
crystals

Article

Service Life Modeling of Concrete with SCMs Using
Effective Diffusion Coefficient and a New
Binding Model

Mukhtar Oluwaseun Azeez 1 and Ahmed Abd El Fattah 2,*
1 Department of Civil & Environmental Engineering, King Fahd University of Petroleum and Minerals,

Dhahran 31261, Saudi Arabia; g201203220@kfupm.edu.sa
2 Department of Architecture, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia
* Correspondence: ahmedmohsen@kfupm.edu.sa; Tel.: +966-13-8603874

Received: 22 September 2020; Accepted: 24 October 2020; Published: 26 October 2020
����������
�������

Abstract: This paper presents a new algorithm that predicts the service life of concrete contains
supplementary cementitious materials, SCMs, and determines time of corrosion initiation.
The algorithm drives effective diffusivity from an apparent diffusion model, using experimental
binding data performed in the lab, temperature, free ion concentration, and carbonation, and generates
free chloride profiles for concrete with and without SCMs by using Fick’s law in a finite element
model. Adjusting diffusion coefficient at each step of the solution, by addressing the impact of
different parameters, simplifies the algorithm and reduces calculation time without jeopardizing
the results’ quality. Results generated by the model compare well to the performance of concrete
blocks constructed in an exposure site on the east coast of Saudi Arabia. The exposure site hosted five
different mixes of Portland cement and SCMs, and the concrete blocks were exposed to harsh weather
over the period of two years. Linear polarization and chloride profiling assessed the performance of
the mixes against corrosion activities. Lab work identified the performance of the mixes through
binding capacity and chloride profiling. Statistical analysis evidenced the accuracy of the model
through correlation and regression analysis. Furthermore, a new proposed binding model, produced
from binding data in different studies, alters the experimental binding data in the algorithm to
decouple the solution from experimental values. The algorithm proves its accuracy when compared
to the experimental free chloride profile. The proposed transport model proves that using effective
diffusion and binding capacity are enough to generate reliable results, and the effective diffusion
can be calibrated with environmental conditions such as temperature, age, and carbonation. Finally,
the algorithm presents its features in an object-oriented programming using C# and user friendly
web interface.

Keywords: concrete service life; binding capacity; exposure site; transport model; diffusion

1. Introduction

Concrete remains the most widely used material around the world with over six billion tons of
concrete used to establish the required infrastructures. This is due, in general, to its reliable structural
integrity such as high compressive strength, good fire resistance, relatively low cost, good durability,
and availability. Durability of reinforced concrete structures is a great challenge because factors affecting
concrete durability are numerous, including the concrete permeability, aggregate content, cement type
and quantity, water/cement ratio, and environmental factors such as temperature, humidity, and level
of concentrations of aggressive species which lead to concrete deterioration over time.

Among all the durability challenges facing reinforced concrete structures, resistance to chloride
diffusion and subsequent reinforcement corrosion is still a major durability index that greatly influences
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the structural integrity of reinforced concrete members. Chloride attacks concrete structures in
aggressive environments, such as marine environments, ground water, and de-icing salts. Chloride
itself does not directly result in damage to concrete in normal circumstances, but can cause steel
corrosion within concrete if not monitored [1]. Upon reaching chloride threshold value at the steel
location, the corrosion initiates and increases the volume of concrete which leads to concrete cracking
and cover spalling over time. Consequently, there will be serious economic and social effects as more
funds will be diverted to repair damaged areas of structural facilities [2–4]. In extreme cases, the facility
might even be completely closed during repair if the extent of damage is huge. To mitigate economic
distress and to ensure quality of concrete structures at design stage, it is essential to have a good
understanding of chloride diffusion mechanism, measurement methods, and relevant service life
prediction modeling.

Over the past decades, researchers have devoted efforts to understanding the chloride diffusion
mechanism, measurement, and prediction in Portland cement concrete (PCC) as evidenced by
volumes of published high quality papers on chloride diffusion in PCC. Some of the works have
focused on explaining the diffusion mechanism and experimental measurements while others devoted
effort to specifying various prediction models for concrete service life. A detailed experimental
study on the mechanism of chloride transport in non-saturated concrete and its interaction with
moisture diffusion was investigated by Ababneh and Xi [5] and Ababneh et al. [6]. The influence
of the incorporation of supplementary cementitious materials and chemical admixture on chloride
penetration in concrete have also been studied, such as the work of Liu et al. [7], Zhang et al. [8],
and Lee and Lee [9]. A good number of the published articles on the subject have sought to address
the complexities inherent in the chloride transport in different capacities. A pure chloride ion transport
model in saturated concrete was studied by Xi and Bažant [10] while Samson et al. [11], Samson
and Marchand [12], and Nguyen et al. [13] focused on the development of models that couple chloride
ion transport with moisture transport in unsaturated cement-based materials. Saetta et al. [14] analyzed
and experimentally compared results of chloride diffusion in partially saturated concrete under
the influence of moisture diffusion and temperature gradient. The improvement of the chloride models
to include the chemical activity of other ions in concrete pore solution on chloride diffusion has also
been considered in the literature [15,16].

