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Abstract

In the design of reinforced concrete structures, the bond property is crucial. This is
important for achieving the composite action between the two materials constituents,
allowing loads to be efficiently transmitted. The higher strain hardening and ductility
capacity of stainless steel over mild steel are one of its major benefits. International
design codes, such as Eurocode 2, do not provide a separate design model for concrete
structures with stainless reinforcing bars. The background paper to Eurocode 2
highlighted that there is no technical reason of why the Eurocode 2 design model
cannot be used in conjunction with other types of reinforcement, provided allowance
is made for their properties and behaviour. While this notion is valid when using a
mild steel reinforcing bar, it produces erroneous results when a stainless reinforcing
bar with a lap splice is used in a reinforced concrete section. Even though there has
been a large number of studies on the behaviour of structure with stainless steel in
recent years, most of it has been on plain stainless-steel members rather than
reinforced concrete or stainless-steel reinforced concrete with lap splice. As a result,
the purpose of this chapter is to evaluate and compare the behaviour of stainless and
mild steel reinforced concrete with and without lap splices.

Keywords: mild steel, stainless steel, lap, splice length, reinforced concrete,
cement-based materials

1. Introduction

The foundations of human civilisations have long been made of cement-based
materials. These materials were changed in order to maintain their function in our
lives as human activities advanced. Cement’s main function is to serve as a hydraulic
binder, strengthening the bond between fragmented particles so that they may be
used in a variety of applications. The resulted material will differ from the initial
materials in terms of its mechanical and physical properties. The exothermic hydra-
tion reactions that begin when the water and the binder are mixed are responsible for
these changed properties.

In recent years, there has been an increased interest in and use of stainless-steel
reinforcing bars in concrete buildings, due to its distinctive properties such as high
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ductility, long life cycle, excellent corrosion resistance and significant development of
strain hardening. This chapter provides a comprehensive overview of prior studies on
the design and behaviour of stainless steel as a structural material. The first section
provides an overview of stainless steel in general, covering material properties, classi-
fications, chemical composition, and grade categories. The second section delves into
the details of using stainless steel as a reinforcing bar in concrete structures, including
the obstacles and requirements. It also covers the bond performance of stainless steel
in reinforced concrete. In addition, the current applications for stainless steel rein-
forcement are discussed in this section. The third section focuses on the design
requirements of stainless-steel reinforcement outlining the distinctions between mild
steel and stainless steel, particularly in terms of constitutive relationship, and
discussing current codes of practice for concrete members reinforced with stainless
steel.

1.1 Structural applications of stainless steel

In structural engineering, stainless steel is commonly employed for load-bearing
applications mainly because of its superior corrosion resistance. It has good formabil-
ity and recyclability, excellent mechanical characteristics, a long-life cycle, and
requires very little maintenance [1]. When compared to mild steel, stainless steel has
superior strain hardening capacity and ductility, making it ideal for use as a ductile
section that warns of impending collapse. Stainless steel was first used in building in
the 1920s for façade and roofing purposes [2, 3]. Stainless steels have recently gained
popularity in load-bearing applications that require strength, ductility, durability and
stiffness, as well as high resistance.

Stainless steels are manufactured in various forms including tube, plate, sheet,
bar, fasteners and fixings, rolled and cold-formed structural sections. Because they
are the most readily available and relatively simple to make, cold-formed sections
manufactured from steel plates are the most widely utilised materials for structural
components [4, 5].

1.1.1 Composition

Stainless steels are a class of corrosion-resistant alloying steels with a maximum
carbon content of 1.2% and a minimum chromium concentration of 10.5% [6, 7].
Stainless steel’s distinctive properties are determined by the constituent elements of
stainless-steel alloy, therefore selecting the right grade for each purpose is essential. In
all stainless-steel alloys, chromium is one of the most essential elements, because it
offers corrosion resistance by forming a thin chromium oxide film on the material’s
surface in the presence of oxygen, leading to a passive protective layer [8, 9]. Other
alloying elements that have a role in determining the characteristics of stainless steel
are also essential. For instance, nitrogen significantly enhances the mechanical prop-
erties of the material, molybdenum improves the resistance against uniform and
localised corrosion, and nickel improves the formability and ductility of the material
[10]. Among the other alloying elements that are commonly present are: Sulphur,
carbon, phosphorus, copper and silicon. The European Standard [6] provides com-
prehensive information on the chemical composition of various stainless-steel grades.
The chemical composition of some commonly used stainless steel reinforcement
grades is shown in Table 1.
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1.1.2 Classification

Stainless steels are classified using a number of international categorisation sys-
tems. The American Iron and Steel Institute (AISI) specification and the European
standards are the most extensively used. More details on these classification systems
may be found in the sub-sections below.

1.1.2.1 The American iron and steel institute system

Stainless steels are classified by the AISI into different categories. Ferritic and
austenitic stainless steels, for instance, are classed as 400 series alloys (e.g., 403, 409)
and 300 series alloys (e.g., 316, 304). The fundamental flaw of this system is that it
does not provide specifics on the chemical composition of each grade. Table 1 lists
some of the stainless-steel reinforcement grades available, along with their equivalent

1.1.2.2 European standard

The chemical composition of stainless steel is classified by the European standard
[11, 12]. An individual number is assigned to correspond to the nominal alloy compo-
sition and then a generic number is assigned to each grade to identify it as part of a
group. The numeral in grade 1.4436, for instance, represents:

• 1 represents the steel

• 44 represents the stainless-steel group

• 36 represents the individual material ID

American

(AISI)

European (EN

10088-1)

Chemical composition (%)

Grade Name Grade C

Max

Si

Max

Mn

Max

P

Max

S

Max

Cr

Max

Ni

Max

Mo

Max

N

Max

2205 X5CrNi 18-10 1.4301 0.3 1.0 2.0 0.35 0.015 21.0/
23.0

4.5/
6.5

2.5/
3.5

0.10/
0.22

2304 X5CrNiMo
17-12-2

1.4401 0.3 1.0 2.0 0.35 0.015 22.0/
24.0

3.5/5.5 0.1/
0.6

0.05/
0.20

LDX 2191 X2CrNiMoN
17-13-3

1.4429 0.3 0.4 5.0 — — 21.5 1.5 0.3 max
0.22

316LN X3CrNiMoN
22-2-0

1.4162 0.3 1.0 2.0 0.045 0.015 16.5/
18.5

11.0/
14.0

2.5/
3.0

0.12/
0.22

316 X3CrNiMoN
23-4

1.4362 0.7 1.0 2.0 0.045 0.3 16.5/
18.5

10.0/
13.0

2.0/
2.5

Max
0.11

304 X2CrNiMoN
22-5-3

1.4462 0.7 1.0 2.0 0.045 0.3 17.5/
19.5

8.0/
10.5

— Max
0.11

Table 1.
The chemical composition of various stainless-steel grades [10].
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To provide more information about a grade’s chemical composition, the grade
number is also given the corresponding grade name. For instance, grade 1.4436 is
designated as X3CrNiMo 17-13-3, which means:

• X represents a high alloy steel

• 3 represents percentage of carbon content

• CrNiMo is the chemical symbol of the main alloying elements.

