Ring, and high
V-Funnel values compared with those recommended by the Euro-
pean guidelines for SCC [33]. However, theses mixtures were used
for optimization purposes and may still also be used for specific
SCC applications such as ramps, walls, and piles [33]. The fresh
properties tests were followed by testing the hardened and dura-
bility properties of the 27 tested mixtures, which are presented
in Table 4.
5.1. Rapid chloride permeability test (RCPT)

An ANOVA analysis was completed for both results obtained
from air- and water-curing samples to select the most significant
factors affecting the 28-days, 90-days, and 180-days RCPT.



Table 3
Results of the fresh and hardened properties for the 27 tested mixtures.

Mix. No. Slump flow (mm) T500 (s) J-ring flow (mm) T500 J-ring (s) Slump-J-ring (mm) V-funnel (s) Sf
� L-box ratio H2/H1 Air (%) 28-Days fc’

(MPa)

Initial Final Air Water

1 629 9.5 604 13.5 25 40 63 0.58 0.65 1.7 70.3 74.8
2 640 2.5 605 4.5 35 30 48 0.60 0.55 1.6 73.5 74.0
3 610 3.2 580 5.5 30 24 40 0.67 0.67 2.3 74.1 76.5
4 650 3.7 621 5.8 29 26 43 0.65 0.69 2.1 75.8 77.8
5 653 2.0 641 3.0 12 5 6 0.20 0.93 3.3 64.1 72.5
6 625 2.5 605 3.7 20 4 5 0.25 0.77 2.4 62.0 67.3
7 673 5.5 636 8.6 37 34 59 0.74 0.50 1.5 77.7 78.3
8 635 7.2 600 9.3 35 32 55 0.72 0.52 1.8 60.9 62.1
9 600 8.5 560 11.8 40 36 89 1.47 0.45 2 51.1 54.1

10 662 4.5 645 5.6 17 30 45 0.50 0.78 1.8 72.8 79.9
11 650 4.7 634 6.2 16 34 48 0.41 0.83 1.4 62.6 68.9
12 640 3.5 615 4.4 25 22 35 0.59 0.60 1.8 73.6 79.1
13 673 1.5 659 2.3 14 3.5 4.5 0.29 0.69 1.4 54.7 61.1
14 625 3.8 604 6.5 21 8 13 0.63 0.68 1.2 49.3 58.1
15 640 4.2 610 5.9 30 23 38 0.65 0.64 1.7 70.9 77.8
16 635 4.0 603 5.3 32 29 46 0.59 0.59 1.9 73.1 80.2
17 653 6.5 625 8.25 28 24 36 0.50 0.80 0.9 78.6 82.3
18 625 3.3 605 3.9 20 10 13 0.30 0.70 1.9 78.1 82.2
19 635 4.5 608 5.8 27 27 45 0.67 0.66 2.0 75.9 81.9
20 625 3.0 592 4.0 33 15 34 1.27 0.55 2.0 55.3 57.0
MK 650 3.5 632 4.0 18 8 11 0.38 0.80 1.0 74.7 82.1
MK-V 655 3.3 625 4.5 30 22 33 0.50 0.69 1.5 72.2 81.2
SG 667 2.2 628 3.3 39 6 9 0.50 0.70 0.9 42.4 54.3
FA 650 3.0 622 3.5 28 7 10 0.43 0.77 1.4 50.1 66.0
SF 635 2.0 570 6.0 65 7.5 13 0.73 0.63 1.2 62.1 71.4
NC1 85* – – – – – – – – 2.0 54.1 62.7
NC2 170* – – – – – – – – 1.7 51.1 57.5

Note: 1 mm = 0.039 in; 1 MPa = 145 psi.
* Slump height in NC mixtures.

� Segregation factor.
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Meanwhile, the prediction models for the RCPT values were
obtained in the logarithmic form of the total charge passed in the
RCPT. The model in Eq. (4) predicts the 28-days RCPT of air-curing
samples. In this model, the most important variables were C, C2, B,
B2, A, and A2 (respectively in order of significance), with R2 = 0.97.
Alternatively, the model for water-curing samples included only
C, C2, B, A as the most significant factors, respectively, with
(R2 = 0.98), as seen in Eq. (5).

