
 © 2025 Author(s).  This is an open access article licensed  under the Creative Commons Attribution (CC BY NC ND)      
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).    

 
SYSTEM SAFETY: HUMAN - TECHNICAL FACILITY – ENVIRONMENT  

7(1), 2025, pp. 220-233 

 

 

STRAIN HARDENING OF REINFORCEMENT IN REINFORCED 

CONCRETE ELEMENTS AFTER RESIDUAL DEFORMATIONS  

DOI: 10.2478/czoto-2025-0021 

Received:  03/11/2025 

Accepted:  04/12/2025 

 

 

Andrii Klym1 – orcid id: 0000-0001-7871-4773 

Yaroslav Blikharskyy1 – orcid id: 0000-0002-3374-9195 

Roman Khmil1 – orcid id: 0000-0001-7578-8750 

Jacek Selejdak2 – orcid id: 0000-0001-9854-5962, e-mail: jacek.selejdak@pcz.pl 

Dušan Katunský3 – orcid id: 0000-0002-6436-5792 

Zinoviy Blikharskyy1,2 – orcid id: 0000-0002-4823-6405 

1Lviv Polytechnic National University, Ukraine 
2Czestochowa University of Technology, Poland 
3Technical University of Kosice, Slovakia 

 

Abstract: The article presents a comprehensive study of the influence of strain hardening 

(work hardening effect) on the mechanical properties of thermally strengthened A500C 

reinforcement in reinforced concrete structures. The use of stepwise testing with the digital 

image correlation (DIC) method allowed detailed data to be obtained on local stress–strain 

processes, accumulation of residual plastic deformations, and changes in the yield 

strength of reinforcement under repeated loading. Experimental results showed that after 

primary overloading, the reinforcement retains significant residual deformations, which 

shift the stress–strain curve along the strain axis, while the elastic properties of the steel 

remain practically unchanged. It was found that the yield strength of the reinforcement 

under repeated loading increases by 10–20% due to strain hardening and partial 

stabilization of the dislocation structure of the crystal lattice. The interaction of 

reinforcement with concrete in the crack zone, including mechanical interlock and 

adhesion effects, was studied, contributing to local stiffness increase and actual load-

bearing capacity of the elements. The proposed methodology allows quantitative 

assessment of the reinforcement's residual load-bearing capacity after overloading, partial 

damage, or restoration, which has practical significance for reconstruction, strengthening, 

and modernization of reinforced concrete structures. The study results confirm the 

necessity of considering the work hardening effect and residual deformations when 

evaluating residual capacity and safety of structures, especially bridges, high-rise 

buildings, and objects in seismically active areas. 

Keywords: Reinforced concrete structures, load-bearing capacity, reinforcement, yield 

strength, strain hardening (work hardening effect). 
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1. INTRODUCTION  

Reinforced concrete (RC) structures play a crucial role in modern construction due to the 

combination of the high compressive strength of concrete and the ability of steel 

reinforcement to effectively resist tensile forces (Andriichuk et al., 2021; Blikharskyy et al., 

2021; Dmytrenko et al., 2023). The presence of reinforcement enables the creation of 

structural elements operating under complex stress states, ensuring the reliability and 

durability of the most critical buildings and structures (Dmytrenko et al., 2016; Dorofeyev 

and Pushkar, 2023; Katunský et al., 2015). Design codes emphasize the necessity of 

accurately considering the properties of reinforcement, namely: cross-sectional area, yield 

strength, ductility, and modulus of elasticity, since these parameters determine the load-

bearing capacity of elements and the ultimate limit states of structures (DBN, 2011; DSTU, 

2011; Eurocode, 2004; Eurocode, 2005; Koteš et al., 2023; Khmil et al., 2023). 