• 17-13-3 refers to the nominal percentage of the main alloying elements

1.1.3 Categories of stainless steel

There are five primary types of stainless steel that are categorised based on metal-
lurgical structure, namely, precipitation hardened, duplex, austenitic, martensitic and
ferritic grade. In structural applications, such as stainless-steel reinforcement, duplex
and austenitic grades are most common. An overview of each category’s primary
benefits and drawbacks are as follows:

1.1.3.1 Precipitation hardened stainless steel

Precipitation hardened stainless steel offers superior corrosion resistance over
martensitic or ferritic stainless steel and is identical to austenitic grades, which include
8% nickel and 18% chromium [13, 14]. Depending on the heat treatment conditions,
they have good ductility, toughness and strength. These grades are primarily utilised
in aerospace and oil and gas industries, and construction industries for applications
like tie-bolts [15].

1.1.3.2 Duplex stainless steel

Due to the mixed microstructure of austenitic and ferritic stainless steels, duplex
stainless steels are also referred to as austenitic-ferritic stainless steels. Duplex stain-
less steels typically include 4–5% nickel and 22–23% chromium [3]. These grades show
great ductility and high strength properties as well as excellent corrosion resistance.
Duplex stainless steel should be utilised where the materials are exposed to a contam-
inated or aggressive environment or high strength is required. As a result, they are
extensively utilised as shafts, tension bars, valves and pin connections in offshore
structures and chemical industries [13, 16].

1.1.3.3 Austenitic stainless steel

Due to their high corrosion resistance and excellent to mechanical properties,
austenitic stainless steels are the most frequently utilised grades in structural applica-
tions. They generally include at least 8–11% nickel and 17–18% chromium [4, 17]. The
austenitic grades provide excellent formability and weldability as well as a wide range
of service temperatures [17, 18]. Austenitic stainless steels have been employed in
industrial piping, housewares, architectural facades, containers and load-bearing
structural members.
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1.1.3.4 Martensitic stainless steel

The carbon content of martensitic stainless steel is greater than that of other
grades. Martensitic stainless steels have a microstructure identical to carbon steels and
ferritic stainless steels. These grades have corrosion resistance that is similar to ferritic
grades. In comparison with ferritic, austenitic and duplex grades, they have a lower
ductility [18, 19]. Moreover, heat treatment is also required for martensitic stainless
steels before and after welding. Despite their lower cost in comparison to other
stainless-steel grades, their weldability requirements and poor corrosion resistance
limit their applicability to knife blades and valves. They are not utilised in load-
bearing applications.

1.1.3.5 Ferritic stainless steel

The chromium concentration in ferritic stainless steel is normally between 11% and
17% [20]. They have an atomic structure that is similar to carbon steel and contain less
nickel than austenitic stainless steel. As a result, they have usually limited toughness
and ductility and poorer weldability, formability and corrosion resistance than aus-
tenitic stainless steels. Because of the limited nickel content, ferritic stainless steels are
less costly and have less price volatility. Ferritic stainless steels are better suited to
interior applications like handrails and shop fittings, as well as other domestic items
like boilers and washing machine parts because of their less corrosion resistance
compared to other grades [15].

1.1.4 Material properties

Stainless steels provide excellent corrosion resistance as well as weldability, tough-
ness and strength. Stainless steel material properties differ based on a number of
factors, including the direction of rolling and level of cold-working, material thickness
and chemical composition. When compared to carbon steels, duplex and austenitic
stainless steels offer significant strain hardening properties and higher strength. These
grades are known for their high ductility, which may exceed 40%. Stainless steels that
are martensitic or ferritic have lower strain hardening and strength. Precipitation-
hardened stainless steels, on the other hand, have exceptionally high strength, often
exceeding 1500 N/mm2, although they have limited ductility, depending on the heat
treatment condition [20]. The elasticity modulus of various stainless-steel categories is
identical to that of carbon steel in general. A value of 200,000 N/mm2 may be used to
define the elasticity modulus for all stainless-steel grades, based on the European
standard [6]. Table 2 presents information on the mechanical properties of some
typical grades of stainless steel.

1.1.5 Recycle

A large amount of waste material is generated by the construction industry. The
use of more environmentally friendly materials is required in the construction indus-
try to minimise waste. Stainless steels, in this regard, are long-lasting materials with a
high residual value of fundamental elements such as molybdenum, chromium and
nickel [20]. Around 80% of new stainless steel manufactured in Europe is created
from recycled waste stainless steel, according to research [21]. This gives stainless
steel more environmental and economic benefits.
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1.1.6 Cost

Stainless steels are inevitably more costly than carbon steels in structural applica-
tions [4, 11]. This prevents stainless steel from becoming more widely used. Never-
theless, the initial material cost, on the other hand, does not reflect the overall cost of
the construction during its lifetime. Other aspects such as inspection and maintenance
costs as well as the immediate cost associated with fire and corrosion protection must
be taken into account in order to make an informed decision. When all of these
aspects are considered simultaneously, stainless steel is a superior option to carbon
steel, particularly for buildings that are subjected to extreme environments.

1.2 Stainless steel reinforcing bar in concrete structures

One of the most commonly used structural solutions in building construction is
reinforced concrete. It is popular because it is an efficient, cost-effective and versatile
solution with plenty of performance criteria and design guidelines. Owing to their
great ductility, significant strain hardening, excellent durability, exceptional corrosion
resistance and long-life cycle, stainless steel has recently been used in reinforced
concrete structures. Because of the effective usage of readily available constituent
materials, reinforced concrete constructions are extensively employed for a variety of
applications such as bridges, multi-storey buildings and tunnels.

The stainless steel’s constitutive behaviour differs significantly from that of carbon
steel as it shows a rounded behaviour from the start, with high ductility and signifi-
cant stain hardening and without a clearly defined yield point. As shown in Figure 1,
carbon steel has a more linear relationship in the elastic stage with a moderate degree

Stainless

steel type

Grade Minimum 0.2%

proof strength

(N/mm2)

Ultimate tensile

strength

(N/mm2)

Modulus of

elasticity, E

(kN/mm2)

Minimum

elongation after

fracture (%)

Ferritic 1.400
(410S)

220 400–600 200 19

1.4512
(409)

210 380–560 200 21

Duplex 1.4362
(SAF2304)

400 600–850 200 20

1.4462
(2205)

400 640–840 200 20

Austenitic 1.4301
(304)

210 520–720 200 45

1.4307
(302L)

200 500–650 200 45

1.4401
(316)

220 520–670 200 40

1.4404
(316L)

220 520–670 200 40

Table 2.
Mechanical properties of stainless steels grades [6].
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of strain hardening and a well-defined yield point. When there is no observable yield
point, 0.2% proof stress is typically used in the design.

Stainless steels are often represented using the modified-Osgood stainless steel
material model which is an improvement of the original version presented in [8].