Ln 28-days RCPT ðair curingÞ ¼ 55:75� 0:104A� 122:66B

� 0:31C þ 0:000111A2 þ 163:98B2 þ 0:0086C2 ðCoulombsÞ ð4Þ

Ln 28-days RCPT ðwater curingÞ
¼ 8:37� 0:0022Aþ 2:55B� 0:294C

þ 0:0076C2 ðCoulombsÞ ð5Þ

Similarly, the prediction models for the 90- and 180-days RCPT
were developed for both air- and water-cured samples. These
equations are based on the most significant factors governing the
90- and 180-days RCPT values. These significant factors are C, C2,
B, B2, and A, respectively in order of significance, as shown in
Eqs. (6)–(9) (R2 = 0.97; R2 = 0.99; R2 = 0.96; and R2 = 0.98,
respectively).

Ln 90-days RCPT ðair curingÞ ¼ 34:199� 0:00364A� 129:68B

� 0:276C þ 172:723B2 þ 0:0069C2 ðCoulombsÞ ð6Þ

Ln 90-days RCPT ðwater curingÞ

¼ 19:84� 0:0013A� 58:55B� 0:261C þ 76:66B2

þ 0:0059C2 ðCoulombsÞ ð7Þ
Ln 180-days RCPT ðair curingÞ

¼ 35:818� 0:003A� 140:59B� 0:26C þ 187:13B2

þ 0:0062C2 ðCoulombsÞ ð8Þ

Ln 180-days RCPT ðwater curingÞ

¼ 20:971� 0:0007A� 67:49B� 0:24C þ 88:73B2

þ 0:005C2 ðCoulombsÞ ð9Þ
5.1.1. Effect of mixture proportions on the RCPT
The prediction models show that all three tested factors (A, B,

and C) had a significant effect on the RCPT values for both air-
and water-cured samples. The MK replacement (factor C) was
found to be the most significant factor influencing the RCPT read-
ing, followed by water-to-binder ratio (factor B) and total binder
(factor A), respectively. The effect of MK replacement on the RCPT
was found to be 2.5 and 4.0 times greater than that of water-to-
binder ratio and total binder content, respectively. This result
may be attributed to the additional consumption of calcium
hydroxide in MK mixtures thus reducing the OH� ions and eventu-
ally decrease the RCPT values [5].

The results shown in Table 4 show that increasing the binder
content from 420 to 480 kg/m3 resulted in an average reduction
of 20% in the RCPT reading (indicating a lower chloride permeabil-
ity) of air- and water-cured samples. This reduction was expected
from increasing the total binder material in the mixture, which
resulted in more hydration product to fill the gaps in the concrete
microstructure and eventually decreased the concrete permeabil-
ity. This effect of binder content matched that obtained from sim-
ilar statistical models from other research performed on SCC
containing fly ash [9]. It should be noted that the increase in
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cement content is also expected to increase the RCPT values as the
OH� ions (calcium hydroxide) increases with higher cement con-
tent; however, the densification of the mixture microstructure as
a result of formation of more hydration products appeared to have
a greater effect on reducing the RCPT values. Increasing the water-
to-binder ratio from 0.37 to 0.43 showed a counter effect on the
RCPT of SCC. This increase yielded an average increase of approxi-
mately 30% in the RCPT in the air- and water-cured samples. It
should be noted that using relatively high water-to-binder ratios
resulted in an increase of the capillary pores, which led to higher
permeability of the concrete.