The mechanical properties of reinforcing steel significantly affect the calculation and 

predicted behavior of structural elements (Blikharskyy et al., 2019; Lipinski & Wach, 2020; 

Malvar, 1998). The most critical parameter of steel is its yield strength, which marks the 

transition of the material from elastic to plastic behavior (Kos et al., 2017; Kotes et al., 

2020; Lenkovskiy et al., 2017; Lipiński 2021). Exceeding the yield point due to overloading 

is accompanied by the formation of residual deformations in reinforcement, which alter 

the initial stress–strain state of the structure (Ostash et al., 2011; Koteš et al., 2022; 

Vatulia et al., 2020; Zahuranec et al., 2023). Residual deflections and stress redistribution 

in cross-sections lead to a reduction in element stiffness, which may impair the 

serviceability of a structure (Klym et al., 2025; Kopiika et al., 2024). However, at the 

microstructural level, much more complex processes occur in steel, which not only fix 

plastic deformations but also lead to changes in its strength properties (Borysovska and 

Podrezov, 2006; Danylenko et al., 2015; Bandyopadhyay et al., 2019; Gutierrez-Urrutia 

and Raabe, 2011). 

The physics of processes accompanying plastic deformation of steel is explained by the 

movement and accumulation of dislocations within the crystal lattice. Once the yield 

strength is exceeded, dislocation density increases sharply, hindering further 

displacement of atomic planes. This phenomenon is known as strain hardening (work 

hardening effect) (Nesterova et al., 2001; Basiruddin et al., 2016).  

During loading, the internal structure of steel undergoes sequential transformations 

reflected in the nature of dislocation formations and grain morphology (Stechyshyn et al., 

2015; Pietrzak, 2024). At the initial stages of deformation, a dense network of dislocations 

develops, which gradually complicates, forming chaotic tangles and characteristic stress 

accumulation zones. The further progress of the process promotes the formation of 

dislocation dipoles and partial dislocations, indicating activation of slip mechanisms and 

redistribution of internal stresses. With the increase in deformation, the structure becomes 

more ordered: slip bands, subgrain structures, as well as low-angle and high-angle 

boundaries appear, gradually transforming into stable elements of deformation 

microstructure. This evolutionary process illustrates the transition from chaotic dislocation 

accumulation to the formation of an ordered system of substructural boundaries, which 

reflects the mechanism of work hardening and explains the improvement of steel strength 

characteristics under dynamic and cyclic loading (Fig. 1). 
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Fig. 1. Demonstration of the development of the deformation structure after loading 

 

Research findings indicate that the relative elongation at maximum stress is considered 

an important criterion of reinforcement steel ductility, and its correlation with the 

strengthening index provides a better explanation of the mechanisms of strain hardening 

in reinforcing bars (Hortigón et al., 2019). 

As a result of strain hardening, the material exhibits increased strength and yield limit 

under repeated loading, although at the same time its ductility and fracture toughness 

decrease (Chaboche, 2008). For reinforcement steels, the strain hardening effect has 

been confirmed by numerous tests: under repeated loading, the “stress–strain” curve 

shifts towards higher stresses, which indicates increased strength (Cadoni et al., 2013). 

Experimental studies of reinforcing bars show that after initial overloading and fixation of 

residual deformations, the load-bearing capacity under subsequent loading may even 

increase. Tests of beams with pre-plastically deformed reinforcement demonstrate the 

presence of an additional load-bearing reserve due to strain hardening. At the same time, 

the effect is dual: the increase in strength is accompanied by the loss of ductility, which 

reduces the energy absorption capacity and increases the risk of brittle fracture, especially 

under cyclic or seismic loading (Russell, 2013). 

The behavior of reinforcement after residual deformations is also affected by residual 

stresses formed during production and service. In ribbed bars, a non-uniform distribution 

of residual stresses is observed — from tensile in the core to compressive near the surface 

and ribs, which influences bond with concrete and fatigue resistance (Robl et al., 2023). 

Pre-plastic deformation may alter the bond conditions in the “reinforcement–concrete” 

system: at low levels of residual deformation, it is maintained, but under significant plastic 

strains it degrades, reducing the effectiveness of stress transfer between materials. 

The practical implications of this phenomenon are significant. On the one hand, strain 

hardening provides a certain “reserve” of load-bearing capacity in reinforced concrete 

elements even after exceeding the yield strength of reinforcement. On the other hand, 

reduced ductility lowers deformation capacity and durability (Ho et al., 2005). This is 

particularly critical for bridges, high-rise structures, and constructions operating in seismic 

regions. Therefore, modern approaches to assessing residual capacity include not only 

stress–strain state analysis, but also the study of microstructural changes, ductility loss, 

corrosion effects, and cyclic loading. 

