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Abstract: Limited data are available on the measurement of sulfate diffusivity in blended cement-based materials. An experimental study
of the diffusion of magnesium sulfate ions in blended cement concrete was performed using different blending materials: fly ash, and lime
powder. Different values of cement blending ratio, water–binder ratio, and binder content were studied. Compressive strength loss and
weight loss tests were performed to assess the sulfate resistance of the studied mixes. The diffused amount of magnesium sulfate ions
was measured using a titration test at different depths from the concrete surface and at different ages up to 12 months of sulfate attack.
Fick’s second law of nonlinear diffusion was solved using the error function method to develop a simplified model to estimate the sulfate
ions diffusion coefficient with different blending materials. These simplified models are a function of the cement blending ratio,
water–binder ratio, and binder content. The initial compressive strength decreased by 15.8% and 31.6% for blended cement concretes
with 40% fly ash and lime powder, respectively. The weight loss of concrete decreased by 16% at a 40% fly ash blending ratio, whereas it
increased by 33.3% at a 40% lime powder blending ratio. The blended cement with fly ash and lime powder had a greatly reduced concrete
diffusion coefficient, by 38% and 14% for fly ash and limestone powder, respectively, despite its lower initial compressive strength. The
proposed model performed well in simulating sulfate ion ingress in concrete compared with previously published models; it had the best
mean value (0.958) and the lowest standard deviation (0.122). DOI: 10.1061/JSDCCC.SCENG-1610. © 2024 American Society of Civil
Engineers.
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Introduction

Sulfate attack on concrete is a complex process that can lead to
the deterioration of structures. The resistance of concrete to sulfate
attack is crucial in ensuring the longevity and durability of concrete
structures (Diab et al. 2019). However, determining the appropriate
value of the sulfate diffusion coefficient can be challenging due to vari-
ous experimental conditions and limited reported data (Marchand
et al. 1999). Different researchers have used different diffusion
coefficients, ranging from 0.75 × 10−12 to 9.0 × 10−12 m2=s, in
their sulfate attack models, often without specific justification.
The reactions between penetrating sulfates and cement paste
can significantly affect the diffusion process. As a result, the ef-
fective diffusivity, which represents the actual diffusion behavior
in the presence of a sulfate attack, may differ from the intrinsic
diffusivity (Chatterji 1995). To estimate the intrinsic diffusivity,
some researchers have used the error function solution of Fick’s
law and concentration experimental data to determine an “effec-
tive diffusivity” parameter, denoted Deff (Locoge et al. 1992).
This measured value provides an estimation of the intrinsic dif-
fusivity by considering the diffusion-reaction equation. Further
research and experimentation are needed to better understand
the complexities of sulfate attack on concrete and to accurately

determine the appropriate diffusion coefficient for different sce-
narios (Tixier and Mobasher 2003a).

Blended cements, which incorporate supplementary cementi-
tious materials (SCMs) in addition to clinker and gypsum, have
become more prevalent in recent years compared with ordinary
portland cement (OPC). These SCMs can include fine limestone,
granulated ground blast furnace slag, fly ash (FA), calcined clay,
natural pozzolans, and silica fume (Li et al. 2022). The increasing
focus on climate change and sustainability in the concrete industry
also has driven the wider adoption of SCMs. One of the main
advantages of using SCMs is their ability to reduce the clinker fac-
tor in cement production. Clinker, which is the main component
of OPC, requires a significant amount of energy and releases a
substantial amount of carbon dioxide during its production. By
replacing a portion of clinker with SCMs, the carbon footprint
of cement manufacture can be reduced, contributing to a more sus-
tainable concrete industry (Shalan and El-Gohary 2022; Zunino
and Scrivener 2019). In addition to their environmental benefits,
SCMs can enhance the sulfate resistance of Portland cement-based
materials. Physically, most SCMs can refine the pore structure of
the material, making it more compact and less permeable to sulfate
ions. This refinement of the pore structure can slow the transpor-
tation of sulfate ions, thereby improving the resistance of the ce-
mentitious material to sulfate attack (Gao et al. 2022; Huang et al.
2023; Zunino and Scrivener 2022). By incorporating SCMs into
blended types of cement, it is possible to achieve a more sustainable
and sulfate-resistant concrete that meets both environmental and
durability requirements. The specific choice and proportion of
SCMs may vary depending on the desired properties and local con-
ditions. However, it is essential to consider the potential effects of
SCMs on other aspects of concrete performance, such as strength
development, setting time, and workability, to ensure that the
desired performance targets are met.
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In previous research, various models have been developed to
study the transport of ions and the diffusion process in concrete,
specifically regarding sulfates. Two main types of models have
been used: those based on Fick’s second law, and those utilizing
the finite-element method (Chen et al. 2020b; Li et al. 2023). Any
model addressing sulfate attack should consider the chemical reac-
tions between sulfate ions and the concrete compositions. One de-
veloped model takes into account the effective diffusion coefficient,
mechanical properties, capillary porosity, and cement composition
(specifically, the content of reactive calcium aluminate) to assess
the sulfate resistance of concrete (Tixier 2000; Tixier and and
Mobasher 2003a, b). Regular-strength concrete and mortar typi-
cally exhibit sulfate diffusivities in the range 2.0 × 10−12 to 20×
10−12 m2=s. Another expression for cementitious materials was in-
troduced by Samson et al. (2003). This model was developed by
Samson et al. (2005). However, the calculated diffusion coefficient
using this relationship did not consider the initial capillary porosity,
which is a crucial factor to consider (Chen et al. 2018). To address
this limitation, a hyperbolic function similar to the analysis of
moisture diffusivity has been adopted, yielding comparable trends
to the relationship proposed by Samson and Marchand (2007).
These models provide valuable insights into evaluating and predict-
ing the diffusion behavior of sulfate ions in concrete. However, the
selection of an appropriate model should consider various factors,
including the specific objectives of the study, the available data,
and the accuracy required for the given application. It also is impor-
tant to refine and improve these models continually based on new
experimental data and insights gained from further research.