As mentioned earlier, the MK replacement was seen as the most
significant factor affecting the RCPT of SCC mixtures. As the MK
percentage increased from 5.1% to 19.9%, the RCPT results were
significantly decreased by nearly 75% in both air- and water-cured
samples. These results indicated the superior effect of MK in min-
imizing the chloride permeability of SCC regardless of the curing
type. It should be noted that the addition of higher replacements
of MK (>20%) showed higher RCPT values; as a result, 20% of MK
replacement was deemed the optimum percentage. It can also be
seen from Table 4 that minimum RCPT values were obtained from
mixture number 17 (A = 480 kg/m3, B = 0.37, and C = 19.9%), which
had the maximum compressive strength. On the contrary, the
maximum RCPT was related to mixture number 20 (A = 450 kg/
m3, B = 0.4, and C = 0%), which had no MK (0%). This result mani-
fests the effect of MK in reducing the chloride permeability of SCC.

5.1.2. Effect of curing on the RCPT
Table 4 indicates that an identical trend was obtained from the

chloride permeability of both air- and water-cured samples. How-
ever, the water-cured samples showed lower permeability than
air-cured ones throughout the 20 SCC mixtures containing MK.
The 20 tested mixtures showed that air-cured samples had an
average of 21% higher RCPT values than that of their water-cured
counterparts. The results of the 90- and 180-days tests are shown
and compared to the 28-days counterparts, as seen in Table 4.

It is clear from the table that all mixtures exhibited a significant
decrease in the RCPT values from 28 to 180 days, as expected.
These results were attributed to the effect of the hydration process
during the curing period, which decreased the permeability of the
concrete.

Although the 20 mixtures had an almost identical trend of
decline of permeability versus time, different percentages of reduc-
tion based on the mixture proportions were warranted for each
mixture. These percentages of change are represented by the factor
called a diffusion decay index (m). This factor is an important prop-
erty of the concrete as it is used in the service life prediction mod-
els; for example, the model presented in the Life-365 software [31].
These models consider using this factor to represent the change in
the chloride permeability over time [16,20,31].

The factor m was found to be affected by the mixture propor-
tions, including binder content, water-to-binder ratio, and incorpo-
rating SCM’s [16,34]. The factor m was calculated for the 20
mixtures using Eq. (10) [8,16,34] for both air- and water-cured
samples based on the assumption that the change in the RCPT val-
ues is almost linear with the curing time in the logarithmic scales
(Table 4). The values of the m factor for the 20 SCC mixtures con-
taining MK ranged between 0.065 and 0.374. The absolute mini-
mum and maximum m values were obtained from mixtures
number 6 (A = 450 kg/m3, B = 0.45, and C = 12.5%) and 10
(A = 450 kg/m3, B = 0.4, and C = 25%), respectively. Minimum values
of 0.065 and 0.083 were obtained from mixture number 6 when
cured in air and water, respectively. These values may be attrib-
uted to the highest water-to-binder ratio used in this mixture
(0.45). The maximum m values were 0.371 and 0.374 and were
associated with mixture number 10 in air- and water-cured
samples, respectively. These maximum m values were warranted,
owing to the highest MK replacement level used in this mixture
(25%). It should be noted that mixture number 20 (A = 450 kg/m3,
B = 0.4, and C = 25%) had the same binder content and water-
to-binder ratio as that of mixture number 10 but did not contain
MK. As a result, this mixture had lower m values than mixture
number 10 (0.263 versus 0.371). The values of m obtained from
this test were used in calculating the change in the chloride
diffusion coefficients and eventually the corrosion initiation times
for the 20 SCC mixtures.

RCPT ¼ RCPTref �
Tref

T

� �m

ð10Þ

where RCPT = the RCPT reading at any time T, T = target time of pre-
diction, RCPTref = RCPT at the time Tref , and Tref = time at which RCPT
reading is known (28 days).

