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Abstract

This research aims to illustrate the corrosion process and its effect on the deterioration of reinforced concrete (RC) isolated
footings using a small-scale model (1/8) and present the results of a prototype-scale study using a numerical model with
different concrete depths and corrosion levels under axial load. The experimental program consisted of testing five small-
scale (1/8) model RC isolated footings under axial loading after subjecting them to accelerated corrosion tests with a
constant current. The main variable in the small-scale sample test was the corrosion level. This study presents an
experimental approach, using the constant current method and the finite element method (FEM) with the ABAQUS
package, to examine its effect on the axial load behavior under different corrosion ratios, which were 0%, 4.21%, 9.11%,
24.56%, and 30.67%. On the prototype scale, the variables were the corrosion level and the RC depths of 300 mm, 400
mm, and 500 mm. The results indicated that the average deviation in ultimate load between the experimental and FEM
outcomes for the small-scale was below 5.6%, while the average deflection deviation was 6.8%. Also, the study found that
an increase in the depth of the RC footing and corrosion ratio led to a more pronounced impact of the cracking pattern in
the concrete and corroded bars, as well as a greater difference in the failure load. The experimental results suggest that the
proposed numerical model is accurate and effective. These findings have important implications for the evaluation of
isolated footings affected by corrosion damage using FEM, and can help inform decisions related to their design and
maintenance. The failure loads of non-corroded footings with different depths were compared with the ECP-203 provisions
of the 2018 Egyptian Code, and how corrosion ratios can be simulated by numerical models. The percentage variation
between the design loads by code and the numerical loads by ABAQUS for controlled footings with thicknesses of 300,
400, and 500 mm was found to be 73%, 80%, and 78%, respectively. Using the derived relationship, the equivalent
corrosion ratio percentages were 23.8%, 20.2%, and 32%, respectively.

Keywords: Acceleration Corrosion-Constant Current; Axial Loading; Isolated Footing; Finite Element Modeling; Small Scale Modeling.

1. Introduction

The durability of RC buildings that are exposed to chloride can be significantly reduced due to the corrosion of steel
bars [1-3]. The load-bearing capacity of steel bars is diminished, and the bond between concrete and corroded steel is
weakened when the cross-sectional area of steel bars decreases as a result of corrosion. Consequently, the confinement
offered by transverse reinforcement is diminished, and the steel's mechanical properties are altered [4]. Many RC
elements, such as footings, are situated in salt-prone and coastal areas; however, the behavior of RC footings under axial
loading with varying corrosion levels has not been as thoroughly researched as other RC components like columns,
slabs, and beams. This study was to investigate the performance of the isolated footing exposed to different degrees of
corrosion.
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There have been numerous studies on corrosion in various RC elements. Zaghian et al. (2023) [5] discovered that
reinforcing steel corrosion is the main cause of concrete degradation in North American infrastructure, with piers being
particularly susceptible. Using de-icing salts in coastal regions exacerbates this vulnerability. Corrosion increases
nonlinearity and affects the failure of slender, eccentrically loaded columns. The study employed a comprehensive
model of corrosion damage and a step-by-step corrosion scenario to investigate how the capacity, stiffness, and ductility
of bridge columns are impacted by corrosion under the influence of off-center loads. To ensure accuracy, the model was
verified by comparing it to data from prior experiments. Also, El-Joukhadar et al. (2023) [6] established standards for
evaluating the impact of corrosion damage on column seismic resistance. Current guidelines do not consider bar
corrosion, which affects mechanical properties and seismic performance. The suggested changes to the nonlinear
assessment involve adjusting reduction factors for stress-strain characteristics, stiffness, strength, and deformation
capacity. These factors will be calibrated using a database of corroded columns obtained from experiments. Advanced
finite element analysis considers the mass loss effect on material properties. It may be complicated to incorporate
corrosion effects into evaluations, but it is necessary for accurate results.

