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Numerical Simulation of the lon Transport Behavior in Concrete under Coupled Axial
Loading and Sulfate Attack
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Abstract: During a sulfate attack on concrete, ions, which are transported to the interior of concrete through pores, react with the concrete components. The transport
characteristics are affected by various factors. A chemical-mechanical coupling method for accurately evaluating the transport behavior of sulfate ions in concrete under
stress conditions was proposed in this study to investigate the transport characteristics of these ions. The diffusion-reaction equations of sulfate ions were obtained based
on the diffusion-reaction approach in combination with the mechanism of volume expansion under a sulfate attack and the influence of load on the concrete voidage. The
constitutive response and crack density of the matrix were calculated according to the volumetric strain caused by external load and ettringite growth. Then, the diffusion
coefficient of the equation was dynamically corrected. T'his phenomenon was a strongly coupled moving boundary problem, and the equations were solved using numerical
method. A case study was conducted to analyze the distribution law of ionic concentration and volumetric strain obtained using the proposed method. Results demonstrate
that the crack damage due to volumetric strain plays a major role in the diffusion of sulfate ions. The load has minimal effect on the transport behavior under a low stress
level, and the water-cement ratio is negatively correlated with ion transport capacity. The proposed method serves as a reference for evaluating the durability of an

underground structure in a sulfate formation.
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1 INTRODUCTION

Sulfate formation is widely distributed in China [1].
Given the various forms of pores in concrete, sulfate ions
can easily enter the interior of concrete and react with its
components to form ettringite; this phenomenon causes
expansion and cracking in concrete and decreases the
strength and bearing capacity of a concrete structure [2].
Sulfate attack, which is regarded as complicated and
hazardous erosion, is one of the important factors
influencing the durability of underground concrete
structures. This process is an important part in the study of
the durability of concrete [3].

Sulfate attack on concrete is a complex physical-
chemical-mechanical process under the coupling of ion
diffusion, chemical reaction, and mechanical damage.
Various factors are involved in the sulfate attack on
concrete. The high coupling degree between these factors
poses a great challenge to the study of the durability of
concrete during a sulfate attack.

Numerous studies on sulfate attack on concrete have
been reported [4-8]. However, how to quantify the
influence of microstructural evolution on the diffusion
properties of microscopic ions should be further studied.
Hence, a quantitative investigation of the factors
influencing ion transport and accurate simulation of the
entire process of sulfate attack on concrete are interesting
and meaningful research endeavors.

On the basis of the above-mentioned analysis, this
study established partial differential equations for the
diffusion-reaction problem of sulfate ions under external
loads by using chemomechanical mathematical method.
The sulfate ion concentration and expansion strain
distribution in concrete were analyzed. The influence of
various factors on the transport behavior of ions was
explored to accurately simulate the micro-macro damage
process of concrete under sulfate attack. The results
provide a reference for evaluating the durability of
underground concrete structures in sulfate formation.

