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A B S T R A C T

This paper presents an experimental investigation into the tension stiffening behaviour and crack formation of 
concrete elements reinforced with stainless steel rebars. Specimens reinforced with 12 mm diameter cold-rolled 
austenitic EN 1.4301 and 16 mm diameter hot-rolled lean-duplex EN 1.4482 stainless steel rebars were tested 
under uniaxial tension, with strain and crack development monitored using a Digital Image Correlation (DIC) 
technique. The study compares the tension stiffening stress–strain responses and cracking behaviour of stainless 
steel and conventional B500C carbon steel rebars, showing broadly similar behaviour up to first cracking, but 
with differences emerging due to the nonlinear stress-strain response of stainless steel. In particular, stainless 
steel rebars exhibited a less pronounced tension stiffening effect in 12 mm bars, comparable behaviour in 16 mm 
bars and a continuation of tension stiffening beyond the 0.2 % proof stress that gradually decayed towards the 
bare rebar response. The applicability of codified models from Eurocode 2, Model Code 1990 and Model Code 
2010, including those for tension stiffening, crack spacing and crack width prediction, is assessed for stainless 
steel rebars. Finally, an improved tension stiffening model for stainless steel rebars is presented, based on Model 
Code 1990, Model Code 2010 and Eurocode formulations and incorporating the Ramberg-Osgood stress-strain 
relationship.

1. Introduction

The durability of reinforced concrete structures is often compro
mised in aggressive environments, particularly those exposed to chlo
ride ingress from marine atmospheres or de-icing salts. Corrosion of 
traditionally used carbon steel reinforcing bars (rebar) leads to deteri
oration mechanisms such as concrete cover spalling, bond degradation 
and loss of load-bearing capacity, ultimately reducing the service life of 
structures [1]. The economic, social and environmental costs associated 
with the maintenance and repair of corroding reinforced concrete 
infrastructure are substantial, with estimated expenditures reaching five 
billion euros per annum in Western Europe alone [2]. To address these 
costs, stainless steel rebars have gained attention as a corrosion-resistant 
alternative [3–5], while additionally offering advantageous mechanical 
properties such as high strength and ductility [6]. Recent examples of 
structures using stainless steel rebars in their construction include 
Stonecutters Bridge in Hong Kong and the Champlain Bridge in Mon
treal. Various life cycle cost (LCC) analysis studies have investigated the 

economic and carbon savings associated with using stainless steel rebar, 
with a comprehensive review provided in [7].

Understanding crack formation is critical for the design and perfor
mance assessment of reinforced concrete structures [8,9]. Crack widths 
and locations are primarily governed by the differential stress and strain 
distributions between the concrete and the steel reinforcement. The 
mechanical behaviour of stainless steel rebars differs from that of con
ventional carbon steel rebars. Unlike carbon steel, stainless steel exhibits 
a highly non-linear stress-strain response without a distinct yield point, 
combined with substantial strain hardening and superior ductility [6], 
[10–12]. These distinctive material properties directly influence the 
structural response of stainless steel reinforced concrete elements, 
particularly in relation to crack initiation, crack propagation and overall 
deformation behaviour. Since crack widths and deflections are key pa
rameters in serviceability limit state design, a comprehensive under
standing of crack formation and growth is required, both at the material 
level, through the tension stiffening effect, and at the structural level. 
Tension stiffening is a phenomenon where the bond between concrete 
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and steel reinforcement allows the concrete between cracks to 
contribute to the overall stiffness of the member. Tension stiffening 
plays a critical role in controlling crack widths and influences the 
deformation characteristics of reinforced concrete structures. Accurately 
accounting for tension stiffening leads to more realistic modelling of 
reinforced concrete behaviour, especially in flexural members, where 
post-cracking stiffness significantly influences deflections and crack 
widths. Therefore, codified tension stiffening models are used to predict 
the tensile stress-strain response of reinforcing steel incorporating the 
concrete contribution.

This study aims to address this gap in literature through an experi
mental investigation on the tension stiffening behaviour of round ribbed 
stainless steel rebars. The experimental programme includes direct 
tension tests on two different stainless steel rebar types: 12 mm diameter 
cold-rolled austenitic EN 1.4301 and 16 mm diameter hot-rolled lean- 
duplex EN 1.4482, as well as control specimens using 12 mm and 16 mm 
B500C carbon steel rebars. Details of the experimental setup are 
described and the measured tension stiffening responses and crack 
behaviour using Digital Image Correlation (DIC) are presented and 
discussed. In addition, the applicability of the codified Eurocode 2 [13], 
Model Code 1990 [14] and Model Code 2010 [15] tension stiffening 
models, crack width spacing and crack width analytical models to 
stainless steel rebars is assessed. An improved tension stiffening model 
for stainless steel rebars, based on Model Code 1990, Model Code 2010 
and Eurocode 2 formulations and incorporating the Ramberg-Osgood 
stress-strain relationship, is developed. Finally, the main conclusions 
are outlined and suggestions for future research are proposed.

2. Experimental investigation

The tension stiffening tests were carried out in the Testing Structures 
Research Laboratory (TSRL) at the University of Southampton. Two 
stainless steel reinforcing bar materials were examined: 12 mm diameter 

cold-rolled austenitic EN 1.4301 (EN 1.4301-CR) and 16 mm diameter 
hot-rolled lean-duplex EN 1.4482 (EN 1.4482-HR). The chemical com
positions and the mill certificate mechanical properties of the tested 
stainless steel rebars are presented in Table 1 and Table 2, respectively. 
The parameters in Table 2 are 0.2 % proof stress Rp,0.2, ultimate tensile 
stress Rm, total elongation at maximum force Agt and elongation after 
fracture A5. Carbon steel B500C rebars of the same diameters (12 mm 
and 16 mm) were included for comparison. The austenitic EN 1.4301 
and lean-duplex EN 1.4482 grades, classified as Stainless Steel Resis
tance Class SSRC2 by Eurocode 2 [13] based on their pitting resistance 
equivalent value, are considered suitable for most atmospheric and 
concrete cover environments. Lean duplex grades are a more 
cost-effective grade due to their lower initial material cost associated 
with reduced Ni alloying content (1.82 % compared to approximately 
8 % in austenitic grades). The experimental setups for the material tests 
and the tension stiffening tests are described in this section.