Wang et al. (2023) [7] Experiments were carried out by utilizing accelerated corrosion techniques and conducting
tests that generated shearing forces between surfaces. The aim of the investigations was to explain how corrosion affects
the strength of the connection between steel foundations and the soil in their vicinity. According to the findings, there
was a positive correlation between the level of corrosion and both interfacial cohesiveness and the friction coefficient.
Finite element simulations further emphasized the importance of considering changes in the interfacial shearing property
caused by corrosion. A similar study to Wang et al. (2022) [8] indicates that steel foundations in ocean engineering are
at risk of corrosion, which could be a safety hazard. Despite the significance of the surface roughness properties of
corroded steel foundations in submarine soil, which can impact soil-structure interaction and bearing capacity, there has
been insufficient research conducted on this topic. To address gaps in previous research, the study also developed a
stochastic model to simulate the surface properties of corroded steel. These results and models can be beneficial for
analyzing the interaction between soil and steel foundations and the bearing capacity of engineering structures in the
ocean while taking corrosion into account.

Li et al. (2023) [9] found that corrosion of reinforcing bars in RC members can significantly affect their seismic
performance and collapse mechanism. The researcher carried out tests on four specimens with varying rates of corrosion
to examine the cyclic loading effect on RC shear walls exposed to corrosion. RC shear walls experienced an adverse
impact on their seismic performance, particularly in cases where corrosion was severe. The researchers suggested both
analytical and finite element models incorporate the effects of corrosion on the shear strength and deterioration of shear
walls. Meanwhile, Han et al. (2023) [10] used capacitance-based rebar corrosion detection, numerical simulations, and
acceleration tests to study the corrosion effect on RC structures. By placing capacitance sensors in different electrode
positions, the authors established a formula for non-uniform corrosion and evaluated RC sample compactness. On the
other hand, Zheng et al. (2022) [11] examined chloride effects on the induced corrosion of reinforcement bars on the
seismic performance of squat RC walls. They subjected eight specimens to accelerated corrosion and pseudo-static tests
and found that the specimens' bearing, deformation, and energy dissipation capacities decreased as the corrosion levels
increased. The authors also developed a new equation for the corroded squat wall skeleton curve's distinctive point
characteristics.

Zhao et al. (2021) [12] Cyclic load experiments have been tested on four scaled Samples of bridge piers exposed to
varying amounts of accelerated corrosion process in the anticipated splash and tidal zones. They observed a reduction
in ductility, load-bearing capacity, and cumulative energy consumption as corrosion levels increased. Finally, Hu et al.
(2021) [13] indicate that the impact of stochastic pitting on the functionality of ship hull plates was explored by
employing a numerical simulation technique and a Python script. Their approach was validated by conducting a pitting
test and subsequently utilized to evaluate the impact of different stochastic pitting patterns on the ultimate strength of
stiffened plates, and the tensile characteristics of unstiffened plates.

Altoubat et al. (2016) [14] investigated steel corrosion in RC columns. They conducted axial loading experiments
on six small-scale, corroded RC columns at various levels. Kasetni et al. (2016) [15] presented a FEM that simulates the
nonlinear performance of a corroded RC fiber beam-column member. Mohammed et al. (2020) [16] discussed the
behavior of corroded RC elements using numerical analysis. Khalid (2018) [17] conducted a numerical analysis using
the axial ABAQUS-3D model to simulate deteriorated columns and found that the FEM findings were compatible with
the experimental outcomes. Fang et al. (2021) [18] studied the flexural behavior of corroded RC slabs.

This study illustrates the performance of corroded (RC) footings under the axial loading experimental program and
numerical models. Corrosion levels were tested at ratios of 0%, 4.21%, 9.11%, 24.56%, and 30.67%, measured by the
loss of steel bar area. The effect of corrosion on the bond strength between rusted steel and concrete was demonstrated
by utilizing the concrete-damaged plasticity model (CDP) and the ABAQUS package, with an expansion model being
employed.
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In addition to the experimental results, this research shows numerical models for prototype-scale RC footings with
varying depths of concrete (300 mm, 400 mm, and 500 mm) and different levels of corrosion. It’s used to illustrate the
effect of concrete depth on axial load performance under different corrosion levels. Based on the results, the study
proposes that load-bearing capacity decreases with increasing corrosion levels and suggests that isolated corrosion
cracks in the footing may occur.

