This is a Just Accepted version, keep updated with https://doi.org/10.26599/LLES.2026.9660017

Research Article
Study on the oxygen availability of steel corrosion in concrete based on a
heat-moisture-chlorine-oxygen multi-field coupled transport model
Guo-Yi Zhang!, Ye Tian* ™, Zu-Shi Tian®, Ke-Wei Yu*

! College of Landscape Architecture, Zhejiang A&F University, Hangzhou 310058, China
2 Department of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310058, China
3 Department of Civil Engineering, The University of Hong Kong, Hong Kong, China.
*College of Landscape Architecture, Zhejiang A&F University, Hangzhou 310058, China

D1 Address correspondence to Ye Tian, cetianye@zju.edu.cn

Received: 25 December 2025; Revised: 30 January 2026; Accepted: 02 March 2026

© The Author(s) 2026. This is an open access article under the terms of the Creative Commons

Attribution 4.0 International License (CC BY 4.0, http://creativecommons.org/licenses/by/4.0/).

ABSTRACT

Oxygen availability governs the cathodic reactions during the corrosion propagation stage.
However, existing studies often neglect the coupled effects of heat, moisture, chloride, and oxygen
transport, leading to inaccurate predictions of corrosion rates. This study developed a multi-field
coupled model that integrates heat-moisture transfer, chloride transport, and oxygen
diffusion-consumption dynamics to investigate the role of oxygen availability in steel corrosion.
Accelerated corrosion tests were conducted under cyclic temperature conditions of 20~40°C and
humidity levels of 40~80% to monitor key parameters, including oxygen concentration, chloride
ions distribution, and corrosion current density. Results reveal that due to cathodic consumption, the
oxygen concentration at the steel surface is significantly lower than that in the surrounding concrete.
High temperature and humidity reduce oxygen availability by limiting diffusion and solubility,
while chloride ions accelerate depassivation and indirectly influence oxygen consumption. A sharp
decline in oxygen concentration, coupled with a rise in corrosion current density, was observed

before and after steel depassivation.
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1. Introduction

The corrosion of steel rebars poses a challenge to the longevity and strength of reinforced
concrete structures, particularly when exposed to marine environments. Steel corrosion induced by
chloride ions includes two main stages, the initiation stage and the propagation stage[1]. During
the initiation phase, the accumulation of chloride ions leads to the depassivation of the steel[2].
Sufficient supply of oxygen on the steel surface accelerates the transition from the initiation stage to
the propagation stage, thereby increasing steel corrosion rate[3]. When corrosion products are
formed, they generate internal pressure at the steel-concrete interface, leading to cracking and
spalling of concrete, and severely affecting the service performance of structures[4]. Therefore, the
availability of oxygen during steel corrosion process significantly affects the durability and safety
of reinforced concrete structures.

Recognizing the crucial role of oxygen in the steel corrosion process, numerous researchers
have engaged in extensive theoretical modeling and experimental investigations[5, 6]. The
existing theoretical frameworks mainly focus on the electrochemical reaction polarization
principles related to steel corrosion, along with the mechanisms underlying microcell and
macrocell corrosion. These models are designed to offer predictive insights into steel corrosion
rate [7, 8]. For instance, Cao developed an electrochemical model to predict non-uniform steel
corrosion induced by chloride ions, revealing that the ratio of cathodic to anodic areas positively
influences the severity of macrocell corrosion[9]. Similarly, Yu identified a critical level of
humidity, suggesting that prior to reaching this threshold, increases in humidity can enhance the
corrosion rate of steel, while exceeding this level may actually reduce the rate due to restricted
oxygen access caused by excessive moisture[10]. On the experimental front, steel corrosion is
often evaluated through measurements of corrosion reaction rates and the mechanical properties of

affected steel rebars. Otieno performed accelerated corrosion tests on beam specimens using a
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cyclic wetting and drying method, finding the corrosion behavior of concrete observed in natural
environments cannot be reliably predicted from results obtained under accelerated laboratory
conditions[11].

Most studies only focus on the impact of single factors on steel corrosion, lacking systematic
analysis under multi-field coupling effects. Existing steel corrosion models mainly emphasize the
impact of chloride ions, frequently neglecting the critical role of oxygen[12]. While some research
acknowledges the importance of oxygen, conflicting findings indicate a need for further
exploration. From an electrochemical standpoint, the presence of oxygen within the cathodic
region plays a pivotal role in influencing the propagation stage of corrosion[13]. Yu’s research
further demonstrated the corrosion rate of steel embedded in concrete initially accelerates and
subsequently declines with increasing relative humidity[10]. This observed pattern can be
attributed to diminished oxygen availability for the cathodic reactions at elevated humidity levels.
Thus, a specific threshold for relative humidity exists, leading to a shift in the mechanisms
controlling corrosion from the anodic reaction (governed by chloride ions) to the cathodic reaction
(influenced by oxygen). Although these investigations have underscored the role of environmental
factors in determining steel corrosion rates, there remains a significant gap in comprehensive
studies examining how oxygen precisely regulates the steel corrosion rates.

To reduce the difficulty of analyses, previous studies often equaled the temperature and
humidity of the macro environment to those at the steel surface, and make them as the foundation
for calculating medium transport. Consequently, these research findings frequently exhibit
substantial discrepancies[14, 15]. There are notable distinctions between the micro-environment at
the steel surface and the macro-environment surrounding the structure[16]. The physical and
chemical interactions occurring in the micro-environment on steel-concrete interface are crucial in
influencing the corrosion rate[17]. To gain deeper insights into the interaction between external
and internal concrete environments, researchers have employed multi-field coupling theory to
investigate the transfer mechanisms of heat and moisture in concrete[18]. For instance, Gawin
developed macroscopic mass balance equations to characterize the coupled heat and moisture
transfer processes in the concrete microstructure[19]. However, despite these advancements, there

remains a lack of studies that apply multi-field coupling theory specifically to the exploration of
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steel corrosion in micro-environments.