The general equation describing the flux of chloride ions through any medium is given by [1]:

JD = −Di

(
∂Ci
∂x

+ Ci
∂ lnγi

∂x

)
+ Ciui

∂φ

∂x
, (1)

where JD is the diffusion flux of the ion (mol/m2 s), Ci is the concentration of the ion (mol/m3),
Di is the effective diffusion coefficient of the ion (m2/s), γi is the chemical activity coefficient of
the ion, ui is the ion mobility, and φ is the electric potential between multi-ions in a solution (Volt).
Applying the equation specifically for the diffusion of chloride ion, it describes the diffusion of chloride
under concentration gradient (first term in the right-hand side of the equation) taking the ionic strength
of the solution (advective flux) and electric field induced (electric flux) into consideration (second
and third terms, respectively).

It is generally known that because of the formation of what is known as Friedel’s salt in PCC
hydration product and the huge surface area of hydration gel, a portion of chloride ions entering
into concrete from environmental solutions will be captured by the concrete [1]. This phenomenon
is referred to as ‘chloride binding’ [1]. The binding due to huge surface area is termed physical
binding while that due to reaction with Friedel’s salt is termed chemical binding [1]. Even though,
in previous studies, the bound chloride was thought to be harmless as it is not freely available to
induce reinforcement corrosion, Luping and Nilsson [17] argued that the bound chloride might be
released in the event of carbonation or sulfate ingress thereby increasing the volume of the free chloride.
Since the chloride binding effect is a complex phenomenon in cement-based materials, researchers have
generally addressed the relation between free and bound chlorides with what is known as binding
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isotherm. Various binding isotherms have been proposed in the literature from linear isotherms [18] to
non-linear isotherms [19–22].

Since Equation (1) is a steady state description of chloride diffusion in a medium that assumes
constant diffusion coefficient and absence of binding capacity of concrete, a more general non-steady
state equation considering the variable nature of the diffusion coefficient, the binding capacity, ionic
strength, and ionic interaction has been proposed and used in different capacities to describe chloride
transport. The equation otherwise known as the Nernst–Planck equation is described next:

∂C f i

∂t

(
1 +

∂Cb
∂C

)
=

∂
∂x

(
Di

(
∂Ci
∂x

+ Ci
∂ lnγi

∂x

)
+ Ciui

∂φ

∂x

)
, (2)

where ∂Cb
∂c is the binding capacity of concrete.

Equation (2) is a complex non-steady state description of ion transport in a porous medium as
a result of its dependence on various factors, including the extent of hydration products formed,
the chemical activity, and electric potential between pore solution ions. The hydration products in
turn depend on many factors from material parameters, such as water/binder (w/b) ratio, binder
content, admixture quantities, and environmental factors, such as temperature, humidity, and chloride
concentration. However, some authors have indicated that chemical activity is only relevant for
unsaturated conditions and that it has a weak influence in the case of saturated conditions [23,24].

Due to the inherent complexity of Equation (2), an early development of chloride transport models
has ignored many terms in the equation leading to the well-known general form of Fick’s law of
diffusion:

JD = −Di
∂Ci
∂x

. (3)

The assumptions of Fick’s law are obviously questionable, because under the assumptions,
chloride ions are treated as uncharged particles [1]. The need to incorporate the effect of surrounding
ions in a solution on chloride diffusion has made many researchers utilize the Nernst–Planck equation
in their models [11], albeit in different capacities.

Riding et al. [25] developed a model for chloride concentration that used the apparent diffusion
coefficient and Fick’s second law of diffusion using finite difference and validated their model against
results from concrete blocks exposed to marine environment for 25 years. They pointed out that
diffusion is the main chloride transport mechanism for concrete exposed to water and chloride.

Recently, Fenaux et al. [16] have shown that using solely diffusion and chloride binding generates
good results. In addition, they pointed out the difficulty of distinguishing whether the variation of
the apparent diffusion coefficient was based on the microstructure or binding capacity of the concrete.
They have shown the superiority of using the effective diffusion coefficient over the apparent
diffusion coefficient.