It should be noted that some results from literature suggested
that the chloride diffusion test is more accurate than the RCPT
[35–36], thus calculating m using the former would be recom-
mended. However, the comparison performed by Zeljkovic [8]
showed in most tested mixtures that both tests yielded similar val-
ues of m. These results were further confirmed from the linear rela-
tionship obtained between the RCPT values and the apparent
chloride diffusion coefficients presented in Section 5.6.
5.2. Chloride diffusion coefficient (Da)

Apparent chloride diffusion coefficient (Da) at the age of 28 days
was measured experimentally as a part of the bulk chloride diffu-
sion test. The prediction models that relate the coefficient Da with
the most important factors affecting it for both air and water cur-
ing are presented in Eqs. (11) and (12) (R2 = 0.94 and R2 = 0.95,
respectively). As seen in Eq. (11), the factors that mostly affected
the air-cured coefficient Da were C, B, C2, BC, and A, respectively
in order of significance. On the other hand, the factors C, C2, B, B2,
and A were the most significant effects governing the water-cured
coefficient Da, respectively in order of significance (Eq. (12)). The
influence of the MK percentage on Da showed to be 2 and 4.5 times
higher than that of water-to-binder ratio and total binder content,
respectively. These results matched the impact of the three vari-
ables (MK percentage, water-to-binder ratio, and total binder con-
tent) on the RCPT values.

Ln 28-days Da ðair curingÞ ¼ 10:368� 0:0048A� 2:78B� 0:67C

þ 1:144 � B � C þ 0:0055C2 ð�10�14 m2=sÞ ð11Þ
Ln 28-days Da ðwater curingÞ

¼ 33:795� 0:0048A� 128:71B� 0:266C þ 167:92B2

þ 0:0064C2 ð�10�14 m2=sÞ ð12Þ
5.3. Corrosion initiation times

The corrosion initiation periods for the 20 SCC mixtures were
calculated for each curing type, as shown in Fig. 1. It is clear from
the figure that different mixture proportions and curing proce-
dures significantly affected the time for corrosion to start (initia-
tion period). Moreover, a wide range of the initiation periods was
obtained from the 20 SCC mixtures (1.7–65.1 years). This wide
range manifests the effect of the durability performance of the
SCC on the corrosion initiation time and the overall service life of
structures.



Table 4
Results of the durability properties for the 27 tested mixtures.

Mix. No 28-Days RCPT (Coulombs) 90-Days RCPT (Coulombs) 180-Days RCPT (Coulombs) m 28-Days Da (�10�12 m2/s)

Air Water Air Water Air Water Air Water Air Water

1 329 293 258 210 209 169 0.244 0.296 1.01 0.89
2 1156 1132 1091 1044 939 894 0.112 0.127 4.24 4.01
3 400 341 367 315 326 290 0.110 0.087 1.82 1.04
4 390 365 358 335 325 302 0.098 0.102 1.65 1.11
5 571 288 470 247 402 221 0.189 0.142 2.37 0.78
6 760 439 704 398 673 376 0.065 0.083 3.57 2.22
7 361 329 346 315 300 272 0.099 0.102 1.25 0.99
8 542 356 482 327 394 275 0.171 0.139 2.29 1.15
9 2066 1518 1627 1188 1480 1081 0.179 0.182 6.05 5.26

10 451 315 277 193 226 157 0.371 0.374 2.24 0.95
11 678 345 462 232 402 197 0.281 0.301 2.76 1.06
12 412 367 371 332 335 300 0.111 0.108 2.05 1.07
13 1948 1319 1832 1228 1628 1105 0.096 0.095 5.74 4.57
14 2649 1597 2395 1441 2124 1293 0.119 0.113 6.97 5.38
15 407 373 365 334 324 295 0.123 0.126 1.98 1.13
16 405 327 360 290 318 257 0.130 0.129 1.85 0.99
17 280 240 218 187 185 159 0.223 0.221 0.55 0.42
18 388 351 326 294 305 276 0.129 0.129 1.58 0.87
19 397 347 352 307 295 259 0.160 0.157 1.79 1.08
20 3987 3739 3173 2842 2446 2024 0.263 0.330 8.43 7.29
MK 268 217 248 196 203 166 0.149 0.144 0.58 0.43
MK-V 378 311 315 264 283 239 0.155 0.140 1.58 1.14
SG 1715 1120 1572 584 1325 320 0.139 0.673 2.46 1.16
FA 2450 1325 1954 378 1632 208 0.218 0.995 3.80 1.23
SF 1180 509 705 431 425 268 0.549 0.344 0.78 0.69
NC1 2773 2309 2267 1957 1925 1760 0.196 0.146 4.72 3.96
NC2 3396 2614 2680 2087 2450 1825 0.175 0.193 6.17 5.33

