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ARTICLE INFO ABSTRACT

The use of stainless steel reinforcement in concrete structures has increased in recent years, particularly in
applications where corrosion and chemical resistance is desirable such as bridges, retaining walls and tunnels.
Stainless steel has a wide range of attractive properties including excellent mechanical strength, fire resistance,
durability and also a long life-cycle compared with carbon steel. However, it is also has a higher initial cost, and
therefore needs to be used carefully and efficiently. The existing material models provided for the structural
analysis of reinforced concrete members in current design standards, such as Eurocode 2, are not appropriate for
stainless steel reinforced concrete and lead to overly conservative (or indeed unconservative in some cases)
predictions of the section capacity. Generally, there is a lack of data in the public domain regarding the beha-
viour of concrete beams reinforced with stainless steel, mainly owing to this being a relatively new and novel
topic. In this context, the current paper provides a detailed background of the existing information on stainless
steel reinforced concrete, as well a discussion on the potential advantages and challenges. Then, attention is
given to analysing the behaviour of stainless steel reinforced concrete beams by developing the Continuous
Strength Method to predict the bending moment capacity. A finite element model has been develop in order to
further assess the performance, and this is also used to conduct a parametric study of the most influential
properties. It is concluded that the proposed analytical models provides a reliable solution for predicting the
capacity of concrete beams reinforced with stainless steel.
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1. Introduction

Stainless steel is widely used for load-bearing applications in
structural engineering, largely owing to its excellent corrosion re-
sistance. In addition to durability, it has a long life-cycle, excellent
mechanical characteristics, good formability and recyclability and re-
quires little maintenance. Stainless steel offers excellent ductility and
strain hardening capacity compared with traditional carbon steel,
which is particularly desirable in design as a ductile section provides
warning of imminent collapse. These distinctive properties depend on
the constituent elements of the stainless steel alloy, and therefore it is
important to select the appropriate grade for each application. One of
the most important chemical elements in all stainless steel alloys is
chromium which provides the corrosion resistance through the forma-
tion of a thin chromium oxide film on the surface of the material in the
presence of oxygen, resulting in a passive protective layer [1].

The earliest use of stainless steel in construction was in the 1920s,
for roofing and facade applications [2]. In more recent times, stainless
steels have become popular in load-bearing applications where the

durability, ductility, stiffness and strength are required, as well as ex-
cellent fire resistance. Stainless steels are produced in different forms
including sheet, plate, bar, tube, hot-rolled and cold-formed structural
sections, fasteners and fixings. Cold-formed sections fabricated from
steel plates are the most commonly used products for structural mem-
bers because they are the most readily available and are reasonably
straight-forward to manufacture [3].

There are five main categories of stainless steel which are classified
according to their metallurgical structure, including the austenitic,
ferritic, duplex, martensitic and precipitation hardened grades. The
austenitic and duplex grades are most common in structural applica-
tions, including for stainless steel reinforcement. Austenitic stainless
steels comprise 17-18% chromium and offer very good corrosion re-
sistance, while the duplex grades comprise 22-23% chromium and have
even greater strength and corrosion resistance. The characteristic me-
chanical behaviour of stainless steel is quite different from that of
carbon steel in that it does not have the typical yield plateau which is
found in carbon steel and also exhibits a predominantly non-linear re-
sponse with significant strain hardening and high ductility. Extensive
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research into the behaviour of structural stainless steel has been re-
ported in the literature including the flexural behaviour (e.g. [4-6]),
compressive behaviour (e.g. [7-9]) and the mechanical characteristics
(e.g. [10,11]).

Although there has been extensive research in recent years into the
behaviour of structural stainless steel, most of this has been on bare
stainless steel sections, rather than reinforced concrete, which is the
focus of the current work. Reinforced concrete (RC) structures are
widely used for a range of applications such as multi-storey buildings,
tunnels and bridges owing to the efficient use and ready availability of
the constituent materials. There are increasing demands to improve the
life-cycle cost of these types of structure because of the high main-
tenance costs associated with corrosion of the steel reinforcement and
carbonation and deterioration of the concrete. This is particularly true
for structures subjected to harsh environments such as in marine,
coastal or industrial settings. In this context, the use of stainless steel
reinforcement in exposed structures like bridges, retaining walls and
tunnels can provide an ideal solution to the deterioration and corrosion
problems. This may even result in the structure not requiring expensive
inspection and rehabilitation works over its lifetime. Stainless steel
reinforcement can also be used for the restoration and rehabilitation of
existing concrete structures [12].

It is clear that one of the fundamental advantages of using stainless
steel reinforcement in concrete structures is its ability to enhance the
durability. For structures reinforced with traditional carbon steel and
subjected to aggressive conditions, corrosion is difficult to avoid. The
typical approach to improving the durability of RC structures is to
change some of the design parameters such as the thickness of the
concrete cover or to control the alkalinity of the concrete mix [13].
However, in aggressive conditions, these measures may not be enough
to prevent unacceptable levels of corrosion developing. The initial cost
of stainless steel reinforcing bars is relatively high, typically between 4
and 8 times than that of traditional carbon steel rebar, depending on the
grade. In spite of this, it has been shown that stainless steel reinforce-
ment can reduce the overall maintenance costs during the service life by
up to 50%, especially for bridges and marine structures [14,15]. There
is a need for a more detailed analysis of the life-cycle costs and savings
that using stainless steel reinforced concrete may offer, relative to
carbon steel.

Current design codes such as Eurocode 2 do not incorporate an ef-
ficient approach for designing structures with stainless steel reinforce-
ment as the given material models for the reinforcement do not fully
exploit the significant strain hardening characteristics and high levels of
ductility that are present for stainless steel. Given the high initial cost of
stainless steel, it is imperative that structurally efficient design solutions
are made available which consider and exploit the distinctive and ad-
vantageous properties of stainless steel. The Continuous Strength
Method (CSM) has been developed in recent years to improve the ef-
ficiency and accuracy of design. The CSM was originally developed for
stainless steel sections [16] but has been developed in recent years to
assess composite beams [17,18]. In the current paper, the main objec-
tive is to develop the CSM for stainless steel reinforced concrete sec-
tions, exploiting the strain hardening characteristics of the rebars, and
to further analyse the behaviour through finite element modelling.