Therefore, the present work uses Fick’s law of diffusion and the effective diffusion coefficient,
which accounts for effects of age, temperature, carbonation, free chloride, and experimental binding
capacity, to predict free chloride concentrations along the depth of concrete using 1D finite element
modeling. The outcome of the transport model was validated against results from marine exposure site
and coastal zone on shore. Then, the paper proposes a new binding model using the oxides content of
the cement and supplementary cementitious materials (SCMs) and uses the model in the transport
model. The results show good correlation to the experimental results. Finally, the transport model was
incorporated into user friendly software application developed using object-oriented based C-Sharp
programming language.

2. Materials and Experimental Investigation

Experimental investigation to study the ingress of chloride ion into reinforced concrete was carried
out under a laboratory setting and field exposure, and its details and results were published in previous
works [26,27]. In the main study for field exposure, five different mixture proportions were developed
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to study the effect of cement compositions and supplementary cementitious materials on the resistance
of reinforced concrete to chloride ingress. Replicate mixtures were also prepared in the laboratory.
Table 1 shows the mixture proportions used in this study. ASTM C150 [28] type I (OPC) and V (Sulfate
attack resistant) cements were used in order to quantify the impact of the cement aluminate content
and consequent chloride binding amount on the chloride ingress rate. Three different supplementary
cementitious materials (SCMs) were used in this project: an ASTM C1240 silica fume (SF) [29], an ASTM
C618 class F fly ash (FA) [30], and an ASTM C989 slag cement (SC) [31]. FA, SC, and SF were used at
replacement percentages of 25%, 70%, and 6% by weight of cement, respectively. These ratios also
were chosen based on the optimal percentages found in the literature and according to the common
mixes used by local stakeholders. The high percentage of SC used was similar to the percentage used
in King Fahd Causeway constructed to Bahrain. A common fixed water-to-cementitious materials
ratio (w/cm) of 0.40 was used because it showed better performance of concrete compared to other
values [32]. Fine dune sand was used as fine aggregate in addition to limestone coarse aggregates in
all the concrete mixtures.

Table 1. Mix proportioning.

Mix W
/C Cement

kg/m3

Coarse
Aggregate
kg/m3

Sand
kg/m3

Water
kg/m3

Silica
Fume
kg/m3

Fly
Ash

kg/m3

Slag
Cement
kg/m3

Notes

I

0.4

340 1070 775 136 - - - Type
OP/CEM 1

V 340 1070 775 136 - - - Type V
SF 320 1100 735 136 21 - - OP + SF
FA 255 1090 735 136 - 85 - OP + FA
SC 100 1095 735 136 - - 240 OP + SC

Reinforced concrete blocks (230 mm× 460 mm× 1200 mm) and 75 mm× 150 mm cylinders were made
in a ready mix company. Concrete temperatures ranged from 26 to 29 ◦C. Concrete blocks were covered
during the first day of curing using plastic sheets and shaded to prevent plastic and drying shrinkage.
They were cured using wet burlap layers that covered each block after demolding for 28 days. Then
the blocks were located on a marine-exposure site (Figures 1 and 2). Figure 1 shows the specimens located
in the tidal zone with apparent fluctuation of the tides—the frontal row shows plain concrete samples
and the back row shows the reinforced blocks. Each reinforced block contained four black steel rebars
positioned at different cover depths (12.7, 25.4, 38.1, and 50.8 mm) and connected at the top to stainless
steel bars which were needed for measurements. The specimens rested on solid marine-based plywood to
avoid sinking and toppling. Specimens in Figure 2 were located about 15 m away from the shoreline,
positioned on a solid base and laterally tied to each other using galvanized steel. Chloride profiling
and linear polarization, using Gamry Reference 3000 Potentiostat [33], determined the performance of
the different mixtures to corrosion activities.

Figure 1. Concrete blocks setup in the tidal zone (inner blocks: reinforced; outer blocks: plain).
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Figure 2. Concrete blocks setup in the coastal zone, with the proper bracing on top and isolation
from sand.

Cylinder specimens with dimensions of 75 mm × 150 mm were exposed to 5% NaCl solution after
28 days of lab curing in water saturated with calcium hydroxide to avoid leaching. The NaCl exposure
was carried out according to the specifications of ASTM C1556 [34]. A chloride profile procedure
was carried out for the laboratory specimens. The results were produced and averaged from three
readings. The chloride binding capacity was determined by taking measurements of both the free
chloride and total chloride ion in concentration in exposed specimens according to [27].

3. Methodology

This section is split into three divisions: the formulation of the effective diffusion model,
the proposition of a new binding model, and the logic of the solution of the transport model.