2 STATE OF THE ART

Scholars have carried out many studies on sulfate
attack. These studies mainly focus on the experimental
study of the sulfate ion transmission law, degradation of
macroscopic mechanical properties, and theoretical model
of sulfate attack based on mechanical and mathematical
methods. Guo et al. [9] tested the sulfate ion concentration
in the cement gangue filling material by chemical
analytical method and analyzed the degradation law via
scanning electron microscopy (SEM) and X-ray diffraction
(XRD). However, the transport law of sulfate ions under
the influence of various environmental factors was not
studied in detail. Niu et al. [10] conducted a test of sulfate
attack on shotcrete in a dry-wet alternate environment.
They observed the phase composition and microstructure
of shotcrete under sulfate attack via XRD, integrated
thermal analysis, and SEM. The result showed that steel
fiber concrete has better corrosion resistance than ordinary
concrete. Lu et al. [11] investigated the damage
characteristics of concrete under the action of sulfate attack
and dry-wet alternation. The result showed that decreasing
the water-cement ratio and adding a water-reducing agent
can enhance the erosion resistance of high-strength
concrete. However, they failed to analyze the diffusion
behavior of sulfate ions. Stawiski et al. [12] immersed
concrete specimens in sulfate solution in the laboratory for
5 years and tested their internal strength by using ultrasonic
method. The test results showed heterogeneity of strength
across the entire thickness of the tested elements. A drop in
the mechanical properties of concrete was observed only in
the close zone near the exposed surface. Although an
experimental study can intuitively reflect the corrosion law
of sulfate, sulfate attack on concrete is a complex coupling
process of ion diffusion, chemical reaction, and mechanical
damage. The evolution of material properties is influenced
by many factors. Consequently, accurate analysis of the
erosion process of concrete just by conducting indoor
accelerated tests is difficult. At present, theoretical study of
sulfate attack by using mathematical methods has become
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increasingly popular. These methods provide another
powerful tool for studying sulfate attack in concrete in
addition to experiments. Ikumi et al. [13-15] proposed a
simplified chemical-mechanical model to evaluate the
damage evolution of concrete structures exposed to sulfate
environment. The model considered not only penetration
acceleration caused by sulfate consumption and cracks but
also the reduction of diffusion coefficient that resulted
from pore filling to analyze the failure mode of concrete.
Zuo et al. [16-17] established the diffusion model of sulfate
ions in cement slurry according to Fick's second law and
chemical reaction kinetics. They quantitatively analyzed
the formation of gypsum and ettringite in the sulfate attack
on cement paste. However, the model took diffusion
coefficient as a constant and neglected the time-dependent
property of a diffusion coefficient. Multon et al. [18]
proposed a porous medium mechanical model to describe
the expansion behavior of concrete materials under sulfate
attack and evaluated the opening degree of local cracks
under erosion combined with damage mechanics. Islam et
al. [19] established a diffusion coefficient expression of
sulfate related to humidity and temperature and proposed a
comprehensive model considering the coupling effect of
temperature and humidity on sulfate attack. The model was
solved by finite element method to assess and predict the
expansion failure of unsaturated cement-stabilized
pavement. However, the coupling relationship between
material damage accumulation and ionic diffusion was not
considered in the model. Gouder et al. [20-21] established
a diffusion reaction model of sulfate in concrete on the
basis of the mixture theory framework. The model selected
Helmholtz free energy and interaction momentum to
simulate the diffusion of sulfate in concrete. However, the
model cannot be used to predict the concentration of sulfate
ion under the coupling of various environmental factors.
Yin et al. [22-23] established a diffusion-reaction model to
simulate the time-varying mechanical behavior of concrete
under the coupling of axial load and sulfate attack on the
basis of Fick's law and chemical reaction kinetics. The
distribution of concentration of sulfate ion, gypsum, and
ettringite was obtained. Li et al. [24-25] established the
nonstationary diffusion reaction equation of sulfate ion on
the basis of Fick's second law and calculated the damage
and bearing capacity of the pile section through the damage
evolution function. They also determined the relationship
between the damage degree of the pile foundation and the
bearing capacity of the pile. The above-mentioned studies
regarded diffusion coefficient as a static value and failed to
consider the time-dependent property. The proposed
models cannot reveal the coupling relationship among
different processes in sulfate attack. The existing
theoretical models do not consider the time-varying
process of surface sulfate ion concentration, thereby
deviating from the actual state. These models cannot yet
objectively reflect the actual erosion process.

These studies have mainly focused on the sulfate
attack test or static erosion process on the basis of the
diffusion-reaction equation. Few studies consider the entire
process of ion transport, chemical reaction, and damage
evolution, especially sulfate attack under the influence of
multiple environmental factors. A novel method
considering the time-varying effect of surface sulfate ion
concentration was developed to explore the transport

behavior of ions in concrete under coupled axial loading
and sulfate attack in this study. The effects of water-cement
ratio and stresses on the transport behavior of corrosive
ions were discussed. This study is expected to serve as a
reference for evaluating the durability of underground
structures in sulfate formation.