The distribution of oxygen concentration on steel surface is regulated by two main processes:
transport and consumption. The transport of oxygen is affected by various concrete properties,
such as the mix design, type of cementitious materials used, and the presence of any
admixtures[20]. Moreover, the distribution pattern of humidity within the concrete matrix
significantly affects the oxygen transport performance. Oxygen consumption rate is primarily
determined by cathodic reaction. The presence of chloride ions on the steel surface plays a crucial
role in determining the intensity of the current cycle between the anode and cathode in the
macrocell, ultimately affecting oxygen consumption rate in the cathodic region. Moreover, oxygen
primarily migrates through concrete in its gaseous state, whereas its consumption within the pore
solution occurs in its dissolved form. Rettich utilized Henry’s law constant to describe the
solubility of oxygen, emphasizing the equilibrium between gaseous and dissolved oxygen is
influenced by temperature[21].

Many experimental studies on steel corrosion applied galvanic accelerated corrosion techniques
to obtain corroded steel. For example, Zhang concluded applied current intensity affects the
composition of corrosion products[22]. However, the electrochemical mechanisms that drive
current-accelerated corrosion differ markedly from those in natural corrosion, particularly
regarding cathodic and anodic reactions. As a result, findings obtained through electric
acceleration methods often do not align with observations made under natural environmental
conditions[23]. To bridge this gap, some researchers have attempted to replicate the temperature,
humidity, chloride ions concentration, and other environmental factors typical of natural settings
within laboratory conditions, conducting accelerated corrosion tests under controlled climate
conditions. Zhao, for instance, conducted dry-wet cycle accelerated corrosion tests to investigate
the variation in rust layer thickness distribution[24]. Despite these initiatives, most current
research tends to concentrate on individual variables, such as corrosion current density or the
morphology of rust layers. There is often a lack of comprehensive and systematic monitoring of
crucial parameters, including temperature, humidity, oxygen, and chloride ions concentration,
within the concrete microenvironment throughout the corrosion process[11]. This gap limits the

understanding of the dynamic corrosion process.
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This study developed an electrochemical model to explore the connection between oxygen

availability and steel corrosion in the cathodic region. The model integrates heat, moisture,
chloride 1ions, and oxygen transport, addressing their interactions and oxygen
diffusion-consumption  dynamics. Using electrochemical polarization equations and
microcell-macrocell models, a finite element model was created. Accelerated corrosion tests under
varying conditions monitored temperature, humidity, oxygen, chloride ions concentrations, and
corrosion current density, enabling a systematic analysis of their influence on oxygen availability
in the cathodic region.
2. Corrosion model of steel under coupled heat-moisture-chlorine-oxygen transport
2.1 Coupled heat and moisture transfer

Under natural marine environment, climatic conditions undergo annual cyclical variations,
leading to the non-uniform transfer of heat and moisture over time[16]. The coupled behavior of
heat and moisture within concrete results in the non-uniform distribution of oxygen and chloride
ions, subsequently impacting the rate of steel corrosion. To effectively investigate how oxygen
supply in the cathodic region influences the corrosion rate of steel, it is essential to account for the
coupled transfer of heat and moisture in concrete. However, many previous studies have
simplistically equated the heat and moisture of the external environment with those within the
concrete itself. This assumption introduces discrepancies between the calculated results and
real-world conditions. In light of this, the current study addresses this issue by incorporating
factors such as heat, moisture, and dry air, and develops a new model for heat-moisture coupling
transfer. To balance model simplicity and reliability, we adopt key assumptions for the multi-field
coupling framework. Concrete is treated as a homogeneous porous medium with isotropic
physical and mechanical properties, and chemical reactions between concrete components and
external ions are ignored except for chloride ion binding.
2.1.1 Mass and energy conservation equations

Based on the Hybrid Mixture Theory[25], concrete consists of a solid skeleton, liquid water,
and gas. Solid phase (subscript S for short, the same below) mainly consists of aggregates and
unhydrated cement. Liquid water (L) mainly includes pore solution. Gas phase (G) consists of dry

air (4) and water vapor (V). The macroscopic mass and energy conservation equations for z phase
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(7=S, L, G, 4, V) in concrete are as follows[26]:
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where &, is volume fraction; p,; is the density; M,,, is the evaporation rate of free water; M, is
the mass source of solid skeleton; q is the heat flow; C,; is constant pressure specific heat[27];
AH,, is the specific enthalpy of evaporation; (pC).fy is the effective heat capacity of concrete; v
is the velocity; u, is the diffusion rate.
2.1.2 Constitutive relationships

Constitutive relationships are adopted to model the thermodynamics of fluid transport in
concrete, which will be described in detail next. As the first constitutive relation, the humidity
adsorption curve defines the humidity transport characteristics of concrete[28]. For mature
concrete with a stable microscopic pore structure, the Kelvin-Laplace equation establishes the
correlation between capillary pressure and relative humidity under thermodynamic equilibrium
conditions[29]:

PCMV
pRT

InH=-

(6)

where H(%) is the relative humidity in concrete; 7(K) is the temperature in concrete; Pc(Pa) is the
capillary pressure; My=0.018(kg/mol) represents the molar mass of water; R=8.314J/(mol-K) is the
universal gas constant.

Darcy’s law is adopted as the second constitutive relation to describe the low-velocity

convective flow behavior of fluid in concrete pores[18]:
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where J7 is the diffusion flux; K represents the inherent permeability coefficient tensor of
concrete[26]; K, is the relative permeability coefficient[30]; u, is the dynamic viscosity
coefficient[31]; g(m?/s) is the acceleration of gravity.

Fick’s law is utilized as the third constitutive relationship to characterize the diffusion-driven

mass transport of water vapor and dry air:

MM, (P
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where J7 denotes the diffusion flow. The effective diffusion tensor, D¢ , which is influenced by
temperature and gas pressure, is assumed to be the same for both water vapor and dry air[32].