1.2.1 Life cycle cost

Stainless steel reinforcing bars have a higher initial cost than ordinary carbon steel
reinforcing bars, ranging from 3 to 8 times more depending on the grade [13, 22]. Due
to the high initial cost, stainless steel reinforcement is sometimes restricted to the
outer layer, which is more vulnerable to chloride-ingress. Despite this, stainless steel
reinforcement has been proven to save total maintenance costs by up 50% throughout
the life of a structure, particularly marine and bridge structures [5, 23]. According to a
study conducted by the Arup Research and Development team and oversaw by the UK
Highways Agency, stainless steel reinforcement may drastically enhance the lifetime
of buildings while simultaneously lowering maintenance costs [24]. Incorporating
stainless steel in concrete structures reduces the amount of rehabilitation and mainte-
nance work required during their lifetime. These qualities are critical for infrastruc-
ture and highways to minimise rerouting and road closures as well as carbon emissions
and delays that come with them. Furthermore, employing corrosion-resistant
reinforcing bars like stainless steel saves a lot of money by allowing some durability
criteria such as the need for reinforcement coating, design crack width and depth of
concrete cover to be relaxed. Incorporating these adjustments into the design of
reinforced concrete buildings might save a lot of money, especially on big projects.
The Oland Bridge in Sweden, which employed both carbon and stainless-steel
reinforcing bar is presented in Figure 2 as an instance of real-life cycle costs. The data
in the figure demonstrated that the cost of a bridge with stainless steel stays
unchanged during its lifetime, suggesting no extra expenses, but the cost of a carbon

Figure 1.
Stress–strain curves for stainless steel and carbon steel [15].
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steel-reinforced concrete solution increases drastically after around 20 years. Another
research on the Schaffhausen bridge in Switzerland found that stainless steel grade has
a 14% lower life cycle cost than carbon steel rebar [25]. This is compelling proof of
stainless-steel reinforcement’s long-term cost-effectiveness in infrastructure projects.

1.2.2 Durability

Due to the high maintenance costs related to carbonation and steel reinforcement
corrosion and of the concrete, there is a growing desire to increase the life cycle cost and
durability of reinforced concrete buildings. This is especially true for buildings in harsh
environments like those found in industrial or coastal and marine settings. Corrosion is
hard to avoid in buildings with carbon steel and exposed to a harsh environment.
Changing some design parameters, such as controlling the alkalinity of the concrete mix
or the thickness of the concrete cover, is a common approach to increasing the durability
of reinforced concrete structures [26]. However, in harsh environments, these precau-
tions may not be sufficient to stop the intolerable level of corrosion from forming. In this
respect, the utilisation of stainless-steel reinforcement in exposed structures such as
tunnels, bridges and retaining walls can be an effective way to combat corrosion and
deterioration. This may even mean that the structure will not require rehabilitation
works and expensive inspection in the future. Existing concrete structures can also be
rehabilitated and restored using stainless steel reinforcement [16, 27].

1.2.3 Mechanical behaviour

When compared to traditional carbon steel, stainless steel reinforcement has a
superior mechanical behaviour. In recent years, there has been a small number of
experiments on the mechanical behaviour of stainless-steel reinforcement. When
compared to carbon steel reinforcement, austenitic stainless steel reinforcement

Figure 2.
Life cycle cost analysis for Sweden’s Oland bridge [25].
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grades 1.4429 and 1.4311 give superior hardness and strength properties [28]. Refer-
ence [29] studied the mechanical and ductility properties of duplex and austenitic
stainless steel reinforcement grades 1.4482, 1.4301 and 1.4362 with reference to car-
bon steel grade B500SD. It was discovered that stainless steels have three times the
ductility of carbon steel. However, compared to carbon steels, these stainless steels
had a 15% lower elasticity modulus. This is attributed to the fact that stainless steels
show nonlinear behaviour from the beginning, making the modulus of elasticity
difficult to measure. Table 3 shows an overview of some of the mechanical parame-
ters of several grades of stainless-steel reinforcement. The stainless steels have great
ductility, significant strain hardening and excellent tensile strength. In order to
minimise unexpected collapse, these characteristics are very essential in design.

1.2.4 Commonly used stainless steel reinforcement grade

In the open market, stainless steel reinforcement is available in a variety of grades,
including duplex grades 1.4362, 1.4162 and 1.4462, as well as austenitic grades 1.4301,
1.4307 and 1.4311. Grade 1.4307 is a standard low-carbon austenitic stainless steel and
the most commonly found grade used in construction, whereas grade 1.4311 is a low-
carbon austenitic stainless with improved strength and low-temperature toughness
due to its higher nitrogen and nickel content. Both of these grades are appropriate for
structural applications that require minimal magnetic strength. Due to the relatively
high nickel content compared to the austenitic grades, grade 1.4362 is duplex stainless
steel that offers excellent corrosion resistance. The lean duplex grades are a new form
of duplex stainless steel that has been produced in recent years and has a compara-
tively low nickel content. Due to the low nickel content, grade 1.4162 offers excep-
tional corrosion resistance while also having nearly twice the characteristic strength of
austenitic steel for almost the same cost.

1.2.5 Selection and classification of stainless-steel reinforcement

The excellent corrosion resistance of stainless-steel reinforcement is undoubtedly
one of the most important benefits. As result, categorising stainless steels based on

Product

form

Grade Bar

diameter

(mm)

Yield strength

σ0:2 (N/mm2)

Tensile strength

(N/mm2)

Modulus E

(kN=mm2Þ

Elongation

εu

Ribbed
bars

1.4311 12 480 764 202.6 48.3

1.4311 16 528 717 199.9 47.9

1.4162 12 682 874 199.1 32.4

1.4162 16 646 844 195.2 32.9

1.4362 16 608 834 171.4 35.1

Plain
round
bars

1.4307 12 562 796 210.2 39.9

1.4307 16 537 751 211.1 42.4

1.4162 12 805 964 308.7 18.8

1.4162 16 760 860 197.5 22.0

Table 3.
Mechanical properties of stainless-steel reinforcement [23].
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their corrosion resistance may make choosing the appropriate grade easier. The Pitting
Resistance Equivalent Number (PREN) is the most commonly used categorisation
technique for measuring the relative corrosion resistance of a metal. The content of
molybdenum, chromium and nickel in an alloy determines the corrosion resistance of
the metal, as indicated in Eqs. (1) and (2) [10].

PREN ¼ %Crþ 3:3 %Moð Þ þ 30 %Nð Þ for duplex stainless steels (1)

PREN ¼ %Crþ 3:3 %Moð Þ þ 16 %Nð Þ for austenitic stainless steels (2)

When it comes to choosing the appropriate grade of stainless steel for a specific
application, classifying stainless steel by its PREN number is useful. However, the
PREN ignores the beneficial effects that come from the concrete cover and also does
not take into account the chloride threshold of each grade on the passivity of stainless
steel [10].

Table 4 shows a categorisation example for stainless steel reinforcement. In this
example, the reinforcement is divided into four categories based on their PREN, the
surrounding environment and the lifetime of the structure. Class 0 is proposed for
structures with a design service life of 10–30 years that are subjected to relative
humidity and moderate temperature and are located in the marine environment. For
the same conditions, class 1 is recommended with a design service life of 50–
100 years. Class 2 is appropriate for structures with a moderate design service life and
high chloride penetration, as well as moderate to high relative humidity and temper-
ature. Finally, class 3 is suggested for marine environment structures that required a
long design service life in relative humidity and high temperature.

Table 5 gives suggestions for choosing the suitable grade of stainless-steel
reinforcement according to the exposure conditions as recommended by the design
manual for bridges and roads [31] for infrastructure and highways.

