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bars. These are an advancement on existing models which have largely been developed for
structural stainless steel plate, rather than for reinforcement bars. Current design guidance for
material modelling of reinforcing bars does not include representative stress-strain relationships
which capture the unique mechanical properties of stainless steel reinforcement. Codes include
idealised elastic-plastic material models which are inappropriate and inefficient for the highly
nonlinear and ductile material response of stainless steel. The present study aims to address this
issue by first conducting a series of tensile tests to ascertain the stress-strain material responses
and then employing this data to examine the validity of existing approaches and propose new
material models where required. It is shown that new material models are required and those that
are developed are able to accurately capture the stress-strain response of stainless steel rein-
forcement, and provide a better, more accurate, representation than existing methods.

1. Introduction

This paper is focussed on the mechanical characterisation of austenitic and duplex stainless steel reinforcement for use in structural
analysis and design. These materials are increasing in popularity and interest owing to their outstanding corrosion resistance, me-
chanical properties and life cycle performance [1]. Compared with more traditional carbon steel reinforcement, stainless steel rebars
are significantly more ductile, can offer great strength and also have very good fire resistance. The ductility properties are very
attractive in particular during extreme scenarios such as an earthquake or blast as the ability for structures to endure high levels of
deformation and damage compared with traditional reinforced concrete structures may facilitate the redistribution of loads and
stresses in the structure, thus avoiding or delaying collapse [2,3].

Stainless steel reinforced concrete has been available to designers for a number of years as a structural solution, but until recently
was mainly employed in applications where corrosion resistance was required. However, now there are ever-increasing demands to
enhance the durability and resilience of reinforced concrete (RC) structures, to extend their useful design life and also to minimise
expensive inspection and maintenance requirements. In this context, the use of inherently durable and resilient stainless steel in place
of carbon steel rebars is growing, predominantly driven by concerns and the economic implications related to reinforcement corrosion,
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Fig. 1. Idealized stress-strain curves as given in (a) Eurocode 2 [36] and (b) BS 6744 [p37].

concrete carbonation and environmental impact [4]. The costs associated with inspection, repair, maintenance, and replacement of
deteriorating structures and infrastructure can impose significant pressures on government resources, and can result in disruptions
which adversely affect productivity and local economic well-being. In some cases, corrosion may impair the structural integrity and
functionality of a structure due a reduction in the steel area and strength, and consequently reduce the ductility, structural stiffness and
load bearing capacity of the affected members [5]. Therefore, incorporating stainless steel reinforcement in RC structures provides a
more durable long-lasting alternative to traditional carbon steel reinforced concrete, thus potentially extending the design life of
structures, reducing the embodied carbon costs and decreasing the economic costs and disruption related to inspection, monitoring,
maintenance and rehabilitation works [6,7].

The increasing interest in stainless steel reinforced concrete has led to greater attention being directed towards its structural
performance within the engineering research community. The vast majority of research in the available literature has focussed on the
corrosion resistance and durability [8-11]. There has been a very limited amount of research into the material properties, including the
proposal of a material model to represent the compressive stress-strain response for design and analysis [12] and also a study into the
behaviour at elevated temperature [13]. It is notable that the amount of test data for stainless steel reinforcement is significantly less
than for bare structural stainless steel. Research has been conducted into the bond behaviour between stainless steel reinforcement and
the surrounding concrete for reinforced concrete (RC) members [5,14-16] as well as a limited number of tests on RC beams [17-20]
and columns [21,22]. A novel design approach has been recently proposed by Rabi et al. [6,23] to harness the distinctive strain
hardening and ductility properties of stainless steel reinforcement into the design of reinforced concrete members.

There are various material models that have been developed in recent decades to describe this nonlinear stress-strain behaviour of
structural stainless steel [e.g. 24-31]. These are generally based on the expression originally developed by Ramberg-Osgood (R-O) [24]
and modified later by Hill [25]. The models require a number of key parameters to be defined to characterise the response, which are
obtained from experimental stress-strain curves. The values of these parameters are given in design standards such as EN 1993-1-4
[26], through tables and predictive expressions. However, the applicability of these material models has not yet been evaluated for
stainless steel reinforcement and they are not included in the corresponding RC design codes (e.g. Eurocode 2).