2.1. Bare rebar tensile tests

Tensile tests were conducted to characterise the fundamental stress- 
strain behaviour of the bare rebars under monotonic tensile loading. All 
tests were performed using a 630 kN Schenck servo-hydraulic testing 
machine. The tensile specimens had an overall length of 400 mm, 
comprising 120 mm grip lengths with V-serrated hydraulic grips at each 
end and a 160 mm parallel length. Strain measurements were obtained 
using a clip-on extensometer with a 50 mm gauge length attached to the 
specimen. To verify the extensometer readings, a dot-tracking imaging 
method was also employed, utilising a Manta G504-B camera equipped 
with a Nikkor AF 50 mm f/1.8D lens, capturing images at 2 Hz. The 
acquired images were processed using the TrackMate [16] plug-in 
accessible in Fiji-ImageJ [17], enabling strain tracking between 
applied dots on the rebar. Additionally, to measure strain at fracture, 
initial gauge lengths of Lo = 5.65

̅̅̅̅̅̅
Ao

√
were etched onto the ungripped 

section of the rebars, where A0 is the rebar’s cross-sectional area, taken 
as 113 mm2 and 201 mm2 for 12 mm and 16 mm diameter rebars, 
respectively. The tests were conducted under displacement control at a 
rate of 0.00025 strain/s, in accordance with EN ISO 6892:2019 [18]. For 
each rebar specimen, two repeat tests were performed.(Fig. 1)

Table 1 
Chemical compositions of stainless steel rebars from the mill certificates (%).

Steel Grade C Si Mn Cr Mo Cu Ni P S N Ti

EN 1.4301-CR 0.057 0.400 1.580 18.07 0.300 0.470 8.010 0.036 0.001 0.060 0.005
EN 1.4482-HR 0.057 0.605 4.190 20.23 0.412 0.176 1.820 0.024 0.001 0.148 0.013

Table 2 
Mill certificates tensile properties of tested stainless steel rebars.

Steel Grade Rp,0.2 (MPa) Rm (MPa) Agt (%) A5 (%)

EN 1.4301-CR 670 853 18 30
EN 1.4482-HR 581 815 32 42

Fig. 1. Setup for bare rebar tensile tests.
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2.2. Concrete tensile and compression tests

The compressive and tensile strengths of the concrete were measured 
using specimens made from the same concrete batch used to produce the 
tension stiffening specimens. Concrete cube tests on 
100 × 100 × 100 mm3 specimens were conducted to measure the 28- 
day cube compressive strength. The tests were performed in a UTEST 
testing machine under load control with a constant loading rate of 
0.6 MPa/s in accordance with EN 12390–3:2019 [19]. A total of 9 cube 
tests were performed, of which 8 exhibited the correct failure mode and 
were used to obtain the average cube compressive strength.

Two test methodologies were used to obtain the tensile strength of 
the concrete at 28 days, which included splitting tensile test and flexural 

strength test. Cylindrical concrete specimens (150 mm diameter and 
300 mm height) were used for the splitting tensile tests. The tests were 
performed using the UTEST testing machine. The cylinder specimens 
were placed horizontally in the test machine and load was applied over 
the full length of the upper side of the cylinder specimen through a 
rectangular loading block. The applied compressive load induces tensile 
stresses along the plane of the load application, causing the specimen to 
fail in tension with a split across the centre of the cross-section. The load 
was applied at a rate of 0.7 MPa/min in accordance with ASTM C496/ 
C496M-04 [20]. A total of 6 splitting tensile tests were conducted. In 
addition, a total of 3 flexural strength tests were carried out on square 
cross-section prism specimens with 100 mm× 100 mm× 500 mm di
mensions. The specimens were tested under a four-point bending 

Fig. 2. Experimental setups for concrete compressive and tensile strengths. (a) Cube compression test. (b) Splitting tensile test. (c) Flexural strength test.

Fig. 3. Tension stiffening test specimens.

Fig. 4. Tension stiffening test setup and instrumentation.
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arrangement using an Instron 8802 100 kN servo-hydraulic testing 
machine. The two loading points and end supports were symmetrically 
positioned at 50 mm and 150 mm from the centreline of the specimen, 
respectively. Loading was applied at a rate of 4 kN/min, in accordance 
with ASTM C78/78M-18 [21], until failure.(Fig. 2)

2.3. Tension stiffening tests

A total of twelve tension stiffening specimens were cast, with three 
repeat specimens for each type of reinforcing steel to account for the 
inherent randomness of cracking. Each specimen was a 
100 mm× 100 mm× 500 mm concrete prism, centrally encasing an 

800 mm long rebar over its central 500 mm length consistent with 
similar literature tests [8,22]. The concrete covers were 44 mm and 
42 mm for the tension stiffening specimens containing 12 mm and 
16 mm diameter rebars, respectively. Hence, the concrete cover-to-bar 
diameter ratio for both cases exceeded 2.5, which is above the mini
mum requirement specified in Eurocode 2 [13] for adequate bond force 
transmission (equal to the bar diameter). The remaining 150 mm of 
rebar extending from both ends was required for gripping the specimens 
inside the test machine. The dimensions and configurations of the test 
specimens are shown in Fig. 3. It should be noted that the influence of 
concrete shrinkage and creep was not considered in this study, as all 
tests were performed under short-term monotonic loading. The speci
mens were tested in the same 630 kN Schenck servo-hydraulic testing 
machine as for the bare rebar tensile tests, under the same strain rate of 
0.00025 strain/s, using the setup shown in Fig. 4. The rebars were 
gripped at each end over a 120 mm length. The mean strain was 
measured over the central 450 mm length of the concrete prism using 
the average reading of two LVDTs mounted on either side of the concrete 
prism. Two-dimensional Digital Image Correlation (DIC) was employed 
to monitor the crack development, width and spacing throughout 
testing. Images for the DIC were taken using a Manta G-504B camera 
with a Nikkor AF 28 mm lens at a frame rate of 3 Hz, and images were 
processed using MatchID 2D software. The camera, settings, parameters 
and noise evaluation used in DIC are reported in Table 3.

3. Experimental results

3.1. Rebar material properties

The tensile stress-strain responses of the stainless steel and carbon 
steel rebars are shown in Fig. 5. Carbon steel rebars exhibit a linear 
elastic response up to the yield point, followed by a distinct yield 
plateau, after which strain hardening occurs before final fracture. In 

Table 3 
Specifications and parameters for 2D DIC.

2D DIC

Camera ​
Sensor & Digitalisation CCD 2456 × 2058 pixels, 8-bit
Exposure time & recording rate 15,000 μs, 3 Hz
Lens & imaging distance Nikkor AF 28 mm, 2.00 m
Number of images averaged for resolution 

calculations
2

Pixel size 3.45 μm
Processing ​
Subset, step 29, 8 pixels
Matching criterion, interpolation, shape function ZNSSD, Local Bicubic Spline, 

Affine
Prefiltering Gaussian
Strain ​
Smoothing technique None
Virtual strain gauge 7 pixels (24.15 μm)
Noise evaluation ​
Mean camera noise 0.90 %
Noise floor horizontal displacement 0.017 mm
Noise floor vertical displacement 0.015 mm

Fig. 5. Measured tensile stress-strain responses of bare rebars.(a) 0% - 1% strain. (b) 0% - 50% strain.

Table 4 
Key measured rebar tensile parameters.

