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Abstract: - The reinforced concrete thrust frames are subjected to extreme temperatures during testing of jet
propulsion. The concrete-steel interface bond in reinforced concrete can be enfeebled due to the occurrence of
corrosion-induced strains at the concrete-steel interface. Numerical simulations employing the finite element
analysis approach can provide cost-effective and near-ideal results for comprehending the complex mechanics of
corrosion-induced strains. In this work, the simulation of concrete-rust interface using the finite element analysis
tool, ABAQUS 6.14 is performed. The analysis carried out by correlating the mesh size, type of mesh, and the
order of solution. It was found that the quadrilateral sectional meshing, when solved with quadratic solutions
provides higher accuracy. In addition, the variation in the magnitude of the principal strain due to varying rust
thickness, and their location were investigated. It shows that the rust near the cover region (location of the rust)
for different thicknesses gives rise to high strain values. This work can help in enhancing the design of reinforced
concrete structures, thereby increasing their resilience and capacity to function effectively in corrosive
environments.
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1. Introduction

The concrete performance under acute conditions including high temperature, radiation, etc., has been well
established material for terrestrial applications [1]. The tailored concrete material to produce extraterrestrial
concrete to be used for construction of launch pads and repair damaged structural components act as a resilient
structural solution [2]. The occurrence of steel corrosion in reinforced concrete results in crack initiation and later
crack propagation. The alkaline environment in concrete provides passivity to the steel reinforcement against
corrosion. The integrity of the passive film around steel gets compromised due to the reduction of the pH in case
of excess chloride ions presence or carbonation process of concrete [3]. Along with the crack width, the steel
corrosion in concrete is also influenced by the crack depth and its frequency [4]. The corrosion-induced cracks
can exacerbate the effects of surface cracks, leading to accelerated deterioration and potential structural problems.
Crack growth and proliferate allows additional corrosive chemicals (such as water, oxygen, and chlorides) to reach
the rebar and speed up the corrosion process. Furthermore, the physical bond between the concrete and the rebar
is damaged by cracking and the presence of corrosion products at the contact [5] . Therefore, it is vital to monitor
the structural surface cracks, and understand the mechanism of corrosion induced cracks in the reinforced concrete
structures. The Artificial Intelligence (Al) based Computer Vision (CV) techniques includes image processing
techniques using libraries such as OpenCV, Pytorch, Tensorflow, used to develop customized structural surface
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anomaly monitoring models[6], [7], [8], [9], [10], [11], [12]. After detection of concrete surface defects, it is
important to understand the source of cracks, spalling, and delamination. The corrosion failure risk of steel in
concrete can be determined using numerical model by measure the breadth of the concrete fractures and calculate
the length along the rebar with uniform corrosion, designated as the length of anodic zone [13]. Pitting corrosion
cause serious damage to metals through targeted assaults, which is why it is still a major problem in many different
sectors. Pitting corrosion is often acknowledged to be primarily caused by chloride ions (CI-). Due to their
aggressive character, they can cause localized anodic dissolution by upsetting the protective passive coating on
metals [14]. Pit development and metal dissolution are accelerated by an autocatalytic process that is triggered by
the hydrolysis of metal cations, turning the pit environment acidic [15]. Utilizing thick-walled cylinder models,
the determination of service life of reinforced concrete structures includes the comparison of the expected cracking
times with test data and evaluating the impact of various factors that affect concrete cracking times [16]. Interface
components were used to describe the bonding mechanism and the expanding behavior of the rust between the
bottom rebars and the concrete. A lower tensile strength of the concrete positioned at the bottom of the beam and
varying corrosion rates to various interface parts differentiated the pitting and uniform corrosion from one another
[17]. Finite element (FE) analysis-based modelling of concrete cracks due to rebar corrosion provides an insight
between the rate of corrosion and crack propagation. In computational and mathematical point of view, it is
difficult to mimic the evolution of the metal-electrolyte interface over time. Multiple pit growth, a pit-to-crack
transition stage, and the propagation of one or more cracks are common features of Stress Corrosion Cracking
(SCC) failures [18]. Using the Extended Finite Element Technique (XFEM), it is possible to study the effects of
the transverse crack deflection angle and breadth on the diffusion process in the simulation of corrosion-induced
fracture routes [19], and a three-dimensional diffusion-mechanical model of reinforced concrete with transverse
cracks [20]. A new formulation for predicting dissolution-driven pitting and stress corrosion cracking capture
details of the pit growth phenomena and impacting engineering practice [21]. A study conducted to compare
experimental, and FE based simulated results consist of a beams of span 1200 mm and 100 mm x 150 mm
rectangular cross-sections with two steel rebars of 8mm diameter spaced at 75mm c/c. The experimental deflection
of 3.69mm noted at the ultimate load. When compared with FE based ABAQUS simulations, a defection of 3.54
mm were observed. An analytical mathematical model can forecast the weight loss of the reinforcing bar (WS)
and the time for concrete cover (TCR) to crack in corroded reinforced concrete structures. When the recommended
values of ft (concrete tensile strength) from Eq. (1) [22] are applied to the provided collection of experimental
data where fem represents the cylindrical compressive strength of concrete after 28 days.