2. Experimental Program Properties
2.1. Specimen Dimensions

This study used five small-scale 1/8-isolated reinforced concrete (RC) specimens, as shown in Figure 1, with
dimensions of 250x250 mm, a thickness of 40 mm, and 5 mm as a concrete cover. The column was made from a 40 x
40-mm steel tube with a thickness of 2 mm and a height of 140 mm filled with RC concrete, scaled down from a
prototype-scale footing with dimensions of 20002000 mm, 300 mm thickness, and a 300300 mm column. According
to the Egyptian Code [19], the smallest allowable depth for an RC footing is determined by the largest value between
300 mm or a dimension that is less than the column dimension, which corresponds to the most vulnerable scenario. The
specimens had a compressive strength fc, of 40 N/mm? and 7 bars with a diameter of 2 mm in each direction. The yield
strength fy and tensile strength fu of the steel bars used in the small-scale specimens were 850 N/mm? and 978 N/mm?,
respectively. The corrosion level ratio was the main variable, and the specimens had corrosion ratios of 0%, 4.21%,
9.11%, 24.56%, and 30.67%. The specimens were labeled as S, X, where X represents the rebar corrosion loss ratio%,
and Sy 4.21 represents a reinforced concrete footing with a corrosion bar loss ratio of 4.21%.
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Figure 1. Dimension of test small-scale specimen (unit: mm)

2.2. Material Properties

A cement mortar consisting of cement and sand was used, with a proportion of cement: water: sand = 1:0.42:1.25 by
weight. The compressive properties of the concrete were assessed by conducting tests on three standard
cubes (measuring 70x70x70 mm) after 28 days, which indicated a compressive strength of 40 N/mm?. Figure 2 depicts
the wooden model, a steel bar, and a sample of footing after casting. Table 1 displays the physical characteristics of the
2 mm diameter steel bar, and the relationship between stress and strain is shown in Figure 3.

~

Figure 2. The wooden model, steel bar, and a sample of footing after casting

Table 1. The mechanical characteristics of the reinforcement steel bars

Bar diameter ~ Weight Length Calculated Yield proof  Ultimate proof Yield-proof Ultimate proof  Elongation
(mm) (gm) (mm) area (mm? load (KN) load (KN) stress (N/mm?)  stress (N/mm?) (%)

2 79 275 3.14 2571 3.071 850 978 1.46
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Figure 3. The relationship between stress and strain for the used steel

Properties of the sandy soil: As shown in Figure 4, a circular steel tank (560 mm in diameter and 280 mm in height)
was filled with medium-density sand to simulate real soil. The sand was compacted in three equal layers of 280/3 mm
thickness with a steel block weight of 3.650 kg.

Figure 4. Tested soil tank

The soil was tested in a soil laboratory (Sieve analysis and shear box test) to determine its properties and found as:
¢ Fineness modulus was 3.55; o Coefficient Of Curvature Cc = 0.85;

o Dry density (X ary = 14.6 KN/md); e Friction Angle (@) = 35.0°

o Uniformity Coefficient Cu = 3.28;

Figures 5 to 7 show the sieve analysis chart, the relation between shear strength and shear distance, and the relation
between shear strength and normal stress, respectively.
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Figure 5. Sieve analysis chart of the used sand soil
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Figure 6. The relationship between shear strength and shear distance of the used sand soil
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Figure 7. Shear strength and normal stress relationship of the used sand soil

2.3. The Corrosion Processes

To assess the extent of corrosion in small-scale models, a constant current approach was employed as an accelerated
corrosion method. The samples were submerged in a 5% NacCl solution, and a constant current of known value was
supplied by the anode (the reinforcing mesh of each specimen) and the cathode (a steel plate immersed in the tank) [20].
The mass losses in the steel bar were used to estimate the degree of corrosion using Faraday's law [21]. This approach
provides a reliable indication of the expected corrosion level and enables an assessment of the potential long-term effects
on the structure.

Mloss

1

Icorr
where (T) is the time when corrosion occurs by an hour [hr.], (Icorr) is current by Ampere [A], and (Miess) is the losses in
the mass by gram [gm].