A comprehensive review of the current knowledge and available design guidance pertaining to the use of stainless steel rein-
forcement in concrete structures was conducted [1]. It was concluded that there is a lack of information and data in the literature on
the constitutive behaviour of austenitic and duplex stainless steel reinforcement, as well as on appropriate material models and
associated characteristic parameters, as required for both the analysis and design of stainless steel reinforced concrete structures. Given
the high initial costs of stainless steel reinforcement compared with that of carbon steel, as well as the increasingly important desire to
use raw materials with efficiency, it is imperative that an accurate description of the stress-strain relationship is available for use in the
design of RC structures. It is also important from a performance point of view, to ensure that analysis of these members is accurate and
reliable. In this context, the current paper presents the results from a series of tensile tests on different grades of stainless steel
reinforcement, as available from local stockholders. The paper employs this data, as well as other available results from the literature
[5,13,17], to assess the accuracy of current stainless steel material models, which were largely developed for structural stainless steel
plate, for representing the stress-strain constitutive relationship of stainless steel reinforcement. Finally, a new rebar-specific material
model is proposed based on the data gathered.

2. Material modelling of stainless steel

Stainless steel reinforcement exhibits a continuous, nonlinear constitutive behaviour without a clearly defined yield point as well as
significant strain hardening. This is fundamentally different from the stress-strain behaviour of carbon steel, which typically has an
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elastic-plastic, or elastic-linear hardening response with a clearly-defined yield point and little to moderate strain hardening. The
current design rules for RC members in global design standards, such as Eurocode 2 [27], include an elastic-plastic stress-strain model
as well as elastic-linear hardening model for the design of RC members, as shown in Fig. 1(a). The former of these models is suitable in
most cases for the design of carbon steel RC members but is not reflective of the nonlinear, ductile response of stainless steel, whilst the
elastic-linear hardening model is applicable only up to a limiting strain value set in the standard which is significantly below the
ultimate strain of stainless steel reinforcement.

BS 6744 [28] advises that employing the idealized constitutive relationships as outlined in Eurocode 2 [?36] might not be suitable
for stainless steel RC design applications owing to the different stress-strain response. Instead, it suggests using a nonlinear model
based on the original Ramberg-Osgood (R-O) expression [24], as shown in Fig. 1(b). The original Ramberg-Osgood (R-O) expression
for representing the relationship between the engineering stress () and the engineering strain (¢) is presented in Eq. 1, in which 6 » is
the 0.2% proof stress determined by drawing a line with a slope equal to the elastic modulus or Young's modulus (E) between 0.2%
strain (gg 2) on the x-axis and the stress-strain curve. n is the strain hardening exponent calculated from Eq. 2 and 6 ¢; is the 0.01%
proof stress corresponding to a 0.01% strain.

¢ :f+o.002<i>n )

E 602

In ("“—2>
00.01

It was observed that employing the original R-O model provides accurate results for stresses up to the 0.2% proof stress. However, it
overestimates the stresses in the post-yield range (i.e., beyond the 0.2% proof stress) and is therefore inappropriate for representing the
full stress-strain relationship of stainless steel [20,29-32].

Therefore, several material models were developed to accurately predict the full stress-strain response. Mirambell and Real [33]
proposed a two-stage material model including the original Ramberg-Osgood expression (Eq. 2) for stresses below the 0.2% proof
stress and a second curve for stresses beyond the 0.2% proof stress, as given in Eq. 3.

m
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In these expressions, € and ¢ are the engineering strain and stress, respectively, Eq 5 is the tangent modulus at the 0.2% proof stress
calculated from Eq. 4, 6, and ¢, are the ultimate stress and corresponding ultimate strain, respectively, ¢ 3 is the strain corresponding
to 6.2 and m is the second strain hardening exponent.

Additional simplifications to this model were proposed by Rasmussen [34] for the post-yield portion of the response, to reduce the
number of the parameters required. The basic assumption is that the ultimate plastic strain (¢, — g2 — %) is equal to total ultimate
strain ¢, as expressed in Eq. 5. Rasmussen [34] also included predictive expressions for the determination of the strain hardening
parameter m, the ultimate strain and the ultimate strength as given in Eq. 6-8, respectively. This results in a reduction in the number of
parameters required to three basic Ramberg-Osgood parameters (E, 6¢ 2 and n). It is worth noting that this proposal was included in EN
1993-1-4, Annex C [26] for representing the material behaviour of stainless steel.
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Gardner and Nethercot [35] introduced additional modifications allowing the model to be used for compression and improving the
accuracy of the model at low strains (i.e. below 10%). These modifications involve employing the 1% proof stress (o1 o) instead of the
ultimate strength (6,) in Eq. 1, as given in Eq. 9, where the strain hardening exponent is denoted as ng 2 1.0
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Table 1
A summary of the material properties obtained from the current test programme and existing data available in the literature for austenitic and duplex
stainless steel reinforcement.