General Conventions: The general naming conventions used throughout this work are such that
for an ion i, its free concentration is expressed as C f i (kg/m3 of concrete), bound concentration expressed
as Cbi (kg/m3 of concrete), and total concentration as Cti (kg/m3 of concrete). Its free concentration is
also expressed as Ci (kg/m3 or g/l of pore solution). The total concentration is the summation of the free
concentration and bound concentration.

Therefore, for the model of ingress of chloride ion i into concrete, the total, free, and bound
chloride concentrations are Cti, C f i, and Cbi, respectively.

The apparent chloride diffusion coefficient is expressed as Dai (m2/s) and the effective chloride
diffusion coefficient is expressed as Di (m2/s).

3.1. Effective Diffusion Model

The simplest approach to modeling the transport of chloride ion in concrete is the so-called
apparent diffusion model that considers only the diffusive flux of chloride ion in pore solution of
concrete. By ignoring the terms for ionic interaction, electric potential, and binding capacity in
Equation (2), the apparent diffusion model can be expressed as

∂C f i

∂t
=

∂
∂x

[
Dai

(
∂Ci
∂x

)]
, (4)

where Dai is the apparent chloride diffusion coefficient taken as constant in the model. In order
to obtain the apparent chloride diffusion coefficient, the solution of the apparent diffusion model
would be fitting a numerical solution of Fick’s second law into the chloride concentration profiles
obtained from experimental procedure at a specific period. The apparent chloride diffusion coefficient
results could then be used for a subsequent prediction of chloride concentration profiles at different
ages. In the present study, the apparent diffusion model is used to determine the effective diffusion
coefficient by accounting for several parameters, as shown in the following section, and the free
chloride concentration profiles in the field exposed specimens.
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In the effective diffusion model, the variable nature of the chloride diffusion coefficient
and the chloride binding capacity is taken into consideration for the development of the chloride
transport model written as

θi
∂C f i

∂t
= ∇.[Di∇Ci], (5)

where θi is the chloride binding capacity and is expressed as (1 +
∂Cbi
∂C f i

).

The effective chloride diffusion coefficient in this case is dependent on many factors making
the solution of Equation (5) to be more complex. Ababneh et al. [6] expressed the chloride diffusion
coefficient in concrete in terms of such multi-factors as given in Equation (6).

Di = f1 f2(gi) f3(H) f4(T) f5
(
C f i

)
, (6)

where the dependence of chloride diffusion coefficient is on water/cement ratio f1, aggregate and cement
paste diffusivities f2(gi), humidity f3(H), temperature f4(T), and free chloride ion concentration
f5
(
C f i

)
[6].

In the present study, a simplified version of Equation (6) was used to depict the variability of
the chloride diffusion coefficient with age, temperature, and carbonation as given by Equation (7).

Di = Dti ft(T) ft
(
C f i

)
gc. (7)

Dti is the apparent chloride diffusion coefficient (m2/s) which depends on factors such as
water/cement ratio, cement content, admixture type, and content and age as shown in the empirical
Equations (8)–(10) derived by Riding et al. [25].

Dti = Dao

(28
t

)m
+ Dult

(
1−

(28
t

)m)
, (8)

Dao = 2.17× 10−12 ew/cm/0.279, (9)

Dult = Dao

( 28
36, 500

)m
, (10)

where t is time (days), Dao is the initial apparent chloride diffusion coefficient, m is a decay constant, and
w/cm is the water/cement ratio. It should be mentioned that the parameter m embeds the cementitious
materials impact and the parameter Dao accommodates the effect of w/cm ratio [25]. This study uses
0.4 for w/cm ratio and using Equation (9) gives similar results to the experimental ones [27].

ft(T) accounts for the effect of temperature at time t on chloride diffusion coefficient.

ft(T) = Exp
[U

R

( 1
To
−

1
T

)]
, (11)

where U is the activation energy of diffusion process (kJ/mol.), R is universal gas constant (8.314
J/mol./K), To is the reference temperature (usually taken as 296 K [6]), and T is the temperature (K) at
time t.

ft
(
C f

)
accounts for the effect of free chloride concentration on the chloride diffusion coefficient.

ft
(
C f

)
= 1− kion

(
C f i

)n
, (12)

where kion and n are constants taken as 8.333 and 0.5, respectively [6].
gc is the carbonation constant. Ngala and Page [35] have shown that the effective diffusion

coefficient increases when the porosity increases. This was confirmed by [36] which also have shown
that carbonation of cement-based materials densifies the structure due to formation of calcium carbonate,
which results in decrease of diffusion coefficient by a reduction factor. In this study, a reduction
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factor of 0.58 is calibrated from the experimental results to reduce diffusion coefficient of carbonated
nodes. The depth of carbonation dc can be determined by square root of time equation k

