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Abstract: Large-scale water infrastructure such as immersed tunnels remain in a seawater environ-
ment for a long time, and gradually deteriorate under the action of high water head, soil pressure
and corrosive ions in seawater solution. In order to simulate the corrosion damage and deterioration
of concrete in seawater environment, 10% Na2SO4 solution was used to conduct indoor corrosion
tests on concrete samples under different water heads and for different durations. The corrosion
damage and micro-mechanical properties of concrete under the coupled action of high water head
and sulfate are studied by micro-indentation tests. The effect of sulfate ion corrosion and complex
mechanical loading was studied. The effect of micro-mechanical properties of concrete is studied on
time and space. Numerical simulation and test results show that the results of micro-indentation
are in good agreement with the fitting curves. The chemical damage rate and the corrosion depth
increase with the increase of water head; the numerical simulation analysis shows that the sulfate
concentration is high in the area where the mechanical damage variable is large, which indicates that
the two kinds of corrosion occur in concrete and interact with each other.

Keywords: micro-indentation; high water head; sulfate attack; micromechanics

1. Introduction

Large-scale water infrastructure is a key project for national economic development
and public security. With the rapid development of social economy, there are more and
more large water infrastructure construction projects, and various engineering problems
associated with them become increasingly prominent. As an important type of large water
infrastructure, the operational environment of immersed tunnels is quite different from that
of common tunnels. The concrete of immersed tunnels is continuously exposed to sea water.
Under the joint action of high water head, large soil pressure and corrosive ions (SO2−

4 , Cl−,
HCO−3 , H+) in seawater, the performance of immersed tunnels gradually deteriorates. The
complex environment of hydro-mechanical-chemistry (HMC) coupling corrosion seriously
threatens the durability of immersed concrete structures. Therefore, it is of great significance
to study the coupling mechanism of sulfate ion and mechanical load for evaluating the
long-term stability of immersed concrete structures in complex environments.

Many HMC coupling studies have been carried out. Idiart et al. [1] proposed a
hydrochemical mechanical (HCM) model to study the effect of reactive transport on
the long-term evolution of swelling pressure of bentonite under confined and partially
saturated conditions. Yue et al. [2] solved the chloride ion transport in the coupled and
diffusion regions by using the variable separation method and variable substitution method.
Tan [3] established the chloride ion transmission equation of concrete under multi-salt
and multi-field coupling effects. Liu [4] systematically studied the deterioration law of
concrete materials using the method of design simulation test and theoretical analysis.
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Liu [5] systematically studied the basic physical, mechanical properties and microfracture
mechanism and damage evolution law of sulfate corroded concrete under high strain
rate through split Hopkinson pressure bar (SHPB) test system. Zhao [6] proposed a
chemical mechanical coupling model to predict the effect of seepage corrosion on the aging
deformation of concrete dams. Li [7] analyzed the plastic damage evolution of soil based
on Coulomb stress–strain coupling theory. Khanzaei [8] analyzed the interaction between
seepage field and stress field of an RCC dam based on coupled and uncoupled models.

Many scholars use the traditional indoor mechanical tests to study the overall macro-
mechanical properties of the cement. The mechanical properties of the specimens at
different erosion depths are different, especially the mechanical properties of the spec-
imen surface and the shallower erosion depth. The damage and elastic evolution of
the microstructure of cement-based materials are reflected in the microscopic tests. Gu
et al. [9] obtained the basic information of deformation and fracture behavior of brittle
materials during precision and ultra-precision grinding by micro-indentation test. Karine
et al. [10] obtained the elastic modulus damage and hardness value of cement clinker
by nano-indentation test. Constantinides et al. [11] introduced some nano indentation
tools for cement materials. Ramachandra et al. [12] studied the characterization and
micro-mechanical properties of ultra-high strength concrete by micro-indentation test.

In this paper, we use micro-indentation technology to test the elastic modulus of
concrete in multiple layers and points under the coupled corrosion of sulfate and high
water head. The mechanical damage variable caused by crack propagation is deduced in
the finite element model by using the meso-mechanics theory. The deterioration model of
concrete under complex stress state and HMC coupling corrosion is established, and the
corrosion damage depth under different compressive stress states is compared to explore
the damage. This paper provides scientific basis for understanding the deterioration law of
underground concrete structure under complex marine corrosion environment.