1.2.6 Use of stainless-steel reinforcement

It is widely acknowledged that carbon steel reinforcement in reinforced concrete
structures may not be as durable as previously anticipated in all conditions [12, 18].
Corrosion of carbon steel reinforcement in harsh environments like coastal and
marine regions can lead to inconvenient rehabilitation, challenging and very

Corrosion resistance class Steel type Stainless steel grade PREN

Class 0 Carbon steel N/A N/A

Class 1 Austenitic stainless steel
(without molybdenum)

1.4542 17

1.4301 19

Class 2 Austenitic stainless steel (with
molybdenum)

1.4571 25

1.4436 26

1.4429 26

1.4401 25

Class 3 Duplex 1.4462 36

Table 4.
Stainless steel reinforcement categorisation based on their corrosion resistance [10].
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expensive work. Stainless steel reinforcement is an effective and long-lasting option in
this situation. The Progresso Pier in Mexico depicted in Figure 3, was built in the
1940s employing grade 1.4301 austenitic stainless steel and is one of the earliest
examples of the usage of stainless-steel reinforcement. The bridge has been in service
for more than 70 years without requiring any significant maintenance or major repair
work.

Other projects that have utilised stainless steel reinforcement include the SheikhZayed
Bridge in Abu Dhabi and Stonecutters Bridge in Hong Kong, as depicted in Figures 4 and
5, respectively. These two bridges are made with duplex stainless-steel grade 1.4462. The
stainless-steel reinforcing bars are well situated and only utilised for the reinforcement
outer layer in both bridges in the supposed splash zone. The Broadmeadow Bridge in
Ireland and theHighnam bridge expansion project in the UK both employed grade 1.4436
stainless steel. The Queensferry Crossing in Scotland, which opened in 2017, is one of the

Exposures condition Stainless steel

grade

Specific structural requirements for the use of higher strength reinforcement and
suitable for all exposures

1.4429
1.4462

Stainless steel reinforcement embedded in concrete with normal exposures to chlorides
in soffits, diaphragm walls, edge beams, substructures and joints

1.4301

Direct exposures to chlorides and chloride-bearing waters for example dowel bars,
holding down bolts and other components protruding from the concrete.

1.4429

As above but where additional relaxation of design for durability is required for specific
reasons on a given structure or component that is where waterproofing integrity cannot
be guaranteed over the whole life of the structures.

1.4436

Table 5.
Stainless steel grade selection [30].

Figure 3.
The Progresso Pier in Mexico [32].
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high-profile and recent applications of stainless-steel reinforcing bars. Stainless steel
reinforcement has been employed for restoration and renovation as well as new con-
struction. The pillars and stone arches of the Knucklas rail bridge, for instance, were
rehabilitated using austenitic grade 1.4301 stainless steel reinforcement [25].

1.2.7 Fire behaviour

One of the most crucial attributes for creating fire-resistant buildings is the mate-
rial’s capacity to maintain strength and stiffness at high temperatures. Because of the
chemical composition, stainless steel has exceptional strength and stiffness retention
at extreme temperatures [2]. There have been a lot of studies into stainless steel fire
performance [27, 34–36] but very little research studies into the stainless-steel per-
formance at high temperatures [23].

Figures 6 and 7 show a comparison of stiffness and strength retention factors
between carbon steel and stainless steel at 0.2% proof stress. In comparison to carbon
steel, stainless steel has a distinct advantage in terms of stiffness and strength at high
temperatures. In the event of a fire, these distinguishing characteristics are immensely
useful and give the structure the resistance needed for a longer duration of time.

1.2.8 Corrosion behaviour

Corrosion of the reinforcement, particularly for members subjected to a harsh
environment, is now recognised as one of the most significant issues faced by
reinforced concrete structures [37]. Corrosion is a major issue that causes weakness in
the bond strength between the surrounding concrete and the reinforcement, as well as
the reduction in the nominal reinforcement area which affects the integrity and safety
of concrete structures. Corrosion takes place due to carbonation and chloride pene-
tration of concrete. While the former is caused by carbon dioxide in the surrounding

Figure 4.
Stonecutters bridge [13].
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air attacking the calcium in the concrete. While Ingress of chloride from the marine
environment or de-icing salts in frosty weather causes the latter. The corrosion
protection of the reinforcement in a typical reinforced concrete design is mostly
dependent on the durability of the steel passivation layer and the concrete cover. This
passivation layer on typical carbon steels can quickly break down, allowing corrosion
to form, particularly in a hash or contaminated environment.

Figure 5.
Sheik Zayed bridge [33].

Figure 6.
Comparison of carbon steel and stainless-steel strength retention factor [2].
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The usual methods of decreasing the potential corrosion risk are to control the
concrete alkalinity, use reinforcement coating materials or cement inhibitors or
increase the depth of concrete cover [20]. These precautions, however, may not be
sufficient to avoid corrosion to undesirable levels. In this situation, stainless steel
reinforcement is an excellent alternative for dealing with inherent corrosion issues.
Due to its high chromium content (i.e., a minimum of 10.5%), stainless steel offers
excellent corrosion resistance even in a harsh environment. In the presence of oxygen,
chromium produces a thin self-regenerating chromium oxide coating on the material’s
surface forming a strong passive protective layer [8, 19, 35].

Austenitic stainless-steel reinforcement is 10 times more corrosion resistant than
carbon steel reinforcement [38, 39]. When compared to austenitic reinforcement,
duplex reinforcement has equivalent or even greater corrosion resistance [32, 39, 40].
The corrosion performance of several grades of stainless is compared to that of carbon
steel in Figure 8. The x-axis depicts the influence of concrete’s PH value, while the y-
axis depicts the effect of chloride concentration. Even at very low chloride contents, it
is clear that carbon steel has poor corrosion resistance. The PH value of carbon steel is
also very sensitive as corrosion occurred. Stainless steel reinforcement, on the other
hand, has great corrosion resistance even at low PH values and high chloride content.

1.2.9 Bond behaviour

In the design of reinforced concrete structures, bond is an essential property. It is
necessary to ensure that the composite action between the twomaterials constituent is
attained, allowing loads to be transferred efficiently. Insufficient concrete-steel bond can
cause excessive rotation or deflection, ineffective anchorage of the reinforcing bar, as well
as excessive slippage of the reinforcement leading to serious cracking of the concrete. The
many interconnected parameters that determine the development of a bondmake it a
complicated phenomenon. The surface geometry of the reinforcing bar and the quality of

Figure 7.
Comparison of carbon steel and stainless-steel stiffness retention factor [2].

14

Advanced Cement-Based Materials



the concrete are themost important parameters. Other key parameters are bar size, the
cover distance, the direction of casting with respect to the orientation of the bars, clear
space between adjacent bars and the number of reinforcement layers.

There has been little investigation into the bond performance of stainless-steel
reinforcement in corrosive environments [20, 42]. And even a few research on the
bond behaviour of stainless-steel reinforcement in normal conditions, with some
research indicating that the bond developed by some duplex and austenitic stainless-
steel bars is relatively low in comparison to similar carbon steel reinforcing bars
[34, 43]. As a result, more study into the bonding properties of stainless-steel
reinforcing bars in concrete is necessary.

Due to many international design guidelines, such as [44, 45] do not have specific
bond design rules for stainless steel-reinforced concrete structures, designers generally
use the same design guidelines established for conventional carbon steel reinforcing
bars when designing reinforced concrete structures with stainless steel reinforcement.
Because stainless steel has been reported to have a reduced bond strength than carbon
steel, this is not always a safe approach unless particular test data is presented.