Recent research proposes mathematical models for predicting the behavior of pre-

plastically deformed reinforcement. These models account for modifications in the 

“stress–strain” curves, residual stresses, bond with concrete, and the effect of multiple 
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loading cycles. The application of numerical simulations and machine learning methods 

enables quantitative assessment of the relationship between residual plastic strain 

magnitude and yield strength change, which is a promising development direction 

(Phetlam and Uthaisangsuk, 2015). At the same time, the need for large-scale 

experiments and standardized methodologies remains relevant, since such studies are 

essential to ensure the reliability of design solutions and adequacy of regulatory 

frameworks (DBN V.1.2-14, 2009; Eurocode, 2002). 

Thus, strain hardening of reinforcement after residual deformations is a complex multi-

factor phenomenon with both positive (strength enhancement) and negative 

consequences (reduced ductility and fracture toughness). Understanding these processes 

is a prerequisite for the proper assessment of the residual capacity of reinforced concrete 

structures, ensuring their safety, and developing strengthening methods (Blikharskyi, 

2008). Further research should focus on the quantitative evaluation of strain hardening 

effects in different reinforcement grades, investigation of fatigue behavior after 

overloading, and the creation of unified approaches for inspection and repair of structures. 

 

2. METHODOLOGY OF EXPERIMENTAL TESTS 

The study on the investigation of strain hardening (the Bauschinger effect) in 

reinforcement was carried out using six reinforced concrete beams (three beams with 

varying diameters of milled reinforcement bars and their twin beams) with dimensions of 

2100×200×100 mm and the following structural configuration: the main reinforcement bars 

of Ø20 A500S were milled down to actual diameters of Ø14 and Ø18 mm, while Ø25 

A500S bars were reduced to Ø20 mm. The transverse reinforcement consisted of U-

shaped stirrups with a diameter of 6 mm, grade A240C, spaced at 75 mm. The concrete 

used in the beams was of strength class C35/45. According to cube tests, its compressive 

strength was 48.2 MPa. The reinforcement layout of the experimental reinforced concrete 

beams is shown in Figure 2. 

 

 
Fig. 2. Reinforcement of reinforced concrete beams 

 

A notch measuring 50×250 mm was provided at the midspan of the experimental beams 

prior to concreting. This opening was intended to allow access to the tensile reinforcement 
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for the investigation of the actual and precise tensile strain values at any loading stage of 

the structure using the digital image correlation (DIC) method (Figure 3). 

 

 
Fig. 3. View of the opening in the tested beams for access to the tensile reinforcement when 

using the DIC method 

 

The experimental specimens were tested according to a simply supported single-span 

beam scheme with a span of l0=1900l_0 = 1900l0=1900 mm, subjected to two 

concentrated loads applied at one-third of the span. Consequently, the distance from each 

support to the point of load application, as well as the distance between the two applied 

loads, was 633 mm (Figure 4). 

 

 

Fig. 4. General view of the specimens under loading with two concentrated forces  

 
The overall view of the testing setup with installed instruments for the experimental study 

is shown in Figure 5. 

  
Fig. 5. Test stand layout and instrumentation arrangement 
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The results of the reinforcement deformability and its analysis were obtained using the 

Digital Image Correlation (DIC) method. This method was applied to study a 200 mm long 

section of the reinforcement. Strain measurements were performed using a specially 

prepared speckle pattern applied to the investigated area. To determine the strains, Vic-

2D software was employed, which requires two distinct colors for tracking; subsequently, 

the software analyzes the displacements of individual subsets while accounting for 

measurement errors and corrections. 

Prior to testing, the specimens were prepared by cleaning the reinforcement from any 

foreign elements, including corrosion, scale from machining, and residual concrete. The 

next step involved creating a black background with white speckles on the investigated 

area to implement the DIC methodology. The black coating was applied using matte spray 

paint (Figure 6), followed by the application of a speckle pattern of white dots using an 

airbrush connected to a compressor (Figure 7). The dot diameter ranged from 0.2 to 0.4 

mm, which was determined based on the optimal pixel size relative to the camera 

resolution and the distance between the camera and the investigated area. 