The remainder of this study is organized as follows.
Section 3 establishes a chemical-mechanical coupling
method for modeling of sulfate attack on concrete under
load. Section 4 discusses the distribution of ion
concentration, internal strain, and the influence of stress
and water-cement ratio on the transport behavior of sulfate
ions. Finally, Section 5 summarizes the conclusions.

3 METHODOLOGY
3.1 Mechanism of Sulfate Attack

Based on the mechanism of sulfate attack on concrete
[26], calcium hydroxide, C-S-H gel, and hydrated calcium
aluminates are generated in the hydration reaction of
cement. When the concrete is subjected to sulfate attack,
sulfate ions are transported to the concrete through the
concrete pore system and react with calcium hydroxide to
generate secondary gypsum. Secondary gypsum reacts
with calcium aluminate (hydrated calcium aluminates and
tricalcium aluminate) to form ettringite (expansive
corrosion product), thereby leading to expansion and
cracking of concrete. The main chemical reactions are as
follows:

Secondary gypsum:

CH + S02 - CSH, +20H "~ ()
where CH indicates calcium hydroxide. The secondary

gypsum will further react with the calcium aluminate in
concrete and generate ettringite:

Ettringite:

C,ASH,, +2CSH, +16H — C4AS,H 5, )
CyAH g +3CSH, +20H - C4AS,H s, (€)]
C,AH,, +3CSH, +14H — C,AS,H,, + CH 4)
CyA+3CSH, +26H —>C4AS H, 4)

where C3A4 indicates tricalcium aluminate and A indicates
H>0. C,ASH,, , CsAHs, and CsAH,3 are hydrated calcium

aluminates generated in the hydration reaction. Eq. (2) to
Eq. (5) may be briefly replaced by the following equation
for convenience of calculation:

CA+qCSH, - C4AS,H 5, (6)

where CA signifies an equivalent grouping of the reacting
calcium aluminates (C4A§H12 ,C34Hs, C4AH)3, and C34);
and ¢ is the equivalent reacting coefficient of gypsum
dissipation to produce ettringite [26].

3.2 Diffusion—-Reaction Equations
Sulfate attack on concrete is a complex process, which

can be summarized as follows. Sulfate ions are transported
to the interior of concrete through the pores and react with
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the components in concrete, thereby leading to expansion
and cracking of concrete. The transport rate of sulfate ions
in concrete is influenced by microcracks. The load will
cause tensile or compressive strain, which will not only
aggravate or inhibit the generation and expansion of
microcracks in concrete but also change the porosity of
concrete. Accordingly, the diffusion coefficient of sulfate
ions in concrete is significantly changed. A high degree of
coupling exists between the factors involved in this process
(Fig. 1). A chemomechanical mathematical method is
employed to establish diffusion-reaction partial differential
equations reflecting the coupling process.

When the concrete is subjected to sulfate attack, the
1D diffusion-reaction equation can be expressed as
follows:

ou

U
so}” @ soi” | aU,
=D - —=L
ot ax{ (e )=, o1 (7)

Usoﬁ’ (x, 0)=U,,. Usof; (0, 1)=U,(t), xe(0,1)

where U is the concentration of sulfate ions in

503~
concrete, Up is the concentration of sulfate ions consumed
in the chemical reaction, D(x, ?) is the diffusion coefficient,
Up is the initial concentration of sulfate ions (initial
condition), / is the section width, x is the section location, ¢
is the corrosion time, and Uy(?) is the surface sulfate ion
concentration (boundary condition).