1.3 Current design models for laps

Design models for required lap length are used in design codes for structural
members to account for stress formed in bond regions. With each new code reissue,
the design models are updated regularly [45], which has been in use since 2004, and
includes a lap design model that was originally published in the Ref. [44]. For the next
generation of Eurocode 2, the project team for Eurocode 2 has developed a new
proposal [46]. The lap design model was derived from [47], which is the background
document for ref. [44]. The Eurocode 2 project team provides preliminary calibration

Figure 8.
Corrosion performance of various stainless steel compared to carbon steel [41].
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factors for change from average values provided in [47] to design values that are still
to be verified [46] for lap design models.

Models with and without bond strength definitions are differentiated in code pro-
visions for laps. Earlier design codes specified lap lengths for different concrete classes
based on bond strength (for example, [32, 44]). The ACI and Fib Bulletin models, on
the other hand, were developed from statistical analysis of experimental data that took
into consideration the maximum bar strength in laps without determining bond
strength. The bond strength for Model Code 2010 was determined from the [47]
design model. Bond strength is an optional parameter that simplifies the design, but it
is not required for lap design.

Experimental and partially computational studies with finite element analysis are
used to develop models for estimating developable stresses in laps. The processes for
finding calibration factors, the influencing parameters, and the composition of equa-
tions differ. The major impacting parameters for all the models are compressive
strength and lap length, however, their components differ. Some models introduce a
summand for shear link contribution; while others consider the shear link contribution
by a coefficient. A cover-to-bar diameter ratio is used in all models to account for the
influence of concrete cover. The models take into account the influence of shear links
differently. Some models comprise the transverse bar spacingsst , while others consider
the number of shear link bars nst. The correlation is provided by expression (3).

X

Ast ¼ nstAst ¼
l0
sst

þ 1
� �

Ast≈
Astl0
sst

(3)

The horizontal cracking plane is crossed by the number of shear link leg in side
splitting. As a result, if side splitting is assumed, the shear link leg number nl is
included in the lap design models. The shear link cross-section is only evaluated once
in face splitting design models because it only provides tensile resistance in one face
crack. The number of shear link leg is not considered in this case (see Figure 9).

The design expression for laps based on Eurocode, National Annex, and ACI are
provided in this section. The origin of the design expressions in the proposal for the
next generation of Eurocode 2 from ref. [47] and in ref. [44] are discussed.

1.3.1 Fib bulletin 72

Reference [47] describes the background of bond strength established in ref. [44].
The semi-empirical expression for estimating the average bar stress in tension lap
joints was obtained from 800 tests performed in Asia, Europe and the United States.

Figure 9.
Splitting failure modes. (Reproduced from [48] based on [49]).
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The expression for average lap stress representing the authenticated affecting factors
is provided as follows:

f stm ¼ 54 f cm=25
� �0:25

: 25=∅ð Þ0:2: lb=∅ð Þ0:55: cmin =∅ð Þ0:25: cmax =cminð Þ0:1: kmktr
h i

≤ f y

(4)

Where;
f cm is the measured concrete cylinder compressive strength
cmin is the minimum cover concrete
km is the coefficient of efficiency of shear link
cmax is the maximum cover concrete
lb is the lap or anchorage
ktr is the density of shear link

ktr ¼ nlnstAst= nb∅lbð Þ≤0:05

nb is the number of lapped bars at a section
nst is the number of stirrups in the lap length
f y is the yield stress
nl is the number of stirrups legs that crosses the potential splitting failure plane
The bond strength does not increase with a shear link ratio ktr above 0.05. The

parameter km compensates for the efficacy of the shear link depending on possible
failure planes and their position. The shear link is particularly effective when the lap
or an anchored bar has a lesser spacing to the next shear link leg across a splitting
crack. When the horizontal spacing between bars is greater than 5∅ or 125 mm, the
efficiency is decreased by 50%. There is zero effect on bond strength if the shear link
does not cross the splitting carack.

Since test results outside of these boundaries hardly exist, Eq. (4) is restricted to
the following boundary conditions.

• Good bond condition

l0
∅

≥ 10

15
∅

≤ 5

25
∅

≤ 2

cmax

cmin
≤ 5

0:5≤ cmin =∅≤ 3:5

The stress developed by bond increases when the transverse pressure is
present to

f stm,tr ¼ f stm þ 6 lb=∅ð Þptr < 1:75f st,0 þ 0:8 lb=∅ð Þptr < 8:0 lb=∅ð Þf 0:5cm (5)
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Where:
f st,0 average stress formed by bond for the base conditions of confinement with

f st,0 ¼ 54 f cm=25
� �0:25

lb=∅ð Þ0:55 25=∅ð Þ0:2 (6)

ptr average compression stress perpendicular to the potential splitting failure surface
f stm is the mean estimated stress developed in the bar

1.3.2 Model code 2010

The International Federation for Structural Concrete (known as the Federation
Internationale du Beton or Fib) offers advice for the design of prestressed and
reinforced concrete in the ref. [44]. In order to establish the required lap length,
Model Code 2010 like Eurocode 2, necessitates the calculation of the design bond
strength (f bdÞ.

The design bond strength f bd provided in Model Code 2010 was determined by
rewriting ACI express for transverse reinforcement index Eq. (34) with a lead coefficient
of 41 to enable the formation of the reinforcement design strength f yd ¼ 435 MPa. The
basic bond strength f bk,0 was determined by rearrangement of Eq. (4) with a coefficient
of 41. The shear link stress f stk was set to 500

1:5 ¼ 435 MPa and

lb,0=∅ ¼ f yk=γc:41
� �1:82

: f cm=25
� ��0:45

: 25=∅ð Þ�0:36 ¼ 73:5: f cm=25
� ��0:45

: 25=∅ð Þ�0:36

(7)

f bk,0 ¼ f yd:∅=4:lb,0 ¼ 1:5: f cm=25
� �0:45

: 25=∅ð Þ0:36 (8)

The coefficient, as well as the indices, were approximated to more practical values,
and the confining reinforcement and cover values equivalent to the least detailing
requirements were established. The coefficient 1.5 was modified to n1 ¼ 1:6 for the
calculation of the basic bond strength without stirrups. The coefficient n1 was modi-
fied to 1.75 and the values of basic bond strength were increased by 10% to account for
the increase in bond strength if minimal confining reinforcement is provided [44].
The design bond strength is calculated using Eq. (9).

f bd ¼ α2 þ α3ð Þ:f bd,0 � 2Ptr=γcb < 2f bd,0 � 0:4Ptr=γcb < 1:5
ffiffiffiffiffiffi

f ck

q

=γcb (9)

Where:
f bd,0 is the basic bond strength, which is derived using Eq. (10) and is a function of

the characteristic compressive strength f c
�

)

f bd,0 ¼ n1n2n3n4
f c
25

� �0:5

(10)

n1 is a coefficient taken 1.75 for ribbed bars (including stainless and galvanised
reinforcement)

n2 represents the casting position of the bar during concreting: n2 ¼ 1:0 for good
bond condition.