2. Concrete structures with stainless steel reinforcement

It is now recognised that reinforced concrete with carbon steel re-
inforcement may not be as durable in all conditions as was previously
assumed [19]. In harsh environments such as marine or coastal loca-
tions, corrosion of carbon steel reinforcement can result in very ex-
pensive, challenging and inconvenient rehabilitation works. In this
context, stainless steel reinforcement offers a durable and efficient al-
ternative. One of the earliest examples of the use of stainless steel re-
inforcement is the Progresso Pier in Mexico, as shown in Fig. 1, which
was constructed in the early 1940s using grade 1.4301 austenitic
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Fig. 1. The Progresso Pier in Mexico [21].

stainless steel. It has been in continuous service for over 70 years
without any major repair or significant maintenance activities. The
benefits of using stainless steel rebar are quite starkly visible in this
image as, in the foreground, the remains of a carbon steel reinforced
concrete pier are evident. This was built many years after the stainless
steel reinforced concrete pier, but is clearly no longer in service.

Stainless steel reinforcement has also been used in a number of
other projects, including Stonecutters Bridge in Hong Kong and Sheik
Zayed Bridge in Abu Dhabi, as shown in Figs. 2 and 3, respectively.
These two bridges are reinforced with grade 1.4462 duplex stainless
steel. Because of the relatively high initial cost, the stainless steel rebars
are strategically placed and only used for the outer layer of the re-
inforcement in both projects, in the so-called splash zone. Grade 1.4436
stainless steel was used in the Highnam bridge widening project in the
UK as well as the Broadmeadow Bridge in Ireland. One of the most high
profile and recent applications of stainless steel rebar is in the Queen-
sferry Crossing in Scotland which opened in 2017. As well as new
construction, stainless steel reinforcement has also been used for re-
novation and restoration purposes. For example, austenitic grade
1.4301 stainless steel rebar was used to rehabilitate the pillars and
stone arches of the Knucklas Rail Bridge [20].

In the design of reinforced concrete beams, Eurocode 2 assumes that
the compression forces are resisted entirely by the concrete whereas the
steel reinforcement carries the tension. The tensile strength of concrete
is difficult to measure accurately and represents only about 10% of the
compressive strength, so its contribution is usually ignored. Fig. 4
shows (a) a typical simple RC cross-section together with the corre-
sponding (b) strain and (c and d) stress distributions, as assumed in
Eurocode 2. In these figures, b and h are the width and depth of the
beam, respectively, and y and d are the locations of the neutral axis and
steel reinforcement from the top fibre of the beam, respectively. The
strain in the concrete at the outer fibre is e. whereas ¢ is the re-
inforcement strain, and f. and o, are the compressive stress of the
concrete and tensile stress in the reinforcement, respectively. The
failure mechanisms considered are either crushing of the concrete (i.e.

Fig. 2. Stonecutters bridge in Hong Kong [22].
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Fig. 3. Sheik Zayed bridge in Abu Dhabi [23].

when the strain at the outer fibre of the concrete reaches the ultimate
crushing strain) or yielding of the reinforcement (i.e. when the strain in
the steel reinforcement reaches its yield value). In accordance with the
stress blocks presented in Fig. 4(d), any contribution to the load ca-
pacity after the steel yield strength has been reached, is not considered
in design. Currently, the majority of global design standards including
Eurocode 2 do not fully exploit strain hardening of the reinforcement in
the plastic design of RC structures. Although this assumption is accep-
table for carbon steel reinforced concrete, it can give inaccurate pre-
dictions when stainless steel reinforcement is used since it exhibits very
different stress-strain behaviour in that it is nonlinear from an early
stage and develops significant levels of strain hardening. For this
reason, designing stainless steel RC structures using the existing design
rules is neither efficient nor reflective of the real behaviour. It is in this
context that the current work is undertaken and a new approach for the
design of reinforced concrete structures with stainless steel rebar is
developed.

3. Design of stainless steel reinforced concrete beams
3.1. Background to the Continuous Strength Method

The Continuous Strength Method (CSM) is a deformation-based
design method which has been developed in recent years to enable
material strain hardening properties to be exploited, thus resulting in
more accurate capacity predictions and more efficient design. The CSM
was originally developed for the design of stainless steel members with
non-slender cross-sections [16]. Since then, it has been extended many
times to cover the design of structural members made from stainless
steel (e.g. [9,24]), carbon steel (e.g. [17,25-27]), aluminium [28] and
high strength steel [29]. In recent years, the method has been adapted
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for composite construction including carbon steel-concrete composite
beams [17] and stainless steel-concrete composite members with either
a full and partial shear connection [18]. The CSM is based on replacing
traditional cross-section classification with an assessment of the de-
formation capacity of the section, using a realistic material model. As
such, the method predicts the cross-sectional resistance of the member
depending on two main components: (1) a base curve that defines the
relationship between the limiting strain at the ultimate load and the
cross-section slenderness, and (2) a material model that allows for
strain hardening [30].

In the current paper, a similar approach is adopted to develop a
deformation-based design method for reinforced concrete beams with
stainless steel rebar, allowing for the true stainless steel constitutive
relationship. This is developed in two forms, first as a full model in
which the whole material response is captured and then as a simplified
model incorporating a more simplistic elastic-linear hardening stainless
steel constitutive response.