___________________

Change in
pOrosi

.
=] -
2 E
A ]
v

Figure 1 Coupling effects of sulfate attack on concrete

In the existing study of sulfate ion diffusion, the
surface sulfate ion concentration of concrete has always
been assumed as a constant value. However, experimental
results show that the concentration of sulfate ions on a
concrete surface is not a constant value in actual sulfate
solution, but a variable over time, increases with the
extension of soak time, and finally becomes stable. The
study of the time-varying model of surface sulfate ion
concentration on concrete is scarce. Nevertheless, the main
conclusions can be drawn from the chloride diffusion test.
Zhao et al. [27] proposed an exponential model of time-
varying law of surface chloride ion concentration. The
model has clear physical meaning and is consistent with
practical experience, which can be applied to the study of

the diffusion law of sulfate ions. The exponential model of
surface sulfate ion concentration is proposed as follows:

U, (1)=Ug+U y (1-¢7) 3

where U is the initial concentration of sulfate ions in
concrete; Umax 1S the surface ion concentration after
stabilization; a is the dimensionless fitting parameter; Upax
and a can be influenced by environmental factors, such as
solution concentration, temperature, and dry and wet
conditions; and Unax is the linear function of the water-
cement ratio:

Upax = b1 (w/ ) +b, ©))

where b, and b, are fitting parameters.
Eq. (9) is substituted into Eq. (8) to obtain the
following equation:

U, (1)=Uq+[by (w/e)+by](1-e7) (10)

The existing experimental data are fitted by Eq. (10)
[28], thereby showing that the model can be used to
simulate the time-varying law of surface sulfate ion
concentration.

During the diffusion process, sulfate ions react with
calcium hydroxide to form secondary gypsum. The
concentration of sulfate ions consumed in the reaction is
related to that of calcium ions in the pore solution. The
consumption of sulfate ions can be expressed as follows:

oUup
ot _k‘Usongca“ (11)
Up(x,0)=0

where k; is the chemical reaction rate constant of Eq. (1),
and UC 2+ is the concentration of calcium ions in the pore

solution. The concentrations of calcium ions (i.e., 25 and
10 mol/m® at 273 and 373 K, respectively) are
approximately a linear function of temperature [16].

The secondary gypsum reacts with C4 in concrete, and
ettringite is formed. The reaction rate equation is as
follows:

oU ¢4 7_k2UDSOf’UCA (12)
ot q

Uca (x, 0): Ucao

where Ucy 1s the concentration of CA in concrete, Ucyo 1S
the initial concentration of CA in concrete, and 4 is the
reaction rate constant of Eq. (6).

Ettringite is formed in the reaction of CA and
secondary gypsum, and the consumption of C4 is:

Urca =Ucuo —Ucy (13)

In combination with Eq. (7), Eq. (11), and Eq. (12), the
diffusion-reaction equations for the sulfate erosion
problem can be obtained. These equations are strongly
coupled nonlinear partial differential equations.
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3.3 Time-Varying Model of Diffusion Coefficient

The diffusion coefficient D(x, f) in the equation set
proposed in Section 3.2 is not a constant, but a binary
function about time and location. The mechanism of the
time-varying property of diffusion coefficient can be
summarized as follows. The growth of ettringite leads to
volume expansion of concrete with the extension of attack
time. If the tensile stress caused by volume expansion
exceeds the tensile strength of concrete, then microcracks
and macrocracks will be formed, thereby changing the
transport characteristics (diffusion coefficient) of sulfate
ions in concrete. The overall diffusion behavior of sulfate
ions in concrete is determined by cracks. The number of
microcracks in the attacked layer continuously increases,
the leading edge of cracks moves forward, and the
diffusion capacity will evolve from the surface to the
interior with the extension of attack time.

The load can significantly influence the diffusion
properties of ions. At low load levels (the strain caused by
load does not exceed the critical strain of the concrete), the
influence of external load on the diffusion behavior of
sulfate ions can be equivalent to that of the change of
porosity caused by the load. Under high load levels (the
strain exceeds the critical strain), high strain will cause a
large number of macro and microcracks inside the
concrete, thereby significantly influencing the diffusion
coefficient.