γcb is the partial safety factor for bond γcb ¼ 1:5
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The influence of passive confinement from transverse reinforcement and concrete

cover is represented as α2: and α3. Where; α2 ¼ Cmin
∅

� �0:5
: Cmax

Cmin

� �0:15
and α3 ¼

kd: ktr � αt=50ð Þ≥0:0,ktr ≤0:05
Where:
Cmin is the minimum cover concrete: cmin ¼ min cx; cy; cs

2

	 


Cmax is the maximum cover concrete: cmax ¼ min cx; cy; cs
2

	 


αt is the coefficient for the bar diameter;
αt ¼ 1:0 for ∅ ¼ 25 mm
αt ¼ 0:5 for ∅ ¼ 50 mm
ktr ¼ nt:

Ast
nb∅stð Þ is the density of transverse reinforcement, relative to the lapped bars;

nl is the number of legs of confining reinforcement crossing a potential splitting
failure surface at a section;

Ast is the cross-sectional area of one leg of a confining bar mm2ð Þ;
st is the longitudinal spacing of confining reinforcement (mm);
∅ is the bar diameter;
nb is the number of pairs of lapped bars in the potential splitting failure section;
n3 represent the bar diameter: n3 ¼ 1:0 mm for ∅≤ 25
n4 represents the characteristics strength of steel reinforcement that is being

lapped (see Table 6).
kd is an effective factor dependent on the reinforcement details and accounts for

the stress developed and the nonlinear behaviour between the lap length in the bar
(see Figure 10).

In case the concrete class is grade C60 or below and the anchored bar’s diameter is
less than 20 mm, the stirrup added for other reasons can be deemed to be adequate to
meet the least criteria for confined reinforcement without additional explanation
[44]. Therefore, the minimum stirrup has to be located with:

n4 Characteristic strength of steel reinforcement f yk (MPa)

1.2 400

1.0 500

0.85 600

0.75 700

0.68 800

Table 6.
Coefficient n4 [50].

Figure 10.
Coefficient kd for efficiency of stirrups (Source: [44]).
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X

Ast ¼ ngntAst ≥
αtAs,cal

As,prov
:nbAs (11)

Where;
As,cal calculated area of reinforcement
nt is the number of stirrups crossing a potential splitting failure surface at a section
As,prov area of reinforcement provided
ng number of items of confining reinforcement within the bond length
The design anchorage length lb can be calculated from Eq. (12):

lb ¼
∅σsd

4f bd
≥ lb,min (12)

lb,min is the minimum accepted design value for lap length, calculated as:

lb,min > max
0:3∅f yd
4f bd

; 10∅, 100 mm

( )

(13)

Where σsd is the stress in the bar that will be anchored by bond across the length of
the lap, and is calculated as:

σsd ¼ α1:f yd (14)

α1 ¼
As,cal

As,ef

WhereAs,ef andAs,cal are the actual area of reinforcement and the required area of
reinforcement determined in design, f yd is the design yield strength of the reinforcement.

The design lap length is calculated as follows:

l0 ¼ α4
∅f yd
4f bd

≥ l0,min (15)

l0,min is the minimum accepted design value for lap length, calculated as:

l0,min > max
0:7∅f yd
4f bd

; 15∅, 200 mm

( )

(16)

The coefficient α4 = 0.7 may be used if no more than 34% of the bars are lapped at
the section or the reinforcement stress estimated at the limit state does not surpass
50% of the reinforcement’s characteristic strength, otherwise α4 = 1.0 may be used.

According to Model Code 2010, the stress developed in a lap may be taken as:

σsd ¼ l0=∅:4=α4: α2 þ α3ð Þ:1:75: 25=∅ð Þ0:3: f ck=25
� �0:5

� 2Ptr

h i

=γcb (17)

Ref [44], specifies two distinct design bond stress-slip relationships in addition to
the lap length and design bond strength. The designer determines the suitable rela-
tionship to use according to the mode of failure, which is confinement or bond failure.
Table 7 depicts the general bond stress-slip model.
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For a well-confined concrete pull-out failure is expected when the clear spacing
between bars is greater than 10∅ and the concrete cover is greater than 5∅. Another
bond-slip model provided in ref. [44] is for splitting failure, the bond strength is
obtained using the following expression:

τbu,split ¼ 6:5 f cm=25
� �0:25 25=∅ð Þ0:2 cmin =∅ð Þ0:33 cmax =cminð Þ0:1 þ kmktr

h i

(18)

Equation (4) is used to derived the splitting bond strength given as:

τu,split ¼
∅

lb

� �

f stm
4

� �

¼
∅

lb

� �

1
4

� �

54
f cm
25

� �0:25 25
∅

� �0:2 l0
∅

� �0:55

(19)

In addition, ref. [44] provides a coefficient for the influence of cyclic loading,
longitudinal cracking, yielding, transverse cracking and stress.

τb,m ¼ τ0ΩyΩp,trΩcrΩcyc (20)

Where
Ωcyc is the effect of cyclic loading
Ωcr is the effect of longitudinal cracking Ωcr ¼ 1� 1:2wcr

Ωp,tr is the effect of transverse pressure Ωp,tr ¼ 1�tanh 0:2ptr=0:1f cm
� �

Ωy is the effect of yielding

Splitting Pull-out

Stirrups Unconfined

τmax 8 Fcm=25ð Þ0:25 7 Fcm=25ð Þ0:25 2:5
ffiffiffiffiffiffiffi

f cm
p

s1 s τmaxð Þ s τmaxð Þ 1 mm

s2 s1 s1 2 mm

s3 0:5cclear 1:2s1 Cclear

α 0.4 0.4 0.4

τf 0:4τmax 0 0:4τmax

Where:
τ0 ¼ τmax s=s1ð Þα for 0≤ s≤ s1
τ0 ¼ τmax for s1 ≤ s≤ s2

τ0 ¼ τbmax τmax �τfð Þ s�s2ð Þ
s3�s2ð Þ for ss ≤ s≤ s3

τ0 ¼ τf for ss < s
cclear is the clear distance between the ribs
τf is the residual bond stress

Table 7.
Bond slip relationship based on [44].
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1.3.3 Eurocode 2

The Eurocode 2 design model for laps is based on [51]. In order to determine the
design lap length in Eurocode 2, the design bond strength must first be determined,
then the anchorage length. The bond strength is used to calculate the anchorage length
with the following expression:

f bd ¼ 2:25n1n2f ctd (21)

In this equation, n1 is a coefficient associated with the bar position and bond
conditions during concreting, with 0.7 representing all other conditions unity indicat-
ing good bond condition. The bond strength to tensile concrete strength ratio is
described by the coefficient 2.25. When the diameter of the bar is smaller than 32 mm,
the coefficient n2 is considered as unity; otherwise, the following equation is used:

n2 ¼
132�∅

100
for∅> 32 mm (22)

The concrete design strength is f ctd is obtained from
f ctk,o:005

γc
where is f ctk,o:005

restricted to concrete grade C60/75. The concrete tensile strength is determined as a
function of the compressive strength of concrete:

f ctd ¼
f ctk,o:005

γc
¼ αct ¼ 0:21 f ck

� �2
3=γc (23)

The coefficient αct which takes into consideration the loading and long-term effect
of tensile strength is a nationally defined factor, the value recommended is 1.0.
Equation (24) gives the safety considered in the Eurocode 2 anchorage design model.
The bond strength is calculated using a 5%- fractile of the concrete tensile strength
divided by the concrete’s partial safety factor γc ¼ 1:5. Therefore, the average bond
strength required for comparing the test results is:

f bm ¼ 2:25n1n20,3f
2
3
ck (24)

The required basic anchorage length is obtained as:

lb,rqd ¼
∅

4

� � σsd

f bd

� �

(25)

The stress at the cross-section in which the anchorage length begins is the design
stress of the bar σsd. The design length of the anchorage is determined as:

lbd ¼ α1:α2:α3:α4:α5:lb,rqd ≥ lb,min (26)

α1 and α2 are coefficient associated with bars shape and cover concrete, respectively.
α1 ¼ 1:0 for straight rebars.