As the fourth constitutive relation, Fourier’s law states that the heat flux is proportional to the
temperature gradient, regulated by the effective thermal conductivity coefficient 1[33]:

qg=—AVT )

2.1.3 Control equations and boundary conditions

The primary variables to be solved in the model are temperature 7, capillary pressure Pc, and
mixed gas pressure Pg, which represent the states of heat, moisture, and gas mixture in the
concrete, respectively. The control equations of the coupled heat-moisture transfer model in
concrete are derived by integrating the mass and energy conservation equations with the
constitutive equations, which are presented in Appendix. Since concrete structures are often
exposed to time-varying environments, the boundary conditions for heat and moisture of the

model also vary over time:

(=AVT)-n=h,(T-T,) on T} (10)
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where h(W/(m?-K)) denotes the heat exchange coefficient of concrete, including both convection
and radiation effects[27]; Sc(m/h) represents the humidity exchange coefficient between the
interior and exterior of the concrete, which is dependent on air pressure, temperature, concrete

surface heat release coefficient, and other variables[34]; T, (K) and p;° (kg/m’) are the



This is a Just Accepted version, keep updated with https://doi.org/10.26599/LLES.2026.9660017

temperature and water vapor density in external atmosphere.
2.2 Transport and consumption of oxygen
The transport of oxygen through the concrete cover to the steel surface is governed by Fick’s law.

The diffusion coefficient of oxygen in concrete, Dy, (m?/s), is determined by the material

properties of concrete, temperature and humidity[35]:
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where ¢, represents the porosity of the cement paste[36]; 7;=25°C is the reference temperature;
AUp(KkJ/mol) represents the activation energy of oxygen diffusion[20]. The concentration of
dissolved oxygen on the surface of the concrete cover declines with an increase in
temperature[37]:
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where C gz (mg/liter) represents the concentration of dissolved oxygen in concrete pore solution.
Steel corrosion involves a series of electrochemical reactions, primarily the oxidation of iron
and the consumption of oxygen from the surrounding micro-environment of the steel rebars. When
the oxygen supply from the external atmosphere matches the oxygen consumed by cathodic
reactions, the relationship between the oxygen concentration at the steel-concrete interface and the

corrosion current density is[38]:

;0} =-n-(D,VC, )

interface ( 1 4)

where g, (A/m?) represents the cathodic current density at the steel-concrete interface;
F=96485(C/mol) is Faraday constant; n is the unit normal vector. This equilibrium is not only
influenced by the transport and consumption process of oxygen, but also by its solubility
equilibrium.

Gaseous oxygen diffuses from the external environment through the concrete pores to the steel
surface, where dissolved oxygen participates in the cathodic reaction of the corrosion process.
Gaseous oxygen and dissolved oxygen interconvert, leading to changes in the oxygen

concentration available for the corrosion process, and this process is influenced by environmental
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temperature. The gaseous oxygen concentration pgzas (kg/m®) and the dissolved oxygen

concentration pgf (kg/m?) are in a state of solubility equilibrium described by Henry’s law[21]:

liq

RTn
Po = PE! (15)

H o

02
where Ho,(Pa) is the Henry’s constant of oxygen, which depends on temperature; ny,o is the

molar number of water in a dilute solution of a cubic meter.
2.3 Transport of chloride ions

Chloride ions destroy the passive film on the steel surface, causing the steel to lose protection
and thus initiating corrosion reactions. Chloride ions serve as catalysts that accelerate the
transition of rebar from a passive to an activated state. The concentration of chloride ions on the
steel surface determines the locations of anodic and cathodic areas. This, in turn, controls the
non-uniform corrosion rate and influences the shape of the corroded cross-section. Reinforced
concrete structures experience dry-wet cycles under marine environments, leaving the structures in
an unsaturated state. Ababneh proposed a partial differential equation to characterize the transport

of chloride ions in unsaturated concrete[39]:

aCCf'; _ aCC/:; fr pcon Si
7—@ V[DCIV(CCI):'+V Dth—CCIV(H) (16)

sol

where C Cflr and C£Y denote the free and total chloride ions content (wt.% of concrete), with the
Langmuir binding model describing the relationship between them[40]; D¢ and D, are the
diffusion coefficients of chloride ions and moisture in concrete (m%/s)[41]; peon and psor Tepresent
the densities of concrete and environmental chloride solution (kg/m®); S is the pore saturation of
concrete.

The chloride ions diffusion coefficient is determined by both the concrete’s microstructural
features and environmental factors[42]. The chloride ions diffusion coefficient at any location in

the concrete is:
D, (t)=Dy xFy(T)xFy(H) (17)

where Fci(T) represents the temperature influence coefficient on chloride diffusion, derived from

Arrhenius’s 1law[20]; Fci(H) represents the humidity influence coefficient on chloride diffusion,
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which is related to the critical humidity Hc[43]; Dglef (m?/s) represents the effective diffusion
coefficient of chloride ions, which characterizes the transport performance under ideal
environmental conditions[42]. The details of chloride ions transport under time-varying
environment are available in the authors’ previous studies[15, 44, 45].
2.4 Electrochemical polarization of steel corrosion

The steel corrosion process follows the law of conservation of charge, i.e., the Laplace

equation[46]:

V~i=v-[iv¢]:0 (18)
p(’

where i(A/m?) is current flow in concrete; ¢ (V) denotes the potential distribution at the
steel-concrete interface; p.(Q'm) is the resistivity of concrete characterized by a probabilistic
prediction model[47].