 

  
Fig. 6. Application of speckles on the working reinforcement using an airbrush 

 

 
Fig. 7. Speckles applied on the reinforcement 

 

To investigate and determine the strains in the examined section of the tensile 

reinforcement within the pure bending zone, a monochromatic camera from the Canadian 

company Flir, model Grasshopper 3, equipped with a Computar F25/2.8 lens, was used 

(Figure 8). 
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Fig. 8. View of the camera capturing deformations in the tensile reinforcement 

 

During the configuration process, adjustments were made to the shutter speed, gamma, 

exposure, and a range of other parameters. The purpose of this procedure was to adapt 

the camera settings to the existing lighting conditions in order to achieve maximum 

background clarity and high contrast in the investigated area. 

The grinding of the reinforcement bars was carried out to simulate corrosion processes 

that occur over time during service, which reduce the cross-section of the bars and 

destroy the thermally hardened layer of the reinforcement. To determine the actual yield 

strength and ultimate strength of the ground reinforcement bars, tests were conducted 

on the same bars used in the reinforced concrete beams on a tensile testing machine, 

and these values are presented in Table 1. 

 

Table 1 

Results of Tests of Reinforcement Bars 

Øinit,, 

mm. 

Øef, 

mm 

Results of Experimental Studies 

𝝈𝟎.𝟐𝒊, MPa, sample 𝝈̄𝟎.𝟐𝒊, MPa, 

structural 

layer 

σu,i, MPa, sample 𝝈̄𝒖,𝒊, MPa, 

structural 

layer 
1 2 3 1 2 3 

20 

20 584.0 582.5 580.5 582.3 716.0 718.0 719.5 717.8 

14 480.5 475.0 476.5 477.3 611.0 614.5 612.0 612.5 

18 559.0 556.5 559.0 558.2 670.5 673.0 674.0 672.5 

25 20 532.0 531.5 530.5 531.3 607 602.5 603.0 604.2 

 

The methodology of the experimental investigation was based on a staged testing of 

reinforced concrete beams using the Digital Image Correlation (DIC) method. The primary 

objective was to monitor changes in the stress–strain state of the reinforcement during 

both the initial and repeated loading and to identify the strain-hardening (work-hardening) 

effect that occurs when steel enters the plastic region. The chosen experimental scheme 

enabled the capture of local deformation processes in the reinforcement, determination of 

their development patterns, and quantitative assessment of the yield strength changes 

during repeated loading. 

The study of reinforcement strain-hardening was conducted in two loading stages on the 

same reinforced concrete element. The methodology employed DIC, allowing for the 

tracking of localized deformation changes in the reinforcement throughout the entire 

testing cycle. The main aim of the experimental program was to identify alterations in the 
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stress–strain characteristics of the reinforcement after the initial transition beyond the yield 

point and to determine the work-hardening effect caused by the accumulation of residual 

deformations. 

During the first stage, the specimen was loaded until the reinforcement in the tensile zone 

exceeded its yield strength. Real-time deformation monitoring using the DIC system 

enabled precise identification of the moment when the reinforcement transitioned from 

elastic to plastic behavior. The DIC method provided spatial strain distribution and allowed 

recording the reinforcement yield strength during the primary loading cycle, as shown in 

Table 1. Upon exceeding this limit, the specimen was loaded until failure in the concrete 

compression zone, resulting in residual deformations due to reinforcement stress levels 

of 800–1000 MPa. These data served as the basis for subsequent comparison with the 

repeated test. 

After reaching the ultimate state and failure of the concrete compression zone, the 

damaged section of the reinforced concrete beam was restored. Restoration of the 

concrete compression zone preserved the reinforcement in its post-primary loading 

condition, creating conditions for the repeated assessment of its load-bearing capacity. 

This approach allowed direct experimental verification of steel strain-hardening, as the 

second loading cycle involved the same reinforcement bar that had already undergone 

plastic deformation. It should also be noted that after the initial testing, the failure of the 

concrete compression zone occurred. The restoration method for the compressed 

concrete zone consisted of cutting out the damaged region using tools across the full width 

of the RC beam and to a depth of 60 mm along the height of the cross-section, as well as 

longitudinally along the beam for 450 mm from the midspan toward the supports. 

Afterward, the removed volume of damaged concrete was filled with the high-strength 

repair mortar Sika MonoTop-4012. 

In the second loading cycle, the methodology remained unchanged: reinforcement 

deformations were monitored using DIC, allowing the tracking of changes in the stress–

strain diagram relative to the primary test. 