Specimen E fy fu εu εf,pl n n’

(N/mm2) (N/mm2) (N/mm2) (%) (%)

EN 1.4301-CR− 1 205,000 696 874 22.1 34.2 4.43 6.76
EN 1.4301-CR− 2 210,000 658 870 21.4 35.8 3.58 7.39
EN 1.4482-HR− 1 190,000 576 826 36.7 43.8 6.18 4.97
EN 1.4482-HR− 2 210,000 581 828 35.7 46.8 7.68 4.77
B500C− 12mm− 1 207,000 567 663 10.2 - - -
B500C− 12mm− 2 193,000 553 651 12.6 - - -
B500C− 16mm− 1 195,000 591 679 8.85 - - -
B500C− 16mm− 2 196,000 597 684 8.48 - - -

H. Moodley et al.                                                                                                                                                                                                                               Engineering Structures 345 (2025) 121458 

4 



contrast, stainless steel rebars display a highly nonlinear response from 
the outset, lacking a well-defined yield point while exhibiting greater 
ductility, pronounced strain hardening and a higher yield-to-ultimate 
strength ratio. The key measured tensile properties are summarised in 
Table 4, where E is the Young’s modulus, fy is the yield strength (taken as 
the 0.2 % offset strength f0.2 for stainless steel), fu is the ultimate tensile 
strength, εu is the strain at ultimate tensile strength, and εf,pl is the plastic 
strain at fracture. Moreover, parameters n and n’ of the Ramberg-Osgood 
model [23,24], which is commonly used to model the stress-strain 
behaviour of stainless steels, derived using the fitting method from 
Afshan et al. [25], are presented in Table 4.

3.2. Concrete material properties

The mean measured 28-day compressive cube strength, fc,cube100, of 
the eight specimens was 63.58 MPa with a coefficient of variation (COV) 
of 6.89 %. The fc,cube100 values were converted to equivalent 150 mm 
diameter cylinder strengths, fc,cylinder, using Eq. (1), proposed by 
L’Hermite [26], resulting in a mean cylinder strength fc,cylinder of 
52.4 MPa. The measured 28-day mean tensile strength, ft, obtained from 
splitting tension tests was 3.70 MPa with a COV of 8.7 %, while the 
flexural tests produced a mean tensile strength of 3.75 MPa with a COV 
of 17.3 %. 

fc,cylinder =
[
0.76 + 0.2log10

(
0.96fcube,100

/
19.6

)
0.96fcube,100

]
(1) 

3.3. Tension stiffening stress-strain response

The measured stress-strain responses of the stainless and carbon steel 
rebar tension stiffening tests are presented in Fig. 6. Strain was deter
mined as the change in length measured by each of the LVDTs divided by 
the original 450 mm gauge length, and stress was calculated as the force 
measured by the machine load cell divided by the rebar cross-sectional 
area. The mean strain from the two LVDTs was used to plot the stress- 
strain responses shown in Fig. 6. Additionally, the stress-strain re
sponses of the corresponding bare rebars are also depicted for compar
ison. Compared to the bare rebar tensile stress-strain responses, the 
rebars encased in concrete exhibits higher initial linear stiffness, as 

Fig. 6. Tension stiffening responses of carbon and stainless steel specimens.(a) B500C 12mm. (b) B500C 16mm. (c) EN 1.4301-CR 12mm. (d) EN 1.4482-HR 16mm.

Table 5 
Summary of measured tension stiffening parameters (values based on average of 
three repeat tests per rebar material).

Specimen Einitial σcr (εrebar - 
εTS)

Einitial/ 
E

σcr,16/ 
σcr,12

σcr,ss/ 
σcr,cs

(N/ 
mm2)

(N/ 
mm2)

(%)

1.4301- 
CR− 12mm

6686,000 253.4 0.060 32.2 - 1.13

1.4482- 
HR− 16mm

2532,000 113.2 0.045 12.7 0.45 0.88

B500C− 12mm 7651,000 223.0 0.082 38.3 - -
B500C− 16mm 2401,000 129.4 0.041 12.3 0.58 -
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indicated by the ratios of initial stiffness Einitial to rebar stiffness E pre
sented in Table 5. This increase is observed up to the formation of the 
first crack at the cracking rebar stress σcr, due to the concrete’s contri
bution in resisting tensile load. The cracking of the concrete is observed 
in the stress-strain responses as sudden drops in stress. After the first 
crack, further cracks continue to form as the applied load increases, 
causing stiffness degradation after every crack until the final crack forms 
and the primary crack pattern along the specimen is established. Finally, 
a stable post-cracking stage is reached, where the stress-strain response 
follows a path parallel to that of the bare rebar until the rebar reaches 
yield, with the post-yield stage approaching that of the bare rebar.

The reinforcement ratio was found to impact the tension stiffening 
stress-strain responses. Fig. 7a and b show the tension stiffening re
sponses of carbon and stainless steel 12 mm and 16 mm diameter rebars, 
with reinforcement ratios As/Ac = 1.14 % and 2.05 %, respectively, 
where As and Ac are the steel and concrete cross-sectional areas. The 
results show that for both rebar materials, the cracking stress was lower 
for the 16 mm rebars compared to the 12 mm rebars as shown by the 
ratios of σcr,16/σcr,12 presented in Table 5. This is expected due to the 
larger rebar cross-sectional area and the reduced concrete cover of the 
16 mm rebars, both contributing to a lower cracking stress. Further
more, for both rebar materials, the tension stiffening response of the 
16 mm diameter rebars in the post-cracking stable stage was closer to 

that of the corresponding bare rebar than for the 12 mm diameter re
bars, as indicated by the difference between the rebar strain and the 
tension stiffening strain (εrebar – εTS), calculated as the average in the 
stress range of 0.5fy to 0.9fy, as reported in Table 5.

Comparisons of the tension stiffening behaviour of EN 1.4301-CR 
and EN 1.4482-HR stainless steel rebars with corresponding diameter 
B500C carbon steel rebars are presented in Fig. 8. The tension stiffening 
responses of the stainless steel and carbon steel rebars show similar 
linear stages up to the first crack and crack formation stages. However, 
the cracking stress of the 12 mm diameter stainless steel rebars was 
slightly greater than that of the corresponding 12 mm carbon steel re
bars (σcr,ss/σcr,cs = 1.13), while for 16 mm rebars carbon steels had 
slightly higher value (σcr,ss/σcr,cs = 0.88). The greatest difference be
tween the tension stiffening responses of stainless and carbon steel re
bars is in the shape of their post-cracking stable stage, where the tension 
stiffening responses show similar shapes to their respective bare rebars i. 
e., linear with a yield plateau for carbon steel and nonlinear with no 
distinct yield point for stainless steel [10,11].

The 12 mm stainless steel tension stiffening response in the stable 
post-cracking stage is closer to that of the bare rebar, compared to the 
12 mm carbon steel rebar. This suggests that the so-called tension 
stiffening effect, i.e., the difference in strain between the tension stiff
ening and bare rebar responses (εrebar − εTS), as reported in Table 5, is 

Fig. 7. Comparisons of the tension stiffening responses of 12 mm and 16 mm diameter rebars.(a) Carbon steel rebars. (b) Stainless steel rebars.