fi=0.302 £:2:87 wmpa (1)

The distribution of the corrosion level results in varying pit volume around the rebar causing tensile stress to rise,
leading to concrete cracking. The TCR and WS are estimated reasonably and are in relatively good agreement
with the available experimental investigations [23], [24].

It is estimated that the rust is equivalent to 6.5(pit volume) [25], [26], [27]. The pitting length along with the total
mass loss increases greatly in presence of corrosion induced cracks but the correlation between the total mass loss
in the pit and the maximum cross-sectional area loss is not well established [28]. The finite element-based
simulation of corrosion induced cracks provides understanding of the crack propagation from the corroded rebar
to the surrounding concrete. The crack pattern obtained by considering uniform corrosion using thermal analogy
showed the maximum principle plastic strain for three temperature increase of 59K, 119K, and 300K. The model
consist of 150 x 150 mm concrete section with a single rebar diameter of 16 mm having 20 mm cover [29]. This
work investigates corrosion-induced strains at the concrete-rust interface using finite element method (FEM)
simulations. It assesses the efficacy of various meshing strategies (quadrilateral vs. triangular) and solutions
(linear vs. quadratic) by concentrating on maximal in-plane main strains. According to the findings, strain
convergence is improved when quadrilateral meshing is used with quadratic solutions. The study also investigates
the effects of rust thickness and rebar location on interface strain changes. These realizations can improve
reinforced concrete structure durability and design for corrosive situations.
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2. Finite element modelling of concrete rust interface

A reinforced concrete section of dimension 350mm x 600mm having four rebars of 25 mm diameter@ 75 mm c/c
is simulated with a cover of 30mm and initial rust layer of 0.5 mm. For the implicit analysis considering damage
plasticity model with 30mm cover, the maximum in-plan strain recorded for a triangular mesh and quadrilateral
mesh were 3.667E-04 and 4.807E-04 respectively [30]. For the convergence requirement of the Abaqus based
FE simulation results, combine set consisting of triangular mesh with linear and quadratic solutions and
quadrilateral mesh with linear and quadratic solutions were applied. The convergence requirement of the FE
simulation based results were achieved, as shown in Figure 1 for the mesh set combinations shown in Table 1.
The maximum in-plan principle strain of 4.369E-04 satisfies the convergence requirement that has been achieved
by using quadrilateral mesh and quadratic solutions. It is vital to understand the distribution of induced strain at
the rust concrete interface due to corrosion in a reinforced concrete sections.
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Figure 1: The Max. in-plane principle strain values (y axis) for the various triangular and quadrilateral

mesh elements and FE solution types are shown with respect to the six cross section mesh size
combinations set numbers (x axis).
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Table 1: The concrete, rust, and rebar mesh size combinations.
C t Rust
o oy [ o
Set no. . . mesh
size size size(mm)
(mm) (mm)
1 2 15 15
2 15 1 1
3 1 1 1
4 1 0.5 0.5
5 0.5 0.5 0.5
6 0.5 0.05 0.05