3.2. Material model

The full and simplified version of the proposed CSM design model
use two different material models for representing the stainless steel
reinforcement. As stated previously, the stress-strain behaviour of
stainless steel is quite different from that of carbon steel. Carbon steel
has a linear elastic response with a well-defined yield point and yield
plateau, followed by a moderate degree of strain hardening. On the
other hand, stainless steel exhibits a predominantly non-linear and
continuous stress-strain response without a clearly-defined yield point
as well as significant levels of strain hardening. In the absence of a
visible yield point, the typical value adopted is the 0.2% proof stress
(0¢.2) which is determined by drawing a line with a slope equal to the
elastic modulus (E) between 0.2% strain on the x-axis and the stress-
strain curve.

The full CSM analysis employs the modified Ramberg-Osgood
stainless steel material model [10,11,31], as depicted in Fig. 5. This
uses the original expression proposed by Ramberg-Osgood [10], as
presented in Eq. (1), to define the stress-strain relationship of stainless
steel up to the proof stress followed by Eq. (2) [11,31] for greater levels
of stress.

n
e=2 +0002) <
E Go.2

@

m

o— o Ou — O o -0

€ =¢p + - 02 + (Eu — €02 — \1—02)(—02) for Op2 <O
E; E; Oy — Op2

<oy 2)

& nfe

&

(@) (b)

fs

(€) (d)

Fig. 4. Strain and stress distribution diagrams for a singly reinforced concrete beam including (a) the cross-section (b) the strain distribution through the section, (c)
the stress distribution and (d) an equivalent stress distribution in the section, simplifying the concrete stress block.
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Fig. 5. The simplified material model for stainless steel with reference to the
modified R-O model.

In these expressions, € and o are the engineering strain and stress, re-
spectively, E is the tangent modulus at the 0.2% proof stress point, o,
and ¢, are the ultimate stress and corresponding strain, respectively,
€o.2 is the strain corresponding to 0g » and n and m are model constants
related to the strain hardening behaviour.

The simplified CSM employs a bilinear, elastic-linear hardening
stress-strain relationship for the stainless steel rebar, as shown in Fig. 5,
in order to avoid the need to solve complex nonlinear equations. In this
approach, the yield point is identified as the 0.2% proof stress and the
corresponding yield strain (i.e. 0, and g = %, respectively). The
slope of the strain hardening region (E4,) is obtained from the line
passing through the yield point (e, 0y ») and the defined ultimate point
(Csey, 0y), as defined in Eq. (3). It has been found that a value of 0.15 is
an appropriate value for the constant C, in the current work, in
agreement with previous CSM developments [9].

Ou — T2

Eq =
T Ca—gy 3

3.3. Flexural capacity of stainless steel reinforced concrete beams

3.3.1. Full analytical model

In this section, the Continuous Strength Method (CSM) is developed
to analyse the behaviour of stainless steel reinforced concrete beams,
using the modified Ramberg-Osgood relationship described in Egs. (1)
and (2) to model the rebars. The plastic bending moment capacity is
obtained by locating the neutral axis (NA) and then applying the
equilibrium of internal force equations to the cross-section of the beam.
In order to idealise the behaviour, the following assumptions are made
in the analytical model, in accordance with Eurocode 2:

(1) The nominal ultimate strain of the concrete (e.,) is assumed to be
0.0035 for material with a compressive strength less than 50 N/
mm?, otherwise it is determined using Eq. (4):

€ = 2.6 + 35[(98 — f.)/100]* (€]

(2) As presented in Fig. 4 (d), an equivalent rectangular stress dis-
tribution is assumed for the concrete in compression. The effective
strength of the concrete is 0.85f., where f. is the compressive
strength of the concrete, and the effective height of the compression
zone is 0.8y, where y is the distance from the NA to the top fibre of
the cross-section.

The material model for stainless steel given in Egs. (1) and (2)
provides strain as a function of stress. However, in order to implement
the material model in conjunction with the design method, it is
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necessary to identify the stress as a function of strain, which requires a
numerical procedure. In the current work, the approximate inversion
relationship proposed by Abdella [32] for the full stress-strain re-
lationship of stainless steel is employed to describe the stress (¢) as an
explicit function of strain (), as presented in the Egs. (5) and (6):

(a)

01(€) = oo ———— 5 for e< e

€

1+ (r — 1)(5) ©
12 [é - 1]
0a(e) = 0p2|1+ - —| for e> ¢y,
£\
1+ — 1)[?_1)
€0.2 6)

where the material parameters are:

E
2= 22 40002 r=—202

E 00.2
E 1-
E, = b=t I
1 + 0.002n/e r—1
e=22 -1 435%02
E Ou
1-0.0375(n = 5 E
Oy = Op2 ( ) E. = " 2
0.2 + 185e 1+(@*—1m
_ Esp _ Ey(eu — ©02)

2= L, =

00.2 Ou — 00.2

. 1—-r
g, = min(1 — Sz A) pf=r—=2
Oy -1

= E;(eu — €02)
Ou — 0p.2

In these expressions, A is the stainless steel elongation, E, and E, are the
slope of the stress-strain curve at ¢y, and ¢,, respectively, and r, ry, r*,
Iy, P, P* and m are parameters that need to be determined.