2. Materials and Methods
2.1. Preparation of Test Materials

An immersed tube tunnel is a mass concrete structure which is more than 30 m
under water and bears high water pressure. It has strict requirements on the chloride
ion permeability, water pressure permeability and crack resistance of its concrete. The
concrete used in the test is C50, made of gravel, sand, cement and water, and its strength
grade is not less than 42.5 MPa. The cement quality meets the standard “general Port-
land cement” (GB 175-2007) types I and II low alkali Portland cement [13], and the fly
ash meets class F class I and quasi grade I fly ash specified in “fly ash for cement and
concrete” (GB/T 1596-2005) [14]. The specific surface area of slag powder is controlled at
400–500 m2/kg, which meets the requirements of S95 slag powder in standard “ground
blast furnace slag powder for cement and concrete” (GB/T 18046-2008) [15]. Fine aggregate
was clean natural medium coarse river sand with reasonable gradation, uniform and firm
texture, low water absorption and small porosity. In order to ensure that the concrete
was filled and to obtain good durability, the continuous graded crushed stone with the
maximum particle size no more than 10 mm was selected for the test. The other indexes
conformed to the standard “pebbles and gravel for construction” (GB/T 14685-2011) [16].
The optimized concrete parameters are shown in Table 1. The specific size of the speci-
men is 185 mm in down-diameter, 175 mm in up-diameter and 150 mm in height. After
hardening and molding, the specimens were placed in the standard curing room, and the
curing age was 28 days. Before the test, the sides of the samples were sealed with wax
according to the standard for test methods of long-term performance and durability of
ordinary concrete (GB/T 50082-2009) [17].
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Table 1. Concrete parameters of test samples.

Concrete Parameters Value Mass Fraction (%)

Strength grade C50
Gel material 420 kg/m3

Water–binder ratio 0.35
Cement 189 kg/m3 15.7%
Fly ash 105 kg/m3 8.7%

Slag powder 126 kg/m3 10.5%
Sand 775 kg/m3 64.6%

Water-reducing agent 4.2 kg/m3 0.5%
Density 2395 kg/m3

The high water head–sulfate attack concrete tests were conducted after the specimens
were taken from the curing room. The concrete sulfate attacked instrument used was the
digital concrete impermeability instrument from Institute of Architectural Design (Beijing,
China). The corrosion duration in the experiments was 0, 5, 10, 60 and 180 days. The
corrosion solution was 10% Na2SO4, and the water head was 0, 0.7 and 1.4 MPa respectively.
The results are the average values of the test results of two test blocks. In Table 2 p represents
water pressure, units MPa; t represents curing time, units days. The concrete penetration
instrument for the test meets the requirements of GB/T 50082-2009 [17]. The test instrument
is shown in Figures 1 and 2. Take the label 1.4–60 d on the upper surface of the specimen in
the Figure 1 as an example, 1.4 represents the applied water pressure (MPa), and 60 d is the
number of days the concrete has been corroded (d). After the samples reach the specified
time and water pressure, a part of the samples was cored, cut and ground to prepare a cube
sample with the size of 50 × 50 × 30 mm for micro-indentation tests. The other samples
were cored and cut into cylinder samples with ϕ 25 × 30 mm.

Table 2. Quantity of corrosion test sample.

Corrosion Time t/d

Water Head p/MPa
0 0.7 1.4

0 1 0 0
5 2 2 2
10 2 2 2
60 2 2 2

180 2 2 2
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2.2. Principle and Test Method of Micro-Indentation