α2 ¼ 1� 0:15
cmin �∅ð Þ

∅

� �

≤ 1:0
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α3 is the coefficient of shear link if present, with

0:7≤ α3 ¼ 1� kλ ¼ 1�
k
P

Ast �
P

Ast,minð Þ

As
≤ 1:0 (27)

If there is no transverse pressure and welded transverse reinforcement, α4 and α5
can be taken as unity. However, when transverse pressure is present, the anchorage
length can be decreased by:

0:7≤ α5 ¼ 1� 0:004p≤ 1:0: ¼ 1� 0: (28)

K accounts for the transverse reinforcement’s efficacy in relation to its position
inside the section. The difference in cross-section area between the minimum trans-
verse reinforcement

P

Ast,min and the transverse reinforcement provided along the
anchorage length is described by the coefficient λ with

P

Ast ¼ 0:25As for anchorage

and
P

Ast,min ¼ 1:0As
σsd
f yd

� �

≥ 1:0As for laps.

Eurocode 2 recommended that laps should be positioned in a low moment region
and staggered. The clear lapped spacing between bars should not exceed 50 mm or 4∅.
If all bars are in the layer, the permissible proportion of lapped bars in tension is 100%
and should not exceed 50% for lapped bars in several layers.

The basic required anchorage length and the coefficients are included in the design
of lap length lb,rqd, which takes into account the key impacting parameters.

l0 ¼ α1:α2:α3:α4:α5:α6lb,rqd ≥ l0,min (29)

The coefficient α1 to α5 described above. For the proportion of bars lapped at a
section, the coefficient α6 can be taken from Figure 11.

The coefficient α6 may also be determined as follows:

1:0≥ α6 ¼
ρ1

25

� �0:5

≤ 1:5 (30)

Figure 11.
Lap and anchorage length for concrete class C25/30 (mm). (Extract from [45]).
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with
ρ1 is the proportion of lapped bars at a section
The placing of shear links at the outer section of the lap length is required by

Eurocode 2 for the concentration of splitting forces at lap ends. Shear links required
for other reasons might be assumed sufficient if the proportion of lapped bars is less
than 25%. The cross-sectional area of the shear link must not be lower than the cross-
sectional area of one lapped bar for laps with a diameter higher than or equal to 20∅:

Equation (29) must be rearranged to obtain the bar developable stress. This
enables the computation of experimental data and compared the various design
model.

σsd ¼ l0=∅ð Þ
4f bd

α1α2α3α3α5α6

� �

(31)

For straight bars without shear pressure and good bond condition, the average bar
stress may be calculated as:

σsd ¼ l0=∅ð Þ
2:7f 2=3ck η2

α2 1� k

P

Ast�
P

Ast,min

As

� �� �

α6

0

B

B

@

1

C

C

A

(32)

1.3.4 American concrete institute

Reference [52] developed the design model that is used in American Concrete
Institute (ACI). The design anchorage length is determined as:

σsd ¼
3
40

� �

f y=λ
ffiffiffiffi

f 0c

q

� �

ψ tψ cψ s
cbþktr
∅

 !

∅ (33)

f y is the bar yield stress

cb ¼ min csþ∅ð Þ
2 ; cy þ ∅

2 ; cx þ
∅

2

n o

, because the cover values are connected to the bar

centre in ACI, the values ∅

2 have to be added to comply with the notion.
f c is the cylinder concrete strength limited to 69 MPa
ψc is the coefficient for coated reinforcement (for uncoated bars ψc ¼ 1:0Þ
ψ s is the coefficient for bar diameter (1.0 for bars≥ 22 mm, otherwise 0.8)
ψ t is the coefficient for bond (for good bond condition ψ t ¼ 1:0Þ
ktr is shear link index

ktr ¼
40Ast in:

2½ �

s in:½ �nb
(34)

cb þ ktr
∅

(35)

Where
S is the shear link spacing
Ast is the cross-sectional area of all shear links within the spacing
nb are the number of lapped bars
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Pull-out failure becomes more probable for confinement ratios cbþktrð Þ
∅

above 2.5,
and increasing transverse reinforcement or concrete cover does not result in enhanced
bond capacity. [53] reported that for cbþktr

∅
> 3:75, the bond capacity did not increase,

thus the limit of 2.5 provides extra safety [50].
For normal weight concrete, uncoated reinforcement, and good bond conditions,

Eq. (33) can be simplified to

lb ¼
3
40

� �

f y
ffiffiffiffi

f 0c

q

0

B

@

1

C

A

ψ s
cbþktr
∅

 !

∅ in:ð Þ (36)

Rearranging for the anchorage strength gives

σs ¼
40
4

� �

lb
∅

� �

ffiffiffiffi

f 0c

q

cb þ ktr
∅

� �

1
ψ s

� �

psið Þ (37)

If confinement by a compressive reaction is present at the simple support, the devel-
opment length can be decreased by around 30%. It is worth noting that the ACI design
guide permit bar diameters of up to 57mm. For reinforcing bars with 43 and 57mm
diameters, theminimum allowable cover concrete is 38mm in beams and 19mm in slabs.

It must be noted that ref. [50] allows for bar diameters up to 57 mm. The minimum
permissible concrete cover is 38 mm in beams and 19 mm in slabs (for Ø 43 mm and Ø
57 mm reinforcing bars: 38 mm). The smaller of the two values, the bar diameter or
25 mm, is the minimum clear bar spacing.

Due to a lack of sufficient experimental evidence, ACI does not allow laps of ACI does
not permit laps of 43∅ and 57∅.Table 8 shows the relation between the required and
provided reinforcement and the coefficient for the proportion of bars lappedbased onACI
recommendation. The coefficient 1.3 is not established on bond stress investigations,
however, it is intended to promote the placement of laps away from high tensile stress
regions to places where the reinforcement cross-sectional area provided as aminimum is
twice that required by analysis. As a result, this coefficient contains a level of safety.

Smaller bar diameters with short lap lengths, the majority of which were less than
300 mm, were used to validate the design model. As a result, a factor for bar size γ is 1.0
and 0.8 for larger bar diameters and smaller bars not more than 22 mm were intro-
duced. The ACI committee 408 advices against a size effect factor of less than 1.0.

1.3.5 German national annex

The coefficient for the minimum permissible bar spacing cs and the tensile strength
αct are the nationally determined parameters for lap and anchorage calculation for

Lap length As,prov=As,req Percentage of As spliced

max 1:0: lb; 305 mmf g ≥ 2:0 50

max 1:3: lb; 305 mmf g 100

< 2:0 All cases

Table 8.
Spliced length coefficient for the percentage of lapped bars and the provided reinforcement [50].
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Eurocode 2. The National annex defines the bars spacing as cs ¼ 1:∅, and the tensile
strength αct ¼ 1:0 for bond strength calculation.