For calculating the bending moment capacity of a singly reinforced
beam, there are two possible cases. Case 1 is when the tensile strain of
the reinforcement is less than the total strain corresponding to oy > (i.e.
& < gp,) and Case 2 is when the tensile strain of the reinforcement is
greater than the total strain corresponding to 0o (i.e. & > ;). The
internal tensile and compressive forces in the cross-section are calcu-
lated based on the full stainless steel stress-strain material model and
the equivalent rectangular compressive stress distribution in the con-
crete, together with the strain distribution in the section. In order to
determine the tensile stress in the reinforcement at failure of the beam,
the strain can be calculated from the strain distribution in Fig. 4(b), as
follows:

g =x(d—y) )]
x = min(kg, Keu) ®

where xg, is the limiting curvature for stainless steel failure and x, is
the limiting curvature for concrete failure (i.e. when the strain at the
top fibre of the beam reaches the ultimate strain of concrete). There are
two possible failure models, defined by kg, and x,. If x5, < k¢, the
beam fails due to rupture of the stainless steel reinforcement whereas if
Ksu > Key, the reinforced beam fails due to concrete crushing. The va-
lues of k¢, and x., are determined as:

&
Ksu = d—uy
ECM
Key = —
“y ©)
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From equilibrium of the internal forces in the beam, the sum of the
tensile forces (F,) and the compression forces (F.) must equal zero:

E-FE=0 (10

The tension force is determined as the product of the steel area (A;)
and the stress in the stainless steel (0y):

F, =A0; an

and the compression force is found using the equivalent rectangular
stress block presented in Fig. 4(d), to give:

E. = 0.85f.(0.8y)b 12)

Substituting Eq. (12) and Eq. (11) into Eq. (10) gives:
0.68f.yb — Agos = 0 or

_ AsCs
Y= 0estb a3)

When the stainless steel strain is less than ¢;, (i.e. & < ¢5), the tensile
stress in the reinforcement at d is determined by substituting Eq. (7)

into Eq. (5) to give:
r(K(dfy))
€0.2

L= n(EY) a4

which can be used together with Eq. (13) to obtain y, the depth of the
neutral axis measured from the top fibre of the beam. Since the stress
01(y) is a nonlinear function of the variable y, Egs. (13) and (14) create
a nonlinear problem which must be solved using an iterative method.
Once the position of the neutral axis, y, is located, the assumption of
&s < gy, must be checked by calculating the strain in the stainless steel
using Eq. (7). If the assumption is correct, the plastic bending moment
capacity of the beam is calculated by taking moments about the posi-
tion that the compressive internal force in the concrete acts, as follows:

g = 01(y) = 0o

M, = Aso(d — 04y) (15)

where o is the tensile stress in the stainless steel calculated from Eq.
(14) and corresponding to the obtained neutral axis depth, y.

If the stainless steel strain is higher than the strain corresponding to
0o (i.e. & > £7,), the tensile stress of the reinforcement can be obtained
by substituting Eq. (7) into Eq. (6) to give:

x(d-y)
n(*5" 1)

d-y) p*
1+ (=1 22— -

£0.2

0 =0() = 0p2 |1+

(16)

The position of the neutral axis (y) can then be obtained, as before,
using the equilibrium of internal forces (i.e. Eq. (13)) and substituting
the tensile stress obtained from Eq. (16) into Eq. (13). Once the position
of neutral axis is known, the plastic bending capacity is calculated by
taking moments about the position of the compression force, and is
given in the Eq. (15). As before, o is the tensile stress in the stainless
steel calculated from Eq. (16) and corresponding to the calculated value
of y. A flow chart presenting the full procedure for determining the
neutral axis and the plastic bending moment capacity is given in Fig. 6.

3.3.2. Simplified analytical model

In the previous section, a detailed analytical solution was presented
to predict the plastic bending moment capacity of stainless steel re-
inforced concrete beams, incorporating the full stress-strain behaviour
of the stainless steel material. This method involves a solution of
complex nonlinear equations requiring iterative methods to obtain the
position of the neutral axis, which may not be a straightforward pro-
cedure for designers. Therefore, in this current section, a simplified
analytical solution is developed based on a simpler material model for
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the stainless steel, as described in Section 3.2 and Fig. 5. The other
initial assumption in the simplified model is that the section always fails
due to concrete crushing (i.e. xg, > ¥,), which is a legitimate as-
sumption generally for reinforced concrete beams, and even more so for
those reinforced with stainless steel rebar owing to its ductility. Hence,
the tensile strain of the reinforcement at the failure of the section is
determined from the strain distribution in Fig. 4(b) as follows:

gC\,l
gg=—(d —
=Y a-y a7
The tensile stress of the stainless steel can be calculated from the sim-
plified material model presented in Fig. 5, in accordance with Eqs (18)
and (19) hereafter:

os = Eegg & < &y (18)

Oy = Op2 + Esh(Es - Ey) & > &y (19)

There are two possible cases for prediction of the bending moment
capacity of reinforced beam. Case 1 is when the tensile strain of the
reinforcement is less than the yield strain (i.e. & < ¢,) and Case 2 is
when the tensile strain of the reinforcement is higher than the yield
strain (i.e. & > ¢,). For Case 1, when the strain in the stainless steel is
less than ¢, (i.e. ¢ < ), the tensile stress in the reinforcement at d is
determined by substituting Eq. (17) into Eq. (18) to give:

€
S:Eﬂd—
o, y( y) 20)

which can be used together with Eq. (13) to give:

€
0.68f.yb — A(E=2(d —y) =0
¢ Ty 21)

This can be simplified to Eq. (22):
0.68f.by? + Agecu By — AgequdE = 0 (22)

Once the position of the neutral axis (y) is located by solving this
quadratic equation, the assumption of ¢ < ¢, must be checked by cal-
culating the strain in the stainless steel using Eq. (17). If the assumption
is correct, the plastic bending moment capacity of the beam is calcu-
lated by taking moments about the position of the compressive internal
force in the concrete using Eq. (15) where o is the tensile stress in the
stainless steel calculated from Eq. (20).

If the stainless steel strain is higher than the yield strain (i.e.
& > gy), the tensile stress of the reinforcement can be obtained by
substituting Eq. (17) into Eq. (19) to give:

€
Os = 0p2 + Esh(ﬂ(d - Y) - Ey)
y (23)
As before, the position of the neutral axis is located using the equili-
brium of the internal forces by substituting the tensile stress obtained
from Eq. (23) into Eq. (13) to give:

0.68fcyb — As(UoAz + Esh(ﬁ(d -- Ey)) =0
y 24)

This can simplified, as follows:
0-68fcby2 + (Eshgcu + Eshsy - O'O.Z)Asy - AsEshscud =0 (25)

Once the position of the neutral axis is located using Eq. (25), the
plastic bending moment capacity is calculated as given in Eq. (15)
where o; is the tensile stress in the stainless steel calculated from Eq.
(23). In both cases, the assumption of kg, > k., must be checked to
ensure that the beam section fails due to concrete crushing.