The prepared cube samples were dehydrated by ethanol. Then, the samples were
ground and polished on an automatic polishing machine. The samples were ground with
silicon carbide paper (P80 grain) with 100% ethanol as lubricant. The corrosion tests were
conducted once for each grinding depth of 1 mm. The samples were polished with metadi
single crystal diamond suspension (the particle size is 9 µm, 3 µm and 1 µm in order) and
then polished by alumina slurry (0.05 µm particle size). In each polishing step, the material
equivalent to three times of the previous abrasive particle size was removed. The samples
were stored in a dryer for micro-indentation tests as shown in Figure 3. In order to ensure
that the indentation test results were not affected by the surface roughness, the roughness of
the samples was tested by a three-dimensional non-contact surface topography instrument
of NANOVEA company (Irvine, CA, USA) after polishing. We referred to the international
standard “metallic materials—Instrumental indentation test for hardness and material
parameters” (ISO 14577-1-2015) [18]. The samples were polished until the roughness
inspection was qualified. Ultrasonic cleaning was used.
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The 3D non-contact surface topography instrument of NANOVEA is shown in
Figure 4. A diamond pyramid Vickers indenter was used to obtain the load displace-
ment data by controlling the maximum load and loading speed. The experimental load
range is 1–200.00 N, the loading accuracy is 0.01 N, the loading rate is 5–100 N/min, and
the displacement measurement range is 0.5–400 µm. The load and displacement of the
instrument have a self-calibration module, and the system contact error is less than 1 µm.
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The concrete samples after corrosion have a three-phase structure composed of hy-
dration products produced by calcium hydroxide, fine aggregate and coarse aggregate.
The analysis of corrosion damage and deterioration performance of samples was mainly
aimed at hydration products. The indentation points were selected artificially by optical
microscope, so that all indentation tests were carried out on hydration products. According
to industrial experiences and international standard ISO 14577-1-2015 [18], the maximum
test force of the indentation tests was determined to be 15 N. The load control mode was
adopted in the test. When the indenter contacts the surface of the sample, the pressure is
linearly loaded to 15 N at 30 N/min, and the pressure is linearly unloaded at 30 N/min
after 10 s of dead load. Based on the above test principles, the micro-indentation tests were
carried out in the range of 0–3 mm corrosion depth (two samples were selected for each
test, each sample was subjected to 100 micro-indentation tests, so that 200 data points were
tested in each group). The test temperature was maintained at 24 ± 2 ◦C.

The principle of micro-indentation is to press a small indenter into the material
to obtain the load–displacement curve. Figures 5 and 6 show the typical indentation
cross-section diagram and the typical loading and unloading load–displacement curve,
respectively, where the horizontal axis h is the indenter penetration depth, the vertical axis
is the load F, hmax is the maximum indentation depth in the test, hp is the depth of residual
indentation after unloading, hr is the intersection point of tangent line and horizontal axis
at the maximum load of unloading curve, and Fmax is the maximum test load. Based on the
principle of Oliver-Pharry [19], the elastic modulus E can be calculated by Equations (1)–(4)

Er =

√
π

2β

S√
A(hc)

(1)

S =

(
dF
dh

)
h=hmax

(2)
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hc = hmax − ε
Fm

S
(3)

1
Er

=
1− ν2

E
+

1− ν2
i

Ei
(4)

where Er is the indentation modulus, Ei is the elastic modulus of the indenter, and νi is
the Poisson’s ratio of the indenter. For a diamond indenter, Ei = 1141 GPa, νi = 0.07. For
each phase 0.2–0.3 of cement-based material hardening paste, this paper takes 0.25. S is
the contact stiffness, hc is the contact depth between the indenter and the specimen, and
A(hc) is the projected contact area between the indenter and the specimen, which is related
to the contact depth of hc. β is the constant related to the geometry of the indenter, ε is
the constant related to the shape of the indenter, and for the Vickers indenter, β = 1.012,
ε = 0.75.
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3. Establishment of Numerical Method
3.1. Elastoplastic Damage Model

In order to describe the mechanical properties of concrete, an elastic-plastic mechanical
model is used in this paper. The creep mechanism caused by chemical damage is very
complicated, and the plastic strain caused by chemical damage plays a dominant role in
the deformation of concrete. Therefore, creep is not considered in this paper.
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The elastic constitutive model of concrete is: σ = C(dm, dc) : (ε− εp).
Where C(dm, dc) is the stiffness tensor of concrete. dm is the mechanical damage

variable, dc is the chemical damage variable and εp is the plastic strain.
It is assumed that concrete is an isotropic material, and the elastic stiffness tensor of

concrete can be expressed as [20]

Cijkl(dm, dc) = λ(dm, dc)δijδkl + µ(dm, dc)(δikδjl + δilδjk) (5)

λ(dm, dc) =
E(dm, dc)ν(dm, dc)

(1 + ν(dm, dc))(1− 2ν(dm, dc))
(6)

µ(dm, dc) =
E(dm, dc)

2(1 + ν(dm, dc))
(7)

where λ(dm, dc) and µ(dm, dc) are the Lamé constants, E(dm, dc) and ν(dm, dc) are elastic
modulus and Poisson’s ratio,δij is the Kronecker delta function.