By representing the actual corrosion level (X) as the variation between the initial weight and the final weight relative
to the weight before corrosion,

x=215 2100 % @)
MI

where M; is initial weight of steel bar and Mg is Final weight of steel bar.

The calculated Myess ratios of rusted bars corresponding to the corrosion levels are shown in Table 2. They were
calculated by weighing the steel bars after the loading test and breaking the models, and cleaning the outer surface of
the steel bars from rust. Figure 8 shows the power supply used in this process.
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Table 2. Characteristics of the specimens

Specimen  M,(@m) ler(A) T (hr) Mge(gm) Corrosion loss ratio X (%)

Spo 201.02 - - 201.02 0

Spaz 20149 01 19269 193 421
Spou 19805 01 37879 180 9.11
SP 2056 20149 01 57805 152 2456
Sp 2067 20050 01 76696 139 30.67

Figure 8. Power supply
2.4. Test Setup

To simulate real soil conditions, all footing specimens were situated in the center of a circular steel tank filled with
medium-density sand, as shown in Figure 9. The samples were exposed to a concentrated force using a vertical load cell
to measure the load applied. In order to track any deformation or bending of the column under load, two displacement
gauges were used to measure the vertical displacement from the column head and the footing top surface at the edge of
the center axis of the footing. By comparing the displacement measurements at different points, the researchers could
study how the load was distributed across the system and how the footing influenced the overall structural behavior. The
vertical displacement measurement at the top of the column provided valuable information on the behavior and capacity
of the column and its ability to bear the load without breaking or undergoing excessive deformation.

Figure 9. Loading frame

3. Numerical Simulation

The evaluation of corrosion damage was carried out in this study using the ABAQUS software [22], employing the
concrete damage plasticity (CDP) model. The uniaxial stress approach was used to define the concrete's properties, and
the parameters and their effect under compound stress are demonstrated in Table 3. The mechanical characteristics of
concrete, steel bar, and sand were defined and presented in Table 4.

Table 3. The concrete damage plasticity (CDP) models parameter [23]

Parameter  Dilationangle Eccentricity angle  f,/f; K Viscosity parameter

Value 40 0.1 116 0.667 0
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Table 4. Properties of concrete, steel bar, and sand

Material properties Modulus of elasticity [N/mm?]  Poisson’s ratio
Concrete 33345.76 0.2
Steel bar 2100000 0.3
Corrosion bars @ 4.21%-9.11 % 120000 [24] 0.45 (assumed)
Corrosion bars @ 24.56 % 60000 0.45 (assumed)
Corrosion bars @ 30.67 % 50000 0.45 (assumed)
Medium dense sand 15 0.35

ABAQUS software was employed to simulate the non-linear behavior of concrete under the influence of corrosion
in reinforced steel bars. Specific elements such as the "solid element," representing the concrete, and the "wire element,"
representing the steel reinforcing bars. To describe the non-linear behavior of concrete affected by corrosion in
reinforced steel bars, the "damaged plasticity concrete (CDP)" model was employed, while the "plastic/isotropic" model
was used to model the reinforcement steel. The study examined the impact of corrosion on three factors: a decrease in
the bond strength between steel reinforcement and concrete, a decrease in the cross-sectional area of reinforcing bars,
and a modification in steel characteristics during the corrosion process. The "embedded region" constraint in ABAQUS
is used for simulating the slippage between concrete and the steel bars, assuming strain compatibility or a full connection
between the two materials. Nevertheless, this technique may not accurately replicate the significant reduction in the
connection between the steel reinforcement and concrete. Therefore, a new approach for simulating this interaction
should be developed. Corrosion causes concrete cracking when the corroded steel volume increases relative to the initial
volume of the steel bars, leading to increased pressure and potential surface spreading. The cross-section of the
reinforcing steel decreased due to corrosion, with a corrosion expansion coefficient (v) of 3 selected for this study [22].
As shown in Figure 10, the load was represented as a vertical displacement line from the top surface of the column.