In the case that the limiting curvature for stainless steel is less than
that of the concrete (i.e. kg, > %), the beam fails due to the rupture of
stainless steel reinforcement, which should be very rare in reality. In
this scenario, the tensile strain of the reinforcement at failure of the
section is its ultimate tensile strain, as given in Eq. (26):
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STEP 1:
Assume an initial value of y;

STEP 2:
Calculate x from Eq. 8
Calculate g5 from Eq. 7

STEP 3:

Ife < gy, Calculate o from Eq. 14
Ife > g4, Calculate o5 from Eq. 16

| Return to STEP 2

STEP 4:
Calculate y from Eq. 13

v

If no

STEP 5:if |y — y;] < 0.1 error?

v

Yi=Yy

Ifyes

\ 4

STEP 6: y is the position of NA.
Calculate Mpi from Eq. 15

Fig. 6. Flow chart of the solution procedure for a singly reinforced concrete beam.

& = &y (26)

The tensile stress of the stainless steel is determined by substituting
Eq. (26) in to Eq. (19) to give:

Os = Op2 + Esh(Eu - Sy) (27)

As before, the position of the neutral axis is located by applying the
equilibrium of internal forces criteria, and substituting the tensile stress
obtained from Eq. (27) into Eq. (13) to give:

0~68fcyb — Ag(092 + Esn(en — Ey)) =0 (28)

Again, once the position of the neutral axis is located using Eq. (28), the
plastic bending moment capacity is calculated as given in Eq. (15)
where o; is the tensile stress in the stainless steel calculated from Eq.
(27).

4. Development of the finite element model

A finite element model has been developed using the general pur-
pose finite-element analysis software Abaqus [33] in order to examine
the analytical design model described in the previous section, and to
conduct further parametric studies. Abaqus offers a number of different
solution strategies for complex nonlinear problems and in the current
work, an implicit dynamic solution procedure is selected. This can be
used efficiently for quasi-static applications and has been shown to

provide better convergence behaviour than the modified Riks method
for arrangements like those considered herein [34]. In the model, the
concrete elements are represented using 3D eight-node hexahedral
elements which are known as C3D8 in the Abaqus library whereas the
reinforcement is simulated using 2-node beam elements (B3). The re-
inforcement is embedded in the concrete and the translational degrees
of freedom at each node of the reinforcement are constrained to the
interpolated values of the corresponding degrees of freedom of the
concrete element [33]. A mesh sensitivity study has been conducted to
select the most appropriate mesh size and it was found that elements
which are 15 mm? in size are the most appropriate in terms of achieving
both computational accuracy and efficiency. For relatively small beams,
a smaller element size of 10 mm? is used.

4.1. Material behaviour

4.1.1. Concrete

A number of concrete material models are available in Abaqus in-
cluding the smeared crack concrete model and the concrete damage
plasticity (CDP) model. The former is based on reducing the stiffness of
concrete elements when the stresses exceed the maximum tensile stress,
while the latter considers the inelastic behaviour of concrete by de-
fining damage factors in both compression and tension. The CDP model
is selected in this study for simulating the concrete behaviour as it is
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Fig. 8. Post-failure stress-strain relationship proposed by [40].

more desirable in applications where the concrete is subject to static
loads and has been used widely for similar applications in the literature
[e.g. 35-38].

The CDP model as shown in Fig. 7 is based on continuum damage
mechanics and considers two failure modes, namely cracking of the
concrete in tension and crushing in compression. The material beha-
viour is defined in terms of the elastic, plastic, compressive and tensile
properties. In the current work, Poisson’s ratio and density of concrete
are taken as 0.15 and 2400 kg/m?, respectively. For the compression
behaviour, the model given in Eurocode 2 [39] is adopted, given as:

_( kn — n?

0. = | ———|f, for 0<¢e <cg
C 1+(k_2)7])cm = ¢c = ¢cul

(29)

In this expression, €., is the nominal ultimate strain and f., is the
ultimate compressive strength of concrete (in MPa), given by:

fom = fx + 8 (30)

where fg is the characteristic cylinder strength. The parameters k and n
are determined from Egs. (31) and (32), respectively:
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&
k = 1.05E¢p—-
M (31)
£

7T e 32)

in which E., is the elastic modulus of concrete (in MPa) and ¢, is the
strain at the peak stress, determined from Egs. (33) and (34):

Em = 22(0.1f,,,)°3 (33)
€1 = 0.7(fem)®3 < 2.8 (34
The nominal ultimate strain (e.,;), as a percentage, is given by:

Eeu1 = 2.8 + 27[(98 — f.n)/100]*  for fy > 50 N/mm?, otherwise3.5

(35)

The CDP model requires the compressive damage parameter (d.) to be
defined at each inelastic strain increment, ranging from 0, for un-da-
maged material, to 1, when the concrete completely loses its load-
bearing capacity. As shown in Fig. 7, this parameter is calculated for the
descending branch of the stress-strain curve of concrete in compression
as follows:

d.=0 for e <eéq (36)

d. = fom — o for

& > &1
fcm

In tension, the concrete stress-strain behaviour is modelled as a linear
relationship up to the ultimate tensile strength (e.) followed by a
gradually descending branch, which inherently incorporates the effects
of tension stiffening (Fig. 8). The effect of the bond between the rebar
and the concrete is approximated within this tension stiffening branch.
Tension stiffening refers to the phenomenon whereby concrete con-
tinues to carry some tensile load even after cracking has taken place,
though the tensile strength gradually decreases with increasing tensile
strain. This is captured within the descending branch of the concrete
stress-strain model which, in Abaqus, can be described using a linear,
bilinear or nonlinear relationship. In this study, the power stress-strain
relationship proposed by Wang and Hsu [40] is employed for the des-
cending branch, as described in Fig. 8 and presented in Eq. (37). This
nonlinear formula has also been used by other researchers in the lit-
erature [e.q. 41,42]:

o= Emee if & <ey (37)
£ 0.4

o =f| <= if &> ey
&t

The tensile strength (f,) can be obtained as follows [39]:
fi = 0.3(fa)?*? (38)