Fig. 8. Comparisons of the tension stiffening responses of specimens with stainless steel and carbon steel rebars.(a) 12 mm diameter rebars. (b) 16 mm diam
eter rebars.
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less for the 12 mm diameter stainless steel rebar. However, there was no 
noticeable difference in the tension stiffening effect between the 16 mm 
diameter stainless and carbon steel rebars. Furthermore, the effect of 
tension stiffening effect in stainless steel rebar specimens continues 
beyond the yield stress point (0.2 % proof stress), as shown in Fig. 8, 
where it gradually begins to decay, with the stress-strain response 
becoming asymptotic to the bare rebar tensile response beyond this 

point. This behaviour may potentially impact the deflections and crack 
widths of stainless steel reinforced concrete members beyond yield.

3.4. Tension stiffening crack spacing

Although the primary focus of this study was on tension stiffening 
behaviour, the recorded crack measurements also enabled an exami
nation of crack spacing and width; while such characteristics are more 
commonly derived from beam tests, they were assessed here using ten
sion stiffening specimens. The crack patterns, measured using DIC, at the 
stress corresponding to the rebar yield stress, taken as the 0.2 % proof 
stress for the stainless steel rebars, are shown in Fig. 9. All tension 
stiffening specimens developed two transverse cracks during the 
cracking stage of the tension stiffening response, except for Test 2 of 
both the B500C 12 mm and EN 1.4301-CR specimens, which developed 
three transverse cracks. The measured crack spacings at the stress cor
responding to the rebar yield stress, obtained from the DIC results, are 

Fig. 9. DIC images of crack patterns of tension stiffening responses at rebar yield stress.

Table 6 
Measured crack spacing (mm) from DIC.

B500C 12 mm B500C 16 mm EN 1.4301-CR EN 1.4482-HR

Test 1 157.50 148.01 165.19 173.96
Test 2 95.91/80.40 213.75 143.96/110.12 180.73
Test 3 139.66 165.24 165.31 147.36
Average 118.37 175.67 146.15 167.35
COV (%) 30.5 19.4 17.8 10.5
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reported in Table 6, where the average and COV values are also 
included. The average measured crack spacing in specimens containing 
16 mm rebars were larger than those containing 12 mm rebars, for both 
carbon and stainless steels. According to the transmission length 

relationship, i.e., the minimum distance from an existing crack where 
another crack can form ls,max from Model Code 1990 [14], given by Eq. 
(2), crack spacing is directly related to the concrete tensile strength ft 
and rebar diameter Ø, and inversely related to the bond strength τbm and 

Table 7 
Measured mean crack widths (mm) for carbon steel rebar specimens.

Test/Stress point B500C 12 mm B500C 16 mm

0.5 fy fy 1.05 fy 1.1 fy 0.5 fy fy 1.05 fy 1.1 fy

Test 1 0.15 0.56 3.05 6.51 0.20 0.49 3.21 5.12
Test 2 0.18 0.34 1.73 4.19 0.39 0.66 4.52 7.10
Test 3 0.36 0.50 4.03 6.74 0.37 0.63 3.85 5.21
Average 0.23 0.47 2.94 5.81 0.32 0.60 3.86 5.81
COV (%) 49.4 24.4 39.3 24.3 32.6 15.3 17.0 19.2

Table 8 
Measured mean crack widths (mm) for stainless steel rebar specimens.

Test/Stress point EN 1.4301-CR EN 1.4482-HR

0.5 fy fy 1.05 fy 1.1 fy 0.5 fy fy 1.05 fy 1.1 fy

Test 1 0.29 0.94 1.02 1.12 0.31 0.88 1.02 1.20
Test 2 0.24 0.59 0.66 0.74 0.26 0.84 0.99 1.19
Test 3 0.34 0.99 1.10 1.22 0.30 0.91 1.06 1.24
Average 0.29 0.84 0.93 1.03 0.29 0.88 1.02 1.21
COV (%) 17.2 26.0 25.3 24.7 9.1 4.0 3.4 2.2

Fig. 10. Comparisons of measured crack widths for stainless steel and carbon steel rebar specimens.(a) EN 1.4301-CR vs. EN 1.4482-HR. (b) B500C 12mm vs. B500C 
16mm. (c) EN 1.4482-HR vs. B500C 16mm. (d) EN 1.4301-CR vs. B500C 12mm.
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reinforcement ratio ρs (=As/Ac). Hence, the larger measured average 
crack spacing in EN 1.4301-CR specimens compared to B500C 12 mm 
carbon steel specimens can be attributed to the comparatively lower 
bond strength of cold-rolled austenitic EN 1.4301 rebars, as observed in 
the study by [27]. 

ls,max = (ft
/
4τbm)(∅

/
ρs) (2) 

3.5. Tension stiffening crack width

The crack widths were also determined from the DIC measurements. 
For each specimen, where two or three cracks were developed, the mean 
crack width, which refers to the average of the crack widths across 
multiple cracks in a given specimen, were considered. The mean crack 
widths at stresses corresponding to 0.5fy, fy, 1.05fy and 1.1fy, where fy is 
the rebar yield stress, are reported in Tables 7 and 8 for carbon and 
stainless steel rebar specimens, respectively. The average values across 
three repeat tests and corresponding COV values are also reported.

The measured crack widths of the different tension stiffening speci
mens are compared in Fig. 10, where the development of crack width 
over the applied rebar stress range, normalised by the rebar yield stress, 
is plotted. For each rebar size and grade, the mean crack widths for each 
specimen, as well as the average crack width from three repeated tests, 
are shown. The normalised stress and mean crack width responses 
shown in Fig. 10 exhibit similar behaviour to the stress-strain of their 
corresponding rebars. For specimens reinforced with stainless steel 
rebar, the response is nonlinear, lacking a distinct yield point, as shown 
in Fig. 10a. In contrast, specimens with carbon steel rebar exhibit a more 
linear response up to yield, followed by a yield plateau and subsequent 
hardening, as shown in Fig. 10b.

The responses shown in Fig. 10c indicate that the mean crack widths 
of the 16 mm carbon and stainless steel specimens are comparable up to 
a stress value of 0.5fy. As the stress increases from 0.5fy to fy, the dif
ference in the mean crack widths between stainless steel and carbon 
steel rebars becomes more pronounced. At stress equal to fy, the average 
crack width of the carbon steel rebar specimens is 38 % smaller than that 
of the stainless steel tension stiffening specimens. For the specimens 
with 12 mm rebars, shown in Fig. 10d, the mean crack width of the 
carbon steel specimens is smaller than those of the stainless steel spec
imens across the entire stress range up to fy, where a 39 % difference in 
the average crack width curves is observed. The mean crack width can 
be estimated as the product of crack spacing and the difference in strain 
between the steel rebar and concrete. Hence, the larger crack widths of 
the 12 mm EN 1.4301-CR rebars at stresses ≤ fy are attributed to their 
greater crack spacing (indicating poorer bond strength) and higher 
strain at the yield point compared to 12 mm carbon steel rebars. Simi
larly, the larger mean crack widths of the 16 mm EN 1.4482-HR rebars 

at stresses ≤ fy are primarily due to their higher strain at yield compared 
with 16 mm carbon steel rebars.