Figure 10. The displacement line applied to the column

4. Experimental and Numerical Results and Discussion of Small-Scale Model
4.1. Corrosion and Cracking Pattern Distribution

Experimental and numerical results in Figures 11 and 12 were used to analyze and compare crack distribution due
to failure loads and after the corrosion process. The control specimen, Sp 0, showed a flexure crack in the middle of the
footing in each direction at the bottom due to its tensile strength. However, the first crack in corroded specimens, Sp
4.21, Sp 9.11, Sp 24.56, and Sp 30.67, appeared due to flexure load and then gradually increased diagonally, leading to
punching failure. Through a comparison of the crack distribution between the control and corroded specimens, the study
identified the corrosion impact on the strength of footings. These results can offer important insights for the design and
maintenance of RC structures that are vulnerable to corrosion.
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Figure 12. Distribution of corrosion due to the accelerated corrosion process. a) Sp 4.21, b) Sp 9.11, ¢) Sp 24.56, d) Sp 30.67

4.2. Load — Deflection Curve

Various small concrete footing models with various degrees of corrosion were examined under axial loading. The
load-displacement graphs showed that the non-corroded control model (Sp 0) exhibited higher stiffness and capacity to
withstand loads compared to the corroded models. Specifically, the control model failed at the highest load of 42.6 kN.
In contrast, the corroded models failed at lower loads of 35.4 kN, 34.3 kN, 26.9 kN, and 22.9 kN for Sp 4.21, Sp 9.11,
Sp 24.56, and Sp 30.67, respectively. Overall, the results demonstrated that corrosion reduced the load-bearing capacity
and stiffness of the concrete footings (Figure 13).
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Figure 13. Experimental Envelope curve of the specimens

In Figure 14, the relationship between the load bearing capacity and displacement of the corroded footing subjected
to axial load is depicted, along with the corresponding numerical results. The findings reveal a significant deterioration
in both stiffness and failure load of the corroded footing when compared to the control footing. Specifically, the control
footing (Sp 0) had a failure load of 40.2 kN, while the footings (Sp 4.21, Sp 9.11, Sp 24.56, and Sp 30.67) had failure
loads of 33.6 kN, 32.9 kN, 28.6 kN, and 24.7 kN, respectively.
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Figure 14. Numerical Envelope curve of the specimens

Figures 15 and 16 illustrate the correlation between failure load and displacement for corroded footings that are
subjected to axial compression, using both experimental and numerical data. Although there is a slight difference at the
beginning of the load-displacement curve, the behavior is mostly the same. The curves indicate that corroded footings
have lower failure loads at larger displacements compared to non-corroded ones. While corrosion degradation reduces
the strength capacity of the footings, the overall load-displacement relationship remains largely the same, with the curves
diverging at higher deformations. Table 5 provides data on failure loads, displacements, and numerical-to-experimental
result ratios, indicating a considerable degree of concurrence between the experimental data and the finite element
model. The average difference in ultimate load and deflection at failure between the experimental and finite element
model values for small-scale specimens was less than 5.6% and 6.8%, respectively. In conclusion, the analysis by
FEM was able to accurately predict the strength and deformation response of corroded footings, with differences of less
than 6% compared to experimental data. The model is reliable and can be used to further investigate the behavior of
corroded concrete structures. Additionally, Figure 17 shows the correlation between the percentage of corrosion and the
decrease in load capacity relative to non-corroded footings in a different way.
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Figure 15. Experimental and Numerical Envelope curve of the specimens
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Table 5. Experimental and Numerical results

Experimental result

Numerical result

(Num/Exp.) Ratio

Displacement Load A?(ial Ioz_ad Displacement Load  Axial Ioe_id capacity Disp. Load
(mm) (kN) capacity ratio (%0) (mm) (kN) ratio (%)

Sp0 7.86 42.6 100 7.38 40.2 100 0.93 0.94
Sp4.21 7.67 354 83 7.22 336 835 0.94 0.95
Sp9.11 6.61 343 80.5 6.76 329 81.8 1.02 0.96
Sp 24.56 6.64 26.9 63 6.73 28.6 71 1.01 1.06
Sp 30.67 7.25 229 53.7 5.95 24.7 61.4 0.82 1.07
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5. Numerical Results and Discussion of Prototype-Scale Model