√
t′ [36]

where k is the carbonation coefficient (mm/year0.5) and is determined from [36] as 0.26 cm/year0.5;
and t′ is the exposure time to CO2 (year). Mangat and Molloy [37] proposed a relationship between
m and the water/cement ratio (w/c) of the concrete (that is, m = 2.5 w/cm − 0.6). However, other
researchers have shown the value of m to be mainly influenced by the nature of the cementitious
materials, particularly the presence of fly ash or ground-granulated blast-furnace slag (GGBFS) [38–40]
with the w/c mainly influencing the initial diffusion coefficient [16]. Bamforth [38] proposed a value of
m = 0.264 for plain Portland cement concrete and values of 0.699 and 0.621 for concrete containing fly
ash and slag, respectively. In the Life-365 model [41], the value of m varies between 0.2 for concrete
without fly ash and slag, up to 0.6 for concrete with either 50% fly ash or 70% slag; the value changes
linearly for intermediate levels of fly ash and slag. In the present model, a value of m similar to Life-365
model was used as shown in Equation (13).

m = const + 0.4
(FA

50
+

SC
70

)
, (13)

where const is 0.26 and 0.3 for tidal and coastal exposure, respectively, FA is the fly ash content (class
F fly ash or ultra-fine fly ash) as a percentage of the total cementitious material content by weight
and SC is the slag cement content as a percentage of the total cementitious material content by weight.
Equation (13) shows the value of m to be constant for plain Portland cement concrete and Portland
cement concrete replaced with specific percentage of cementitious materials except for FA and SC that
vary linearly as FA increases from 0% to 50% and SC increases from 0% to 70%.

In the present work, the outcome of the laboratory experiment has been utilized, as well as the new
binding model proposed in the following section, to express the bound chloride as function of free
chloride Freundlich isotherm.

The chloride binding capacity
(
1 + ∂Cbi

∂C f i

)
can then be derived from Equation (14) as

(
1 +

∂Cbi
∂C f i

)
= 1 + αβCβ−1

f i . (14)

By using the multi-factor approach to express the diffusion coefficient of chloride ion and by
incorporating the chloride binding capacity given in Equation (14) into the effective diffusion model of
Equation (5), a more accurate expression for chloride transport in concrete can be achieved leading to
more realistic prediction of time to corrosion initiation in reinforced concrete. The results produced
using the experimental binding values are shown in Section 4.1.

3.2. New Binding Model

The authors collected binding data from different papers [42–56] and related the binding results
with different oxide components of cement quantitatively. Figure 3 shows the impact of alumina content
Al2O3, classified into five groups according to the ratio to the total content, on the bound chloride.

It is clear from Figure 3 that increasing the Al2O3 content increases the binding capacity. Performing
the same procedure, the other oxides did not confirm the same trends; they presented, however, mixed
results with no consistent trend. Consequently, the model uses Al2O3 content as the main driving
parameter on the binding capacity. Based on Figure 4 which shows regression analysis, the terms α
and β relate to Al2O3 content ratio (AC) by the following equations:
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Figure 3. Relationship between bound and free chloride for concrete with different Al2O3 content.

α = 1.3 AC + 3.44 , (15)

β = 0.0077 AC + 0.30. (16)

Figure 4. Linear regression analysis of the proposed binding model versus experimental results in
the literature.

The proposed binding model solves for α and β in Equations (15) and (16) using the AC as an input,
and solves for the bound chloride using the Freundlich isotherm [57]:

Cb = αC f
β. (17)

Figure 4 shows that the proposed model captures the experimental value very well especially
for the realistic moderate values found in water bodies (1.5 M) [58]. The proposed model has a good
correlation with R2 = 0.85 to the experimental data given the wide range of the experimental results.
Thus, the model is incorporated in the software solution instead of the experimental binding values.
The results produced using the binding capacity model are shown in Section 4.2.

3.3. Solution of the Transport Model

Because of the non-linear nature of the effective transport model, it will be difficult to approach its
solution analytically. The robust Finite Element Method (FEM) coupled with Finite Difference Method
(FDM) was utilized to solve the complex model numerically. For the FEM part, the transformation of
the transport model differential equation to FEM compliant equations involved using the Galerkin
approach summarized in the steps below:
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a. Multiplying the residual (the differential equation) with a weighting function usually taken as
the shape function, and integrating over the volume;

b. Rearranging differential terms; and
c. Applying divergence theorem.