Stainless steel type Grade Diameter (mm) No. of tests  6¢,01(N/ 6 0.2(N/ 6 «(N/mm?) £u(%) E (N/mm?) n m
mm?) mm?)

Current test programme

Austenitic 1.4301 8 9 367 727 909 23.4 184144 49 110
10 2 390 647 833 19.7 157675 5.6 4.9
12 7 389 656 799 14.1 177060 6.3 11.0
1.4401 12 3 327 599 722 15.6 166457 6.2 103
1.4404 8 3 402 680 803 14.1 170307 6.2 14.9
1.4436 6 2 394 695 821 10.2 172580 5.4 7.2
8 2 345 576 800 22.8 188735 6.7 4.4
10 2 322 619 753 12.7 165325 5.3 7.9
12 2 354 637 781 19.7 172785 56 13.6
16 2 239 444 664 30.0 198035 5.8 4.0
1.4571 6 2 324 585 735 17.0 181040 5.4 6.5
8 1 348 613 784 19.0 170520 5.7 7.1
12 2 290 586 746 15.5 174815 44 150
Duplex 1.4362 6 2 427 780 935 2.3 163465 4.8 6.6
8 8 438 729 888 10.5 151574 6.1 6.3
12 3 466 806 951 8.1 158353 6.3 6.2
16 2 381 639 822 20.0 182680 5.7 5.3
1.4482 8 2 307 744 919 30.2 185625 4.2 2.7
10 2 344 820 1057 25.4 163690 37 2.8
12 2 323 764 989 22.0 189045 3.7 2.9
Test data from the literature
Austenitic 1.4301 10 3 328 513 787 30.4 189699 7.6 3.4
[5] 12 2 413 707 869 14.3 177055 5.6 7.4
Austenitic 1.4307 12 1 301 595 796 30.7 155690 6.1 6.1
[13] 16 1 252 542 751 31.4 203120 8.1 1.4
1.4311 12 1 214 479 764 38.6 210970 3.8 4.1
16 1 288 526 817 32.9 205880 5.7 3.9
Duplex [13] 1.4362 16 2 390 683 847 12.1 187265 6.1 5.6
1.4162 12 3 466 717 894 15.3 189063 7.6 6.2
Austenitic [17] 1.4301 8 3 357 732 902 20 184147 45 122
10 3 392 644 799 31 164563 5.9 5.9
12 3 450 708 876 16 169737 6.5 9.1
1.4401 8 3 298 588 820 29 223850 5.2 5.0
10 3 422 655 793 16 168903 6.7 8.7
12 3 383 653 801 14 188413 6.1 12.4

Building on these developments of the original Ramberg-Osgood material model, researchers also proposed more multi-stage
models which may be appropriate in particular circumstances such as analysing connection behaviour or incorporating the effects
of cold forming. Quach et al. [36] proposed a three-stage material model that implements the original Ramberg-Osgood expression
[24] as given in Eq. 1 for stresses up to 0.2% proof stress, the Gardner and Nethercot [35] expression as in Eq. 9 for stresses between the
0.2% proof stress and the 2.0% proof stress and then a straight line up to the ultimate stress. An alternative three-stage model was
proposed by Hradil et al. [37] which employs the original Ramberg-Osgood expression for every stage using a different reference
system.

It was found that the three-stage models offer a better depiction of the experimental stress-strain curves compared with the two-
stage models, but require a greater number of the input parameters from the user. Therefore, the two-stage models suggested by
Mirambell and Real [33] and Rasmussen [34] offer more practicality for use in real-life engineering applications, attaining a high level
of accuracy with fewer input parameters required by the user. A comparative study conducted by Arrayago et al. [29] showed that the
material model proposed by Rasmussen [34] is more appropriate for high ductility stainless steels such as austenitic and duplex grades
since the disparity between the omitted term (go — “"E‘D ‘;“) and the total ultimate strain (e,) is negligible. However, a further

assessment is required for low-ductility stainless steel, such as the ferritic grades or materials that are cold-worked. Given that, all
stainless steel reinforcement that is currently commercially available is either an austenitic or duplex stainless steel grade, the model
proposed by Rasmussen [34] achieves an excellent balance between practicality and accuracy and thus is selected herein for analysis
and assessment of the key material parameters.