In addition to the compressive and tensile constitutive relationships, a
number of other parameters are required in the CDP model. The ec-
centricity, ratio of the strength in the biaxial state to the strength in the
uniaxial state (fyo/fe0), parameter K, and viscosity parameter are ob-
tained from Abaqus manual [33] and set as 0.1, 1.16, 0.667, and O,
respectively, whereas the dilation angle is selected based on a

Table 1
Material properties of the RC beams reported by [43-47].
Beam Reinforcement Concrete
Material Diameter (mm) Young’s modulus Yield strength Ultimate strength Young’s modulus Compressive strength
E (kN/mm?) o2 (N/mm?) 0, (N/mm?) Eem (N/mm?) f 4 (N/mm?)
B3 Duplex stainless Steel 1.4362 8 189 1003 1066 Not provided 26.6 (cylinder)
SS Austenitic stainless steel 1.4311 20 177 480 773 37.6 50.0 (cylinder)
SR6 Carbon steel 14 200 410 Not provided Not provided 31.3 (cube)
U2 Carbon steel 12 205 380 Not provided 26.0 19.4 (cube)
(0] Carbon steel 12 209 507 Not provided Not provided 30.0 (cylinder)
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Fig. 9. Geometrical and reinforcement details of the beams used in the validation study, including (a) B3 [43] (b) SS [44], (c) SR6 [45], (d) U2 [46] and (e) O [47].

sensitivity study and set as 36°.

4.1.2. Stainless steel reinforcement

The stainless steel material is represented in the model using the

modified Ramberg-Osgood model described earlier and presented in

Fig.
the

5. As stainless steel does not exhibit a clearly defined yield point,
0.2% proof stress is used to define the yield stress. The stress-strain

relationships described in Egs. (1) and (2) are employed to model the
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Fig. 11. Comparison between experimental and numerical moment-displace-
ment curves for beam B3 [43].

stainless steel constitutive relationship in Abaqus.

Abaqus requires that the material properties are specified in terms
of true stress (Owye) and strain (eqye) Which can be derived from the
engineering stress-strain curves as follows:

Orue = 0(1 + €)

Euue = In(1 + €) (39)

4.2. Boundary and loading conditions

The beam model is designed to simulate a four-point bending test
arrangement where the loads are applied through a 3 cm wide surface
in displacement control. There are pinned boundary conditions and
therefore the beam ends are restrained against vertical displacement
but allow movement at the other degrees of freedom. As the beam is
symmetrical about both its longitudinal axis and along the length, it is
only necessary to model a quarter of the beam, and use symmetrical
boundary conditions along the length and also around the x- and z-axis
at the mid-span to reduce the computational time and cost.

5. Validation of the finite model
5.1. Experimental results for validation
The FE model is validated using five reinforced concrete beams from

different experimental programmes, as presented in Table 1. Beams SS
and B3 were reinforced with austenitic and duplex stainless steel rebars
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in grade 1.4311 and 1.4362, respectively. As these are the only two
stainless steel reinforced concrete beam tests which have been found in
the literature, three other beams containing carbon steel reinforcement
are also included in the validation exercise for additional robustness.
The details of geometry and reinforcement of these beams are shown in
Fig. 9.

All of the beams were tested under monotonic loading, in dis-
placement control. Beams B3, SR6 and O were loaded continuously
until failure. On the other hand, beam U2 was loaded until cracking
occurred and then unloaded to zero before being reloaded up to failure.
Beam SS was subjected to loading up to 80 kN before the test was
stopped (the reason for stopping the test at this point is not known but it
was possibly owing to the test machine capacity being reached).

Table 1 presents the material properties of the concrete and the
reinforcement for each of these beams, as provided in the literature.
The elastic modulus and tensile strength of the concrete can be calcu-
lated using Eq. (33) and Eq. (38), respectively, for beams where this
data was not provided. For beam SS, the exponent of 0.4 in Eq. (37) is
changed to 0.3 in order to obtain better depiction of the experimental
response. This is most likely because this grade of stainless steel re-
inforcement has a different bond relationship with the surrounding
concrete compared with carbon steel rebar.

5.2. Load-displacement response

Fig. 10 presents the load-displacement curves obtained for beams
SS, SR6, U2 and O from the FE model, together with the corresponding
experimental data. Fig. 11 presents the moment-displacement curve for
beam B3, as this is the manner in which the experimental data is
published [43]. With reference to Fig. 10, it is observed that the model
presents an excellent depiction of the overall behaviour in all cases. The
key features such as initial stiffness, cracking point, and ultimate
strength are in very good agreement. For all of the beams, the initial
stiffness of the beams is slightly greater in the FE model data compared
with the experimental response, most likely due to some localised
cracking in the experiment which is not captured in the numerical si-
mulations. For beam U2, the loading-unloading-reloading path is rea-
sonably well simulated by the model although there is some disparity
between the residual displacements (i.e. the displacements when the
applied load returns to zero following the unloading phase) predicted
(around 3.9 mm) and those that occurred in the test (1.53 mm). This is
possibly due to differences in the way that the tensile behaviour of
concrete is represented in the model, compared with the experimental
performance.