When modeling steel corrosion, it is essential to account for the electrochemical polarization
processes in macrocell and microcell corrosion. Macrocell corrosion and microcell corrosion are
two common forms of electrochemical corrosion in reinforced concrete structures, both of which
involve anodic and cathodic reactions. Chloride ions governs the activation polarization of steel,
thereby playing a crucial role in initiating corrosion[48]. Oxygen supply impacts cathodic
polarization and 1is vital during the corrosion propagation phase[9]. Concrete resistivity
significantly affects the circulation of macrocell currents between anodes and cathodes[15]. To
describe how these three factors influence the whole corrosion process, the electrochemical
polarization theory is introduced. In this paper, Tafel polarization curves and the Butler-Volmer
equations are utilized to describe the relationship between anode and cathode potentials and
current densities, with the cathodic limiting current density introduced to characterize the
polarization behavior of the cathodic reaction[9]. Therefore, the electrochemical polarization of
macrocell and microcell is:
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where i%,. and if,. are the macrocell corrosion current densities in active and passive regions;
i%,;. is the microcell corrosion current density in active region; i,(A/m?) is the cathodic limiting
current density; i2,, igz, b2, q.')82, Bre and By, are key electrochemical parameters[9]. Specific

technical details about the electrochemical polarization of steel corrosion can be found in the
authors’ previous studies[45, 49].

3. Accelerated corrosion test of steel in time-varying environment

3.1 Manufacturing process of specimens

Both mortar and concrete specimens were poured with a water-cement ratio of 0.53, with each
cubic meter of mortar containing 538 kg of Portland cement, 285 kg of water, and 1076 kg of fine
aggregate, while each cubic meter of concrete was composed of 368 kg of Portland cement, 195
kg of water, 735 kg of fine aggregate, and 1103 kg of coarse aggregate. PI 42.5 standard Portland
cement served as the binder, with natural river sand (fineness modulus: 2.11) acting as fine
aggregate and 5~10 mm continuously graded gravel designated as coarse aggregate. Tap water
was utilized for mixing, and HPB300 steel rebar with a diameter of 10mm was applied. Steel bars
were used after removing oxide scales by sandpaper grinding.

Three types of specimens were prepared, namely A, B, and C. Specimen A measured
150%150%300 mm? and consisted of one mortar and one concrete specimen, each equipped with
four oxygen concentration sensors and four temperature and humidity sensors. Specimen B, also
sized at 150%150x300 mm?, included one mortar and one concrete specimen, with eight embedded
steel rebars for testing corrosion current density. Specimens C measured 150x150x150 mm? and

consisted of four mortar and four concrete specimens, without any embedded steel rebar or
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sensors, to examine the distribution of chloride ions concentration under identical exposure
conditions. Naming rules for the specimens are illustrated in Fig. 1.[36] After pouring, all

specimens were cured at 20°C and 95% humidity for 28 days.

AMI1
\—> Digital serial number, from 1 to 4
Composition, M is mortar, C is concrete
Size type of specimen, A, B, C
Fig. 1 Specimen naming guidelines[36]
3.2 Methods for detecting medium transport and steel corrosion rate
Each type A specimen contained four temperature-humidity sensors: two positioned at a depth

of 1cm and two at 3cm, as illustrated in Fig. 2. Additionally, four oxygen sensors were embedded

in the same specimens, with the same depth distribution of two at 1cm and two at 3cm.

50mm | 50mm | 50mm
1 |
10mm PS A
20mm
|
10mm Liquid l.evel posi_lion of
soaking solution
@ Oxygen concentration sensor at 10mm
I Oxygen concentration sensor at 30mm
A Temperature-humidity sensor at 10mm
Temperature-humidity sensor at 30mm
Sealed with epoxy resin
(@)
60mm | 60mm | 60mm | 60mm | 60mm
[ \
50mm
o ] | | .
50mm
A A ——
50mm
300mm
@ Oxygen concentration sensor at 10mm A Temperature-humidity sensor at 10mm
Oxygen concentration sensor at 30mm Temperature-humidity sensor at 30mm

Fig. 2 Distribution of sensors in specimen A: (a) Side view, (b) Top view.

To simulate a variety of environmental conditions within the same specimen, each type B
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specimen was arranged with eight steel rebars, as shown in Fig. 3. These rebars were organized

into two rows, with four rebars in each row. The upper row had a concrete cover thickness of 10

mm, positioning it closer to the external atmosphere, while the lower row was near the liquid level

of the soaking solution, placing it in a high-humidity area. In this study, the heterogeneity of

concrete materials was not considered, resulting in symmetrical environmental conditions for steel

rebars M and M’, as well as for steel rebars N, P, and Q.

10mm 5mm

Smm 10mm

10mm
—

10mm

10mm |

10mm

110mm

[ | 40mm | 40mm | 40mm_ | |

[ I I 1
M@ N@ N@ M@
P@ Q@ QO PO

Liquid level position of

soaking solution 150mm

Sealed with epoxy resin

|

150mm

Fig. 3 Arrangement of steel rebars in specimen B

Fig. 4 shows the layout of chloride ions concentration test points. Each sample has three

intermediate and three edge test points, 75 mm and 25 mm from the edge, respectively.

10mm

20mm
10mm

10mm

75mm | S0mm | 25mm| 75mm | 50mm |25mm
]
I [
e i S
i e ®
d
A ; \ : 75mm
e AN 02
l’ - \\ ',I i LS 5
Liquid level position 150mm | @ A
of soaking solution S 5T ‘
Middle points Edge points
75mm
Sealed with epoxy resin Middle pOiﬂ[S Edge pOiﬂtS
(@) ()

Fig. 4 Layout of chloride ions concentration test points in specimen C: (a) Side view, (b) Top

view.

As illustrated in Fig. 5, IWSK-6ACCO05D temperature-humidity sensors were embedded in type

A specimens to monitor the distribution of heat and moisture in concrete. Before pouring, a

cylindrical cork covered with waterproof tape was inserted into a PVC pipe having an inner
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diameter of 11 mm. These assemblies were then embedded at depths of 10 mm and 30 mm. After

curing, the cork was removed, and the sensor probe, encased in sandwich rubber, was inserted into
the bottom of the PVC channel. Epoxy resin was applied at contact points for sealing. Temperature

and humidity data were recorded hourly.