3.3.1Influence of Load on the Diffusion Coefficient
The load can change the porosity of concrete, thereby

leading to the change of diffusion coefficient (Fig. 2). The
porosity under load is [29]:

3

@ 4G, +3K,, )@

o=—"1|1- (4G, n) (14)
l1-¢,| 4G, +3K,®,

where @, is the initial porosity; &,, is the volumetric

strain caused by external loads; K,, is the bulk modulus of

E

3-(1-24)

and G, is the shear modulus of concrete, @=3/1—¢,, .

concrete, ¥ = ; 1 1s Poisson's ratio of concrete;
m

The linear strain is transformed into volumetric strain
according to elastic mechanics:

Axial loading

ZA v YA
A 7

~" Sulfate solution [soi]=us(r)

[ I
g [5-(15-],1,-‘(,)
/fiiiz x . £ . 3 Py - x‘

[sor]=uv()
Figure 2 Model of sulfate attack under axial load [22]

>

‘. Seetion LI | o120, ()

ee=(-2p)e, (15)

where & is the linear strain caused by load, which can be
calculated according to the axial load.

Initial porosity @, can be calculated according to the
Hansen model:

:fw, [(w/c)—0.36a:| (16)

@
0 (w/c)+0.32

where f;. is the volume fraction of cement in concrete; w/c
is the water-cement ratio of concrete; and « is the hydration
degree, a=l-exp [—3. 15(w/ c)]
concrete under stress can be obtained by substituting Eq.
(15) and Eq. (16) into Eq. (14).

When 0<@®<0.60 , the diffusion coefficient of

sulfate ions in concrete, which has not been attacked, can
be calculated according to the following formula [26]:

The porosity of

D, =D* [0A001+0.07<1>2 +H(® -0.18)-
’ (17)

1.8:( - 0.18)" |

where D is the diffusion coefficient of attack ions in the
free solution, and the diffusion coefficient of sulfate ions
in water is 1.07 x 10 m?%/s. H is the Heaviside function,

namely: H(x):{(l) xz(())
X s

3.3.2 Expansion Strain

The ettringite first fills the pores of the concrete [30].
After reaching the maximum filling amount, the ettringite
that continuously develops will squeeze the concrete
capillary wall and produce circumferential dilatant stress
around the pores, thereby leading to radial microcracks
around the pores (Fig. 3). Consequently, the diffusion
process of sulfate ions in concrete will be accelerated. The
expansion strain is calculated according to the
consumption of sulfate ions.

Cementitious
material
T

I".
—_— - \‘4/ - —
sor ' e SO

—— R

Deposited solid *

product
X
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— !
—_—]
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Figure 3 Strain and microcrack evolution mechanism

The reactions of the compounds in the aluminum phase
can change the volume of concrete. The volume change of
concrete per unit volume can be expressed as follows:
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AV C
A; = [71 mwﬁ (18)

A . o
where (—V] is the volume change rate of ettringite

formed by calcium aluminates in cement; my; is the molar
volume, where i = 1, 2, 3, 4, which corresponds to

C,ASH,,, C;AH,, C4AH,5, and C;4 ; and g’c is the
ratio of the initial content of the aluminum phase to the
total amount.

The volume change rates (Tab. 1) of C; A4S, H, formed
by C,4SH,, , GAHy , C4AH;; , and C;A can be
calculated according to the density and molar volume of
each reactant in Eq. (2) to Eq. (5) [30].

Table 1 Volume change in reactions involved in sulfate attack

i Reaction Volume change / AV/V
1 Eq. (2) 0,55
2 Eq. (3) 0,92
3 Eq. (4) 0,48
4 Eq. (5) 1,31

Considering the ettringite consumed by filling
concrete pores, the average volumetric expansion strain
caused by ettringite growth is as follows:

4
& = max[URCAZAI- —ch,OJ (19)

i=1

where f'is the volume fraction of the initial porosity being
filled with ettringite, which is 0.3 - 0.4; @ is the porosity,
which is calculated according to Eq. (14); and Ugcy is the
molar concentration of CA4 involved in sulfate attack on
concrete, which is calculated through Eq. (13).