Note: 1 m2/s = 1550 in2/s.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Air 26.5 2.8 7 7.4 7 3 10.1 6.8 2.2 18.3 8.4 6.2 2 1.7 6.7 7.4 48.9 8.8 8.7 1.8
Water 42.2 3.1 11.8 11.7 21 5.2 13.1 13.2 2.7 62 34.9 12.5 2.5 2.2 12.7 14.8 65.1 17.3 15.4 2.8

0 

10 

20 

30 

40 

50 

60 

70 

C
or

ro
si

on
 in

iti
at

io
n 

pe
rio

d 
(Y

ea
rs

)

Fig. 1. Corrosion initiation periods for the 20 SCC mixtures containing MK.
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5.3.1. Effect of curing on corrosion initiation times
As seen in Fig. 1, all water-cured samples showed higher initia-

tion times than their air-cured counterparts. This trend was
expected given the lower chloride permeability of water-cured
samples than air-cured ones in the chloride diffusion test. Never-
theless, the differences in the corrosion initiation times between
air- and water-cured samples were not constant for all SCC mix-
tures. The maximum difference was 43.7 years and was obtained
in mixture number 10 (A = 450 kg/m3, B = 0.4, and C = 25%), which
had the maximum replacement level of MK. This difference was
attributed to the higher effect of curing on the mixtures containing
high percentages of MK. In this mixture, water curing decreased
the chloride diffusion coefficient from 2.24 � 10�12 to 9.54 �
10�13, which significantly affected the initiation times. Significant
differences (>10 years) were also obtained from mixtures number
1, 5, 11, and 17. These mixtures were cast with 19.9% MK replace-
ment. On the other hand, the minimum difference was 0.3 years
and was given by mixture number 2 (A = 480 kg/m3, B = 0.37, and
C = 5.1%), which exhibited the lower percentage of MK (5.1%). This
result indicated that increasing the MK percentage greatly
increased the difference between air- and water-cured samples.

5.3.2. Effect of SCC mixture proportions on corrosion initiation times
It can be noticed from Fig. 1 that different corrosion initiation

periods were associated with different SCC mixtures. These results
were expected as the 20 mixtures exhibited various Da, which rep-
resents the most important factor in the corrosion process. As a
result, the mixture with the minimum diffusion coefficients was
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mixture number 17 (A = 480 kg/m3, B = 0.37, and C = 19.9%), which
yielded the maximum corrosion initiation periods (48.9 and
65.1 years for air and water curing respectively). Meanwhile, the
mixture with the minimum corrosion initiation periods (1.7 and
2.2 years for air and water curing, respectively) was mixture num-
ber 14 (A = 420 kg/m3, B = 0.43, and C = 5.1%). It should be noted
that mixture number 20 (A = 450 kg/m3, B = 0.4, and C = 0%) was
expected to show the minimum corrosion initiation time owing
to its highest Da (maximum among all 20 mixtures). However,
the diffusion decay index (m), which also plays a significant role
in the corrosion initiation time, was higher in mixture number
20 compared to mixture number 14 (0.33 versus 0.113). This
decrease in the diffusion decay index (m) caused a shorter corro-
sion initiation time in mixture number 14 compared to mixture
number 20.
5.4. Optimization of SCC mixture and models validation