The diffusion coefficient equations obtained using previously
published models are presented in this section.

An expression for cementitious materials was proposed by
Samson et al. (2003)

Deff ¼ eð4.3Φcap=VpÞe−ð4.3Φcap=VpÞD0 ð1Þ
where D0 is a reference value; Vp = paste volume of material
(m3=m3 of material); and Φcap = total capillary porosity.

Another diffusion coefficient relationship was developed by
Samson et al. (2005)

Deff ¼ D0

eð4.3=VpÞðΦiniþ
P

m
i¼1

ðV ini
i −ViÞÞ

eð4.3Φcap=VpÞ ð2Þ

where φi and φcap = initial and total capillary porosity of concrete,
respectively.

A hyperbolic function similar to the analysis of moisture diffu-
sivity was proposed by Samson and Marchand (2007):

Deff ¼ D0 þ ðD1 −D0Þ · fðβD;φcapÞ ð3Þ

fðβD;φcapÞ ¼
e−βD · ζ

1þ ðe−βD − 1Þζ ; where ζ ¼ φcap

φi
ð4Þ

According to the Mobasher and Tixier model, sulfate ion diffu-
sivity can be estimated based on the chloride ions diffusivity (Tixier
2000; Tixier and and Mobasher 2003a, b)

Deff ¼ DCl

�
DfSO4

DfCl

�
2=b

ð5Þ

From this expression, it is possible to calculate sulfate diffusiv-
ity Deff if chloride diffusivity DCl is in the range 1.0 × 10−12 to
10 × 10−12 m2=s and using a value of DfCl at 25°C of 2.03×
10−9 m2=s and a value of DfSO4

of 1.0 × 10−9 m2=s. The numeri-
cal model STADIUM follows (Bonakdar et al. 2012; Galíndez and
Molinero 2010):

Deff ¼ D0½0.01þ 0.07∅2 þ 1.8Hð∅ − ∅cÞð∅ − ∅cÞ2� ð6Þ

The GEM equation proposed by Oh and Jang (2004) for diffu-
sion coefficient calculation can be derived in terms of the normal-
ized diffusivities as follows:

Deff ¼ D0

0
@m∅ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2∅ þ

∅c

1 − ∅c

�
Ds

D0

�
1=n

s 1
An

ð7Þ

where Ds=D0 = normalized diffusivity of solid phase, which
denotes the diffusivity when capillary porosity equals zero, and
depends on the complexity of the structure of the hydrated
solid matrix. Realistic values for n and Ds=D0 obtained from test
data are n ¼ 2.7 and Ds=D0 ¼ 2.0 × 10−4 for portland cement
pastes.

In recent years, the exploration of sulfate ion diffusion in con-
crete has gained considerable momentum, with a focus on utilizing
advanced chemomechanical modeling and finite-element modeling
techniques (Chen et al. 2020a; Li et al. 2023). A significant body of
research has emerged over the last half-decade investigating the in-
tricate chemical reactions between sulfate ions and hydration prod-
ucts within concrete matrices to accurately replicate the diffusion
phenomena (Wu et al. 2023). This surge in studies underscores
the growing recognition of the critical impact that sulfate ions can
have on concrete durability and performance (Diab et al. 2019).
In particular, finite-element modeling has garnered attention as a
cutting-edge methodology for simulating and predicting sulfate
ion diffusion processes in concrete structures (Jin et al. 2024).
Leveraging the power of computer modeling and data-driven
models, these innovative techniques offer enhanced precision
and efficiency in simulating the complex interplay between
sulfate ions and concrete constituents, paving the way for more-
sophisticated and -robust analytical frameworks in the realm of
concrete technology.

This study investigated the chemical and mechanical changes
that occur when concrete is subjected to an external sulfate attack.
The research compared the behavior of two types of cement: con-
trol (portland cement), and blended cement [composed of Class F
fly ash and limestone powder (LS)]. To assess the ionic diffusion,
concrete samples were prepared, and concentration profiles were
measured for major elements. The diffusion data were collected
in one dimension and compared with predicted values obtained
from diffusion equations. The accuracy of the proposed model was
evaluated based on this comparison. The diffusion and chemical
changes were analyzed using the titration test method specified
in ASTM E738-11 (ASTM 2007). This analysis allowed for the
measurement of diffusion and chemical alterations caused by the
sulfate attack. The study considered various factors in the experi-
mental design, including different blending ratios, water–binder
ratios, binder content, and types of blending materials. Examining
these variables provided insight into the behavior of different
cement mixtures under sulfate attack conditions. Furthermore, the
results obtained from the proposed model were compared with
other published models that have been discussed in the literature.
This comparative analysis provided a comprehensive evaluation of
the proposed modeling framework and its effectiveness in predict-
ing the behavior of blended cement types under sulfate attack
conditions. Overall, the findings of this research are expected to
contribute to the design of concrete materials, particularly in terms
of selecting appropriate blended cement types to enhance resistance
against sulfate attack.
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Materials and Methods

The experimental program performed in this research is displayed
Fig. 1, which presents a flowchart of program details. Ordinary port-
land cement according to ASTMC150-07 (ASTM 2009) was used in
this research work. Two replacement materials were used in this
study: fly ash, and ground limestone powder. The chemical and
physical properties of the cement, fly ash, and limestone are presented

in Table 1 according to ASTM C618 (ASTM 2015) limits. The used
sand was natural siliceous sand with a fineness modulus of 2.70.
Crushed pink limestone (9.75-mm nominal maximum size) was used
as coarse aggregate. These aggregates fulfilled the requirements of
ASTM C115-96 (ASTM 1996). Superplasticizer (SP) Type F in
accordance with ASTM C494/C494M-11 (ASTM 2012) was used
in the concrete mixes to achieve a constant slump for concrete of
12 cm� 2 cm.