The mechanical damage (dc) and mechanical damage (dm) are considered in the
constitutive model, a modified Drucker–Prager elastoplastic damage model is used. The
yield function of concrete is as follows [21,22]:

f = β(dc)I1 +
√

3J2 − η(dc)·αp(γp, dm) (8)

I1 = σkk , J2 =
1
2

sijsij, sij = σij −
σkk
3

δij (9)

where, I1 is the first stress invariant, J2 is the second deviatoric stress invariant, respectively;
sij is the deviatoric stress; αp(γp, dm) is the plastic hardening function; σkk = σ11 + σ22 + σ33,
σkk is the sum of the diagonal elements of the effective stress tensor; β and η are two
material parameters, respectively:

β =
Rc(dc)− Rt(dc)

Rc(dc) + Rt(dc)
, η = 2

Rt(dc)

Rc(dc) + Rt(dc)
Rc(dc) (10)

The two material parameters of Rt and Rc are obtained by uniaxial tension and uniaxial
compression tests. The specific calculation method is shown in Equations (17) and (18).

In Equation (8), αp(γp, dm) is a function of the mechanical damage variable (dm) and
the internal plastic hardening variable (γp). The compression curve of concrete is linear
rise, nonlinear rise and strain softening [23]. αp(γp, dm) is the increasing function of (γp)
and the decreasing function of (dm). The plastic hardening function is [24]

αp(γp, dm) = (1− dm)

[
α

p
min + (α

p
max − α

p
min)

γp

bp + γp

]
(11)

where α
p
max and α

p
min represent the maximum and minimum values of plastic hardening,

respectively. bp is the evolution rate of the plastic hardening function. In this paper, the
associated flow rule is adopted and the equivalent plastic strain is taken as the internal
variable of plastic hardening

dγp =

√
2
3

dε
p
ijdε

p
ij, dε

p
ij = dλ

∂ f
∂σij

(12)

where dε
p
ij is the plastic strain increment. Referring to the research of Hu et al. [22], the

generation and development of microcracks are related to the macroscopic plastic strain of
concrete. Relationship between mechanical damage variable and equivalent plastic strain:

dm = dmc[1− exp(−bdγp)] (13)

where dmc is the maximum value of mechanical damage variable, parameter bd is the
evolution rate of mechanical damage, and the internal variable of plastic hardening γp is
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determined by Equation (8). The relationship between elastic stiffness tensor C(dm, dc) and
mechanical damage variable dm is expressed as follows:

C(dm, dc) = C(dc)(1− L1dm) (14)

where C(dc) is the equivalent elastic strain tensor of concrete under a certain degree of
chemical attack. L1 is a meso-mechanical parameter, which indicates the influence of micro-
cracks on the macro mechanical properties of concrete. The evolution and development of
microcracks in concrete will affect the evolution of mechanical damage variables (dm), and
the chemical damage variables (dc) also affect the elastic stiffness tensor of concrete. Ac-
cording to the research results of Hu [25], the elastic stiffness tensor of concrete is expressed
as follows:

C(dm, dc) = (1− L1)(1− L2)C0 (15)

where C0 is the initial elastic stiffness tensor of concrete and L2 is the influence degree of
chemical damage on concrete stiffness tensor. Budiansky et al. [26] solved the expression
of parameter L1 by using micro-mechanical method and sparse homogenization theory

L1 =
32
15

1−ν0

2−ν0
L (16)

where ν0 is the Poisson’s ratio of concrete, the value range is [0.15, 0.22], thus the values of
parameters L1 and L2 can be determined. Similarly, both the uniaxial compressive strength
and the uniaxial tensile strength of concrete are related to the damage variable. β(dc) and
η(dc) can be expressed as:

β(dc) =
2(1− dc)Rc0

Rc0(1− dc) + Rt0(1− dc)
− 1 =

2Rc0

Rc0 + Rt0
− 1 (17)

η(dc) =
2(1 − dc)Rt0(1− dc)Rc0

Rc0(1− dc) + Rt0(1− dc)
=

2(1− dc)Rt0Rc0

Rc0 + Rt0
(18)

where Rc0 and Rt0 are the initial uniaxial compressive strength and the initial uniaxial
tensile strength of the concrete.