By reviewing the results of the 20 mixtures, the optimum mix-
ture in terms of fresh properties (Table 3) appeared to be mixture
number 5 (A = 480 kg/m3, B = 0.43, and C = 19.9%) owing to its high
flow ability (T500, T500J, and V-funnel), low segregation factor, and
superior passing ability (lowest difference between slump and J-
ring flow diameters and highest L-box ratio). Meanwhile, the opti-
mum mixture in terms of hardened and durability properties
(Tables 3 and 4) appeared to be mixture number 17 (A = 480 kg/
m3, B = 0.37, and C = 19.9%) owing to its highest compressive
strength, lowest chloride permeability, and longest corrosion initi-
ation time. These two mixtures both had a binder content of
480 kg/m3 and an MK percent of 19.9%. It is clear that the mixture
with high water-to-binder ratio (0.43) had the optimum fresh
properties (mixture number 5), as expected. Moreover, the mixture
with low water-to-binder ratio (0.37) had the maximum strength
and the minimum chloride permeability/diffusion (mixture num-
ber 17). However, in order to determine one mixture achieving
the balance of the optimum fresh properties, strength, durability,
and service life, the numerical optimization tool was utilized. This
tool is available with the method of central composite design (CCD)
in the commercially used software.

The results of this optimization yielded an optimum SCC mixture
having the following ingredients: A (total binder = 490 kg/m3), B
(W/B = 0.39), and C (MK ratio = 19.9%). This optimum mixture and
another validation mixture were tested under the same procedure
to validate the prediction models (Table 5). It can be seen that the
results obtained from the prediction models are relatively close to
the actual test results. However, it is can be seen from Table 5 that
some response variables exhibit relatively high differences (10–
20%) between the predicted and tested values. These differences
may be attributed to local defects in the tested samples or change
in curing temperatures. These discrepancies were expected from
the results of tests like RCPT and chloride diffusion specially for test-
ing RCPT samples up to 6 months. These prediction models can be
ideally acceptable for obtaining mixture properties to achieve a pre-
sumed range of chloride permeability. For example, it can be applied
Table 5
Validation of the statistical models.

Mix. No. 28-Days RCPT (Coulombs) 90-Days RCPT (Coulomb

Air Water Air Water

MK (predicted) 299 239 217 187
MK (tested) 268 217 248 196
MK-V (predicted) 360 299 310 248
MK-V (tested) 378 311 315 264

Note: 1 m2/s = 1550 in2/s.
to obtain high, moderate, low, very low, or negligible chloride ion
penetrability as per ASTM C1202 [18].
5.5. Comparison of the optimum SCC mixture containing MK, other
SCM’s mixtures, and NC mixtures

The optimum SCC mixture containing MK obtained previously
from the numerical optimization process was tested and compared
to counterpart mixtures containing other SCM’s. The results from
the fresh and hardened properties tests are described in Tables 3
and 4, while the RCPT results at 28-, 90-, and 180-days are shown
in Table 4. The minimum charge passed (RCPT) was found in the
MK mixture, which indicated the minimum chloride permeability
in both air- and water-cured samples. Meanwhile, SF had the second
lowest RCPT after the MK mixture, followed by SG and FA, respec-
tively. It is also clear from Table 4 that all SCC mixtures had lower
RCPT values compared to NC mixtures. This result manifested the
effect of using SCM’s in reducing the chloride permeability of SCC
and highlighted the superior behavior of the optimized MK SCC mix-
ture compared to the NC mixture in both the compressive strength
and chloride permeability. On the other hand, NC mixtures demon-
strated different RCPT values based on the coarse aggregate size. For
example, NC2 had slightly higher RCPT values than NC1 due to the
bigger coarse aggregate size used in NC2 compared to NC1
(20 mm versus 10 mm). This result shows that the increase in coarse
aggregate size resulted in higher RCPT values.

The effect of curing on the RCPT of SCC and NC mixtures can be
clearly observed from Table 4. All water-cured samples showed to
have lower RCPT values compared to their counterparts cured in
air. In addition, a longer curing period decreased the RCPT coulombs
for both air- and water-cured samples (Table 4). However, in some
cases the effect of water curing was shown to be more dominant
than the effect of the length of the curing period. For example, in
SG, FA, SF, and NC2 the 28 days RCPT of water-cured samples was
lower than the 93 days RCPT of the same samples cured in air.