Beyond yield, the crack widths of specimens reinforced with carbon 
steel rebars increase rapidly relative to those reinforced with stainless 
steel rebars, as shown in Fig. 10c and d. At 1.05fy, the average of the 
mean crack widths of the carbon steel rebars are 216 % and 268 % 
greater than the specimens reinforced with 12 mm and 16 mm stainless 
steel rebars, respectively. This gap widens further as stress reaches 1.1fy. 
The divergence in post-yield crack width behaviour is attributed to 
differences in the stress-strain characteristics of the two materials. 
Stainless steel rebars lack a yield plateau, exhibit earlier and greater 
post-yield strain hardening, and the tension stiffening effect continues 
post-yield. As a result, the strains corresponding to 1.05fy and 1.1fy in 
stainless steel reinforced specimens are lower than the corresponding 
strains in carbon steel reinforced specimens. Consequently, the smaller 
post-yield crack widths in stainless steel reinforced specimens are due to 
their post-yield behaviour under the same stress levels.

4. Assessment of codified tension stiffening, crack spacing and 
width models

4.1. Assessment of codified tension stiffening models

4.1.1. Overview of codified tension stiffening stress-strain models
Analytical stress-strain models have been developed to predict the 

tension stiffening behaviour of reinforced concrete structures. Three 
such models, provided by the Model Code 1990 [14], Model Code 2010 
[15] and Eurocode 2 [13] were investigated in this paper. The models 
from Model Code 1990 and Model Code 2010 follow a four-stage 
approach, whereas the Eurocode 2 model consists of three-stages, sche
matics of which are shown in Fig. 11. All models begin with the same 
linear stress-strain relationship during the initial uncracked stage, up to 
the cracking stress σcr, where the first crack forms. In this stage, it is 
assumed that the concrete and steel experience equal strains, referred to 
as the mean strain, εm, as they jointly resist the total force F, as expressed 
in Eq. (3), where Ec and E are concrete and steel elastic modulus and Ac 
and As are the concrete and steel cross-sectional areas, respectively. The 
cracking stress σcr is reached when the concrete first attains its tensile 
strength ft, as given by Eq. (4), where all parameters are as previously 
defined, with ρs and αs representing the ratios of steel to concrete 
cross-sectional area and steel to concrete elastic modulus, respectively. 

F = Fconcrete + Fsteel = εmEcAc + εmEAs (3) 

σcr = ftAc(1 + αsρs)/As (4) 

Beyond the first cracking point, the three models adopt different 
stress-strain relationships for the crack formation and stabilisation 
stages. The Model Code 1990 uses a bi-linear stress-strain relationship, 
where the stress increases from the initial cracking stress σcr to the final 
cracking stress, taken as 1.3σcr, during the crack formation stage. After 
this, the stress-strain response follows the same stiffness as the bare 
rebar during the crack stabilisation stage, continuing up to the yield 
stress fy of the rebar. The assumption that crack formation occurs be
tween σcr and 1.3σcr accounts for the inherent scatter in the tensile 
strength of concrete, leading to cracks forming at progressively higher 
loads beyond the initial cracking load. The stress σ and mean strain εm 
relationships for the crack formation and crack stabilisation stages are 
given by Eqs. (5) and (6), respectively. 

εm = ε2 −
βt(σ − σcr)(1.3σcr − σ)

(1.3σcr − σcr)

(
εsr,2 − εsr,1

)
for ​ σcr < σ ≤ 1.3σcr

(5) 

εm = ε2 − βt
(
εsr,2 − εsr,1

)
for ​ 1.3σcr < σ ≤ fy (6) 

where, ε2 is the strain in the fully cracked state i.e., the bare rebar (ε2 =

Fig. 11. Schematic of codified tension stiffening model.
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σ/E), βt is a coefficient related to the duration of loading, taken as 0.4 for 
short term loading, εsr,2 is the steel strain when the first crack occurs 
(εsr,2 = σcr/E) and εsr,1 is the steel strain at the point of zero slip at the 
occurrence of the initial crack (εsr,1 = Fcr/(EcAc + EAs)).

The Model Code 2010 simplifies the crack formation stage to a stress 
plateau equal to the cracking stress σcr up to a mean strain interception 
point εm,int as given by Eq. (7). Beyond this point, a linear stress-strain 
relationship with the same stiffness as the bare rebar is assumed over 
the crack stabilisation stage, as described by Eq. (8). 

εm,int =
0.6ft

Eρs
(7) 

εm = ε2 − 0.4
ft

Eρs
for ​ εm > εm,int and ​ σcr < σ ≤ fy (8) 

The Eurocode 2 model assumes a nonlinear ascending stress-strain 
relationship in the stress range from σcr to fy, as given by Eq. (9). In 
this equation, ε1 is the strain of the uncracked section at the assessed 
force (ε1 = F/(EcAc + EAs)) and ζ is a distribution or tension stiffening 
coefficient, which can be calculated using Eq. (10), where β1 is a coef
ficient accounting for the duration of loading, taken as 1 for single short- 

Fig. 12. Comparisons of predicted and measured cracking stresses.

Fig. 13. Comparison of predicted and measured tension stiffening stress-strain responses using experimental cracking stress σcr,exp. (a) B500C 12mm. (b) B500C 
16mm. (c) EN 1.4301-CR 12mm. (d)EN 1.4482-HR 16mm.

Table 9 
Comparisons of codified model and measured (value based on average of three 
repeat tests per rebar material) dissipated energy of tension stiffening responses 
up to the at yield stress of the bare rebar.

B500C 
12 mm

B500C 
16 mm

EN 1.4301- 
CR

EN 1.4482- 
HR

Test (MPa) 0.871 1.163 2.019 1.469
Eurocode 2 (MPa) 0.863 1.101 2.389 1.563
Model Code 1990 

(MPa)
0.812 1.101 2.322 1.569

Model Code 2010 
(MPa)

0.790 1.094 2.296 1.564

Test/Eurocode 2 1.008 1.056 0.845 0.940
Test/Model Code 

1990
1.072 1.056 0.869 0.939

Test/Model Code 
2010

1.102 1.063 0.879 0.936
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term loading, with all other parameters are as previously defined. 
Finally, the last stage of all three models, corresponding to the post-yield 
of the rebar, is modelled as a horizontal line with stress equal to the 

rebar yield stress fy. 