3.2. Sulfate Corrosion Model

It is assumed that ettringite produced by corrosion is the only factor causing expansion
cracking of concrete. The chemical reaction mechanism of ettringite formation is [27]:

Na2SO4 + CH + 2H→ CSH2 + 2NaOH (19)

C4AH13 + 3CSH2 + 14H→ C6AS3H32 + CH (20)

C4ASH13 + 2CSH2 + 16H→ C6AS3H32 (21)

C3A + 3CSH2 + 26H→ C6AS3H32 (22)

where the chemical symbols of cement are H: H2O, S: SO3, A: Al2O, S: SiO2, C: CaO. If the
infiltrated sulfate ion reacts with calcium hydroxide to form gypsum, gypsum reacts with
aluminate to form ettringite. The chemical reaction equation is simplified as [27,28]

CA + qCSH2 → C6AS3H32 (23)

CA = γ1C3A + γ2C4AH13 + γ3C4ASH12 (24)

q = 3γ1 + 3γ2 + 3γ3 (25)

where CA is the equivalent aluminate term (including C3A, C4AH13, C4ASH12), q is the
equivalent stoichiometric number of sulfate and γi is the stoichiometric number of alumi-
nate term. The concentration of sulfate ions in the concrete pore solution can be determined
by the diffusion reaction equation. Sun et al. [29] obtained the partial differential equation
of sulfate ion diffusion reaction in pore solution based on the mass conservation equation
of sulfate ions in the pore solution
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∂(ϕUSO4)

∂t
= ∇·(D∇(ϕUSO4))− k(ϕUSO4)(UCA) (26)

where USO4 is the molar concentration of sulfate ions in the pore solution, UCA is the molar
concentration of aluminate in concrete, ϕ is the porosity of concrete, D is the diffusion
coefficient of sulfate ions in porous media, and k(ϕUSO4)(UCA) is the chemical second-
order reaction term representing the consumption rate of sulfate ions in pore solution.
According to the chemical reaction formula, the consumption rate of sulfate ions and
aluminate in pore solution is:

d(ϕUSO4)

dt
= −k(ϕUSO4)(UCA),

d(ϕUCA)

dt
= − k

q
(ϕUSO4)(UCA) (27)

It is assumed that the distribution of aluminate in concrete is uniform and not diffuse.
The mass conservation equation of the aluminate term can be obtained as:

∂(ϕUCA)

∂t
= − k

q
(ϕUSO4)(UCA) (28)

Bentz et al. [30] found that the total concentration of sulfate in concrete can be used as
the driving force of chemical damage. In order to determine the chemical damage variable,
the total concentration distribution of sulfate in concrete is defined

Ĉ = ϕUSO4 + qUCAR (29)

where UCAR is the concentration of aluminate consumed in the reaction. According to the
chemical reaction equations, so

∂(ϕUCAR)

∂t
=

k
q
(ϕUSO4)(UCA) (30)

∂Ĉ
∂t

= D∇2(Ĉ− qUCAR) (31)

The aluminate term in concrete is fixed, non-diffusion and uniformly distributed, so
∇2UCAR = 0. Therefore, the evolution and distribution of total sulfate concentration in
concrete meet the following requirements:

∂Ĉ
∂t

= D∇2Ĉ (32)

where D is the diffusion coefficient. Sun et al. [29] used the phenomenological method to
determine the diffusion coefficient of sulfate ions.

D= (ϕ+dc)Ds (33)

where Ds is a constant and represents the diffusion coefficient of sulfate ions in concrete. ϕ
is the porosity of concrete and dc is the chemical damage variable caused by sulfate:

dc = 1− E
E0

(34)

where E0 is the initial elastic modulus of the concrete. Since the concrete structure will
not be damaged in the early stage of corrosion, it is assumed that the chemical damage
variable of the early growth of the elastic modulus of concrete is 0 and the chemical damage
variable is [29]

dc =

{
0 0 < t < t1
(1− ϕ0)(1− exp(−aD

t−t1
t0

)) t1 ≤ t < tmax
(35)

where aD is the fitting parameter, t is the immersion duration of concrete samples in sulfate,
tmax is the time of complete failure of concrete, and t1 is the time when chemical damage
begins to appear. The degree of chemical damage of concrete varies with the concentration
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of sulfate [30–32]. Assuming that the concentration of sulfate in the concrete sample is
proportional to the immersion time, the chemical damage variable becomes:

dc =

{
0 0 < Ĉ < Ĉ1
(1− ϕ0)(1− exp(−aD

t−t1
t0

)) Ĉ1 ≤ Ĉ < Ĉmax
(36)

Ĉmax = ϕU0 + qUCA, Ĉ1 =
t1

t0
Ĉmax (37)

where Ĉmax is the maximum concentration of sulfate in concrete, U0 is the concentration of
sulfate solution immersed in concrete, C1 is the concentration of sulfate in concrete when
chemical damage just occurs, and ϕ0 represents the initial porosity of concrete.