It is worth noting that researchers have also successfully employed much simpler stress-strain curves, including bi-linear models
[6], for stainless steel in reinforced concrete design in order to avoid the complexity of implementing the nonlinear stress-strain
behaviour in analysis. This approach is given in the following expressions:

c=Ee e<eg, 10)

6=002+En(e—g) e>¢ a1
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Fig. 2. Stainless steel reinforcement bars before tensile testing.

The yield strain ey is defined as the ratio between the 0.2% proof stress 6.2 and the elastic modulus E. The slope of the strain
hardening line Eg, is obtained using Eq. 12:

Oy — Op2

Eh:
T Gy — gy

12)

Following an extensive parametric study [6,23], a value for Eg, ranging between 0.15 and 0.3 was found to be appropriate for
stainless steel RC beams, depending on the grade. Although this model provides a straight forward representation which might be
appropriate in design, it is clearly not reflective of the true stress-strain response and it is crucially important to have a predictive
material model which represents the full constitutive stress-strain relationship for stainless steel reinforcement.

3. Experimental programme

A total of 60 tensile tests were conducted in this study on various grades of stainless steel reinforcement with different diameters,
and these are listed in Table 1. At least two repeats were conducted for each bar type, with more repeats conducted if the results were
incompatible. The tensile tests were carried out in accordance with BS EN 6892-1 [38], using a 300 kN Tinius Olsen universal test
machine. The specimens were examined under displacement control, with a strain rate of 0.1 mm/min for strains up to 1.0% and then
2.2 mm/min until the fracture stress. The strain in the material was measured over a gauge length of 50 mm in the middle of the test
coupon. The test was paused briefly in order to remove the extensometer. An image of the test samples before testing is presented in
Fig. 2. It is noteworthy that all of the test material was obtained from local stockholders in the London region, in order to determine
realistic properties for material employed in real projects.

The measured stress-strain response for different grades of stainless steel reinforcement are presented in Fig. 3, separated into
different graphs for each diameter of bar examined. For each specimen, the 0.01 (6¢.01) and 0.2% (c¢.2) proof stresses were obtained by
identifying the intersection points between the stress-strain curve and the offset lines of the modulus of elasticity E which passes
through the 0.01% and the 0.2% strain at the x-axis, respectively. The modulus of elasticity was carefully calculated from a linear
regression analysis. The ultimate stress 6, and corresponding ultimate strain e, were also identified. The average values for each of
these properties, for each bar type, are presented in Table 1. In addition to these test data, a total of 32 other tests were also available in
the literature [5,13,17] and the results from these are also presented in Table 1, and discussed herein. It is important to note that these
are the only test data that were found which presented the full stress-strain response, including at low strains in order to determine E
and 6 . In relation to the failure mode, it is noteworthy that failure location is quite challenging for rebars, as fracture can occur
anywhere along the member length, outside of a specific gauge length. In these tests, fracture occurred at different locations along the
bar length, but away from the grips in all cases. From the test results, the mean Young’s modulus values are found to be 176.9 kN/mm?
and 164.6 kN/mm? for austenitic and duplex reinforcements respectively. Slightly higher values were observed in previous test results
reported in Table 1 with mean values of 185.1 kN/mm? and 188.3 kN/mm? for austenitic and duplex stainless steel reinforcement,
respectively. There are several recent studies which have shown similar observations low Young’s modulus values for stainless steel
reinforcement [pPe.g. [2,3,19,39,40]]. Nevertheless, it is recommended that this property is explored in greater detail, with reliability
analyses, in the future. Additionally, austenitic grade 1.4301 and duplex grade 1.4482 stainless steel are shown to have the highest
ultimate stress among the tests performed in this programme. Similar observations were found in the tests obtained from the literature
for grade 1.4301. It is also observed that the most ductile austenitic and duplex stainless steel rebars from the test programme con-
ducted in the current work are grade 1.4436 and 1.4482, respectively, while for the tests from the literature the corresponding grades
are grades 1.4311 and 1.4162.
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Fig. 3. Measured stress-strain curves for different austenitic and duplex stainless steel grades with reinforcement diameters of (a) 6 mm, (b) 8 mm,
(c¢) 10 mm, (d) 12 and (e) 16 mm.