Thirteen concrete mixes were used to determine the magnesium
sulfate ion concentration that diffuses in concrete for up to 12months.
The proportions of the control mix were calculated according to the
ACI 211.1-91 (ACI 1991) mix proportioning method to resist mag-
nesium sulfate attack. The cement content was modified in the other
mixes using different blending ratios of fly ash and ground limestone:
20% and 40% at a water–binder ratio of 0.45 and 450 kg=m3 binder
content. The mix proportions of 1 m3 of concrete mixes used in this
study are listed in Table 2. The chemical composition of the blended
binder mixtures are presented in Table 3. At a 40% blending ratio, the
water–binder ratio was changed to 0.35 and 0.55, and the binder
content was varied from 450 kg=m3 to 350 and 400 kg=m3.

Concrete specimens were immersed in 5.0% magnesium sulfate
solution (70.42 mol=m3) after 7 days of curing in water. The sulfate
solution was replaced every 4 weeks to keep a constant pH value.
A chemical analysis of titration test according to ASTM E738-11
was used to measure the sulfate ion content at different depths of
concrete specimens. Samples at different depths (1.0, 4.0, 7.0, 10, 15,
and 20 mm) in the specimens were extracted by drilling. To study
the diffusion rate of sulfate ions in concrete over time, the sulfate
ion content was measured at 4, 8, and 12 months of exposure
age. This test was carried out using 150 × 150 × 150-mm cubes,
which were sealed on five faces to produce a linear diffusion for
ions. Three concrete 150 × 150 × 150-mm cubes were tested for
compressive strength at an age of 28 days according to BS EN
12390-1 (BSI 2009). The compressive strength loss percentage due
to magnesium sulfate attack was measured based on the method
described in ASTM C267-01 (ASTM 2005). Concrete cubes were
immersed in a 5.0% magnesium sulfate solution for 4, 8, and
12 months. Following 28 days of water curing, the weight loss per-
centage of the concrete was tested after 4, 8, and 12 months based
on the method described in ASTM C267-01. Sets of three cubes
(100 × 100 × 100 mm) from each mixture were submerged in
5% magnesium sulfate solution.

When a concrete specimen is subjected to sulfate attack under
the ambient ion concentration C0, the ion transfer processes are
described as one-dimensional (1-D) nonsteady diffusion (Fig. 2).
The molar concentration of the sulfate ions diffuses from the sulfate
solution to the interior of the specimen. Therefore, the diffusion
equation can be expressed by Fick’s second law as (Crank 1979)

∂C
∂t ¼ Deff

∂2C
∂x2 ð8Þ

where C ¼ cðx; tÞ = sulfate ion concentration; x and t = section
position and time, respectively; and Deff = effective diffusion

Fig. 1. Flowchart of the research experimental program.

Table 1. Chemical and physical properties of cement, fly ash, and ground limestone

Material

Chemical composition (%) LOI
(%)

Specific
gravity

Fineness, percentage
retained on #325 sieveCaO SiO2 SO3 Al2O3 Fe2O3 MgO SiO2 þ Al2O3 þ Fe2O3

OPC 62.6 19.90 2.90 5.10 3.60 1.50 — 1.20 3.15 31
FA 3.23 49.90 0.88 24.0 14.40 0.98 88 2.50 2.20 22
LS 86.94 6.50 0.42 0.11 0.19 1.23 — 42.5 2.72 12
ASTM C618 limit — — <5.0 — — — >70 <6.0 — <34

Note: LOI = loss on ignition.
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coefficient of sulfate ions in concrete. Due to the chemical reactions
between sulfate ions and cement, the sulfate concentration can be
depleted (decreased). According to Crank, due to the effect of sulfate
depletion, the second Fick’s law can be modified as (Crank 1979)

∂C
∂t ¼ Deff

∂2C
∂x2 − ∂Cd

∂t ð9Þ

where Cd = depleted sulfate ion concentration due to chemical
reactions. Depending on the dynamical equation of the chemical
reaction, the rate of depletion can be estimated using the following
formula (Gospodinov et al. 1996):

∂Cd

∂t ¼ kC0
C3A

fðc; tÞCe−ð1=3Þkct ð10Þ

where k = reaction rate between sulfate ion and cement hydrated
products (0.00015 m3=mol=day); C0

C3A
= initial C3A content in ce-

ment; and fðc; tÞ is determined as (Gospodinov et al. 1996)

fðc; tÞ ¼ 1 − hα þ 1

2
βhα þ βhαe−ð1=6Þkct ð11Þ

where β = initial gypsum content in cement; and hα = hydration
degree of cement related to hydration time, which can be deter-
mined approximately as (Gospodinov et al. 1996)

hα ¼ 1 − 0.5½ð1þ 1.67tÞ−0.6 þ ð1þ 0.29tÞ−0.48� ð12Þ

The experimental test results were used in Eqs. (10)–(12) with
the known value of k (Gospodinov et al. 1999). The value of
Deff can be calculated using the error function solution method
(Crank and Gupta 1972)

Cðx; tÞ þ CdðtÞ ¼ C0

�
1 − erf

x
2

ffiffiffiffiffiffiffiffiffiffi
Deff t

p
�

ð13Þ

Table 2. Mix proportions for 1 m3 of blended cement concretes with FA and LS

Mix no.
Total binder

(kg) w=b
Cement
(kg)

FA
(kg)

LS
(kg)

Water
(kg)

Crushed stone
(kg)

Sand
(kg)

SP
(kg)