Representing Equation (6) with W1 and multiplying with shape function:

W1 =

∫
NT

{
θi
∂C f i

∂t
−∇[Di∇Ci]

}
dΩ. (18)

By carrying out the integrals in Equation (18) explicitly over a 1D bar element (with length L
and cross-section area A), the equation could be transformed to a linear system shown in Equation (19):

M
.
d + Kd = F , (19)

where for each finite element, d is the nodal unknown concentrations, K is the stiffness matrix, M is
the capacitance matrix, and F is the flux vector, such that

d =



C11

C21

Ci1
...

C1 j
C2 j
Ci j


,

.
d =



.
C11.
C21.
Ci1

...

.
C1 j.
C2 j.
Ci j


,

K =

 ADi
L

−ADi
L

−ADi
L

ADi
L

,

M =

 ALθi
3

ALθi
6

ALθi
6

ALθi
3

.

The time derivative of the chloride ion concentration (
.

d) can be evaluated using the FDM. After
evaluation, Equation (19) becomes

(M + ∆t K)dt−∆t = M dt + ∆tFt−∆t , (20)

where ∆t is the time step chosen for numerical evaluation and t is the current time step.

4. Results and Discussion

4.1. Transport Model Using Experimental Binding Data

Figures 5 and 6 show the experimental readings and the theoretical chloride profile for the concrete
blocks in coastal and tidal zones, respectively. The plots are for duration of exposure for 6, 12, and 24



Crystals 2020, 10, 967 10 of 20

months. In general, the theoretical plots match well the experimental readings for all of the mixes. Mix
SC slightly gives conservative results. This might be attributed to the curing duration of the mixes,
which was not sufficient to activate the slag completely [26]. However, there was improvement in
the two years readings when the slag functioned effectively in the block.

Figure 5. Chloride profiles for mixes in the coastal zone using the experimental binding results.
(a) concrete with 100% ordinary Portland cement (OPC), (b) concrete with 100% type V cement (Sulfate
resistance), (c) concrete with 6% silica fumes and 94% OPC, (d) concrete with 25% fly ash and 75% OPC,
(e) concrete with 70% slag cement and 30% OPC.

Owing to the complex nature of chloride diffusion models as a result of the dependence of chloride
ion diffusion in concrete on many factors, obtaining a perfectly matching result between the numerical
models and experimental investigation is not feasible as evident by results obtained in other studies,
such as those by Liu et al. [59], Pradelle et al. [24], Riding et al. [25], and Bernal et al. [2]. However,
Table 2 shows the statistical analysis conducted to validate the theoretical results against experimental
ones. The β-coefficient and R2 (Figure 7) are equal to 1.00 and 0.94 for coastal zone, and 0.89 and 0.89
for tidal zone. This evidenced the accuracy of the model. It can also be seen that the β-coefficient
increases with exposure increase, which implies more accuracy is obtained overtime.
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Figure 6. Chloride profiles for mixes in the tidal zone using the experimental binding results. (a) concrete
with 100% ordinary Portland cement (OPC), (b) concrete with 100% type V cement (Sulfate resistance),
(c) concrete with 6% silica fumes and 94% OPC, (d) concrete with 25% fly ash and 75% OPC, (e) concrete
with 70% slag cement and 30% OPC.

4.2. Transport Model Using the New Binding Model

Figures 8 and 9 show the experimental readings and the theoretical chloride profile for the concrete
blocks, using the experimental binding data and the binding model, in coastal and tidal zones,
respectively. The chloride profile plots are well correlated to the theoretical plots using the experimental
binding data. This shows the accuracy of the proposed binding model in predicting the effective
diffusion coefficient.
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Table 2. Statistical analysis results.

Coastal

6 Months 12 Months 24 Months

β-Coefficient R2 β-Coefficient R2 β-Coefficient R2

Mix 1 0.693 0.918 0.713 0.969 0.928 0.988
Mix 2 0.737 0.990 0.905 0.996 0.937 0.994
Mix 3 0.979 0.914 0.816 0.968 0.968 0.989
Mix 4 0.701 0.992 0.837 0.991 0.941 0.996
Mix 5 0.714 0.850 0.776 0.990 0.962 0.980

Tidal

6 Months 12 Months 24 Months

β-Coefficient R2 β-Coefficient R2 β-Coefficient R2

Mix 1 0.789 0.974 0.806 0.983 0.895 0.972
Mix 2 0.612 0.957 0.851 0.985 0.920 0.988
Mix 3 0.864 0.978 0.959 0.978 0.965 0.980
Mix 4 0.650 0.978 0.725 0.994 0.779 0.966
Mix 5 0.758 0.955 0.795 0.965 0.761 0.907

Figure 7. Regression analysis of the theoretical results of the transport model against experimental
results. (a) Results from blocks located in coastal zone, (b) Results from blocks located in tidal zone.