4. Test results and analysis

In this section, the experimental constitutive stress-strain curves discussed previously are analysed to obtain the key parameters of
the material model for different stainless steel grades. As stated before, the limited number of test results available in the literature [5,
13,17] are also employed in the current section for further assessment and validation of material model parameters. The applicability
of the different predictive expressions proposed by Rasmussen [34] and given in EN 1993-1-4 [26] for bare stainless steel sections are
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Fig. 4. Flow chart of the various steps implemented in the MATLAB code developed to determine (a) n and (b) m.

investigated for stainless steel reinforcement, with particular attention given to the strain hardening exponents (n and m), the ultimate
stress f,, and the ultimate strain €.

Determination of the optimum values for the strain hardening exponents n and m from experimental stress-strain curves involves
complex calculations. In order to simplifying the optimisation process and automating the calculations, a MATLAB programme [41]
was developed, offering accurate results at low computational cost. This is achieved by using a least square adjustment technique to
find the optimum values of the strain hardening exponents n and m that allow the material model to precisely depict the experimental
stress-strain curve through iteratively adjusting these values to achieve a relative error convergence between the R-O expression and
experimental data. A flow chart describing the routine developed using MATLAB is presented in Fig. 4.

4.1. Strain hardening exponent n

Two different expressions for calculating n are proposed in the literature and are assessed here. The first was developed by
Ramberg-Osgood (R-O) [24] and was previously presented in Eq. 2; this is adopted in EN 1993-1-4 [26] for structural stainless steel.
The second method, which is originally proposed by Rasmussen and Hancock [42], employs the 0.05% proof stress instead of the
0.01% proof stress as it is suggested that this provides a better representation of the experimental stress-strain behaviour of stainless
steel [43,44,29,33] and is presented in Eq. 13:

= 1n(20) (1 3)

In (”0—’)
00.05

For both cases, the experimental data has been assessed and the first strain hardening component n was determined by employing a
least square adjustment through experimental curve fitting; the calculated value is denoted as neyp. On the other hand, the predicted
values using Eqs. 2 and 13 are referred to as nyreq. The results are presented in Fig. 5 and also Table 2.

It is observed that the n values determined from the experimental data using Eq. 2 are excellent with a close agreement between
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Fig. 5. Comparison of the predicted and experimental strain hardening exponent n for (a) austenitic and (b) duplex stainless steel reinforcement.

Table 2
Assessment of the predicted and experimental first strain hardening exponent n.
Stainless steel type Eq. 2 [26] Eq. 13 [42]
Npred/Nexp Npred /Nexp
Austenitic Mean 0.94 2.02
RMSE 0.88 6.16
cov 0.12 0.08
Duplex Mean 0.97 2.04
RMSE 0.72 6.21
cov 0.13 0.07

Neyp and Npred. The mean npreq/Nexp ratio, root mean square error (RMSE) and coefficient of variation (COV) values are 0.94, 0.88 and
0.12 for austenitic stainless steel, respectively, and 0.97, 0.72 and 0.13 for duplex stainless steel, respectively. In contrast, Eq. 13 tends
to overestimate the corresponding experimental values with mean nyeq/nexp ratio, RMSE and COV values of 2.02, 6.16 and 0.08,
respectively, for austenitic stainless steel, and 2.04, 6.21 and 0.07 for duplex stainless steel, respectively. It is obvious that the RMSE for
Eq. 13 is significantly higher than that of the Eq. 2 by a factor of approximately 6 x and 8x for austenitic and duplex reinforcement,
respectively, indicating less accurate predictions. Therefore, it is concluded that although there is less scatter when Eq. 13 is employed
compared with Eq. 2, as evidenced by lower COV values, it provides quite inaccurate and un-conservative predictions for the n
exponent for stainless steel reinforcement.

Numerical values of n based on the average experimental data have been determined for each stainless steel reinforcement grade
and compared with the values for structural stainless steel as given in 1993-1-4 (ngcs) [26]. A comparison of the results is presented in
Table 3. These values are relatively different from those proposed in Gardener et al. [13], which are 4.7 and 5.3 for austenitic and
duplex stainless steel reinforcement. It is worth noting that the recommended values of n are proposed without specifying the loading
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Recommended values for the first strain hardening exponent n.
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Stainless steel reinforcement type Grade nNgc3 [26] Recommended n

Austenitic 1.4301 6 5.8
1.4401 7 6.1
1.4404 7 6.2
1.4436 - 5.8
1.4571 7 5.1
1.4307 6 7.1
1.4311 - 4.8

Duplex 1.4362 5 5.9
1.4482 3.9
1.4162 7.6

25 ‘
e Experimental data
20 ——EN 1993-1-4 (Eq. 6)
— — —Proposed (Eq. 14)
15
g
10
5
0
0 0.2 0.4 0.6 0.8 1

Gy ,/0,

Fig. 6. Assessment of different predictive models for the strain hardening exponent m for austenitic stainless steel reinforcement.