The numerical simulation results for corrosion explain the degradation of axial loading performance in reinforced
concrete (RC) isolated footings on a prototype scale, with varying corrosion levels and concrete depths. The samples
were of varying thicknesses, measuring 300 mm, 400 mm, and 500 mm, all with dimensions of 2000x2000 mm.
Additionally, they had a clear cover thickness of 50 mm. The column involved using a steel tube that had dimensions of
300%300 mm, a 1000 mm height, and a thickness of 2 mm. The tube was then filled with reinforced concrete that had a
compressive strength of 40 MPa. Thirteen steel bars with a diameter of 12 mm were utilized as longitudinal reinforcing
steel in each direction. Tensile tests were carried out on the steel reinforcement, revealing a yield strength f, of 500 MPa
for the 12 mm-diameter bars.

5.1. Load — Deflection Curve of Prototype Scale 2000x2000%300 mm

Figures 18 and 19 display the curves that represent how the axial load and displacement are related for various
prototype-scale models with an RC depth of 300 mm. The results of numerical analysis for prototype-scale corroded
footings subjected to axial load indicate a significant decrease in both stiffness and ultimate loading bearing capacity
compared to the control footing. Table 6 provides the values for failure load, displacement, and the ratio between the
numerical and experimental results. The reduction ratio for the corroded footings relative to the control footing was
95.74%, 92.48%, 71.2%, and 65.1% for Sp4.21, Sp 9.11, Sp 24.56, and Sp 30.67, respectively.
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Figure 18. Numerical Envelope curve of the prototype-scale specimens; t=300 mm
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Table 6. Numerical result for prototype scale footing 20002000300 mm

Figure 19. Comparison of load capacity; t=300 mm

Prototype scale footing 2000%x2000%300 mm

Load (kN) Displacement (mm) Axial load capacity ratio (%)

Spo0 1198 46.02 100
Sp4.21 1147 43.65 95.74
Sp9.11 1108 43.74 92.48
Sp 24.56 853 39.02 71.2

Sp30.67 780 35.87 65.1

Figure 20 Illustrate the correlation between the percentage of corrosion and the decrease in the load bearing
capacity as a ratio compared to the standard specimen.

y = —11766x + 101.04

where y is Normalized axial load capacity % and X is Corrosion ratio %.
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Figure 20. Corrosion ratio (%) and axial load capacity (%6); t=300 mm
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5.2. Load-Deflection Curve of Large-Scale 20002000400 mm

Figures 21 and 22 show the curves of the axial load-displacement responses of all specimens with a depth = 400
mm. The relationship between axial load capacity and displacement for prototype scale footings subjected to axial load
is presented. The control footing shows a significant deterioration in both failure loads and stiffness. Table 7 displays
the failure load, displacement, and ratio of numerical and experimental results. The reduction ratio for corroded footing
concerning control footing was 94.6%, 92.6%, 74.8%, and 69.9% for Sp 4.21, Sp 9.11, Sp 24.56, and Sp 30.67,
respectively.
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Figure 21. Numerical Envelope curve of the prototype-scale specimens; t=400 mm
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Figure 22. Comparison of load capacity; t=400 mm

Table 7. Numerical result for large-scale footing 2000x2000x400mm

Prototype scale footing 2000x2000x400 mm

Load (kN) Displacement (mm) Axial load capacity ratio (%)

Spo0 1472 50.7 100
Sp4.21 1392 45.3 94.6
Sp9.11 1363 48.7 92.6

Sp 24.56 1101 55.7 74.8
Sp30.67 1030 52.4 69.9
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Figure 23 indicate the relation between the reduction in load bearing capacity as a ratio from the control specimen
and corrosion ratio %.

y = —0.9891x + 99.946 4

where y is normalized axial load capacity % and X is corrosion ratio %.
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Figure 23. Corrosion ratio (%) and axial load capacity (%6); t=400 mm

5.3. Load — Deflection Curve of Prototype Scale 20002000500 mm

The results indicate a significant degradation in stiffness and loading capacity compared to the control footing as
shown in Figures 24 and 25. Table 8 illustrate the failure load, displacement, and the ratio between the numerical results
for each specimen. The reduction in failure load compared to the control footing was 91.5%, 88.5%, 83.6%, and 79.2%
for Sp 4.21, Sp 9.11, Sp 24.56, and Sp 30.67, respectively.
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Figure 24. Numerical Envelope curve of the prototype scale specimens; t=500 mm
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Figure 25. Comparison of load capacity; t=500 mm