Control 450 0.45 450 0 0 202.5 840 785 6.75
FA20 450 0.45 360 90 0 202.5 840 769 7.09
FA40 450 0.45 270 180 0 202.5 840 753 7.43
FA40-1 350 0.45 210 140 0 157.5 0 1,828 5.78
FA40-2 400 0.45 240 160 0 180 0 1,722 6.60
FA40-3 450 0.35 270 180 0 157.5 0 1,729 9.90
FA40-4 450 0.55 270 180 0 247.5 0 1,504 4.95
LS20 450 0.45 360 0 90 202.5 840 772 7.43
LS40 450 0.45 270 0 180 202.5 840 758 8.10
LS40-1 350 0.45 210 0 140 157.5 0 1,832 6.30
LS40-2 400 0.45 240 0 160 180 0 1,727 7.20
LS40-3 450 0.35 270 0 180 157.5 0 1,739 8.10
LS40-4 450 0.55 270 0 180 247.5 0 1,504 8.10

Table 3. Chemical compositions of blended binder mixtures with FA and LS

Mix no.

Binder blending ratio
(%) Blended binder chemical composition

Blaine surface area
(m2=kg)Cement FA LS

CaO (C)
(%)

SiO2 (S)
(%)

Al2O3

(%) C=S
Cþ S
(%)

C3A
(%)

Control 100 0 0 62.60 19.90 5.10 3.15 82.50 10.92 340
FA20 80 20 0 50.18 28.38 9.70 1.77 78.56 8.74 350
FA40 60 40 0 37.76 36.86 14.30 1.02 74.62 6.55 360
FA40-1 60 40 0 37.76 36.86 14.30 1.02 74.62 6.55 360
FA40-2 60 40 0 37.76 36.86 14.30 1.02 74.62 6.55 360
FA40-3 60 40 0 37.76 36.86 14.30 1.02 74.62 6.55 360
FA40-4 60 40 0 37.76 36.86 14.30 1.02 74.62 6.55 360
LS20 80 0 20 67.47 17.22 4.10 3.92 84.69 8.74 370
LS40 60 0 40 72.34 14.54 3.10 4.97 86.88 6.55 400
LS40-1 60 0 40 72.34 14.54 3.10 4.97 86.88 6.55 400
LS40-2 60 0 40 72.34 14.54 3.10 4.97 86.88 6.55 400
LS40-3 60 0 40 72.34 14.54 3.10 4.97 86.88 6.55 400
LS40-4 60 0 40 72.34 14.54 3.10 4.97 86.88 6.55 400

Fig. 2. Diffusion of sulfate ions in concrete specimens.

© ASCE 04024108-4 J. Struct. Des. Constr. Pract.

 J. Struct. Des. Constr., 2025, 30(1): 04024108 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

A
li 

Sh
al

an
 o

n 
11

/2
6/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



Results

Compressive Strength Loss Test

The results of the compressive strength tests for all mixes in this
study (Table 4) revealed a decrease in compressive strength as the
volume of replacement materials increased [Fig. 3(a)]. Compared
with that of the control mix, the 28-day compressive strength of
blended cement concretes decreased by 6%, 15.8%, 24.7%, and
31.6% for the FA20, FA40, LS20, and LS40 mixes, respectively.
The significant reductions in compressive strength for LS concrete
can be attributed to defects within the mortar, which has a lower
density than the stone aggregate, thus leading to a decrease in
strength (Wang et al. 2013). The addition of 20% and 40% FA to
the concrete mix resulted in compressive strength reductions of
6.2% and 15.8% at 28 days, respectively. However, the compres-
sive strength of FA concrete substantially improved (by approxi-
mately 15%) between 28 and 90 days, even though it did not
reach the strength of the control mix. This behavior of FA concrete
commonly is attributed to the slow reaction of its aluminosilicate
particles with free portlandite to produce cementing compounds,
i.e., calcium-aluminum-silicate hydrates. At a higher replacement
ratio of FA, the fraction of particles acting as filler increases be-
cause of the overall reduction in calcium oxide content of the binder
(Kurad et al. 2017).

The incorporation of fly ash and cement in blended cement
against sulfate attack had a noticeably smaller negative effect than
was expected [Fig. 3(b)]. Kou et al. (2011) and Kurad et al. (2017)
reported similar findings, in which pozzolans such as fly ash have

fewer amaging effects on the strength properties of concrete com-
pared with those in low-strength concrete. This can be attributed
to the presence of portlandite (CH) in the attached mortar, which
reacts with FA particles at the interface transition zones (ITZs)
between the binder matrix and aggregates. This reaction minimizes
the negative impact of high-volume FA incorporation on the
strength of FA concrete. Additionally, the strength development
rate of FA concrete, between the ages of 28 and 90 days was found
to accelerate with an increase in the level of replacement. This in-
dicates that the pozzolanic potential of FA concrete increases with a
higher percentage of replacement.

Overall, the results of the study showed that the chemical acti-
vation of FA had a positive impact on the compressive strength loss
of concrete at all exposure ages. In particular, the use of FA in con-
crete mixes resulted in less compressive strength loss than in the
control mixes at 4, 8, and 12 months of exposure. This can be attrib-
uted to the increased reactivity of FA when exposed to calcium
hydroxide in the presence of sulfate. According to previous re-
search by Qian et al. (2001), sulfates react directly with calcium
hydroxide, contributing to the formation of ettringite. This reaction
not only strengthens the concrete but also produces a strong alkali
solution that helps to dissolve the silica particles in the FA. This
dissolution of silica particles further increases the alkalinity around
FA particles, resulting in a more effective activation of the FA. This
phenomenon has been observed in previous studies by Velandia
et al. (2016, 2018) and Hefni et al. (2018), in which the use of sul-
fates in high-volume FA concretes led to improved strength and
durability properties.