A cross-section of M30 concrete grade with 8mm diameter steel rebar (M30S08) beam is considered. The beam
is modelled using finite element based Abaqus software. The materials properties of concrete and steel is applied
along with the rust properties including 120 MPa modulus of elasticity, and poison’s ration of 0.4. For the Concrete
Damaged Plasticity (CDP), the max. biaxial compressive stress / max. uniaxial compressive stress is 1.16 , dilation
angle 31e, eccentricity 0.1 , shape factor 0.667, and viscosity parameter of 0.0001. An implicit analysis in step
up process is considered with interface of steel, rust, and concrete connected using tie. For FE simulation of
corrosion induced strains at concrete rebar interface for a M30S08 beam. The concrete section model with rust
and steel combinations is shown in Figure 2. The study consist of three cases including four combinations of rust
positioning at rebar 1, 2, 3, and 4. This provides a robust approach to determining the maximum principle strain
occurrence due to corrosion induced stresses in the surrounding concrete generated at the rust-concrete interface.

Rust layer poshioned between

concrete-steel interface.

Figure 2: The M30S08 beam sectional modelling with concrete, rust and steel rebars combinations.
Uniform rust around the complete rebar diameter is considered.
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In another case , the concrete section model with rust and steel combinations is shown in Figure 3. Modelling rust
properties at the rebar location 1, 2 ,3 ,and 4 are shown with uniform rust considered around half rebar diameter
at the bottom (1 and 2) and top (3and 4) rebars.

Uniform rust layer around half rebar
diameter at location 3, and 4

Uniform rust layer around half rebar
diameter at location |, and 2

Figure 3: The M30S08 beam sectional modelling with concrete, rust and steel rebars combinations.
Uniform rust considered around half rebar diameter at the bottom rebars 1,2 and top rebars 3, and 4.

3. Results and Discussion
3.1 The strain value with 0.1 mm uniform rust thickness around rebar diameter

The In-plane primary strain values are presented in Figure 4, along the vertical axis, which ranges from 5.600E-
04 to 5.950E-04. On the horizontal axis, the set number representing various mesh combinations considered for
concrete, rust and rebar sections are presented. Based on the rust thickness of 0.1mm, the maximum in-plane
primary strain with rust modelled for only rebar 1 is represented by the blue line, for rebars 1 and 2 is represented
by the orange line, for rebars 1, 2, and 3 is represented by the greyline, and for all four rebars, with rust
consideration is shown by the yellow line. With distribution of the rust among all four rebars, the max. in-plane
principle value is less but more critical strain hinges are formed at the concrete-rust-steel interface.
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Table 2: The concrete, rust, and rebar mesh size combinations for 0.1mm uniform rust
thickness.
Set no. Concrete mesh size (mm) Rust mesh size (mm) | Rebar mesh size(mm)
2 15 15
2 15 1 1
3 1 1 1
4 1 0.5 0.5
5 0.5 0.5 0.5
6 0.5 0.05 0.05
5.95 DE-D3
5.50 DE-D3
5.B5DE-D4
E
-E' 5. B0 DE-Da
o
LE-*-' 5. 75 0E-D3
_%' 5.700E-D4
E‘ 5.65DE-D4
E 5.650 DE-D4
= 0 1 2 3 4 5 & 7

Element mesh size combination setno.
- Max. In-plane principal strain with rust modelled for rebar 1

Max. In-plane princpal strain with rust modelled for rebar 1, and 2

I 'z In-plane prindpal strain with rust modelled for rebar 1, 2, and 3

Max. In-plane principal strain with rust modelled for all four rebars.

Figure 4: Six mesh combinations for concrete, rust and rebar section with max. in-plane principle strain
values are plotted for the uniform rust thickness of 0.1mm.