Table 8. Numerical result for large-scale footing 2000x2000x500 mm

Prototype scale footing 20002000500 mm

Load (kN) Displacement (mm) Axial load capacity ratio (%)

Spo0 1895 38.5 100
Sp4.21 1822 27.3 96.1
Sp9.11 1678 25.3 88.5

Sp 24.56 1584 23.7 83.6
Sp30.67 1500 22.4 79.2

Figure 26 represent the relation between corrosion ratio % and the reduction in load bearing capacity as a ratio from

the control specimen.
y = —0.6278x + 98.093

where y is normalized axial load capacity % and X is corrosion ratio %.
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Figure 26. Corrosion ratio (%) and axial load capacity (%6); t=500 mm
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5.4. Numerical Result for Large-Scale Footing with Different Depths

Table 9 illustrates the values of failure load, displacement, and the ratio between the numerical and experimental
results for the prototype-scale samples. In Figure 27, the relation between the corrosion ratio (%) and axial load capacity
is shown for all the prototype-scale footings with different concrete depths. It is noted that the results of the reduction
in ultimate load for different corrosion ratios are similar when comparing the different concrete depths.

Table 9. Numerical result for prototype scale footing with different depths

Displacement (mm) Load (kN) Axial load capacity (%)
Sp0 46.02 1198 100
. Sp4.21 43.65 1147 95.74
Numerical results
2000%2000x300 mm  Sp9.11 43.74 1108 92.48
Scale (1)
Sp 24.56 39.02 853 71.2
Sp 30.67 35.87 780 65.1
Sp0 50.7 1472 100
Sp4.21 45.3 1392 94.6
Prototype-scale 2&%’3383812%58’ Itr;’m Sp9.11 48.7 1363 92.6
Sp 24.56 55.7 1101 74.8
Sp 30.67 52.4 1030 69.9
Sp0 385 1895 100
Sp 4.21 27.3 1822 96.1
Numerical results
2000%2000x500 mm Sp9.11 253 1678 88.5
Sp 24.56 23.7 1584 83.6
Sp 30.67 224 1500 79.2
2000 -
1600
z
S3
T 1200 A
=]
s
x
< 800 A
400 A =
Sp4.21 Sp9.11 Sp 24.56 Sp 30.67
0 1 2 3 4 T 5
=t=300 1198 1147 1108 853 780
=t=400 1472 1392 1363 1101 1030
t=500 1895 1822 1678 1584 1500
Corrosion ratio (%)

Figure 27. Represent the relation between corrosion ratio % and axial load capacity for all the prototype-scale footing with
different (RC) depths

Figures 28 and 29 represent the correlation between the corrosion ratio percentage and the reduction in axial load
capacity as a ratio from the control specimen for small and prototype-scale footings, respectively.

y = —0.6278x + 98.093 (6)

where y is normalized axial load capacity % and X is corrosion ratio %.
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Figure 28. Corrosion ratio % and axial load capacity % for small-and-prototype-scale footing
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Figure 29. Axial load capacity % and Corrosion ratio % and for small-and-prototype-scale footing as the average ratio

With increasing corrosion ratios, the normalized axial load capacity of reinforced concrete footings decreases for
both small and prototype-scale footings. The negative slope of the equation (-1.0297) shows that the reduction in the
capacity load is more significant for higher corrosion ratios. The y-intercept of 97.421 represents the normalized axial
load capacity when the corrosion ratio is 0%. Overall, this analysis indicates that corrosion has a substantial impact on
the axial load capacity of reinforced concrete footings, with higher corrosion ratios resulting in greater reductions in
load-bearing capacity.

6. Code Specification for Calculating the Ultimate Load of Isolating Footing

Concerning the ECP 203, Egyptian code [19] for calculating the ultimate load for isolated footing. The ultimate load
is the smallest value from the ultimate flexure load and the punching load to ensure that the footing is safe in flexure
failure and punching failure.

e Calculating the flexure ultimate load capacity

T=C @)
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Asxi—zzo.G?x%xbxa (8)
Get a=...