Table 4. Compressive strength test results and compressive strength loss at different exposure ages compared with 28-day compressive strength

Mix ID

Cube compressive strength (MPa)
Residual cube compressive strength

after sulfate attack (MPa)
Compressive strength loss percentage

after sulfate attack (%)

7 days 28 days 90 days 4 months 8 months 12 months 4 months 8 months 12 months

Control 32.5 46.2 54.5 37.8 34.8 33.2 18.2 24.7 28.2
FA20 30.9 43.3 50 37.8 35.3 33.2 12.6 18.4 23.3
FA40 30.2 38.9 47.2 33.4 31.1 28.9 14.1 20.1 25.6
LS20 24.8 34.8 44.9 27.6 25.2 23.9 20.7 27.6 31.2
LS40 20.7 31.6 40.5 24.0 21.7 20.1 24.2 31.4 36.3

Fig. 3. Properties of blended cement concrete with fly ash and limestone powder: (a) cube compressive strength; and (b) compressive strength loss
percentage.
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Weight Loss Test

To assess the sulfate attack resistance of concrete mixes, a common
metric used is the weight loss due to erosion caused by exposure
to a magnesium sulfate solution. This method allows for the evalu-
ation of the material’s performance over varying durations, with
weight loss after 4, 8, and 12 months of exposure commonly
being measured. The findings reported in Fig. 4 demonstrate the

significant impact of incorporating high-silica, low-calcium supple-
mentary cementitious materials such as fly ash on the sulfate attack
resistance of concrete. As the volume fraction of replacement
materials increases, the weight loss of concrete decreases rapidly,
signaling the potential benefits of incorporating FA in concrete
mixtures. This improvement is attributed to the reduction in the
overall production of calcium hydroxide (CH), a key component
in the formation of sulfate compounds when FA replaces ordinary
portland cement. This is in accordance with previous research stud-
ies (Masood et al. 2020), highlighting the potential of FA to mit-
igate the deleterious effects of sulfate attack on concrete structures.
Furthermore, the use of FA also contributes to a decrease in the
porosity and sorptivity of concrete, resulting in a slower penetration
of sulfate ions into the specimens. This decrease in permeability,
combined with the reduced CH production, can significantly en-
hance the durability and lifespan of concrete structures in sulfate-
rich environments.

EDTA Complexometric Titration Test Results

The ethylenediaminetetraacetic acid (EDTA) complexometric titra-
tion test was used to determine the relationship between sulfate
ion concentration per cubic meter and the depth of the extraction
section (Table 5). The titration test was performed on the concrete
mixes listed in Table 2. The relationships between the sulfate con-
centration profile and each studied parameter are presented in
Fig. 5, which shows the effect of fly ash and limestone powder
replacement ratio on the sulfate ion concentration for concrete with
a water–binder ratio of 0.45, and a binder content of 450 kg=m3 at
12 months of exposure. The sulfate ion concentration decreased as
the extraction section depth increased. For example, in the control

Fig. 4. Relationship between sample weight loss percentage and
exposure age for different blended binders with fly ash and limestone
powder.

Table 5. Experimental results of sulfate ion concentration at different depths at different exposure ages

Mix ID
Age

(months)

Sulfate ion concentration profile at different depths (mol=m3)

0 1 mm 4 mm 7 mm 10 mm 15 mm 20 mm

Control 4 70 52.463 37.655 21.540 14.646 0.000 0.000
8 70 57.880 40.210 24.642 16.394 0.000 0.000

12 70 65.200 49.650 35.973 26.417 16.000 10.000

FA20 4 70 33.195 22.260 13.668 7.566 0.000 0.000
8 70 43.537 31.890 22.462 15.196 0.000 0.000

12 70 59.211 42.220 27.866 20.003 10.898 0.000

FA40 4 70 39.025 22.140 10.779 0.000 0.000 0.000
8 70 48.535 30.970 18.490 10.354 0.000 0.000

12 70 56.964 39.440 24.691 15.053 0.000 0.000

FA40-1 4 70 48.018 29.840 16.635 8.197 0.000 0.000
8 70 59.981 40.500 26.316 16.234 6.579 0.000

12 70 61.341 46.380 30.970 20.347 9.575 0.000

FA40-2 4 70 38.836 26.960 17.424 10.489 0.000 0.000
8 70 50.315 37.080 26.798 18.686 9.662 0.000

12 70 58.215 43.160 27.456 16.545 3.245 0.000

FA40-3 4 70 26.454 17.390 10.365 0.000 0.000 0.000
8 70 36.153 26.170 18.194 12.121 0.000 0.000

12 70 37.469 30.250 15.503 8.168 0.000 0.000

FA40-4 4 70 50.148 32.760 19.656 10.584 0.000 0.000
8 70 56.852 40.290 27.486 18.089 8.199 0.000

12 70 60.488 46.470 32.318 22.390 11.618 0.000

LS20 4 70 31.325 22.260 14.907 9.267 0.000 0.000
8 70 45.879 34.400 25.583 18.504 10.109 0.000

12 70 62.440 44.222 30.900 23.235 14.013 8.144
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mix in Fig. 5(a), the ion concentration decreased by 30% and 64%
at 4.0- and 7.0-mm section depths, respectively, compared with sul-
fate ion concentration at the surface of the specimen, whereas the
reduction was 27% and 53% at 4.0- and 7.0-mm section depths,
respectively, at a 40% replacement ratio with fly ash compared with
that at the surface of the specimen. Fig. 5 provides a visual repre-
sentation of the connectivity of pores within the microstructure of
concrete, giving a rough estimate of the overall porosity of the
material. It is evident from experimental results that the concentra-
tion of sulfate ions decreased with the increasing levels of cement
replacement with fly ash and limestone powder. At 20% and 40%
replacement ratios, the sulfate ion concentration decreased by 15%
and 21%, respectively. This decrease in sulfate ion concentration
can be attributed to the contribution of fly ash and limestone pow-
der to the microstructure development through two distinct mech-
anisms. Firstly, the pozzolanic reaction of fly ash consumes free
calcium hydroxide, resulting in the formation of calcium silicate
hydrates. This process is comparatively slower than the hydration

process of cement, and thus contributes to the strength of concrete
at later ages. Secondly, as a filler material, fly ash effectively fills
the spaces between OPC particles, contributing to the strength of
concrete at all ages. Similarly, the use of limestone powder also
aids in filling the pores in concrete [Fig. 5(b)]. This improved mi-
crostructure significantly decreases the permeability of concrete
(Dimitriou et al. 2018). For example, at 20% and 40% limestone
powder replacement ratios, the sulfate ion concentration decreased
by 14%, and 19%, respectively.