It is noteworthy that using the proposed binding model produces conservative results.
The parameter m serves as a shape function of the chloride profile, and increasing its value yields
more concave profiles which indicate the existence of high SCMs in the concrete. The calculations
of the initial apparent diffusion and the apparent diffusivity over time in Equations (8) and (9) are
good approximations of their counterparts in the experimental testing. Using these and the binding
values produces reasonable values of the effective diffusivity [16]. Adopting the effective diffusivity in
the transport model can be a direct caliber for prediction of concrete threshold at which steel starts
corrosion. On the other hand, using the apparent diffusivity results in determining approximately
the total chloride without identifying the state of chlorides. Therefore, free chloride profiling is more
realistic in service life modeling and assessing durability of concrete structures. Moreover, the algorithm
embeds different environmental parameters, such as temperature and carbonation, in calibrating
the effective diffusion coefficient at each step of the solution. This approach simplifies the analysis by
decoupling the impacts of the environmental parameters and reduces the time needed for obtaining
results. Yet, it produces accurate results. Therefore, the developed algorithm supports using effective
diffusion coefficient with calibration along with binding capacity only to predict the free chloride
profile in concrete at different depths. Hence, the other terms in the transport laws, such as chemical
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activities and electrical flux, could be omitted from solution because the expected change in the results
might not be noticeable and is not worth the expensive processing.

Figure 8. Chloride profiles for mixes in the coastal zone using the new binding model. (a) concrete
with 100% ordinary Portland cement (OPC), (b) concrete with 100% type V cement (Sulfate resistance),
(c) concrete with 6% silica fumes and 94% OPC, (d) concrete with 25% fly ash and 75% OPC, (e) concrete
with 70% slag cement and 30% OPC.

Figure 10 shows, through statistical analysis, that β-coefficient and R2 are equal to 0.9 and 0.93 for
coastal zone, and 0.87 and 0.83 for tidal zone. This evidenced the accuracy of the model using the new
binding model when compared with the results generated using experimental binding data.
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Figure 9. Chloride profiles for mixes in the tidal zone using the new binding model. (a) concrete with
100% ordinary Portland cement (OPC), (b) concrete with 100% type V cement (Sulfate resistance), (c)
concrete with 6% silica fumes and 94% OPC, (d) concrete with 25% fly ash and 75% OPC, (e) concrete
with 70% slag cement and 30% OPC.



Crystals 2020, 10, 967 15 of 20

Crystals 2020, 10, x FOR PEER REVIEW 15 of 20 

 

Figure 9. Chloride profiles for mixes in the tidal zone using the new binding model. (a) concrete with 

100% ordinary Portland cement (OPC), (b) concrete with 100% type V cement (Sulfate resistance), (c) 

concrete with 6% silica fumes and 94% OPC, (d) concrete with 25% fly ash and 75% OPC, (e) concrete 

with 70% slag cement and 30% OPC. 

Figure 10 shows, through statistical analysis, that β-coefficient and R2 are equal to 0.9 and 0.93 

for coastal zone, and 0.87 and 0.83 for tidal zone. This evidenced the accuracy of the model using the 

new binding model when compared with the results generated using experimental binding data. 

  

(a) Coastal zone results (b) Tidal zone results 

Figure 10. Regression analysis of the theoretical results of the transport model using the new binding 

model against experimental results. (a) Results from blocks located in coastal zone, (b) Results from 

blocks located in tidal zone. 

5. Software Implementation 

The finite element formulation derived in the previous section was developed into programming 

code using C-Sharp programming language. The developed software is an object-oriented program 

that utilizes “classes” to achieve the objective. Figure 11 shows the high-level diagram of the classes 

utilized in the software. The Exposed Cross Section comprised implementation of various other 

classes including Concrete, Cement, Binding Capacity, Ion, and Weather Condition. Numerical 

solution code was implemented using the Assembly Matrices of the Finite Elements of the Exposed 

Concrete Section by taking the Accuracy Level specified by the user (number of nodes in a Cross-

Section) into account. 

R² = 0.9493

0

0.05

0.1

0.15

0 0.05 0.1 0.15

Ex
p

er
im

en
ta

l v
al

u
es

 o
f 

C
h

lo
ri

d
e 

(%
)

Theoretical values of Chloride (%)

R² = 0.8311

0

0.1

0.2

0.3

0.4

0 0.1 0.2 0.3 0.4

Ex
p

er
im

en
ta

l v
al

u
es

 o
f 

C
h

lo
ri

d
e 

(%
)

Theoretical values of Chloride (%)

Figure 10. Regression analysis of the theoretical results of the transport model using the new binding
model against experimental results. (a) Results from blocks located in coastal zone, (b) Results from
blocks located in tidal zone.