Insert cork into PVC pipe Use sandwich rubber to wrap probe \

Use KSL/D1 patrol instrument to record test data Put sensor in PVC pipe

Fig. 5 Embedding process of temperature-humidity sensors
KY-2F oxygen sensors were embedded in type A specimens to measure oxygen at various
depths, following the same installation method as temperature-humidity sensors. The test value of
oxygen concentration was recorded every 4 days. Fig. 6 presents the layout of different sensors in
specimen A. The sensor layout is adapted from the experimental framework established in the

authors’ previous research[36].

] < i |

O O o O
KSL/D1 patrol B ittty R KY-2F oxygen

instrument control instrument

@ Oxygen concentration sensors at depth of 10mm
© Oxygen concentration sensors at depth of 30mm
© Temperature-humidity sensors at depth of 10mm

© Temperature-humidity sensors at depth of 30mm

Fig. 6 Layout of various sensors in specimen A[36]

To assess chloride ions distribution, type C specimens were prepared and exposed under the
same exposure conditions with type A and B specimens. BEGILD 6026-2 drilling machine was
used to locate the concrete surface, and a cylindrical core with a length of 5cm was taken. It is
necessary to keep the specimen dry to prevent moisture convection from affecting the test results

of chloride ions. The cores were ground with an HDM-150 grinder, reducing speed near the
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target depth to prevent damage. The powder was further ground, sieved (0.16 mm), and 4 g
dissolved in 40 g deionized water. After 24 hours, free chloride ions content was measured using a
DY2501-B analyzer, averaging three tests per point. The test process of chloride ions
concentration and the sampling strategy follow those described in the authors’ previous

research[36], as shown in Fig. 7.

lem depth E [:
!

3em depth 11 -t Direction of
l drilling core

Scm depth

© Middle points
© Edge points

Fig. 7 Layout of sampling points for chlorine test[36]

Linear polarization method was used to test the corrosion current density in specimen B, which
was described in detail in the authors’ previous research[36]. Steel rebars were polished with
sandpaper, and then the wires were welded on the exposed steel matrix. Each steel rebar was
welded with one wire. Waterproof tape was used to wrap the connection between wire and steel.
The part of steel rebar exposed to the outside of concrete was covered with a PVC pipe, and kaft
glue and epoxy resin were injected between PVC pipe wall and steel rebar to play a role in sealing
protection. CHI660E electrochemical workstation was used in the test. A 30mmx30mm
stainless-steel sheet was used as the auxiliary electrode, with a 100mmx100mm wet sponge
placed near the measuring point and the reference electrode above the specimen. The concrete was
fully saturated to ensure stable contact between the electrode and steel rebar. The polarization
potential was 20mV, the scanning rate was 0.166mV/s, and 100~150s were required to achieve a
stable corrosion potential.

3.3 Accelerated corrosion process

To simulate steel rebar corrosion in a marine environment, specimens underwent a two-day
cyclic temperature and humidity variation to accelerate chloride ions and moisture transport, as
shown in Fig. 8. As shown in Fig. 9, a TEMI880 programmable temperature and humidity

chamber with a temperature control accuracy of +0.5 °C and humidity control accuracy of £2 %
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was employed to carry out the simulation. Specimens were submerged in a 5% NaCl solution at a

depth of 11 cm for 180 days.

Temperature (°C) Humidity (%)
'y

80
40

Time (h)
24 48 72 96 120 144

Fig. 8 Temperature and humidity variations in the test chamber

(@ (b)
Fig. 9 Accelerated corrosion test under time-varying environment: (a) Exposure of the
specimens, (b) Specimens soaked in solution for testing[36].

3.4 Finite element modeling and parameter selection

The model parameters used in this study are summarized in Table 1. Due to differences in
material composition, the transport rates of mortar and concrete vary. Notably, the chloride ions
diffusion coefficient is not constant, as it is influenced by temperature and humidity fluctuations.
Table 1 provides reference values for the diffusion coefficient, while the actual chloride ions
transport rate is calculated using Eq. (17). Similarly, the oxygen diffusion coefficient and surface
oxygen concentration are also affected by temperature and humidity in the time-varying
environment. Additionally, the heat and moisture exchange coefficients of concrete were treated as
time-dependent variables influenced by environmental temperature and humidity. In addition, the
electrochemical parameters adopted in this study are consistent with those reported in the authors’

previous research[36].

Table 1 Corrosion parameters of mortar and concrete models
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Parameters Value Source

Concrete cover thickness C (mm) 10 Test condition
Steel rebar diameter D (mm) 10 Test condition
Dimensions of concrete section LxW (mm?) 150%150 Test condition
Water-binder ratio w/c (-) 0.53 Test condition
Environment temperature 7e, (K) 293~313 Test condition
Environment humidity He, (%) 40~80 Test condition

12x10712 for

Reference diffusion coefficient of chloride ions Dcrle s
mortar, 5x107'2 for Reference[42]

(m?/s)

concrete
Chloride ions concentration on concrete surface C3; (Wt.%

0.677 Test condition
of concrete)
Initial chloride ions concentration C2 (wt.% of concrete) 0 Test condition
Critical chloride concentration C&'*(wt.% of cement) 0.4 Reference[50]

The finite element simulation was performed using COMSOL Multiphysics®, as shown in Fig.
10. In order to enhance the calculation accuracy, a boundary layer was applied at the
steel-concrete interface. During the meshing process, eight iterations were carried out, and the
maximum depth of each element was set to eight. The mesh size ranged from 0.0025 cm to 0.74
cm. The chloride ions concentration on the concrete surface exposed to the solution was equated
to that in the solution. Inward oxygen diffusion occurred only at atmospheric-exposed boundaries,
while there was no oxygen diffusion at boundaries submerged in the solution or sealed with epoxy

resin.