Triaxial compressive stress usually compacts concrete, reduces its porosity, and then
reduces the diffusion coefficient of sulfate ions in concrete. According to the theory of pore
medium mechanics, the variation of concrete porosity under triaxial stress state is obtained

ϕ = ϕ0 −
σkk
K

(38)

where K is the bulk modulus of concrete and σkk
K is the volumetric strain caused by triaxial

compressive stress. The diffusion coefficient of sulfate is obtained as follows:

D= (ϕ0 −
σkk
3K

+ dc

)
Ds (39)

When the applied load of concrete structure exceeds the elastic strength of concrete, the
microcracks in the concrete expand and form the transport channel for sulfate ions, which
will accelerate the sulfate corrosion rate. Therefore, the acceleration effect of mechanical
damage by sulfate ions must be considered in the process of sulfate transport

∂ Ĉ
∂t

= ∇·((1 + αmdm)D∇Ĉ) (40)

where (1+ αmdm) is the acceleration effect of mechanical damage on sulfate, and parameter
αm is determined by sulfate diffusion test.

3.3. Seepage Diffusion Model

The flow of fluid in concrete obeys the law of conservation of mass:

∂(ρ f φ)

∂t
+∇·(ρ f u) = 0 (41)

where ρ f is the density of the fluid, φ is the porosity, and u is the velocity of the fluid. As
the velocity of fluid in concrete is very slow, we use Darcy’s law to calculate its velocity:

u = − κ

µ
∇p (42)

where p is the pore water pressure; κ is the inherent porosity; µ is the dynamic viscosity
coefficient of the fluid. The temperature changed slightly, µ is the hydrodynamic viscosity
coefficient at room temperature. The inherent permeability of porous media is related to its
porosity, so the inherent permeability of concrete changes with the evolution of porosity. In
this paper, the formula proposed by Kozeny Carman to calculate the inherent permeability
was used [33].

κ = κ0
φ3

1− φ2
1− φ2

0

φ3
0

(43)

where κ is the initial intrinsic permeability of concrete. The generation and evolution of
damage affect the inherent permeability. It is found that the pore water pressure of concrete
is very sensitive to the change of permeability, so it is necessary to consider the evolution
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of permeability with damage. The following equations are used to describe the change of
fluid mass per unit volume [34–36]

dm f

ρ f
= bdθ +

dp
M

(44)

1
M

=
φ

K f
+ (b− φ)

1− b
K

(45)

m f = φρ f (46)

where M is Biot’s modulus, representing the volume change of water in porous media
under the action of unit pore pressure; K f is the bulk modulus of water; θ is the volumetric
strain, and θ = εii. The governing equation of seepage field is obtained by substituting
Equations (45) and (43) into the mass conservation Equation (41)

b
∂θ

∂t
+

1
M

∂p
∂t

=
κ

µ
∇2 p (47)

The differential Equation (47) is the governing equation of porous media coupled with
strain and damage. The coupling parameters M and b will evolve with the development
of damage.

4. Result
4.1. Micro-Indentation Test Results

In order to study the corrosion damage and deterioration of concrete under the
coupled effect of stress and sulfate seepage over time and space, this paper studied the
change of the elastic modulus of concrete at the same corrosion depth and at different
corrosion depths under different corrosion exposure durations and different water heads
using micro-indentation tests.

4.1.1. Micro-Indentation Test Results at the Same Corrosion Depth (0–3 mm
Corrosion Area)

Due to the complexity of hydration products and corrosion products of concrete, the
test data results reflect strong heterogeneity. In order to obtain the distribution law of
the meso-mechanical degradation parameters of the samples, 200 test points obtained
from each group of tests were calculated and statistically analyzed, and the histogram,
normal distribution curve and cumulative distribution curve of elastic modulus were fitted.
As shown in Figures 7–11, E represents elastic modulus, f represents frequency and fa
represents cumulative frequency.
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Figure 11. Distribution of elastic modulus of concrete under 0.7–180 d.

As shown in Figures 7–11, the average value of elastic modulus of the sample without
corrosion is 29.88 GPa. After corrosion in 0.7 MPa water head, the average elastic modulus
of the samples after 5, 10, 60, and 180 days of sulfate exposure is 26.62, 25.21, 33.05,
24.67 GPa, respectively. Compared with the control group, the average value of the
elastic modulus at 0.7–5, 0.7–10 and 0.7–180 d decreased by 10.91%, 15.63% and 17.44%,
respectively, while the average value of elastic modulus at 0.7–60 d increased by 10.61%.
The overall change trend of elastic modulus is slightly decrease, then gradually increase
and then decrease again.