5. Software Implementation

The finite element formulation derived in the previous section was developed into programming
code using C-Sharp programming language. The developed software is an object-oriented program
that utilizes “classes” to achieve the objective. Figure 11 shows the high-level diagram of the classes
utilized in the software. The Exposed Cross Section comprised implementation of various other classes
including Concrete, Cement, Binding Capacity, Ion, and Weather Condition. Numerical solution code
was implemented using the Assembly Matrices of the Finite Elements of the Exposed Concrete Section
by taking the Accuracy Level specified by the user (number of nodes in a Cross-Section) into account.

Figure 11. Class diagram/software implementation flowchart.
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5.1. Development of GUI

In order to implement the code for practical purpose, various inputs relating to the weather
condition, concrete composition, and cross-section must be retrieved from the user. A web-based
interface designed for this purpose will be described in this section.

5.1.1. Weather Condition Details

The modeling engine is equipped with weather data for three cities, namely: Dammam, Dhahran,
and Jeddah in Saudi Arabia. The data contains temperature and humidity values for the cities for
previous years. An algorithm was written to enable extrapolation to future years using the previous
years’ weather data. A user will choose the city of interest and the exposure zone, whether tidal or
splash, using the interface.

5.1.2. Reinforced Concrete Properties and Member Geometric Details

Reinforced concrete properties, including water/cement ratio, cement type, cementitious material
type and ratio, admixture type and ratio, aggregate type and content, as well as concrete curing time
and exposure date are collected from the user using the interface. The interface is also used to gather
data relating to the geometric properties of the exposed reinforced concrete, including the concrete
member cross-sectional area and cover to reinforcement.

5.2. Modeling Outputs

The details collected from the user through the interfaces described in the previous section were
utilized for the modeling since all the parameters are embedded in the ionic diffusion model described
in the previous section. The output of the calculation is the chloride ion concentration at various depths
from the member surface to the top of the reinforcement in the concrete member. From Equation (5), it
is obvious that the diffusion model is time dependent, and hence, the calculation will continue in time
until a specified chloride threshold is attained at which point the calculation will stop. The chloride
concentration at this point in time will then be saved together with the total period (in days) before
the chloride threshold is reached (known as corrosion initiation time) in the reinforced concrete member.
Chloride ion threshold in reinforced concrete member varies depending on the code of practice being
adopted. ACI specifies a chloride threshold of 0.5% by weight of concrete member being analyzed.
This value was utilized in the current model to produce results similar to Figure 12.

Figure 12. Typical modeling results of chloride profile and duration to corrosion initiation.
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6. Conclusions

This paper develops a new model for predicting the effective concrete diffusivity which uses
the apparent diffusion along with binding, age, temperature, carbonation, and free chloride effects.
Then, the paper develops an algorithm to predict the free chloride concentration at different depths in
the concrete. Different OPC and SCMs mixes prepared in the lab determined the experimental binding
values which are used in the algorithm. Chloride profiles were measured on two sets of concrete blocks:
one exposed daily to seawater, and the other exposed to harsh weather along the coast for two years
at the east coast of Saudi Arabia. The proposed transport model proves reliability by comparing its
results to the exposure site results. To completely decouple the transport model from any experimental
values, the paper introduces a new binding model which relies on the oxides of cements and level of
chlorides. The binding model introduces itself in the transport model, and the results compare well to
the exposure site results, and the results of the transport model which uses the experimental binding
data. The following remarks conclude the work:

� A reliable value of the effective diffusion coefficient is developed from the apparent diffusion
coefficient by considering the binding capacity of concrete and other environmental impacts.
The effective diffusivity decouples the impact of different environmental impact and embeds their
effects in its calibration at each step of solution.

� A reliable FEM transport model is developed to predict chlorides concentrations for concrete in
tidal and harsh environments. The model uses solely calibrated diffusion coefficient and binding
data in Fick’s law, and produces accurate results. Hence, the other terms in the transport laws,
such as chemical activities and electrical flux, might not be valuable to the solution because
the expected refinement against time of processing is marginal.

The transport model predicts the chloride profile effectively using the new proposed binding
model. Statistical analysis evidence the accuracy of the proposed model, using experimental binding
data, by recording β-coefficient and R2 of 1.00 and 0.94 for coastal zone, and 0.89 and 0.89 for tidal
zone; while when using the new binding model, statistical analysis show β-coefficient and R2 of 0.9
and 0.93 for coastal zone, and 0.87 and 0.83 for tidal zone.
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