AVAVAV) . Steel rebar
5 Region exposed to /'
external environment Region exposed to

- i external environmen
» Liquid level position . .
y of NaCl solution Liquid level position
of NaCl solution

— Region immersed in
NaCl solution — Region immersed in

NaCl solution

» Sealed with epoxy resin
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(a) (b)

Fig. 10 Meshing of finite element models for various specimens: (a) Specimen A and C[36], (b)
Specimen B[36].

4. Model verification results and parameter discussions
4.1 Model verification results
4.1.1 Oxygen concentration

Under the experimental conditions, periodic fluctuations in temperature and humidity caused
corresponding variations in surface oxygen concentration and oxygen diffusion coefficients.
Consequently, the oxygen concentration within the specimens also exhibited periodic fluctuations,
as illustrated in Fig. 11. The oxygen concentration fluctuations at a depth of 1 cm are consistently
greater than those at 3 cm for both mortar and concrete specimens. This behavior is attributed to
the non-uniform humidity distribution within the specimens. Measuring points closer to the
exposed surface are more influenced by external humidity fluctuations, leading to more
pronounced changes in humidity[45]. According to the simulation results, the minimum oxygen
concentration at both depths is identical, approximately 0.176 mol/m3. However, the peak oxygen
concentration at 1 cm is significantly higher than at 3 cm. This difference stems from the reduced

diffusion distance to the external atmosphere at 1 cm.
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Fig. 11 Comparison of measured and simulated oxygen concentration at different depths in
mortar and concrete: (a) 1cm, (b) 3cm.
As shown in Fig. 12, the average relative error measures 12.3%. The simulation results show a
broader fluctuation range in oxygen concentration when compared with the experimental data.

The error mainly stems from the fact that the model does not consider the influence of initial
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oxygen content inside the concrete. Additionally, the model predicts greater humidity fluctuations

than observed experimentally, contributing to the fluctuation in oxygen concentration. Considering
the complex mechanisms involved in the model, the simulation results are highly sensitive to
external environmental changes. Overall, the experimental data show good agreement with the

model predictions.

Average relative error (%)
@
1
Average relative error (%)
-
1

AM1 AM2 AC1 AC2 AM1 AM2 AC1 AC2
(@ (b)

Fig. 12 Relative error of oxygen concentration at two different depths (%): (a) 1em, (b) 3cm.
4.1.2 Temperature

As shown in Fig. 13, the temperature distribution within mortar and concrete specimens is
relatively uniform across different depths. The temperature range for mortar is 20°C to 40.1°C, for
concrete is 20°C to 40.7°C, while simulation results range from 20°C to 40°C. Experimental data
generally show higher temperatures than simulations at 20°C and lower temperatures at 40°C,
reflecting smaller variations in internal temperature compared to the external environment. Despite

these differences, the experimental data align well with the simulation results overall.
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Fig. 13 Comparison of measured and simulated temperature results: (a) 1cm depth, (b) 3cm
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depth.

4.1.3 Relative humidity

Fig. 14 presents a comparison between experimental humidity data and simulation results. In
both mortar and concrete specimens, humidity fluctuations at 3 cm depth are less pronounced than
at 1 cm, as the 1 cm layer is more strongly influenced by external environmental humidity. At 3
cm, closer to the soaking solution, humidity maintains a consistent high level of around 95%,

indicating a non-uniform moisture distribution within the specimens.
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Fig. 14 Comparison of measured and simulated humidity results: (a) 1em depth, (b) 3cm

depth.

The simulation results show a downward trend in humidity, while the test data remain nearly
unchanged across different cycle periods. This difference is due to the initial humidity setting in
the modelling. At the start of exposure, the humidity inside the concrete is non-uniform, but the
numerical model assumes a fixed initial humidity, resulting in inaccuracies in the initial
distribution. In actual experiments, the moisture exchange coefficient of the concrete surface layer
is relatively small, while that of the inner part is relatively large, a significant difference that has not
been reflected in the simulation process. The holes where the sensor probes are placed were
reserved during the pouring process of the specimens. So, there may be an enrichment of moisture
on the interface around the humidity sensor probe, which leads to the concentration of humidity,
resulting in the test data of humidity higher than the simulation result. These lead to errors in the
simulation results of humidity. Overall, the simulation results of humidity align well with the

experimental data.
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4.1.4 Chloride ions concentration

Fig. 15 presents a comparison between experimental data and simulation results of chloride ions
concentration. Chloride ions concentration exhibits a decreasing trend as vertical depth increases.
Among the six testing points, the peak chloride ions concentration is 0.333% for mortar and 0.226%
for concrete, with both maxima occurring at a 1 cm depth near the edge exposed to the atmosphere.
The top 4 cm of the specimen undergoes periodic dry-wet cycles, leading to frequent humidity
fluctuations. This promotes chloride ions convection as the main transport mechanism, resulting in
noticeable chloride ions accumulation in this region. At the same vertical depth, chloride ions
concentration at the edge consistently exceeds that in the middle region, due to the edge’s

proximity to the soaking solution.
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Fig. 15 Comparison of measured and simulated chloride ions concentration (Data labeling:
time(days) - test point location (middle/edge) - data type (test/simulation)): (a) Mortar, (b)
Concrete.

The higher porosity of mortar results in a larger chloride ions diffusion coefficient compared to
concrete. Therefore, at the same testing point and time, chloride ions concentration in mortar is
consistently higher than that in concrete. Notably, the simulation results for mortar show closer
alignment with the experimental data. This is likely attributed to the model’s assumption that both
mortar and concrete are homogeneous materials, which overlooks the heterogeneity induced by
coarse aggregates in concrete structures. Overall, the chloride ions concentration data for both
mortar and concrete exhibit good consistency with the simulation results.