The apparent chloride diffusion coefficients for the six selected
mixtures were measured as a part of the bulk chloride diffusion
test for air- and water-cured samples (Table 4). As expected, MK
had the minimum chloride diffusion coefficients in both air- and
water-cured samples. Meanwhile, the NC2 had the absolute maxi-
mum chloride diffusion factors (6.17 � 10�12, 5.33 � 10�12 m2/s)
for both air- and water-cured samples. In addition, all water-cured
samples attained lower chloride diffusion coefficients compared to
air-cured counterparts. It is worth noting that, however, the above
comparison involved using SCC mixtures containing percentages of
FA, SG, and SF that were not optimized in this investigation
(obtained from the literature). As a result, the comparison is only
valid for SCC mixtures containing the selected percentages of these
different SCM’s.
5.6. Relationship between RCPT and chloride diffusion coefficients

Similar to RCPT, the Da coefficient also represents the perme-
ability of concrete. For this reason, showing that a relationship
s) 180-Days RCPT (Coulombs) 28-Days Da (�10�12 m2/s)

Air Water Air Water

180 157 1.01 0.54
185 160 0.88 0.43
289 217 1.72 0.87
283 239 1.58 1.14
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Fig. 2. Relationship between Da and RCPT for air- and water-cured samples.
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existed between the RCPT and the Da was deemed necessary. Fig. 2
shows the relationship between the RCPT and the apparent chlo-
ride diffusion coefficient for the 20 SCC mixtures at 28 days. It is
obvious from the figure that an almost linear relationship exists
between the RCPT and the chloride diffusion tests. This relation-
ship was confirmed from the results obtained by similar studies
performed on high-performance concretes containing silica fume
and slag [35]. On the other hand, earlier studies on several mortar
and concrete mixtures with fly ash, silica fume, slag, and HRWRA
showed poor correlation between RCPT and diffusion tests [36–
37]. As a result, a linear equation was developed to predict the
coefficient Da by substituting the RCPT value. This equation can
be used for a quick estimation of the chloride diffusion coefficient
using the RCPT procedure, which requires only 6 h instead of
35 days to complete. Eq. (13) can be utilized to estimate the Da

for air- and water-cured samples as a function of the RCPT (cou-
lombs) for the SCC mixtures (R2 = 0.9).

It should be noted that this equation can only be used as a quick
estimation for SCC mixtures containing MK with all other ingredi-
ents lying in the tested range of this paper.

28-days Da ¼ 7:522 � 10�13 þ 2:196 � 10�15 � RCPT ðm2=sÞ ð13Þ
6. Conclusions

The analysis and discussion of the results from the experimen-
tal tests and statistical analysis were completed and the following
conclusions were drawn:

1. The MK replacement (factor C) had the most significant effect
on the chloride permeability (RCPT and Da), followed by
water-to-binder ratio (factor B), and then the total binder con-
tent (factor A), respectively. The effect of MK on the chloride
permeability (as the averages of the results of RCPT and chloride
diffusion) was found to be 2.25 and 4.25 times greater than that
of water-to-binder ratio and total binder content, respectively.

2. All tested mixtures witnessed an almost linear trend of decline
of permeability versus time; however, different percentages of
reduction were warranted based on the mixture proportions.
The MK replacement was found to be the most significant factor
affecting this reduction, followed by the total binder content
and water-to-binder ratio, respectively.

3. An optimum SCC with lowest chloride permeability, and longest
corrosion initiation time showed to contain a total binder of
490 kg/m3, water-to-binder ratio of 0.39, and replacement of
MK by 19.9%.
4. Comparing the optimum SCC mixture containing MK to those
containing FA, SF, SG, and NC mixtures showed that the 20%
MK mixture exhibited the lowest chloride permeability, fol-
lowed by 8% SF, 30% FA, 30% SG, NC1, and NC2, respectively.

5. The results of all the tested mixtures showed a linear relation
between the RCPT values and the chloride diffusion coefficients,
regardless of the mixture proportions or curing conditions.
From this result, a linear relationship was developed and can
be used to estimate the chloride diffusion coefficients in a rela-
tively shorter amount of time by using the results obtained
from the RCPT test.

6. Testing validation mixtures and comparing the results from the
prediction models manifested the usefulness of these models
for estimating the long-term properties of SCC mixtures con-
taining MK.
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