Similarly, as shown in Figures 12–16, after corrosion exposure under 1.4 MPa water
head, the average value of elastic modulus at 1.4–5, 1.4–10, 1.4–60 and 1.4–180 d was 28.91,
20.83, 32.22 and 24.08 GPa, respectively. The average elastic modulus at 1.4–5, 1.4–10 and
1.4–180 d decreased by 3.25%, 30.29% and 19.41%, respectively. At 1.4–60 d, the average
value of elastic modulus increased by 7.83% compared with the control group.
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Figure 12. Distribution of elastic modulus of concrete under 1.4–5 d.
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4.1.2. Micro-Indentation Test Results at Different Corrosion Depths

With the increase of corrosion duration, the depth of corrosion increases gradually.
The increase of corrosion depth and the deterioration of concrete corrosion part will reduce
the bearing capacity of the whole concrete structure. Therefore, it is necessary to discuss
the change of elastic modulus of concrete after coupling corrosion.

In Figure 17, H is the depth of corrosion, (in mm), E is the modulus of elasticity (GPa).
With the increase of corrosion depth, the elastic modulus of corroded concrete increases
gradually. At the corrosion depth of 5–7 mm, the average elastic modulus is slightly higher
than that of concrete without corrosion. With the increase of corrosion exposure duration
sulfate enters the concrete along the cracks and reacts with calcium hydroxide to generate
expansive hydration products, and the expansive ettringite and gypsum are accompanied
with a large amount of bound water, which has a compaction effect. The elastic modulus
of concrete increases in the early stage of corrosion. With the extension of corrosion time,
the expansion hydration products increase, which increases the cracks in the sample, so
that more sulfate solution enters the concrete to react, which aggravates the deterioration
of the material.
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Through comparative analysis, there is a correlation between the elastic modulus of
the corroded part of concrete and the corrosion depth of concrete under different water
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heads. The fitting curves of the two are shown in Figure 17 and the relationship is shown
in Equations (48) and (49).

E= 30.414− 11.989e−0.352H (48)

E= 31.962− 11.920e−0.173H (49)

4.2. Numerical Simulation Results

COMSOL Multiphysics 5.5 (COMSOL company, Stockholm, Sweden) was used to
simulate the coupling model of sulfate corrosion and high water head. This software can
solve the partial differential equations of multiple physics fields simultaneously through
the finite element algorithm. In the model established in Section 3, the elastoplastic damage
model contains nine independent parameters: two elastic parameters (E and v), five plastic
parameters (Rt, Rc, α

p
max, α

p
min and bp), two damage evolution parameters (dmc and bd).

Through our previous research, these independent parameters were obtained through
conventional mechanical tests [25,35,36]. The parameter values are shown in Table 3.

Table 3. Various parameters used in the coupling model.

Parameters Value Parameters Value

E (GPa) 50.55 α
p
min 0.15

v 0.22 bp 2.5 × 10−4

Rt (MPa) 5.05 dmc 0.9
Rc (MPa) 60.77 bd 1150

α
p
max 2.3

Under the HMC coupling effect, the damage variables, deformation and pore water
pressure of concrete structures evolve continuously, and the evolution process is very
important for the safety assessment of underground concrete structures. Compared with
water head of 1.4 MPa groups, the first compares the corrosion depth reflected in the model
with the test value, and then analyzes the evolution of the concrete damage variable during
corrosion tests. Sulphate concentration distribution in concrete under 1.4 MPa water head
is shown in Figure 18, and the corrosion depth as a function of sulfate exposure duration is
shown in Figure 19.
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5. Discussion
5.1. Micro-Indentation Test Discussion

The elastic modulus of concrete corroded in sulfate solution under high water head
presents three stages: rapid decrease (5–10 d), rapid increase (60 d) and slow decrease
(180 d). When the high water head is applied for 5–10 days, the end of the sample is affected
by the high water head, which increases the pore pressure in the pores and microcracks of
the concrete near the end. This phenomenon is prone to local stress concentration and local
damage, resulting in the reduction of elastic modulus in the depth of 0–3 mm.