4.1.5 Corrosion current density
Figs. 16 and 17 reveal a marked decreasing tendency in the current densities of steel rebars,

suggesting that macrocell corrosion is the dominant form of steel corrosion[45]. As time
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progresses, the active region on the rebar surface enlarges, leading to a gradual reduction in

macrocell corrosion. The experimentally measured corrosion current density is slightly higher than
the simulation results, attributed to the two-dimensional model, which accounts for
circumferential corrosion but overlooks longitudinal corrosion. Additionally, in actual tests,
boundary effects and epoxy resin sealing effectiveness result in more significant corrosion at the
sealed ends of rebars. Despite these discrepancies, the experimental and simulation outcomes

exhibit consistent trends, validating the model’s efficacy in simulating the evolution of steel

corrosion rate.
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Fig. 16 Comparison of measured and simulated corrosion current densities in mortar: (a)

Rebar M, (b) Rebar P, (c) Rebar N, (d) Rebar Q.
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Fig. 17 Comparison of measured and simulated corrosion current densities in concrete: (a)
Rebar M, (b) Rebar P, (c) Rebar N, (d) Rebar Q.

Both experimental and simulation results demonstrate the corrosion current density of rebar P is
slightly higher than that of rebar M. This phenomenon is primarily attributed to rebar P’s
proximity to the NaCl solution, which leads to a higher chloride ion concentration on its surface
and earlier activation. The increased chloride ions concentration reduces the resistivity of concrete,
further contributing to the increased corrosion current density. In comparison to the other three
rebars, rebar Q, being the farthest from the external environment, exhibits the least sensitivity to
temperature and humidity fluctuations, resulting in minimal variations in current density.

4.2 Parameter discussions
4.2.1 Distribution of oxygen concentration in concrete

The cathodic reaction of corrosion significantly affects oxygen concentration distribution in
concrete. Despite identical exposure conditions, specimens A and B in Fig. 18 exhibit distinct
oxygen concentration profiles. In specimen A, without steel rebars, oxygen distribution is

governed solely by transport processes, without consumption effects. The upper 4 cm of specimen
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A, located in the atmospheric zone, shows high oxygen concentration, while the lower 11 cm in
the immersion zone has low levels. In specimen B, the oxygen concentration is higher on the
upper surface of the first-row steel rebar due to its proximity to the external atmosphere. The
second-row rebars in specimen B, being closer to the solution surface and exposed to higher
chloride ions concentration, undergo corrosion earlier, resulting in significantly lower oxygen

concentration compared to surrounding areas.
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Fig. 18 Simulated oxygen concentration distribution in concrete on day 150 (mol/m?3): (a)
Specimen A, (b) Specimen B.

As shown in Fig. 19, rebars M and P display higher oxygen concentrations on their left sides, as
these sides are closer to the external atmosphere, reducing the diffusion distance and enhancing
oxygen flux. Additionally, oxygen concentration is notably higher at 270° compared to 90°, as the
region near 270° is closest to the soaking solution. This proximity results in higher chloride ions
concentrations, activating this area as the anode in corrosion cells. Other regions on the rebar
surface with lower chloride ions concentrations act as cathodes, consuming more oxygen and

thereby showing lower concentrations.
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Fig. 19 Simulated oxygen concentration distribution on steel M and P surfaces at day 150
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4.2.2 Effect of temperature on oxygen concentration
The effect of temperature on oxygen concentration in specimen A is shown in Fig. 20. Initially,
oxygen concentration is low but increases over time as oxygen diffuses into the concrete.
Temperature fluctuations cause periodic changes in both temperature and oxygen concentration,
with a negative correlation between them. Without steel reinforcement in specimen A, oxygen
concentration depends only on diffusion. Higher temperatures accelerate diffusion but reduce
dissolved oxygen concentration and solubility, with the latter effect dominating. In reinforced
concrete, temperature also impacts oxygen consumption by accelerating chloride ions diffusion,

reducing resistivity, and increasing reaction rates.
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Fig. 20 Effect of temperature on oxygen concentration at different depths in specimen A
(simulation results): (a) 1cm, (b) 3cm.
4.2.3 Effect of humidity on oxygen concentration
Fig. 21 shows significant non-uniform humidity distribution in specimens A and B. The 48-hour
cyclic variation in external temperature and humidity results in notable differences between the
humidities on days 150 and 151. On day 150, the environment humidity is 80 %. Therefore, the
humidity at the boundaries between the two specimens and the external atmosphere is 85%. On
day 151, the environment humidity is 40%. Therefore, the humidity at the boundaries between the
two specimens and the external atmosphere is 40%. The impact of environmental humidity on the
specimen’s internal humidity distribution is limited, with the lower part immersed in solution
consistently maintaining humidity above 90%. Therefore, the upper 4cm height region of the
specimens undergoes frequent dry-wet cycles, while the lower 1lcm height region of the

specimens is always in a high humidity environment.
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Fig. 21 Simulation results of humidity distribution in specimen A and B: (a) Specimen A, day
150, (b) Specimen A, day 151, (c) Specimen B, day 150, (d) Specimen B, day 151.

As shown in Fig. 22, simulated humidity in concrete decreases with depth, while oxygen
concentration increases. Initially, high internal humidity results in low oxygen levels. During
dry-wet cycles, decreasing internal humidity reduces pore saturation, allowing more oxygen to
diffuse through the unsaturated pores. According to Eq. (12), higher humidity reduces the oxygen
diffusion coefficient. The combined effects of temperature and humidity suggest that, while
elevated levels accelerate chloride ions transport and increase the active area on the steel surface,
they also reduce oxygen availability at the steel surface due to lower oxygen diffusion. This
limitation in oxygen availability may explain the decline in steel corrosion rates when concrete

saturation is too high, a phenomenon noted by previous studies[10, 51].
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Fig. 22 Effect of humidity on oxygen concentration at different depths in specimen A
(simulation results): (a) 1cm, (b) 3cm.
4.2.4 Effect of chloride ions on oxygen concentration

As shown in Fig. 23, the lower 11 cm of the specimen, immersed in NaCl solution, has the
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highest chloride ions concentration at its boundary. The middle area, farthest from the solution,
exhibits the lowest concentration. The upper area of the specimen displays a higher concentration
than the middle area. This is due to exposure to the external environment and frequent dry-wet
cycles, where moisture convection drives chloride ions to the upper specimen. This pattern differs

from that under constant temperature and humidity conditions[15].
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Fig. 23 Simulated chloride ions concentration distribution on day 150 (wt.% of concrete): (a)
Mortar, (b) Concrete.