The results for Beam B3 presented in Fig. 11 demonstrate that the
FE model captures the ultimate moment quite well, with the disparity
between the model predictions and the experimental data being around
2%. However, the stiffness response obtained numerically is greater
than occurred during the experiment, which is most likely due to lo-
calised cracking again that is not captured exactly by the model.
Nevertheless, in conclusion, a good agreement has been shown between
the numerical load-displacement response and the experimental data.

5.3. Crack pattern

Fig. 12(a) and (b) show the crack patterns obtained numerically and
experimentally, respectively, for beam SR6 at the ultimate load, which
occurred at a displacement of 3.7 mm (it is noteworthy that the FE
model captures the opposite side of the beam than that is represented in
Fig. 12(b)). This beam is selected for demonstration purposes and si-
milar comparisons have been found for all of the other beams in this
validation study, where the data is available in the literature. In the
legend for Fig. 12(a), the term “PE Max Principle” as outputted by
Abaqus refer to the tensile plastic strain values in the concrete which
represent tensile cracks in the beam. In the FE analysis, two cracks
develop in the constant-moment region (i.e. the region between the
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Fig. 12. Crack patterns of beam SR6 obtained by the (a) numerical analysis and (b) experiment [45].
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Fig. 13. Crack patterns of beam SS obtained numerically.

middle of the beam and the application of the point load), comprising a
large crack near the middle of the beam and another under the applied
load. In addition, a number of cracks merge into one large diagonal
crack in the high shear region (i.e. the area between the support and the
application of the point load). Similarly, in the experimental image, one
vertical crack formed in the constant-moment region, another short

10

crack occurred below the applied load and a diagonal crack developed
in the high shear region.

Figs. 13 and 14 present the crack patterns obtained numerically for
the beams SS and B3, respectively, which are the beams reinforced with
stainless steel; the experimental patterns are not included in the lit-
erature for these beams. With reference to beam SS, it is observed that a
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Fig. 14. Crack patterns of beam B3 obtained numerically.

Table 2
Material properties of stainless steel reinforcement included in the study [48].

Stainless steel type Grade Bar diameter (mm) 002 (N/mm?) 0, (N/mm?) E (kN/mm?) ey (%) n m
Austenitic 1.4311 (304LN) 12 480 764 203 38.6 4.7 4.8
Lean duplex 1. 4162 (LDX2101) 12 682 874 199 20.4 5.3 5.0
Austenitic 1.4307 (304L) 12 562 796 210 30.7 4.7 4.8
Table 3 reinforced concrete beams which included stainless steel rebar, i.e. SS

Range of geometrical parameters included in the study.

b (mm) d (mm) Bar diameter (mm)

100-150 125-255 8-12

large number of cracks developed, which are well distributed along the
length of the beam. On the other hand, in Fig. 14 for beam B3, it is
shown that two cracks developed in the constant moment region, one
crack beneath the load point and four cracks in the shear region. The
fewer number of cracks in this case, compared with SS, are mainly due
to the shorter member length.

On the basis of data presented in this and previous sections, it is
concluded that the FE model developed in this study is capable of
providing a good prediction of the behaviour of stainless steel and
carbon steel RC beams in terms of the ultimate load, load-displacement
response and crack propagation. There are some very small differences
in terms of initial bending stiffness, but this is most likely due to lo-
calised cracking in the test which cannot be accurately assessed in the
numerical model.

6. Validation of the proposed analytical models
Both the full and simplified analytical models described previously
are validated herein using the FE model, by comparing the predicted

bending capacities. In order to obtain a robust validation, both of the

Table 4

and B3, are studied. A number of different concrete strengths are used
in the analysis (i.e. C26, C30, C40, C50). Additionally, three different
grades of stainless steel are investigated using the data presented by
Gardner et al. [48], which is presented in Table 2. It is noteworthy that
the steels are listed giving their European designation (i.e. 1.4XXX) as
well as the commonly used AISI names, in brackets. Additionally, both
beams B3 and SS are selected for further analysis in which a number of
different geometric properties are varied, in order to assess their in-
fluence on the response. These parameters are detailed in Table 3.
Tables 4 and 5 present the bending moment capacity obtained from
the proposed full analytical method (May), the simplified analytical
method (Mgy,) and the numerical analysis (Mgg) as well as the values
determined using the design method provided in Eurocode 2 (Mgc»), for
beam SS and B3, respectively. In the Eurocode calculation, it is assumed
that the stainless steel material model is elastic-perfectly plastic. In
addition, the bending moment capacity predicted using both the full
and the simplified analytical solutions are presented together in Fig. 15.
This figure also includes the equation for the tendency of the data, as
well as the R? (coefficient of determination). Based on the data in these
tables and Fig. 15, the following general observations are made:

® An excellent agreement is obtained between the numerical analysis
and the proposed full analytical method in almost all cases, with the
maximum and average May/Mgg values being —19% and —15.6%,
respectively, for beam SS and —13% and —4.3%, respectively, for
beam B3. These same values using the Eurocode 2 design rules

Comparison between the ultimate bending moment capacity of the numerical and that of the analytical analysis for beam SS.

Stainless steel grade Bar diameter (mm) Concrete grade Mgz (KNm) May (KNm) Mgg (KNm) Mgy (KNm) MEgco/Mgg (%) Mam/Mgg (%)
1.4311 (304LN) 12 30 26.15 31.95 39.56 30.20 —33.89 —19.23
40 26.53 33.44 41.11 32.25 —35.47 —18.67
50 26.76 34.49 42.20 34.04 —36.59 -18.27
1. 4162 (LDX2101) 12 30 36.23 40.01 45.79 39.35 —20.88 —-12.62
40 37.00 41.78 47.21 41.88 —21.63 —11.51
50 37.47 42.92 48.37 44.01 -22.54 —-11.27
1.4307 (304L) 12 30 30.30 35.13 42.36 33.76 —28.48 —17.07
40 30.83 36.66 43.71 35.88 —29.47 -16.13
50 31.15 37.69 44.87 37.70 —30.58 —16.01
Average value —28.8 —-15.6
Correlation coefficient 0.952 0.995

11
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Table 5

Engineering Structures 198 (2019) 109432

Comparison between the ultimate bending moment capacity of the numerical and that of the analytical analysis for beam B3.