εm = (1 − ζ)ε1 + ζε2 for ​ σcr < σ ≤ fy (9) 

Fig. 14. Comparison of modified model predicted and measured tension stiffening stress-strain responses for stainless steel rebars using experimental cracking stress 
σcr,exp.(a) EN 1.4301-CR. (b) EN 1.4482-HR.

Table 10 
Comparison of modified codified models and average measured (average of 
three repeat tests per rebar material) dissipated energy of stainless steel tension 
stiffening responses up to yield stress of bare rebar.

EN 1.4301-CR EN 1.4482-HR

​ Test (MPa) 2.019 1.469 ​
​ Modified Eurocode 2 (MPa) 2.138 1.450 ​
​ Modified Model Code 1990 (MPa) 1.982 1.446 ​
​ Modified Model Code 2010 (MPa) 1.960 1.440 ​
​ Test/Modified Eurocode2 0.944 1.012 ​
​ Test/Modified Model Code 1990 1.019 1.015 ​
​ Test/Modified Model Code 2010 1.030 1.019 ​

Fig. 15. Comparisons of measured and predicted crack spacings.

Table 11 
Measured mean crack width vs. predicted mean crack widths from Model Code 1990 at stress = 0.8 fy.

B500C 12 mm B500C 16 mm EN 1.4301-CR EN 1.4482-HR

Test MC1990 Test MC1990 Test MC1990 Test MC1990

Test 1 0.40 0.31 0.40 0.29 0.56 0.36 0.55 0.29
Test 2 0.32 0.57 0.39 0.49
Test 3 0.37 0.60 0.69 0.56
Average 0.36 0.52 0.55 0.53

Table 12 
Measured mean crack width vs. predicted mean crack widths from Eurocode 2 at 
stress = 0.8 fy.

B500C 12 mm B500C 16 mm EN 1.4301-CR EN 1.4482-HR

Test EC2 Test EC2 Test EC2 Test EC2

Test 1 0.40 0.31 0.40 0.28 0.56 0.37 0.55 0.27
Test 2 0.32 0.57 0.39 0.49
Test 3 0.37 0.60 0.69 0.56
Average 0.36 0.52 0.55 0.53

Fig. 16. Comparison of average measured mean crack width and predicted 
mean crack width.
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ζ = 1 − β1

(σcr

σ

)2
(10) 

4.1.2. Comparison of tension stiffening responses with codified models
Comparisons between the predicted cracking stress σcr,pred, obtained 

from Eq. (4), and the experimental cracking stress σcr,exp, taken as the 
average value of the three repeat tests per specimen, are presented in 
Fig. 12. In all cases, the predicted cracking stresses were higher than the 
experimental values by 37 %-78 %, as has been observed in similar 
literature studies [28]. This discrepancy arises because the predicted 
cracking stresses are based on assumptions of elastic behaviour and 
perfect bond conditions, whereas in the experiments, bond imperfec
tions or pre-existing microcracks may be present before full cracking 
occurs. Furthermore, the actual tensile strength of the concrete in this 
study may be lower than measured, as indirect testing methods – such as 
splitting and flexural tests – are known to overestimate tensile strength 
relative to direct tension testing [20].

Due to the discrepancy between the predicted and measured 
cracking stresses, the experimentally measured mean cracking stress 
values were used, similar to [28], to assess the analytical models’ ability 
to quantify the tension stiffening effect without the influence of over
estimated cracking stress, as shown in Fig. 13. To evaluate the accuracy 
of the assessed models quantitatively, the dissipated energy, taken as the 
area under the tension stiffening stress-strain curve, up to the yield stress 

of the bare rebar (reported in Table 4), was calculated for both the 
measured and predicted responses. The results are presented in Table 9. 
For both 12 mm and 16 mm diameter B500C carbon steel rebars, all 
assessed codified models generally show good agreement with the 
measured responses, with the Eurocode 2 model providing the closest 
agreement. For the stainless steel rebars, all codified models overpredict 
the tension stiffening response, particularly for the 12 mm EN 
1.4301-CR specimens, as they are unable to capture the inherent 
nonlinearity of stainless steel behaviour.

4.1.3. Modified tension stiffening model for stainless steel reinforcing bars
The tension stiffening models were modified to represent the 

behaviour of stainless steel rebars more accurately. The proposed 
modifications are based on adopting the two-stage Ramberg-Osgood 
model to describe the stress-strain behaviour of the bare rebar. The 
Ramberg-Osgood model, given in Eq. (11), is commonly used to model 
the nonlinear stress-strain behaviour of stainless steel [23,24] and is 

Table 13 
Measured maximum crack width vs. predicted maximum crack widths from Model Code 1990 at stress = 0.8 fy.

B500C 12 mm B500C 16 mm EN 1.4301-CR EN 1.4482-HR

Test MC1990 Test MC1990 Test MC1990 Test MC1990

Test 1 0.40 0.46 0.45 0.44 0.84 0.55 0.57 0.43
Test 2 0.35 0.78 0.44 0.58
Test 3 0.55 0.80 0.75 0.62
Average 0.43 0.68 0.68 0.59

Table 14 
Measured maximum crack width vs. predicted maximum crack widths from Model Code 2010 at stress = 0.8 fy.

B500C 12 mm B500C 16 mm EN 1.4301-CR EN 1.4482-HR

Test MC2010 Test MC2010 Test MC2010 Test MC2010

Test 1 0.40 0.60 0.45 0.61 0.84 0.71 0.57 0.59
Test 2 0.35 0.78 0.44 0.58
Test 3 0.55 0.80 0.75 0.62
Average 0.43 0.68 0.68 0.59

Table 15 
Measured maximum crack width vs. predicted maximum crack widths from 
Eurocode 2 at stress = 0.8 fy.

B500C 12 mm B500C 16 mm EN 1.4301-CR EN 1.4482-HR

Test EC2 Test EC2 Test EC2 Test EC2

Test 1 0.40 0.53 0.45 0.47 0.84 0.63 0.57 0.46
Test 2 0.35 0.78 0.44 0.58
Test 3 0.55 0.80 0.75 0.62
Average 0.43 0.68 0.68 0.59

Table 16 
Measured maximum crack width vs. predicted maximum crack widths from GB50010 at stress = 0.8 fy.

B500C 12 mm B500C 16 mm EN 1.4301-CR EN 1.4482-HR

Test GB50010 Test GB50010 Test GB50010 Test GB50010

Test 1 0.40 0.63 0.45 0.79 0.84 0.84 0.57 0.75
Test 2 0.35 0.78 0.44 0.58
Test 3 0.55 0.80 0.75 0.62
Average 0.43 0.68 0.68 0.59

Fig. 17. Comparison of average measured maximum crack width and predicted 
maximum crack width.
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recommended in British Standard 6744 [29] for stainless steel rebars. 
Based on the adoption of the Ramberg-Osgood model, the resulting 
modifications to each tension stiffening model are as follows: 

• Model Code 1990: Eqs. (5) and (6) are used together with (i) the strain 
of the bare rebar, ε2 (strain in the fully cracked state), obtained from 
Eq. (11), and (ii) the steel strain at the first crack, εsr,2, obtained from 
Eq. (12).