The main reason is that the osmotic pressure accelerates the ion migration in the
coupling corrosion process, which mainly promotes the chemical corrosion. The higher
the osmotic pressure, the faster the damage rate of concrete. With the continuous chemical
reaction between sulfate and cementitious materials, hydration products are generated,
including ettringite and other expansive hydration products, which play a role in compact-
ing the internal structure of concrete temporarily. Then, with the aggravation of corrosion,
the corrosion products increase and expand, which makes more cracks in the concrete.

According to the results of micro-indentation test at the same corrosion depth under
different water head and corrosion exposure durations, the corrosion depth of samples
increases gradually with the increase of corrosion duration. After 60 days of corrosion, the
coupling corrosion depth has exceeded the range of 0–3 mm. Therefore, it is necessary to
explore the deterioration degree of samples at different corrosion depths.

With Equations (48) and (49), the elastic modulus at different corrosion depth of
concrete under the coupling effects of 0.7 and 1.4 MPa water head and sulfate attack can be
easily calculated. The predicted value of elastic modulus can be put into the finite element
model, which can provide reference for the analysis of concrete damage and deterioration
in underground engineering and the calculation of bearing capacity of concrete structures
in the actual engineering or test process.

It can be seen from Figure 17 that after 180 days of sulfate solution exposure corrosion
under 0.7 MPa water head, E tends to 29.8 GPa at 8.36 mm corrosion depth, 29.8 GPa
at 9.56 mm corrosion depth under 1.4 MPa water head. However, the average value of
elastic modulus of non-corroded samples is 29.8 GPa, indicating that the corrosion depth of
corroded sample under 0.7 MPa is 8.36 mm after 180 days of corrosion, and the corrosion
depth of the corroded sample is 9.59 mm at 1.4 MPa.
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5.2. Numerical Simulation Discussion

The sulfate concentration in concrete has a linear relationship with the damage degree
of concrete. After corrosion of concrete, ettringite and other expansive hydration products
are generated, which leads to more cracks in concrete. Therefore, the depth of concrete
corrosion is determined by the concentration of sulfate in the concrete. It can be seen from
Figure 19 that after 180 days of 1.4 MPa water head corrosion, the corrosion depth is 9 mm.
The micro-indentation test result is 9.59 mm. The simulation results are in good agreement
with the micro-indentation test results.

The distribution of sulfate concentration and the mechanical damage variables in the
samples at 5, 10, 60, 90 and 180 days of corrosion at 1.4 MPa water head are shown in
Figures 20 and 21. With the increase of corrosion duration, the corrosion area gradually
becomes larger. In the figures, it is obvious that the sulfate concentration is also larger in
the area with larger mechanical damage variable, which indicates that the two kinds of
corrosion affect each other and couple on the concrete material.
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6. Conclusions

(1) In the process of water head–sulfate coupled corrosion, head accelerates ion
migration, which mainly promotes the effect of sulfate corrosion. The higher the water head,
the faster the damage rate of the concrete. With the continuous chemical reaction between
sulfate and cementitious materials, hydration products are generated, including ettringite
and other expansive hydration products, which temporarily compact internal concrete.
However, as the corrosion intensifies, the corrosion products increase and expand, resulting
in more cracks in the concrete, and the deterioration degree of corrosion is aggravated.

(2) Based on micro-indentation tests, it is found that the greater the water head, the
deeper the corrosion depth. After 180 days of sulfate solution exposure, the depth of
corrosion is 8.36 mm under 0.7 MPa water head and 9.59 mm under 1.4 MPa water head.
These results are in good agreement with the numerical simulation results.

(3) In the corrosion process, the sulfate concentration is also large in the area with large
mechanical damage variable, which indicates that the two kinds of damage are coupled
and interact with each other.

(4) As the micro-indentation test method is not mature and complete, it is rarely used
to measure the mechanical properties of rock. The micro-indentation test method was used
to measure biological bone materials, but there are still many standards that need to be
improved. Micro-mechanism research is a wide field. If we want to study the fundamental
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properties, merely relying on macro tests is insufficient, we still need to further explore the
properties under micro and meso levels. It is not enough to only rely on macro tests.

In this paper, the chemical damage variable was determined according to the phe-
nomenological method. We will consider the production of ettringite and the influence of
expansion pressure on concrete in further research. Due to the limitation of the length of
the article, the commonly used concrete with strength grade of C50 was studied in this
article. Due to the limitation of equipment, only the microscopic compressive capacity of
concrete was studied in this article. We will conduct more concrete tests of more strength
grades and more mechanical strength analyses for further research.
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