Considering the volume change under axial load, the
equivalent strain of concrete can be obtained according to
elasticity theory:

£,=E, +&, (20)

The following expression can be derived by
substituting Eq. (15) into Eq. (20):

F%[sm +(1-2u)¢g, | 1)

where ¢ is the equivalent linear strain under the coupling of
axial force and corrosion expansion.

3.3.3 Influence of Crack on the Diffusion Coefficient

Crack density function is introduced to quantitatively
characterize the evolution characteristics of concrete
microcracks [26]:

0 < gy,

d,= (22)
“ Z[l—gi’]’“ &> ¢y,

&

where d.- is the crack density, and y and x are the

material parameters related to the strength grade of
concrete.

Macrocrack starts

Stress dcr
Microcrack 4
formation zone

\\ B d
___________________ — '3
f/ A | \ cr—u
>/ O\
A/ Y

/ i

O i . Ny dc‘r—()
&y €, Strain &,
Figure 4 Tensile stress-strain constitutive model and damage evolution curve of
concrete

The tensile constitutive model and damage evolution
curve of concrete are shown in Fig. 4. ¢ is the expansion
stress of concrete; f; is the tensile strength; d,_, is the

.
crack density corresponding to ¢, (critical strain:
is the crack

=0,182;

microcracks are formed); d,_,=0; d

cr—p

density corresponding to ¢, (peak strain); d,_,

d,_, is the crack density corresponding to &, (ultimate

tensile strain); and d,._,, =0,712 [26].
The diffusion coefficient can be expressed as follows:

32
D 0 (H—E dcrj dcr%) < dur < dcrf P
2
d, —d,
D=.D 0 1+£ dcr +M dcrf < dcr < dcrfu (23)
9 dcr—u _dcr ’
D" dcr—u < dcr

The diffusion coefficient of sulfate ions under load-
corrosion coupling can be obtained according to Eq. (21)
to Eq. (23). Variable d,, is a function of time # and location
X . Hence, diffusion coefficient D is also a function of ¢
and x, which is written as D(x, ¢).

4 RESULT ANALYSIS AND DISCUSSION

The transport behavior of sulfate ions in concrete
under load is analyzed according to the method proposed
in Section 3.2. The diffusion-reaction partial differential
equations are obtained by combining Eq. (7), Eq. (11), and
(12). The diffusion coefficient D(x, ) is calculated by the
method proposed in Section 3.3. This expression is a
strongly coupled nonlinear equation set, and the Boundary
condition is a function of independent variable 7. We
cannot obtain the analytical solution of the equation set.
This study uses ComsolMultiphysics to solve the equation
set through numerical analysis.
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Table 2 Main parameters used in the model
Parameters Symbol Unit Value Source
Initial concentration of sulfate ion in concrete Uy mol/m? 0 Known
Concentration of sulfate ion on the concrete surface after stabilization Upnax mol/m? 75 Known
Side length of the specimen L m 0,1 Known
Dimensionless fitting parameter a 0,007 [27]
Dimensionless fitting parameter by 50,2 [28]
Dimensionless fitting parameter b, 42,0 [28]
Concentration of calcium ions in solution v 2t mol/m? 21,5 [16]
Initial concentration of CA Ucao mol/m? 450 Known
Equivalent reacting coefficient q 2,46 [26]
Material parameter X 1,77 [30]
Material parameter K 5,61 [30]
Chemical reaction rate constant of Eq. (11) ky 5! 1,22 x10°% [16]
Chemical reaction rate constant of Eq. (12) ky ! 1,22 x107° [16]
Water-cement ratio wlc 0,58 Known
4.1 Calculation Parameters 80
704 RIS DS SR
The cubic concrete specimen with a side length of 0.1 e e :
m was subjected to 1D erosion numerical simulation. The 2 ol /_-__/ ____________________________
specimen was immersed in sulfate solution, and one g 7
surface was eroded. The other surfaces were closed fm i gl
boundaries (Fig. 5). The parameters are listed in Tab. 2. R 5 i
2[)_..','..‘
Closed boundary 104 ,'
U, (1) 0 90 180 270 360 450 540 630 720
i

-—

Figure 5 1D erosion

4.2 Calculation Results

After solving the partial differential system, the
distribution law of sulfate ion concentration, CA
concentration, and expansion strains are obtained (Fig. 6 to
Fig. 12). Fig. 6 describes the change of surface sulfate ion
concentration with diffusion time. The surface sulfate ion
concentration increases over time. In the first 180 days, the
ion concentration on the concrete surface sharply
increases, and the increase rate decreases in the later
period. The concentration tends to be stable after 400 days.