• Model Code 2010: Eqs. (7) and (8) are used together with the strain of 
the bare rebar, ε2, obtained from Eq. (11).

• Eurocode 2: Eqs. (9) and (10) are used together with the strain of the 
bare rebar, ε2, obtained from Eq. (11).

• All three models: The yield stress plateau for stresses beyond the 
yield stress is removed and replaced with a continuation of the 
previous stage of the stress–strain response, as described above.

ε2 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

σ
E
+ 0.002

(
σ
fy

)n

, σ ≤ fy

σ − fy

E0.2
+

(

εu − εt,0.2 −
fu − fy

E0.2

)(
σ − fy

fu − fy

)nʹ

+ εt,0.2, σ > fy

(11) 

εsr,2 =
σ
E
+ 0.002

(
σcr

fy

)n

(12) 

where, E0.2 is the tangent modulus at 0.2 % proof stress (E0.2 = E/(1 +

(0.002nE/fy))), εt,0.2 is the total strain at 0.2 % proof stress (εt,0.2 = fy/ 
E + 0.002) and all other variables are defined in Section 3.1.

Comparisons of the modified Eurocode 2, Model Code 1990 and Model 
Code 2010 tension stiffening models with the test responses are shown in 
Fig. 14. The corresponding dissipated energy values, again taken as the 
area under the tension stiffening stress-strain curve up to yield stress of 
the bare rebar (reported in Table 4), are presented in Table 10. The 
modified models demonstrate good agreement with the measured re
sponses, capturing both the nonlinear post-cracking tension stiffening 
behaviour and the post-yield tension stiffening of the stainless steel 
rebars.

4.2. Assessment of codified crack spacing and width models

4.2.1. Overview of codified crack spacing and crack width 
recommendations

Standards such as Model Code 1990, Model Code 2010, Eurocode 2 and 
GB50010–2010 [30] provide guidance on the maximum allowable crack 
width for reinforced concrete structural elements, considering both 
durability and appearance, and are dependent on exposure classifica
tion. These standards also provide methods for predicting the mean 
crack width wmean, characteristic crack width wk and crack spacing sr in 
reinforced concrete members. The characteristic crack width wk repre
sents the 95th percentile of crack widths and is often used inter
changeably with the maximum crack width in literature [31].

Model Code 1990 defines the maximum crack spacing, sr,max, as twice 
the transmission length, ls,max, according to Eq. (13). Model Code 2010 
defines sr,max similarly, but also includes the concrete cover, c, multi
plied by a correction factor k (taken as 1), as given in Eq. (14). In the 
calculation of sr,max, both Model Code 1990 and Model Code 2010 assume 
the bond stress τbm to be equal to the tensile stress of concrete ft 
multiplied by a factor of 1.8 for short-term loading. Moreover, in Model 
Code 1990 sr,mean,MC1990 is calculated as the product of the maximum 
crack spacing sr,max and a factor of 2/3, as shown in Eq. (15). 

sr,max = 2
(

ft

4τbm

∅
ρs

)

(13) 

sr,max = 2
(

kc +
ft

4τbm

∅
ρs

)

(14) 

sr,mean,MC1990 =
2
3
sr,max =

4
3
ls,max (15) 

In Eurocode 2, the mean crack spacing sr,mean,EC2 is calculated using 
Eq. (16), which is a function of the clear concrete cover cclear, the loading 
coefficient kfr, the bonding conditions coefficient kb, the rebar diameter 
Ø and the reinforcement ratio ρs. Eurocode 2 has a further requirement 
that the mean crack spacing does not exceed the difference between the 
section’s height h and neutral axis x multiplied by a factor of 1.3/kw, 
where kw is a conversion factor. When comparing with the experimental 
results, the loading coefficient kfr was set to 1 for pure tension and kb was 
set to 0.9 for good bond conditions. The limit on the mean crack spacing 
was not applied since the specimens were subjected to pure tension. 

sr,mean,EC2 = 1.5cclear +
kflkb

7.2
∅
ρs

(16) 

In Model Code 1990, wmean and wk are calculated using Eqs. (17) and 
(18), respectively. These relationships are derived from crack spacing 
and the difference between the mean strain of steel reinforcement εsm 
and the mean strain of concrete between cracks εcm. Eq. (17) employs 
the mean crack spacing sr,mean, i.e., the average distance between cracks 
along the length of a concrete element, while Eq. (18) uses the maximum 
crack spacing sr,max, i.e., the largest distance between two consecutive 
cracks along a concrete member. Model Code 2010 retains the same 
formulation as Model Code 1990 for wk (Eq. (18)) but does not provide a 
method for calculating wmean. 

wmean = sr,mean(εsm − εcm) (17) 

wk = sr,max(εsm − εcm) (18) 

The calculation of wmean in Eurocode 2 is similar to that in Model Code 
1990, but includes an additional coefficient k1/r to account for the in
crease in crack width due to curvature. However, since the tension 
stiffening specimens in this study were subjected to pure tensile axial 
load, the k1/r coefficient is set to 1 [32], and therefore, the Eurocode 2 
relationship reduces to the Model Code 1990 expression in Eq. (17). The 
characteristic crack width wk in Eurocode 2 is calculated using Eq. (19), 
where wmean is multiplied by a conversion factor kw, which is given a 
value of 1.7. 

wk = kwk1/rwmean (19) 

The difference between the mean strain of steel reinforcement and 
the mean strain of concrete between cracks (εsm − εcm), is obtained from 
Eq. (20) in Model Code 1990, Model Code 2010 and Eurocode 2. In Eq. 
(20), kt is a coefficient that depends on the duration and nature of the 
loading and all other parameters are as previously defined. For the tests 
conducted in this study, a value of 0.6 was assigned to kt for short term 
loading. In addition, Eurocode 2 applies an additional condition to Eq. 
(20), where (εsm − εcm) must be greater or equal to (1 − kt)σ/E. 
Furthermore, considering Eq. (4) for the definition of σcr, Eq. (20) can be 
simplified to Eq. (21), where the value of σcr was set to the measured 
cracking stress σcr,exp, as discussed in Section 4.1.2. 