Previous studies have widely recognized that chloride ions and oxygen concentrations were
independent variables in the corrosion process[9]. However, as demonstrated in our previous
work[36], the chloride ions concentration affects the distribution of anodic and cathodic areas on
the steel surface, thereby indirectly influencing oxygen consumption. The present study extends
this finding to time-varying environments. As shown in Fig. 24, chloride ions concentrations at m
and p steadily increase, while oxygen concentration follows a different trend: a sharp rise, a steep
drop, and eventual stabilization. Before day 189, the chloride ions concentration at m remains
below the critical threshold, keeping the steel surface in a passive state. On day 189, m becomes
active, initiating corrosion and causing a significant drop in oxygen concentration. Over time,
oxygen diffusion from the atmosphere restores the balance between oxygen inflow and
consumption. Furthermore, oxygen concentration shows marked fluctuations, which are more
significant than those of chloride ions. This is because chloride ions concentration is mainly
controlled by the diffusion process, while oxygen concentration is affected by both diffusion and

consumption processes, thus being more sensitive to environmental changes.
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Fig. 24 Relationship between chloride ions concentration and oxygen concentration

(simulation results): (a) Point m, (b) Point p.

In conclusion, in the absence of steel, the distribution of chloride ions has a negligible impact

on oxygen concentration. When rebars are present, the accumulation of chloride ions leads to

rebar depassivation and initiates corrosion. This triggers cathodic oxygen consumption, causing a

sharp but temporary decrease in oxygen concentration. Over time, oxygen diffusion from the

atmosphere restores balance, establishing a new equilibrium between oxygen diffusion and

consumption. However, the final oxygen concentration remains significantly lower than

pre-depassivation levels.

4.2.5 Effect of steel corrosion rate on oxygen concentration

As illustrated in Fig. 25, prior to the initiation of steel corrosion, higher oxygen concentrations

appear near the upper surface of the specimen, while lower concentrations are observed near the

bottom surface. Following the initiation of corrosion on day 144, cathodic reactions consume

oxygen, leading to a decline in oxygen concentrations on the steel surface.
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Fig. 25 Simulated oxygen concentration distribution in mortar before and after corrosion
(mol/m?): (a) Day 100, non-corroded, (b) Day 145, corroded.

As previously established[36], the onset of corrosion leads to a sharp decline in oxygen
concentration on the steel surface. However, under the cyclic temperature and humidity conditions
employed in this study, the recovery of oxygen concentration exhibits a distinct pattern compared
to that observed under constant environments. Specifically, as shown in Fig. 26, following the
abrupt drop at depassivation, the oxygen concentration at point m gradually recovers after day 160
owing to the continuous inward diffusion from the external atmosphere, eventually reaching a new
equilibrium around day 234 at approximately 0.73 mol/m*®. Notably, this recovery process is
accompanied by periodic fluctuations in oxygen concentration, which are closely correlated with
the cyclic variations in external temperature and humidity. In contrast, under the constant
environmental conditions reported in Zhang et al.[36], the oxygen concentration at comparable
locations recovered monotonically without such oscillations. Furthermore, the peak corrosion
current density at point m occurs slightly after the minimum oxygen concentration, a lag that is
attributed to the non-uniform moisture distribution within the specimen, which modulates the
concrete resistivity and consequently the intensity of macrocell current circulation. These dynamic
features are unique to time-varying exposure conditions and were not captured in previous

constant-environment models.
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Fig. 26 Relationship between oxygen concentration and corrosion current density at two
representative points in mortar (simulation results): (a) Point m, (b) Point p.

5. Conclusions
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This study developed a model to describe oxygen availability in the cathode region under
varying environmental conditions. The model improved predictions of heat, moisture, chloride,
and oxygen transport, as well as corrosion rates. Accelerated corrosion experiments were
conducted under dynamic environmental conditions, with real-time monitoring of temperature,
humidity, medium concentrations, and corrosion current density in mortar and concrete specimens.
The key conclusions were as follows:

(1) Under cyclic temperature and humidity conditions simulating diurnal variations in marine
environments, the oxygen concentration within concrete exhibits periodic fluctuations, with greater
amplitude occurring near the exposed surface due to more pronounced temperature and humidity
variations. In contrast to the relatively stable oxygen distribution observed under constant
environments, the time-varying exposure produces a non-uniform and dynamic oxygen field within
the concrete cover.

(2) Temperature in concrete is generally uniform, while humidity shows significant variation,
influencing oxygen transport. Higher temperatures accelerate oxygen diffusion but reduce oxygen
solubility at the concrete surface. Increased humidity lowers oxygen solubility, slowing diffusion
rates. Thus, excessively high temperature and humidity can limit oxygen supply to the steel
surface, reducing its availability for cathodic reactions.

(3) Under time-varying environmental conditions, steel depassivation triggers a sharp decline in
oxygen concentration at the steel surface due to cathodic consumption. However, unlike the
monotonic recovery observed under constant environments, the subsequent replenishment of
oxygen under cyclic temperature and humidity exhibits periodic fluctuations, eventually
stabilizing at a level significantly lower than that prior to depassivation.

(4) A critical time lag is identified between the minimum oxygen concentration and the peak
corrosion current density following steel depassivation. This lag, caused by non-uniform moisture
distribution modulating concrete resistivity and macrocell current circulation, is a dynamic feature
unique to time-varying exposure conditions and cannot be reproduced by models assuming
constant environmental parameters.
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Appendix

The energy, moisture mass and dry air mass balance equations of concrete are shown in

Eq.(A1)~(A3).
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