The applied experimental scheme enabled the observation of changes in the mechanical 

properties of the reinforcement during repeated loading and the direct registration of 

strain-hardening (work-hardening) on the actual reinforced concrete specimen. The Digital 

Image Correlation method provided high accuracy in determining local deformations and 

allowed quantitative evaluation of the increase in load-bearing capacity. 

  

3. RESULTS AND DISCUSSION 

During the experimental investigation and subsequent analysis, it was established that 

after the initial loading of reinforced concrete bending elements with thermomechanically 

strengthened reinforcement of class A500C, residual plastic deformations were observed 

in the steel. These residual deformations were recorded using the Digital Image 

Correlation (DIC) method, which ensured high accuracy of the results and enabled 

a quantitative assessment of changes in the stress–strain state of the reinforcement after 

exceeding the yield point. The results indicate that, upon unloading, the reinforcement 

does not return to its original geometric configuration, demonstrating a partial loss of 

elastic properties and the formation of irreversible plastic deformations. 

The repeated loading of the specimens accounted for the already existing residual 

deformations accumulated during the primary loading, which caused a shift of the stress–

strain diagram (σ–ε) along the strain axis. The initial segment of the curve under repeated 
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loading does not fully coincide with the primary elastic portion of the diagram, reflecting a 

modified development of the stress–strain state consistent with Hooke’s law. However, 

the geometry of this segment remains nearly parallel to the original elastic curve, 

maintaining a similar modulus of elasticity within the limits of repeated elastic loading. This 

parallelism indicates that the elastic properties of the steel remain largely unchanged after 

primary loading, while the diagram shifts geometrically due to pre-existing plastic 

deformation. 

It was observed that the yield strength of the reinforcement during repeated loading 

increased by 10–20% compared to the initial loading, as reflected in the obtained tensile 

diagrams for reinforcements of different diameters (Fig. 9). The increase in yield strength 

is explained by the combined effect of several physico-mechanical processes occurring 

within the steel structure as a result of prior plastic deformation. 

Consequently, the yield strength of the reinforcement in repeated loading rises by 10–

20% relative to the initial diagram (Fig. 9). This increase is attributed not only to the 

accumulation of plastic deformations but also to the formation of residual (secondary) 

stresses in the material structure induced by the primary loading, which generate an 

internal stress state capable of providing additional resistance to external forces during 

the subsequent loading cycle. 

 

a) 

 

b) 
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c) 

 
Fig. 9. Stress–strain diagram «σ-ε»: а) tensile diagram of reinforcement Øinit,=20 mm., Øef =14 

mm.; b) tensile diagram of reinforcement Øinit,=25 mm., Øef =20 mm.; c) tensile diagram of 

reinforcement Øinit,=20 mm., Øef =18 mm. 

 

One of the key factors contributing to the increase in strength after the initial loading is the 

strain-hardening effect (work hardening) and partial stabilization of the dislocation 

structure in the steel’s crystalline lattice. The physico-mechanical nature of this 

phenomenon is associated with structural rearrangements in the steel resulting from 

plastic deformation. When the yield point is exceeded, dislocation strengthening 

mechanisms are activated: the crystalline lattice becomes disrupted, dislocations 

accumulate and interact with one another and with other defects, hindering further 

dislocation movement. Consequently, a higher stress is required to initiate subsequent 

plastic flow, which manifests as an increased yield strength during repeated loading. 

The prior loading of the element leads to the formation of a new deformation configuration 

that accounts for the material’s accumulated strengthening. Experimentally observed 

increases in yield strength by 10–20% indicate that even partially damaged reinforcement 

can provide substantial residual resistance to external actions, which is particularly 

important when evaluating the residual load-bearing capacity of structures that have been 

overloaded or partially damaged. 

The methodology for assessing the stress–strain state of reinforcement under repeated 

loading allows for a deeper understanding of steel strengthening mechanisms and the 

development of more accurate models for residual strength assessment. This is critical in 

the practice of reinforced concrete reconstruction and strengthening, where existing 

reinforcement that has already been in service is used. Ignoring residual deformations in 

such cases leads to conservative but imprecise evaluations of the structural condition, 

whereas accounting for the strain-hardening effect provides a more realistic assessment 

of additional strength reserves. 