(εsm − εcm) =
σ
E
− kt

ft(1 + αsρs)

ρsE
(20) 

(εsm − εcm) =
σ
E
− kt

σcr

E (21) 

The characteristic crack width wk according to the Chinese code 
GB50010–2010 is obtained using the expression in Eq. (22), where αcr is 
the component load characteristic coefficient, which for tension is given 
a value of 2.7, ψ is a coefficient for strain of tensile reinforcement be
tween cracks (Eq. (23)) and all other parameters are as previously 

H. Moodley et al.                                                                                                                                                                                                                               Engineering Structures 345 (2025) 121458 

13 



defined. 

wk = αcrφ
σ
E

(

1.9c + 0.08
∅
ρs

)

(22) 

φ = 1.1 − 0.65
ft

ρsσ
(23) 

4.2.2. Evaluation of codified mean crack spacing
The measured average crack spacings sr,average,exp reported in Table 6

were compared with the predicted mean crack spacings from Model Code 
1990 sr,mean,MC1990 and Eurocode 2 sr,mean,EC2, as shown in Fig. 15. The 
mean crack spacing calculated using Model Code 1990 overestimated the 
experimentally measured average crack spacings for specimens with 
12 mm diameter rebars, while underestimating it for specimens with 
16 mm diameter rebars. These discrepancies can be attributed to the 
assumed bond strength of 1.8 ft, which appears to be conservative for 
12 mm rebars but unconservative for 16 mm rebars. The Eurocode 2 
mean crack spacing approach exhibited similar trends to the Model Code 
1990 but provided slightly less accurate estimates of the measured mean 
crack spacings.

4.2.3. Evaluation of codified mean and characteristic crack widths
The measured crack widths were compared with the crack widths 

predicted by design codes. The measured mean crack widths for each 
specimens wmean,exp defined as the average of the crack widths across 
multiple cracks in a given specimen at stress equal to 0.8fy, which is 
typically taken as the serviceability limit stress in steel reinforcing bars, 
and the predicted mean crack width at the same stress level based on 
Model Code 1990 wmean,MC1990 and Eurocode 2 wmean,EC2 are presented in 
Tables 11 and 12, respectively. Fig. 16 further illustrates the comparison 
between the average measured mean crack widths and the predicted 
values from Model Code 1990 and Eurocode 2. As shown in Fig. 16, both 
codes consistently underestimate the measured crack widths for all 
specimens. However, this underestimation is less pronounced for the 
B500C 12 mm rebars, where wmean,MC1990 and wmean,EC2 are 13.9 % 
lower than the measured value, compared to underpredictions ranging 
from 32.7 % to 49.1 % for the other tested rebars. Both codes yield 
similar predictions since they employ the same formulation (Eq. (17)), 
with only minor discrepancies arising from small differences in the 
calculated mean crack spacings.

Since the characteristic crack width is considered comparable to the 
experimentally measured maximum crack widths, these values were 
also compared. The measured maximum crack widths for each specimen 
wmax,exp taken as the maximum crack widths across multiple cracks in a 
given specimen at stress equal to the rebar 0.8fy, and the predicted 
characteristic crack width, based on Model Code 1990 wk,MC1990, Model 
Code 2010 wk,MC2010, Eurocode 2 wk,EC2 and GB50010 wk,GB are presented 
in Tables 13, 14, 15 and 16, respectively. Fig. 17 further illustrates the 
comparison between the average measured maximum crack widths and 
the predicted characteristic values. Fig. 17 shows that for the B500C 
12 mm rebar, wk,MC1990 provided very good agreement with the exper
iments, overestimating wmax,exp by only 6.5 %, whereas wk,MC2010, wk,EC2 
and wk,GB resulted in larger overestimations of 38.6 %, 22.4 %, and 
47.4 %, respectively. For B500C 16 mm rebars, wk,MC1990 and wk,EC2 
underestimated wmax,exp by 35.2 % and 30.8 %, respectively, while wk, 

MC2010 showed better agreement with a 10.1 % underestimation and wk, 

GB again overestimated by 16.7 %. For stainless steel rebars, Eurocode 2 
and Model Code 1990 generally underestimated wmax,exp by 7.4–27.4 %, 
whereas Model Code 2010 and GB50010 typically overestimated it by 
0.7–27 %.

5. Concluding remarks

This study investigated the tension stiffening behaviour of stainless 
steel rebars through experimental testing of 12 mm cold-rolled 

austenitic EN 1.4301-CR and 16 mm hot-rolled lean-duplex EN 1.4482- 
HR stainless steel rebars, alongside carbon steel B500C rebars for com
parison. The measured tension stiffening responses and crack behav
iours were presented and discussed. The codified guidelines in terms of 
the tension-stiffening stress-strain models, mean crack spacing and crack 
width models from Eurocode 2, Model Code 1990 and Model Code 2010 
were also assessed. This study is the first to investigate the tension 
stiffening behaviour of ribbed stainless steel rebars using direct tension 
tests. The findings provide new insights into how stainless steel differs 
from carbon steel reinforcement and have practical implications for 
serviceability design, particularly through the adoption of the Ram
berg–Osgood model for stainless steel rebars. The key findings are as 
follows: 

• Tension stiffening trends were similar for stainless and carbon steel 
up to the first crack, but differences emerged due to stainless steels 
nonlinear stress-strain behaviour.

• The tension stiffening effect was less pronounced in specimens con
taining 12 mm stainless steel rebars compared with 12 mm carbon 
steel rebars but was similar in specimens with 16 mm stainless steel 
rebars and carbon steel rebars.

• Tension stiffening persisted beyond the 0.2 % proof stress for stain
less steel rebars, before gradually decaying towards the bare rebars 
tensile response, which could potentially affect stainless steel rein
forced concrete members deflections and crack widths, warranting 
further investigation.

• The measured average crack spacing was larger for specimens con
taining cold-rolled EN 1.4301 12 mm stainless steel rebars due to the 
poorer bond strength of such rebars compared with carbon steel 
rebars, while 16 mm rebars had similar crack spacing across rebar 
materials. Stainless steel reinforced specimens exhibited larger 
measured crack widths at yield but significantly smaller post-yield 
crack widths, highlighting the potential of stainless steel rebars for 
limiting crack growth in reinforced concrete structures.

• Codified tension stiffening models commonly used were compared 
with the experimental results. The models were shown to generally 
be in good agreement with the carbon steel rebar tension stiffening 
specimen experimental responses during the crack stabilisation 
stage, while for the stainless steel rebar tension stiffening specimens, 
the models were not capable of accurately capturing the nonlinear 
effects of the material. Modifications to the codified tension stiff
ening models, incorporating the nonlinear two-stage Ramberg- 
Osgood model, were suggested and demonstrated improved agree
ment with stainless steel rebar tension stiffening behaviour.

• Model Code 1990 and Eurocode 2 overestimated crack spacing for 
12 mm rebars but underestimated it for 16 mm rebars. Both models 
underpredicted the measured mean crack widths. For maximum 
crack width, Model Code 1990 gave the best agreement with the 
12 mm carbon steel rebars, while Model Code 2010 provided the 
closest predictions for the other rebar types.

• Future work should build upon the present study by conducting 
direct tension tests on stainless steel specimens to investigate the 
influence of creep and shrinkage on tension stiffening behaviour. In 
addition, beam tests are recommended to account for the combined 
effects of bending, shear and axial forces, and to further validate the 
findings on crack width and spacing.
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