Fig. 7 shows the distribution of sulfate ion
concentration at different points inside the concrete. The
sulfate ion concentration is positively correlated with the
diffusion time and negatively correlated with erosion
depth. The concentration is low when the surface ion is far
from the surface. The erosion rate decreases over time. The
erosion depth is 18 mm in the first 90 days. On the 600th
day, the erosion depth is only 30 mm.

This figure demonstrates that the sulfate ion
concentration at a certain depth near the surface no longer
decrease with the increase in depth and extension of
corrosion time, but it is consistent with the surface ion
concentration, thereby reaching a stable value.
Microcracks form in the corrosion layer with the increase
in erosion time, and the damage evolves from the outside
to the inside. The leading edge of the corrosion layer moves
forward, and the effect of boundary movement occurs.

Concrete has been completely corroded and failed in this
area.

1796
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Figure 6 Changes of surface sulfate ion concentration over time
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Figure 7 Changes of sulfate ion concentration with time and position

Fig. 8 presents the comparisons of the proposed model
with the sulfate ion concentration from Zuo et al. It may be
seen from Fig. 8 that the surface sulfate ion concentration
calculated according to the Zuo's model is a constant value,
which deviates from the actual situation. The model
proposed in this study shows the time-varying effect of
surface sulfate ion concentration, the transmission of
sulfate ion can therefore be better evaluated.

e 30 d (Zuo ct al.2012)
=EE1207d (Ao et al 2012)
ok 360 d (Zuo ct'al.2012)

== T720rd (Zuo et al 2012)

- 30 d (Present worle)
= = =120-d (Present wori)
=--= 360 d (Prcsent work)
720.d (Present work)

Sulfate ion concentration(mol/m’)
Szt : 3

0 e T T T 1
0. o0 0.02 0. 04 0. 06 0. 08 0.10

Depth(m)

Figure 8 Comparisons of the proposed model with the sulfate ion concentration
from Zuo et al.
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Fig. 9 shows the change of sulfate ion concentration in
concrete with position and diffusion time. At the initial
diffusion stage, sulfate ion had not yet participated in the
chemical reaction, and the concentration of consumed
sulfate ion was zero. However, the sulfate ions reacted with
calcium hydroxide in concrete as they diffused, and
secondary gypsum was produced. The chemical reaction
rate was small due to the low concentration of sulfate ion
in the initial stage. The chemical reaction rate gradually
increased in the later period with the increase in the ion
concentration. On the 720th day, the concentration of

sulfate ion consumed on the specimen surface was 910
mol/m?.

U plmol ')

Sz
o

Figure 11 Change of consumed CA concentration with time and position

Fig. 10 shows the change of CA concentration in
concrete. Fig. 11 shows the change of consumed CA
concentration, which is calculated according to Eq. (13).
The distribution law of consumed C4 is similar to that of
the sulfate ion (Fig. 7). The CA concentration is negatively
correlated with corrosion depth. On the 480th day, the CA

concentration near the surface is zero, thereby indicating

that CA4 at this position has all been consumed in the
reaction.

w1

3
olume s A0

TapRsNe N

]

Figure 12 Distribution of expansion strain in the specimen
Fig. 12 presents the distribution of expansion
volumetric strain of the concrete caused by ettringite

growth. The change of expansion volumetric strain in the
specimen is similar to that of consumed CA concentration
(Fig. 11). However, the ettringite crystal should be used to
fill the pores from the beginning of diffusion until the 260th
day. Therefore, the expansion volumetric strain at each
position in concrete is equal to zero. After the 260th day,
volume expansion occurs on the concrete surface, and the
expansion volumetric strain increases with the extension of
diffusion time. On the 720th day, the expansion volumetric
strain on the concrete surface (x = 0.00 m) is 0.008, thereby
far exceeding the limit expansion strain of the concrete
material. At this time, the specimen has just begun to
expand at x = 0.014 m, and the concrete within 0.014 m
from the surface has been completely destroyed.