Stainless steel grade Diameter (mm) Concrete grade Mgce (KNm) Mam (KNm) Mgg (KNm) Mgy (KNm) Meca/Mgg (%) Manm/Mgg (%)
1.4362 (AIS 2304) 8 26.6 10.45 9.79 11.12 10.45 -6.03 -11.92
40 11.61 11.84 12.32 11.68 -5.76 -3.90
1.4311 (304LN) 12 26.6 11.51 11.37 11.54 11.65 -0.26 -1.49
40 12.38 13.50 15.11 12.94 -18.06 -10.64
1. 4162 (LDX2101) 12 26.6 13.11 12.33 11.43 13.11 14.70 7.88
40 16.55 15.98 17.32 16.69 —4.43 -7.73
1.4307 (304L) 12 26.6 12.95 11.98 11.22 12.98 15.42 6.81
40 14.15 14.78 17.02 14.52 -16.86 -13.16
Average value -2.7 -4.3
Correlation coefficient 0.768 0.923
50 predictions of the bending moment capacity obtained using the
5 =09898x+ 03172 simplified analytical solution are in very good agreement with those
40 RZ=0.9926 obtained using full analytical solution. In all cases, the simplified
o predictions fluctuate above and below the prediction of the full
2 30 ®e analytical model. Therefore, it is concluded that the simplified so-
_i lution is adequate for predicting the bending moment capacity for
= stainless steel RC beams.
20
=
By implementing these proposed analytical solutions for the design
10 of concrete beams reinforced with stainless steel, the distinctive strain
hardening properties of stainless steel are exploited, thus improving the
00 T 20 0 70 =0 capacity and ductility of the beams in design. It is unlikely that the full
M, (KNm) strain hardening capacity of stainless steel would be utilised in real
AM

Fig. 15. Comparison between the results obtained using the full and simplified
analytical solution.

Table 6
Rebar stresses compared to their proof stresses for beam B3.
Grade of Reinforcement ~ Concrete  Stress in the Reinforcement
stainless steel diameter (mm)  grade reinforcement  proof strength
(N/mm?) (N/mm?)
1.4362 (AIS 8 26.6 879.88 1003
2304) 40 1023.88 1003
1.4311 12 26.6 472.79 480
(304LN) 40 529 480
1. 4162 12 26.6 525.63 682
(LDX2101) 40 652.72 682
1.4307 (304L) 12 26.6 505.74 562
40 590.24 562

(Mgco/Mgg) are —37% and — 28.8% for SS and —18% and —2.7%
for B3. Clearly, the full analytical design method, based on de-
termination of limiting deformations, provides more accurate and
realistic moment capacities.
e For beam SS (Table 4) the full analytical method underestimates the
bending moment capacity in all cases, similarly for beam B3
(Table 5), the predicted analytical results are below the numerical
results in all cases, except two values.
For beam SS, it can be seen that the proposed full analytical method
improves the bending capacity of the section in average by around
19.0% compared to the current design approach in EC2 whilst no
improvement is found for beam B3. In the latter case, the relatively
lower prediction using the analytical model rather than existing
design rules in some cases is due to the fact that the stresses in the
rebar are lower than their proof stress, as shown by the values
presented in Table 6, when the beam reaches to the maximum
loading capacity. Therefore, these beams were not designed to ex-
ploit the strain hardening qualities of the stainless steel as concrete
failure dominates. With reference to Fig. 15, it is observed that the

12

structures as failure by concrete crushing is likely to develop first.
Nevertheless, the results presented in Tables 4 and 5 illustrate the
capability of the proposed methods for providing a more accurate and
efficient bending moment capacity over a wide range of concrete
strengths and stainless steel grades, compared to the traditional design
method.

7. Conclusions

This paper has presented a detailed study into the behaviour of
stainless steel reinforcement in concrete structures. A strong case was
presented for why stainless steel can provide a legitimate solution for
some of the most common and expensive challenges associated with
concrete infrastructure, i.e. degradation of the steel reinforcement.
Stainless steel is a very ductile material that has distinctive character-
istics such as corrosion and fire resistance, durability and sustainability.
There are two main barriers to more widespread use of stainless steel
rebar in construction. Firstly, there is a perception amongst engineers
that it is prohibitively expensive. Although stainless steel is un-
doubtedly more expensive than carbon steel in terms of initial costs,
over the life time of a structure if maintenance and rehabilitation works
can be avoided through the use of more durable materials, then stain-
less steel provides a very competitive and efficient design option. This is
certainly an area that warrants a more detailed analysis, once efficient
design rules have been established. Secondly, there is a huge dearth of
useful design data and guidance to assist engineers in the specification
of stainless steel reinforced concrete. Current design codes such as
Eurocode 2 do not include specific guidance for stainless steel and
therefore ignore the significant strain hardening characteristics and
high levels of ductility that it offers. This design approach provides
inaccurate strength capacity predictions. Therefore, the current study
implements the Continuous Strength Method into the design of RC
beams including full and simplified approach which incorporates the
distinctive characteristic of stainless steel in design of reinforced con-
crete beams reinforced stainless steel. The FE model is developed and
validated using the available data in the literature. Then, it is used to
validate the proposed analytical solution and to generate a parametric
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study. The key influential parameters are analysed and it is shown that
the full and simplified analytical solutions provide a reliable means for
predicting the capacity of beam. These equations can be used by en-
gineers wishing to include stainless steel reinforced concrete in their
designs, without the inefficiencies of existing methods.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.engstruct.2019.109432.
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