15
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3 o _==== 03. T
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00.2/0,

Fig. 7. Assessment of different predictive models for strain hardening exponent (m) for duplex stainless steel reinforcement.

direction (i.e. transverse or longitudinal loading) as this information is not available.

4.2. Strain hardening exponent m

The accuracy of the expression presented in Eq. 6 and provided in EN 1993-1-4 [26] for the determination of the strain hardening
exponent m (referred to herein as myeq) is assessed through a comparison with the experimental strain hardening exponent (meyp) for
austenitic and duplex stainless steel reinforcement, as shown in Fig. 6 and Fig. 7. As before, mey, was determined by a least square
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Table 4
Assessment of the predicted and experimental strain hardening exponent m.
Stainless steel rebar type Eq. 6 [26] Eq. 14
Mpred/Mexp Myrop/Mexp
Austenitic Mean 0.54 1.26
RMSE 6.43 3.62
Ccov 0.60 0.60
Duplex Mean 0.89 1.17
RMSE 2.81 2.39
Ccov 0.49 0.49
1.6
1.4 e Experimental data
Rasmussen (Eq. 8)
12 — — =Proposed (Eq. 15)
1 o
-
< 08 L0-i°
a L]
s -
06 e
0.4 /
0.2
0
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
6y./E

Fig. 8. Assessment of different predictive models for ultimate stress (c,) of austenitic stainless steel reinforcement.
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Fig. 9. Assessment of different predictive models for ultimate stress (c,,) of duplex stainless steel reinforcement.

adjustment method through experimental curve fitting to the R-O expression considering Eq. 6, and a MATLAB routine was devised for
this purpose. The results are also presented in Table 4.

It is observed that Eq. 6 [26] for austenitic structural stainless steel plate provides very conservative results for austenitic stainless
steel reinforcement. The mean myeq/Mmeyxp ratio, RMSE and COV values are 0.54, 6.43 and 0.6, respectively, whilst the corresponding
values for duplex stainless steel reinforcement are 0.89, 2.81 and 0.49, respectively. Therefore, a new expression is proposed to
determine an appropriate m value for stainless steel reinforcement (myp,,p) using a linear regression analysis and is given in Eq. 14. It is
observed that the proposed expression is capable of providing better predictions based on the experimental results for austenitic
stainless steel reinforcement with mean myyop/mexp, RMSE and COV values of 1.26, 3.62 and 0.6, respectively. These corresponding
values for duplex stainless steel reinforcement are 1.17, 2.39 and 0.49, respectively. Although a similar scatter is found when either Eq.
13 or Eq. 6 is employed, as indicated by the COV values, the RMSE for Eq. 6 is 78% and 18% greater than that of Eq. 14 for austenitic
and duplex reinforcement, indicating less accurate predictions. As shown, the performance of the proposed expression is better than

10
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Table 5
Assessment of the predicted and experimental ultimate strength.

Stainless steel reinforcement type

Eq. 8 [26]

6u,pred/ Ou,exp

Eq. 15
6 u,prop/ Cu,exp

Austenitic Mean 0.92 0.98
RMSE 101.90 40.14
Ccov 0.09 0.05
Duplex Mean 0.80 1.00
RMSE 219.73 38.73
Ccov 0.13 0.04
100
® Experimental data
80 EN 1993-1-4 (Eq. 7)
s - = =Proposed (Eq. 15)
60 T
< ~
3 ~
= Ss °
w ~ N
40 < p—
o h o0 O
20 N
o N\ ®
IS
0
0 0.2 0.4 0.6 0.8 1
6(./6,

Fig. 10. Assessment of different predictive models for the ultimate strain (g,) of austenitic stainless steel reinforcement.

that of Eq. 6, providing more accurate mean value of the predicted-to-experimental ratio with lower relative errors. Hence, the
proposed expression (Eq. 14) is recommended to use for stainless steel reinforcement.