In addition, the explicit effect of total binder content is shown in
Fig. 6, which presents the effect of total binder content on sulfate
ion concentration for concrete with 0.45 water–binder ratio and a
40% replacement ratio. The ion concentration in concrete de-
creased as the total binder content increased (Fig. 6 and Table 5).
This result is logical because the increase in total binder content
leads to a decrease in concrete porosity and an increase in cement
gel. For example, at a 40% limestone replacement ratio, 12 months
of exposure, and 4.0-mm section depth, the ion concentration

Table 5. (Continued.)

Mix ID
Age

(months)

Sulfate ion concentration profile at different depths (mol=m3)

0 1 mm 4 mm 7 mm 10 mm 15 mm 20 mm

LS40 4 70 41.250 24.750 13.010 0.000 0.000 0.000
8 70 51.545 36.430 22.856 13.574 0.000 0.000

12 70 58.550 42.460 27.462 17.533 7.816 0.000

LS40-1 4 70 44.325 29.220 17.716 9.754 0.000 0.000
8 70 66.306 47.090 32.357 21.389 9.924 0.000

12 70 67.897 49.680 35.153 24.373 12.813 6.267

LS40-2 4 70 40.456 26.310 9.983 0.000 0.000 0.000
8 70 45.945 38.545 21.741 9.689 0.000 0.000

12 70 53.115 31.584 24.098 12.239 0.000 0.000

LS40-3 4 70 30.034 21.220 13.929 8.597 0.000 0.000
8 70 41.105 31.380 23.185 16.598 8.869 0.000

12 70 41.554 34.940 22.895 8.856 0.000 0.000

LS40-4 4 70 42.560 29.220 18.527 10.799 0.000 0.000
8 70 53.530 39.270 28.081 19.306 9.653 0.000

12 70 62.406 49.340 35.718 25.528 14.373 7.594

Fig. 5. Relationship between 12-month concentration profile and section position in concrete for different replacement ratios: (a) fly ash; and
(b) limestone powder.
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decreased by 13% and 21% as total binder content increased
from 350 to 400 and 450 kg=m3, respectively. The effect of
water–binder-ratio on sulfate ion concentration for concrete with
450 kg=m3 total binder content and a 40% replacement ratio with
fly ash and limestone powder. The ion concentration in concrete
increased as the water–binder ratio increased for different exposure
ages (Table 2 and Fig. 7). This result is logical because the increase
in the water–binder ratio leads to an increase in concrete porosity.
For example, at 12 months of exposure, a 40% replacement ratio of
fly ash, and a 4.0-mm section depth, the ion concentration in-
creased by 30% and 53% as the water–binder-ratio increased from
0.35 to 0.45 and 0.55, respectively. The ion concentration in con-
crete increased with age at 20% and 40% replacement ratios
(Fig. 8). For example, at a 4.0-mm section depth and 40% lime-
stone powder replacement ratio, the ion concentration in concrete
was 24.75, 36.43, and 42.46 mol=m3 at ages of 4, 8 and 12 months,
respectively.

Concrete Sulfate Ion Diffusion Coefficient

The sulfate ion diffusion coefficient ðDeffÞ is the measure of
Darcian flow through a dried cement-based material under the ac-
tion of capillary forces; Deff largely is affected by the pore struc-
ture of the media, i.e., water-accessible porosity, connectivity,
and tortuosity of pores. According to the previous assessment
scenario, calculated sulfate diffusion coefficients are presented
in Table 6 for a depth of 4.0 mm. These results of the assessment
scenario are represented as a relationship between the sulfate ion
diffusion coefficient in concrete versus different parameters:
cement replacement ratio with fly ash and limestone powder,
binder content, water–binder ratio, and exposure to sulfate solu-
tion (Fig. 9). This study found significant effects of fly ash and
limestone powder on the diffusion coefficient of concrete. The
inclusion of these materials led to a drastic decrease in the diffu-
sion coefficient; a 20% replacement of cement with fly ash and
limestone powder resulted in a 38% and 14% decrease of the

Fig. 6. Relationship between 12-month concentration profile and section position in concrete for different total binder contents: (a) 40% fly ash
replacement ratio; and (b) 40% limestone powder replacement ratio.

Fig. 7. Relationship between 12-month concentration profile and section position in concrete for different water–binder ratios: (a) 40% fly ash
replacement ratio; and (b) 40% limestone powder replacement ratio.
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diffusion coefficient, respectively [Fig. 9(a)]. This can be attrib-
uted to the highly dense three-dimensional aluminosilicate gel
produced as the reaction product in alkali-activated FA, which
is denser than the calcium silicate gel produced in traditional ce-
ment binders (Provis and van Deventer 2009).