In real specimens, the concrete structure is often heterogeneous, and the interaction 

between reinforcement and concrete in cracks, including mechanical interlock and bond 

effects, leads to local stiffness increases. Traditional analytical models do not account for 
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these internal structural features and additional resistance, which results in higher actual 

load-bearing capacity of the specimens. 

Experimental studies revealed actual strength reserves not considered in basic theoretical 

calculations, which can be incorporated into modern methods for restoring and assessing 

the residual strength of repaired or damaged structures. The proposed approach, which 

considers residual reinforcement deformations after its initial loading, allows for 

refinement of stress–strain diagrams and an accurate representation of the actual strength 

of damaged and restored elements. This analysis is novel for the practice of reinforced 

concrete design considering damaged and deformed reinforcement. The results 

demonstrate that traditional analytical methods prescribed by standards (DBN, 2011; 

DSTU, 2011) may underestimate the residual capacity of structures after partial damage 

because they do not account for the strengthening occurring due to the strain-hardening 

effect. Developing models that incorporate this effect will improve the accuracy of residual 

capacity assessments. 

Thus, accounting for residual deformations in the analysis of repeatedly loaded elements 

provides a more precise picture of the actual stress–strain state and revises approaches 

to determining the residual strength of structures. The obtained results have practical 

significance for improving diagnostic and assessment methods for reinforced concrete 

structures during restoration, modernization, or strengthening. 

 

4. CONCLUSION 

The conducted study demonstrates a comprehensive approach to assessing the influence 

of strain hardening (work hardening effect) on the mechanical properties of reinforcement 

in reinforced concrete structures. The use of thermomechanically strengthened 

reinforcement of class A500C and a stepwise testing procedure with the application of the 

Digital Image Correlation (DIC) method allowed obtaining detailed data on local stress–

strain processes, accumulation of residual deformations, and changes in the yield strength 

of reinforcement under repeated loading. 

The results of the experimental investigations confirm that, after the initial overload, the 

reinforcement retains residual plastic deformations, which cause a shift of the stress–

strain curve along the deformation axis. The elastic properties of the steel remain 

practically unchanged; however, the geometry of the deformation curve shifts due to the 

accumulated plastic deformations. It was established that the yield strength of the 

reinforcement during repeated loading increases by 10–20%, which is explained by the 

effect of strain hardening and partial stabilization of the dislocation structure of the 

crystalline lattice. This process reflects the physico-mechanical nature of steel 

strengthening under plastic deformation and the accumulation of residual stresses within 

the material structure. 

The stepwise loading methodology using DIC enabled real-time tracking of local 

deformation processes in the reinforcement, quantitative assessment of the increase in 

load-bearing capacity, and direct observation of the work hardening effect in actual 

reinforced concrete specimens. The study demonstrated that even partially damaged 

reinforcement retains a significant strength reserve, which is of practical importance for 

evaluating the residual load-bearing capacity of structures after overloads, partial 

damage, or restoration. 

Furthermore, it was found that the interaction between reinforcement and concrete in the 

crack zones, including mechanical interlock and adhesion effects, contributes to local 
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stiffness enhancement and actual load-bearing capacity of the elements, which 

conventional analytical models do not account for. This emphasizes the need to include 

the work hardening effect and actual residual deformations in modern assessment 

methodologies for the technical condition and restoration of reinforced concrete 

structures. 

The obtained results have significant scientific and practical implications. They allow for 

more accurate modeling of the residual strength of elements after overload, evaluation of 

the load-bearing capacity reserve, and development of adequate approaches for 

reconstruction, strengthening, and modernization of structures. Considering the strain 

hardening effect provides a more realistic assessment of the condition of reinforced 

concrete structures and contributes to increasing their reliability, durability, and safety, 

particularly in bridges, high-rise buildings, and structures operating in seismically active 

regions. 

Thus, the study confirms that the work hardening effect of reinforcement is an important 

factor to be considered in the design, evaluation of residual capacity, and strengthening 

of reinforced concrete elements. Accounting for microstructural changes, residual 

deformations, and internal stresses of the material allows for improving the accuracy of 

structural behavior predictions under complex operating conditions and optimizing 

methods of repair and restoration. 
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