Oo.2 .. . . 0o.2
for austenitic stainless steel reinforcement, ~ mp, = 1+5

Mo = 1 4 10
prep oy oy

for duplex stainless steel reinforcement (14)

4.3. Ultimate stress o,

This section assesses the accuracy of employing the expression proposed by Rasmussen [34] and presented in Eq. 8 for predicting
the ultimate stress oy, of structural stainless steel, for stainless steel reinforcement. In this equation, o, is determined as a function of ¢ 2
and E for austenitic and duplex stainless steels. The results are presented in Figs. 8 and 9, and are also tabulated in Table 5, where 6y exp
are experimental values, 6y preq are the ultimate stress values calculated using Eq. 8 and 6y,prop are new predictions for the ultimate
stress using the proposed expression in Eq. 15. This expression was developed specifically based on the experimental data for stainless
steel reinforcement using a linear regression analysis, as described previously. The results are presented in terms of 6 5/E versus
o 0,2/ Oy.

It is observed that the expression given in Eq. 8 [34] tends to give inappropriate predictions of the ultimate stress compared with the
experimental data for rebars, particularly for duplex stainless steel reinforcement. The mean 6y pred/Gy,exp, RMSE and COV values for
austenitic stainless steel reinforcement based on Eq. 8 are 0.92, 101.9 and 0.9, respectively whilst the corresponding values for duplex
stainless steel reinforcement are 0.8, 219.7 and 0.13, respectively. Although the mean values are relatively acceptable, the RMSE
values are very large, indicating a lack of accuracy. On the other hand, the same values using the new proposed expression given in Eq.
15 for the mean 6y, prop/Gu,exp, RMSE and COV values for austenitic stainless steel reinforcement are 0.98, 40.1 and 0.05, respectively
whilst the corresponding values for duplex stainless steel reinforcement are 1.0, 38.7 and 0.04, respectively. Based on these results, it is
clear that the RMSE for Eq. 8 is significantly higher than the corresponding values obtained using Eq. 15, indicating that Eq.8 provides
less accurate predictions compared with Eq. 15. Eq. 15 is derived using data from stainless steel reinforcement whereas Eq. 8 was
developed from data on bare stainless steel plate, which clearly results in different ultimate behaviour.

o G .. . .
02 0.55 +70-22 for austenitic stainless steel reinforcement
cSu.pmp E
o (o] . .
02— 07425222 for duplex stainless steel reinforcement (15)
Gu.prop E
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Fig. 11. Assessment of different predictive models for ultimate strain (e,) of duplex stainless steel reinforcement.

Table 6
Assessment of the predicted and experimental for ultimate strain.
Stainless steel type Eq. 7 [26] Eq. 16
£y,pred/Eu,exp €4, prop/Eu,exp
Austenitic Mean 1.17 0.99
RMSE 6.28 6.59
cov 0.36 0.36
Duplex Mean 2.60 0.94
RMSE 8.34 8.80
Ccov 0.84 0.79

4.4. Ultimate strain &,

The ultimate strain values from the experimental data ey xp are compared with the values determined using the expression for
structural stainless steel as given in EN 1993-1-4 [26] and Eq. 7 (ey,pred), as shown in Fig. 10 for austenitic stainless steel reinforcement
and Fig. 11 for duplex stainless steel rebars. The results are presented in terms of the ultimate strain versus the g /¢, ratio. In addition,
the corresponding numerical values are given in Table 6. It is observed that Eq. 7 generally overestimates the ultimate strain values
with mean €ped/€exp, RMSE and COV values of 1.17, 6.28 and 0.39 for the austenitic rebars and 2.6, 8.34 and 0.84 for the duplex
stainless steel grades, respectively. These values are quite unconservative (i.e. are on the unsafe side), particularly for duplex stainless
steel reinforcement. As with the other mechanical properties, in order to provide a better representation of the ultimate strain of
stainless steel reinforcement, a new expression is proposed to determine &, prop based specifically on data from rebar tensile tests using
a linear regression analysis and this is given in Eq. 16:

c e .
Euprop (%) = 0.85(1 — —2) for austenitic stainless steel reinforcement

Ou

[
(:‘2) for duplex stainless steel reinforcement (16)