The longer the immersion time of the concrete, the higher was
the ion concentration at the concrete surface, resulting in an in-
crease in ion concentration distribution within the concrete be-
cause of the established concentration gradient. Fig. 9(b) shows
the sulfate ion diffusion coefficient in concrete at exposure
ages of 4, 8, and 12 months for concrete with different C3A
contents and water–binder ratios of 0.40, 0.50 and 0.60. The dif-
fusion coefficient decreased with age. However, as the exposure
age of the concrete increased, the degree of reaction between sul-
fate ions and chemical compositions in concrete also increased. As
a consequence, these reaction products filled the concrete, reduc-
ing internal pores, blocking channels for ion diffusion, and im-
proving overall concrete diffusivity. Consequently, over time,
the rate of ion concentration growth within the concrete tended
to decrease.

Nevertheless, the dominant force driving ion diffusion remains
the difference in concentration gradient between the internal and
external solution environments (Wang et al. 2021). For example,
in the FA40-1 mix, the diffusion coefficient decreased by 12% and
16% as the age increased from 4 months to 8 and 12 months, re-
spectively. In addition, the explicit effect of binder content is shown
in Fig. 9(c), which presents the effect of binder content on sulfate
ions diffusion coefficient in concrete with a 0.45 water–binder ratio
and 40% replacement ratio with fly ash and limestone powder.
The sulfate ions diffusion coefficient in concrete decreased with
exposure age as the binder content increased. For example, in
the FA40 mix at 12 months of exposure, the diffusion coefficient
decreased by 13% and 22% as the binder content increased from
350 to 400 and 450 kg=m3, respectively.

The positive effect of water–binder-ratio reduction is clear
from Fig. 9(d). The sulfate ion diffusion coefficient in concrete
with a 450 kg=m3 total binder content and 40% replacement ratio
with fly ash and limestone powder increased with age as the
water–binder ratio increased. Furthermore, the distribution of ions
in concrete varies based on the capillary porosity, which deter-
mines the diffusion coefficient, and its relationship with factors
such as water–binder ratio, degree of hydration, and distance from
the aggregate surface (Liu et al. 2014). In concrete with a lower
water–binder ratio, the pores become smaller after hydration, re-
sulting in higher structural compactness and increased tortuosity
(Liu et al. 2014). Consequently, concrete structures with a lower
water–cement ratio allow less infiltration of free sulfate ions than
do those with a higher ratio, resulting in lower ion concentration
in the pore liquid. For example, in the FA40 mix with 12 months
of exposure, the diffusion coefficient increased by 29% and 57%
as the water–binder ratio increased from 0.35 to 0.45 and 0.55,
respectively, whereas the sulfate diffusion coefficient increased
by 25% and 53% as the water–binder-ratio increased from 0.35
to 0.45 and 0.55, respectively, in LS40 at 12 months of exposure.
Research regarding the factors influencing the diffusion behavior
of sulfate ions suggests two crucial parameters in Fick’s second
law of diffusion: the sulfate ion diffusion coefficient ðDeffÞ
(Medeiros and Helene 2009; Shafikhani and Chidiac 2020; Zhang
et al. 2018), and the surface sulfate ion concentration (C0) (Cai
et al. 2020, 2021).

Fig. 8. Relationship between concentration profile and section position in concrete for different ages of exposure: (a) different fly ash replacement
ratios; and (b) different limestone powder replacement ratios.

Table 6. Sulfate ion diffusion coefficient at different ages at depth of
4.0 mm

Mix ID

Sulfate ion diffusion coefficient at different
exposure ages (10−12 m2=s)

4 months 8 months 12 months

Control 4.750 4.176 4.000
FA20 2.934 2.579 2.470
FA40 2.310 2.031 1.946
FA40-1 3.819 3.357 3.216
FA40-2 2.599 2.285 2.189
FA40-3 1.797 1.580 1.513
FA40-4 2.824 2.482 2.378
LS20 4.110 3.613 3.461
LS40 3.654 3.212 3.077
LS40-1 6.108 5.369 5.143
LS40-2 5.344 4.698 4.500
LS40-3 3.695 3.248 3.111
LS40-4 5.806 5.104 4.889
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Establishing the Proposed Model for Concrete Sulfate
Ion Diffusion Coefficient Assessment

Because of the absence of a simple equation for calculating the
sulfate diffusion coefficient for blended cement concrete depending
directly on the main concrete composition, the values of the diffu-
sion coefficient in Table 6 were used to obtain the values of Deff by
regression analysis. The equation takes into account the chemical
composition of the binder: total calcite and silicate content ðCþ SÞ,
water–binder-ratio (w=b), age (t), and binder content (b). The
following model is proposed:

Deff ¼
�
w
b

�ð−0.537 ln tþ 6.2077ÞD1

b
× 10−9 ð14Þ

where D1 can be calculated as follows:

D1 ¼ 1.4137 − 0.1264ðCþ SÞ − 0.0062ðCþ SÞ2 ð15Þ

where Deff = effective sulfate ion diffusion coefficient in concrete
(m2=S); t = exposure age of specimen (days); b = cement content
(kg=m3); and ðCþ SÞ = total calcite and silicate percentage.
Eqs. (14) and (15) are valid for the studied parameter ranges.
The divergence between the results estimated using Eq. (14) and

the experimental values is presented in Fig. 10, which indicates
good fitting accuracy of the proposed model, with an R2 value
of 0.863. This model is a simple equation and avoids complex dif-
ferential equations, and one can determine the effect of different
parameters directly from this equation.