4.3 Parametric Analysis

Different loads and water-cement ratios are considered
in the model, and the influence of various parameters on
the transport behavior of sulfate ions is analyzed. The
calculation results are shown in Fig. 13 and Fig. 14.

Fig. 13 presents the transport laws of sulfate ions under

different loads (270 and 630 days), where o is the stress
level, w = o/f,, and £, is the ultimate strength. The overall
distribution law of sulfate ions under load is consistent with
that under the unstress state. However, load has different
effects on the ion concentration distribution at varying time
points. On the 270th day (Fig. 13a), almost no difference is
observed in the concentration of ions under different stress
levels because the concrete has not yet cracked. The
influence of external load on the diffusion behavior of ions
is mainly reflected by the influence of porosity change on
the diffusion coefficient. Porosity slightly changes under
load. Therefore, load has minimal influence on the ion
concentration distribution.

However, the concentration curves show an obvious
difference on the 630th day (Fig. 13b). The ion content is
low when the stress level is high. This phenomenon occurs
because cracks have formed, and they play a major role in
ion diffusion. The compressive stress suppresses the
expansion strain, thereby closing several microcracks and
minimizing the internal damage of concrete caused by
expansion. By contrast, tensile stress intensifies the
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internal cracking of concrete. Nevertheless, load has a
slight effect on ion transmission.
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Figure. 14 Influence of water-cement ratio on the ion concentration

Fig. 14 shows the transport law of sulfate ions in
concrete with different water-cement ratios (630 days).
The porosity and surface sulfate ion concentration of
concrete with diverse water-cement ratios show obvious
difference in the time-varying law, thereby significantly
influencing the transport characteristics of erosion ions in
concrete. The distribution rules of ion concentration are
similar under different water-cement ratios. Ion
concentration is negatively correlated with water-cement
ratio. When w/c = 0.56 and 0.28, the ion concentrations on
the surface of the specimen are 70 and 56 mol/m?,
respectively, with a difference of 20%. This finding
indicates that water-cement ratio has a significant influence
on the transport characteristics of ion.

5 CONCLUSION

A novel method based on the diffusion—reaction
approach was developed to simulate the transport behavior
of ions under coupled axial loading and sulfate attack. This
work was carried out to explore the transport

characteristics of sulfate ion in concrete under axial load.
A case study was conducted to analyze the distribution law
of ionic concentration and volumetric strain obtained using
the proposed methods. The following conclusions could be
drawn:
(1) Crack plays a major role in the diffusion of sulfate ion.
The leading edge of the cracks continuously moves
forward with the increase of corrosion time and the number
of cracks in the eroded layer, thereby resulting in boundary
movement. The diffusion capacity evolves from the outside
to the inside of the concrete.
(2) The overall distribution of acid ions under load is
similar to that in the unstress state. The concentration of
ion diffusion is negatively related to stress. Nevertheless,
load has a slight effect on ion transmission.
(3) Water-cement ratio can significantly influence the
transport characteristics of ion, and the ion diffusion
capacity is negatively correlated with water-cement ratio.
The time-varying effects of diffusion coefficients due
to the coupling of axial load and corrosion expansion are
considered in the proposed method to accurately evaluate
the transport behavior of sulfate ions in concrete. However,
these transport behaviors of sulfate ions in concrete are
influenced by many factors. The proposed method is
limited to considering the effect of axial load and water-
cement ratio. Other influencing factors should be
considered in future studies.
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