Euprop(%) = (0.9 —

The results using Eq. 16 are also presented in Figs. 10 and 11 and Table 6, for comparison. It is observed that the proposed
expression provides a more accurate prediction of the ultimate strain for both austenitic and duplex stainless steel reinforcement
compared with the existing expressions for structural stainless steel. The mean &y,prop/€exp, RMSE and COV values are 0.99, 6.59 and
0.36 for austenitic rebars and 0.94, 8.8 and 0.79 for the duplex stainless steel grades, respectively. Although the degree of accuracy and
scatter of the predictions are relatively similar for both equations, the mean predicted-to-experimental value is improved by around
18% and 175% when Eq. 16 is employed for austenitic and duplex reinforcement, respectively, compared with Eq. 7. It is deduced that
the proposed expression provides more accurate predictions for the ultimate strain for both austenitic and duplex stainless steel
reinforcement, with less scatter than existing methods which were not developed for rebars.

5. Comparisons with experimental stress-strain responses

Following the earlier discussions on the key constitutive properties for austenitic and duplex stainless steel reinforcement, the
current section takes an overall view of the proposed material model in terms of the shape as well as strength, stiffness and strain
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Fig. 12. Comparison of the proposed material model for 12 mm austenitic stainless steel reinforcement and the method currently included in EN
1993-1-4 [26] for structural stainless steel plate.

characteristics, compared with experimental data. The proposed expressions for n, m, 6, and &, (i.e. n, Mpop, Gprop and ey prop as given
in Eq. 2, 14, 15 and 16) are employed to predict the responses for the austenitic and duplex grades examined in the aforementioned test
programme in Figs. 12 and 13, respectively. Also included in the images are the corresponding responses using the expressions
proposed for structural stainless steel plates developed by Rasmussen [34] and included in EN 1993-1-4, Annex C [26]. It is clear that
the proposed model provides a more accurate and representative prediction of the overall response in terms of shape and strain
hardening behaviour as well as the yield and ultimate strength. On the other hand, it is clearly observed that the current material
model given in EN 1993-1-4 [26] provides a reasonable but less accurate representation of the actual experimental stress-strain
response for both austenitic and duplex stainless steel reinforcement. It is worth noting that the proposed curves end at ey prop as
given in Eq. 16.

6. Conclusions

This paper presents a comprehensive study on the stress-strain stainless steel reinforcement. A large programme of tensile tests
were conducted to obtain the stress-strain response for both austenitic and duplex stainless steel reinforcement. This is the first time
that a dedicated programme of work was conducted on stainless steel reinforcement, as opposed to stainless steel plate, to ascertain the
key properties required for analysis and design. A thorough review of the current material models developed for structural stainless
steel elements is presented. The accuracy of these models for representing the stress-strain constitutive relationship of stainless steel
reinforcement is assessed. Based on the results and analysis presented in this paper, a new material model with the key material
parameters is proposed specifically for austenitic and duplex stainless steel reinforcement. It is shown that existing models, which were
developed for stainless steel plate rather than reinforcing bars, are not capable of providing an accurate depiction of the full stress-
strain response. The proposed model is validated in terms of the shape as well as strength, stiffness and strain characteristics,
compared with experimental data. It is concluded that the proposed material models are capable of providing excellent predictions of
the experimental response both for austenitic and duplex stainless steel reinforcing bars.

13



M. Rabi et al. Case Studies in Construction Materials 20 (2024) e03013

900 1200
800
1000
700
& 600 < 800
g 500 é
& Z 600
» 400 e
é (5
& 300 & 400 Experimental results
200 Experimental results — — EN 1993-1-4 [32]
— —EN1993-1-4 [32] 200 | ====- New proposed model
100
----- New proposed model
0 0
0 10 20 30 0 10 20 30
Strain (%) Strain (%)
a) 1.4362-12 mm bar diameter b) 1.4482-12 mm bar diameter
1000 900
900 800
800 700
&g 700 600
£ 600 g
= = 500
Z 500 &
2 400 g 400
= =
@ 300 . @ 300
Experimental results .
200 200 Experimental results
— — —EN 1993-1-4 [32] 199314 [32
100 N d model 100 —— — EN 1993-1-4 [32]
0 ewproposedmodel | | TPV e New proposed model
0
0 10 20 30 40 0 10 20 30
Strain (%) Strain (%)
c¢) 1.4162-12 mm bar diameter d) 1.4362-16 mm bar diameter

Fig. 13. Comparison of the proposed material model for duplex stainless steel reinforcement and the method currently included in EN 1993-1-4
[26] for structural stainless steel plate.
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