Comparison of Proposed Model and Other Models

The proposed equation (Table 7, Column H) provides a better
match with the test results (Table 7, Column A) than the previously
proposed formulae. For concrete at 12 months of exposure, the
mean ratio of test results to the results of the proposed equation
was 0.958, with a standard deviation (SD) of 0.122. The experi-
mental diffusion coefficient results in this study were less than
those obtained using equations proposed by Samson et al. (2005)
and Samson and Marchand (2007) (Table 7, Columns C and D).
The mean ratio of experimental test results to the predicted values
at 12 months of exposure were 2.696 and 1.194, with standard de-
viations of 0.874 and 0.41, respectively. The equation of Samson
et al. (2003) (Table 7, Column E) gave diffusion coefficient values
less than those presented in this study. The mean ratio of test results
to the results of predicted equation was 1.147, with a standard
deviation of 0.376. All the previous models were proposed to in-
troduce the pore-filling effect. Samson and Marchand assumed that

Fig. 9. Relationship between sulfate ions diffusion coefficient of concrete and different (a) fly ash and limestone powder replacement ratios;
(b) exposure ages; (c) binder contents; and (d) water–binder ratios.
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the pore-clogging (obstruction of capillary pores) does not neces-
sarily yield a zero diffusion coefficient; they suggested that the dif-
fusion process may occur through the gel pores (nanopores), even if
they are disconnected (Samson and Marchand 2007). These relation-
ships have good compatibility with the equation proposed in the
present research in moderate-strength concrete; concretes with low
and high strength have high divergence between the previous formu-
lae and the proposed equation. The results of Oh and Jang (2004), Tu
et al. (2013), and the STADIUM model (Bonakdar et al. 2012;
Galíndez and Molinero 2010) (Table 7, Columns B, F, and G, respec-
tively) had low compatibility with the results of the proposed equa-
tion. Moreover, the previous conclusion is confirmed for mixes with
a content of 450 kg=m3, which had a high difference between the
experimental and predicted diffusion coefficients.

Conclusions

From the results, the following conclusions can be drawn:
1. Cement blending with any level of blending of FA and LS can

decrease the initial compressive strength of concrete by 15.8%
and 31.6%, respectively, compared with that of the control mix.
Due to cement blending, concrete made with 20% and 40% FA
had better strength loss by 23.3% and 25.6% than the control mix.

2. The sulfate ion penetration resistance of concrete noticeably
improved with blended FA and LS cement binder. FA and
LS blended binders had 21% and 19% lower sulfate ion penetra-
tion than pure OPC mixtures, respectively.

3. The results of sulfate ions penetration in concrete showed that
binder blending helped to minimize the diffusion coefficient of

Fig. 10. Relationship between theoretical results and experimental values for sulfate ion diffusion coefficient in concrete.

Table 7. Sulfate ion diffusion coefficients calculated using different equations and experimental sulfate ions diffusion coefficients at 12 months

Mix ID

Sulfate ion diffusion coefficient at 12 months age (10−12 m2=s) Diffusion coefficient experiment/prediction

A B C D E F G H A=B A=C A=D A=E A=F A=G A=H

Control 4.00 573 1.17 2.81 2.93 — 45.8 3.94 0.007 3.42 1.42 1.37 — 0.09 1.02
FA20 2.47 573 1.17 2.81 2.93 — 45.8 2.96 0.004 2.11 0.88 0.84 — 0.05 0.84
FA40 1.95 573 1.17 2.81 2.93 — 45.8 2.16 0.003 1.66 0.69 0.66 — 0.04 0.90
FA40-1 3.22 343 1.17 2.8 2.77 0.53 45.8 3.60 0.009 2.75 1.15 1.16 6.07 0.07 0.89
FA40-2 2.19 573 1.25 2.51 2.52 0.8 57.6 2.75 0.004 1.75 0.87 0.87 2.74 0.04 0.80
FA40-3 1.51 343 1.17 2.8 2.47 0.49 45.8 1.68 0.004 1.29 0.54 0.61 3.09 0.03 0.90
FA40-4 2.38 673 1.25 2.51 3.21 0.6 16.5 2.65 0.004 1.90 0.95 0.74 — 0.14 0.90
LS20 3.46 573 1.17 2.81 2.93 — 45.8 4.02 0.006 2.96 1.23 1.18 — 0.08 0.86
LS40 3.08 573 1.17 2.81 2.93 — 45.8 3.31 0.005 2.63 1.10 1.05 — 0.07 0.93
LS40-1 5.14 343 1.17 2.8 2.77 0.53 45.8 5.50 0.015 4.40 1.84 1.86 9.70 0.11 0.93
LS40-2 4.50 573 1.25 2.51 2.52 0.8 57.6 4.20 0.008 3.60 1.79 1.79 5.63 0.08 1.07
LS40-3 3.11 343 1.17 2.8 2.47 0.49 45.8 2.58 0.009 2.66 1.11 1.26 6.35 0.07 1.21
LS40-4 4.89 673 1.25 2.51 3.21 0.6 16.5 4.05 0.007 3.91 1.95 1.52 8.15 0.30 1.21
Mean 0.007 2.696 1.194 1.147 5.960 0.090 0.958
SD 0.003 0.874 0.410 0.376 2.171 0.064 0.122
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concrete with FA and LS blended binders. This reduction of dif-
fusion coefficient was as much as 38% and 14% compared with
that of the control mix, respectively.

4. The diffusion coefficient value of magnesium sulfate ions in
concrete decrease by 33% and 39% as binder content increased
to 400 and 450 kg=m3, respectively. Due to the pore-filling ef-
fect, the concrete diffusion coefficient value decreased by 12%
and 15% as the exposure period increased to 8 and 12 months,
respectively.

5. The sulfate ion diffusion coefficient increased by 33% and 58%
as water–binder ratio increased to 0.45 and 0.55, respectively.

6. A simple equation is proposed to calculate the diffusion coef-
ficient of sulfate ions in concrete [Eq. (15)]. This model is a
function of binder content, water–binder ratio, replacement ra-
tio, and calcium-silicate content in the replacement materials.

7. The proposed model equation agreed well with other referenced
models in estimating of sulfate ion diffusion coefficient, with a
good mean value, about 0.958, and a low standard deviation,
0.122. It also had good correlation with Samson et al. (2003),
and Samson and Marchand (2007) models.

Data Availability Statement

All data, models, and code generated or used during the study
appear in the published article.
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