Co= (ﬁ) x d (9)

a,=0.8 X Cp (10)
Get ap=...

a<ap (1)

Mu = Cx (d-5)= (0.67 x L x b x a) x (d-3) (12)

Mu = gsy X @ (13)

qSU: Af:;r (14)
get (pu)=.....

where T is tension force in steel bar, C is compression force in stress block, Fy is yield stress, Fc, is compression stress
of concrete, Cp is compression distance in balance state, d is concrete depth, M, is ultimate moment resistance, Qs is
ultimate punching strength, c is reduction factor for concrete is 1.5, ¥s is reduction factor for steel is 1.15, Ar = Br is
punching area.

e Calculating the punching ultimate load capacity

=
(bo) = 2% (axb) = 2(ac + d) + 2(bc + d) (16)
Qup = Pu- gsu (@xb) a7)
Qup = 1?0% < Cewp (18)

since punching shear qup should be less than concrete strength geup by the ECP203, the developed shear is given by the
least of the following three values:

qCup = 0316 I;Lcu S 16 N/rnm2 (19)
Qeup = 0.316 (0.50 + %) I;Lcu .
Qeup= 0.8 (0.20 + %) % ”

where a is a factor for corner, exterior, internal footing equal to 2,3,4, respectively and b, is the perimeter for punching
shear.

The failure loads of non-corroded footing with different depths were compared with the ECP203 (Egyptian Code,
2018) provision and how corrosion ratios can be calculated by numerical models. It was found that the variation between
the design loads and numerical loads for controlled footing with thicknesses of 300, 400, and 500 mm was (73%, 80%,
and 78%), respectively. It’s induced that the equivalent corrosion ratios% by using the deduced relation were (23.8%,
20.2%, and 32%), respectively, as shown in Table 10.

Table 10. Comparison between the design load and numerical load

Pu (ECP203) code

Pu (kN) (Design. Load /Numerical load) Equivalent
Numerical Pu (kN) Pu (kN) Pu (kN) ratio (%) corrosion ratio (%)
Flexure load Punching Load Design load
T=300 1198 875.54 1404.87 875.54 73% 23.8%
T=400 1472 1176.28 2488.88 1176.28 80 % 20.2%
T=500 1895 1477.17 4266.67 1477.17 78 % 32%
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7. Conclusions
In conclusion, the study has shown that:

o The steel expansion model that accounts for corrosion is a dependable technique for simulating the corrosion
damage in isolated reinforced concrete footings;

o The stiffness of the finite element model used to predict the elastic behavior of the reinforced concrete isolated
footing was larger than that of the experimental footing;

o At a same depth, the decrease in ultimate load amplifies as the level of corrosion becomes more severe;

e The mean alteration of ultimate load, as determined by both experimentation and finite element modeling, was
discovered to be below 5.6% for small-scale testing, while the average variance in deflection was 6.8%;

e The cracking pattern showed that cracks began as flexure cracks and progressed to punching as the corrosion rate
increased,;

o There were some differences in the appearance of cracks in the samples subjected to high levels of corrosion due
to the uniform representation of rust in the rebar in the ABAQUS software;

e The variation between the design loads by code and the numerical loads by ABAQUS for controlled footings
with thicknesses of 300, 400, and 500 mm was found to be 73, 80, and 78%, respectively;

e By using the deduced relationship, the equivalent corrosion ratio percentages were 23.8, 20.2, and 32%,
respectively.

The conclusion of the study suggests that the findings can have significant implications for building codes and
standards, as they can be used to update the assessment and mitigation provisions for the effects of corrosion on
reinforced concrete isolated footings. This will help ensure the long-term safety and reliability of structures. The results
of the study can also contribute to the development of more resilient and sustainable infrastructure by enhancing our
comprehension of how corrosion impacts the performance of RC isolated footings.

However, it's important to note that while the steel expansion model for corroded steel is a valuable method for
modeling the behavior of corroded reinforced concrete footings, it has its limitations. As a result, it should be used in
combination with other procedures and approaches to assure the results' correctness and dependability.
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