3.2 The strain value with 0.5 mm uniform rust thickness around rebar diameter

A comprehensive representation of the Finite Element (FE) quadrilateral mesh model, shown in Figure 5, is used
to simulate the M30S08 cross-section in a concrete structure with embedded rebars. The model focuses on the
interactions of concrete, rust of thickness 0.5mm , and rebar elements, with a particular emphasis on the
consequences of corrosion-induced strain. The left side of the figure shows a close-up of the mesh configuration,
emphasizing the various mesh sizes used: 0.5 mm mesh for concrete, 0.05 mm mesh for the rust layer, and 0.05
mm mesh for the rebar. The right side of the figure shows a cross-sectional view of the model, with the max. in-
plane primary strain distributed across the entire section. The strain values are color-coded, and the scale ranges
from -1.882e-07 to +1.682e-04, indicating the different amounts of strain encountered by the concrete. The visual
representation and intricate mesh layout provide a thorough understanding of how corrosion affects the concrete
structure, highlighting important regions where strain is highest.
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0.5 mm mesh
(concrete)

The patch with Max.
In Plain Principle

0.05 mm mesh
(rust)

E, Max. In-Plane Principal
(Avgt 75%)

41,682e-04
+1,%42e-04
4+1,401e-04
+1.261e-04
+1.121e-04
49.804e-05
+8.400e-0%5
46,997q-05
+5.594e-05
4+4,191e-05
42,788e-05
+1,384e-05
<1.882¢-07

Figure 5: The concrete, and rebar FE quadrilateral mesh model replicating the M30S08 cross-section. A
uniform rust layer of 0.5mm is considered to induce the external stress to the surrounding concrete in

corrosion induced strain conditions.

The comparison of maximum in-plane primary strains (E) for various rust states and rebar locations are mentioned
in Table 3. These strain values are plotted against rust sites at rebar positions 1, 2, 3, and 4, using three series of
data points. The strain values for three rust conditions—0.1 mm uniform rust thickness around rebar diameter, 0.1
mm uniform rust thickness about half the rebar diameter, and 0.5 mm uniform rust thickness around half the rebar
diameter are shown in the Table 3.

Table 3: Comparison of max. In-plane principle strains for various rust conditions applied to

rebar locations.

Rust model 0.1 mm uniform rust 0.1 mm uniform rust 0.5 mm uniform rust

location thickness thickness around half rebar thickness around half rebar
diameter diameter

Rebar 1 4.263E-04 4.263E-04 5.689E-04

Rebar 1+2 4.101E-04 4.101E-04 5.780E-04

Rebar 1+2+3 | 4.394E-04 4.394E-04 5.720E-04

All rebars 4 417E-04 4.417E-04 5.640E-04
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The maximum in-plane principle strains for various rust conditions applied to various rebar locations are
compared in the Table 3. The three conditions, a 0.1 mm uniform rust thickness, a 0.1 mm rust thickness about
half the rebar diameter, and a 0.5 mm rust thickness around half the rebar diameter are examined. Within the
homogenous rust thickness of 0.1 mm around complete rebar diameter and half rebar diameter, the strain values
are almost same, vary between 4.101E-04 and 4.417E-04. For the rust thickness of 0.5 mm around half rebar
diameter the stain ranges from 5.64E-04 to 5.78E-04.

4, Conclusion

Formation of corrosion-induced strains at the concrete-rust interface are studied using finite element based
simulation techniques. A convergence study was carried out to verify the element size, and solution type for
evaluating the maximum in-plane principal strains arising from rust-induced stress at the concrete-rust interface
of a reinforced concrete beam. A correlation between quadrilateral and triangular meshing with both linear and
quadratic solutions has been found out. It was observed that the quadrilateral sectional meshing, when solved with
quadratic solutions, achieves higher accuracy of in-plane principal strain values at the concrete-rust interface. The
maximum in-plane principal strain was evaluated for several rebar configurations with a rust thickness of 0.1 mm
and 0.5 mm. It assisted in understanding the relation of concrete-rust-steel interfaces under induced stresses. The
variation in interface strain due to changes in rust thickness and positioning around the rebars is also analysed,
providing valuable insights into the mechanics of corrosion-induced strains in reinforced concrete structures.
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