The anchorage length at direct supports may be computed using α5 ¼ 2=3 taking
transverse pressure into consideration. For anchorages, National annex suggests using
a simple cover concrete coefficient of α2 ¼ 1:0. The cover concrete orthogonal to the
lap plane cy is not taken into consideration for spliced rebars with straight ends, based
on the National annex. For laps, cmin ¼ min cs

2 0; cx
	 


is the cover used for the calcu-
lation of the coefficient α2. The lap factor α6 is determined by the bar diameter and the
proportion of bars lapped at a location. The recommended values for α6 are shown in
Table 9.

If more than 50% of the reinforcement is spliced at one location, according to
Eurocode 2, the transverse reinforcement in laps shall be made by links. The National
annex relaxes this requirement by specifying that the transverse reinforcement does
not need to have a longitudinal spacing of 0:5l0 between the adjacent laps centres or
consist of links with the distance between adjacent laps greater than 10∅.

1.3.6 PTI working draft

The PTI working draft offers a revised design model based on Fib Bulletin 72 for
the next generation of Eurocode 2. For ease of use, the exponents were simplified. The
required bond strength for good bond conditions comes from

lbd,req: ¼ 40 25 MPa=f ck
� �1=2 σsd

435MPa

γc

1:5

� �3=2

∅=20 mmð Þ1=3 1:5∅=cd,c onf
� �1=2

≤ lb,min

(38)

with
lb,min is the minimum lap length with 20∅ for laps

cd,c onf ¼ cd þ 30kconf
nlAst

nb∅sst
þ 8σctd=

ffiffiffiffiffiffi

f ck

q

� �

∅≤ 3:75∅ (39)

σctd is the design value of the mean compression stress perpendicular to the
potential splitting plane

Kconf is the effectiveness factor. Kconf is taken as 0.25 for shear links within the
cover cy with cover spacing greater than 8∅, and 1.0 for confinement reinforcement
crossing the potential splitting plane (the maximum recommended distance from the
leg to the lapped bar is less than 5∅Þ. In other circumstances, Kconf is taken as zero.

Percentage of bars lapped at a section in one layer Bar diameter ∅

≥ 33% ≤ 33%

1.4 (1.0) 1.2 (1.0) < 16 mm

2.0 (1.4) 1.4 (1.0) ≥ 16 mm

The values in brackets are valid for cs ≥ 8∅ and cx ≥ 4∅:

Table 9.
German National Annex for the percentage of a spliced bar under tension based on [45].
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The PTI working draft recommended the laps be designed for 1:2� σsd if tension
laps are located in regions where the yield strength may be exceeded. Therefore, a
reduction of lapped bars or confining reinforcement is required. Reliability analysis of
the coefficients 8,30, and 40 in expressions (38) and (39). Rearranging for the devel-
opable stress in anchorages gives

f std ¼ 435 1:5=γcð Þ1=3 20=∅ð Þ2=9 lb=40∅ð Þ2=3 cd,conf=1:5∅
� �1=3 (40)

1.3.7 Canbay and Frosch

Four hundred and eighty experiments with and with shear links were used by [54]
to verify their model for ultimate lap load. The ultimate lap strength at splitting
failure, taking shear link into account is defined as

σsd ¼ Fsplit þ Fst=nbAs tan β ¼ 2:75=nbAs Fsplit þ Fst

� �

ksið Þ (41)

Where
θ inclination of struts commencing at the rib flanks (20 degrees provided optimal

results)
Fst is the splitting resistance by a shear link [kip]
Fsplit is the splitting resistance by cover concrete along the lap length [kip]
[54] distinguish side (Figure 12, middle) and face splitting types (Figure 12, left).
It is assumed that the tensile concrete stress surrounding the bars is linear along the

lap length. The bond strength nonlinearity along the splice length is taken into account
by using an efficient lap length l ∗0 : The side-splitting force Fsplit,side is

Fsplit,side ¼ l ∗0 2c ∗x þ 2c ∗x nb � 1ð Þ
� �

6f 1=2c ðkipÞ (42)

For face-splitting, the splitting force Fsplit,face is

Fsplit,face ¼ l ∗0 2c ∗y 0:1
cx
cy
þ 0:9

� �

þ 2c ∗y nb � 1ð Þ 0:1
cs
2cy

þ 0:9
� � �

6f 1=2c (43)

With
c ∗y , c

∗

x , (
cs
2 )* coefficients for the efficiency of concrete cover at linear stress distribution

l ∗0 ¼ l0
9:5I
ffiffiffiffiffiffiffiffiffiffi

l0=∅
p

f
1
4
c

≤ l0

Figure 12.
Face splitting (left), side splitting (middle) and force distribution at bond forces (right). [Adapted from [54]].
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l0 coefficient for the efficiency of lap length at linear stress distribution
In the failure of splitting, shear links provide extra resistance. The splitting force

Fst, side provided by the shear link, is given by expression (44). For side splitting, this
expression includes the number of legs crossing the splitting plane in

Fst,side ¼ nstnlAstf yt
nbf

1=2
c

170

" #

kipð Þ (44)

Because the shear link crosses the splitting plane at each bar in face split failure,
expression (45) incorporates the bar number instead of the leg number in determining
the splitting force.

Fst,face ¼ nstnbAstf yt
nbf

1=2
c

170

" #

kipð Þ (45)

62 MPa is the suggested transverse bar yield strength. A safety factor of 1.2 was
utilised to develop the design expression (41). 50% of the calculated strength was unsafe
without the safety factor. Only 16% of the confined and 10% of the unconfined test meet
their yield strength when the factor of 1.2 was used. This take into consideration the lap
length designed based on the proposed model and nominal yield strength of 414 MPa.

2. Conclusions

This chapter provides the context and presents the state of art for using stainless
steel as a structural material. It is demonstrated that stainless steel is a remarkable
building material that is becoming a more desirable option for RC structures because
of its recyclability, long life cycle favourable mechanical properties, ductility and
excellent corrosion resistance. There are numerous factors preventing stainless steel
reinforcement from being used more frequently in reinforced concrete structures.
Firstly, mainly due to this is a new topic in structural engineering, there is a lack of
performance data and design guidance available in the public domain. The second
issue is that engineers have the perception that stainless steel reinforcement is expen-
sive. Despite having a higher initial cost than carbon steel, stainless provides efficient
and a very competitive design option throughout the duration of a structure’s lifetime
when rehabilitation and maintenance expenses are taken into account.

It is important that structurally effective design solutions are available that take
into account and exploit the advantageous and distinctive properties of stainless given
its high initial cost. Unfortunately, current design guidance, such as Eurocode 2, does
not have an effective method for designing structures with stainless steel reinforce-
ment; rather, they include inadequate material models for reinforcing bar that do not
make use of the unique properties of stainless steel. While this premise could be valid
for concrete with carbon steel reinforcement, it provides widely erroneous estimates
when suing stainless steel reinforcement. This is mostly due to stainless steel’s early
stage of nonlinear behaviour and its high strain hardening. The design of stainless steel
reinforced concrete members using the current design criteria for carbon steel RC
structures is thus neither accurate nor efficient.

Additionally, it has been reported that there is little discussion of the bond behav-
iour of stainless-steel reinforcement in the literature and that the research that is
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available is both conflicting and limited. The existing design guidelines, such as Model
Code 2010 and Eurocode 2, generally recommend employing the same standard as for
traditional carbon steel reinforcement and do not provide particular lap length design
guidelines for designing stainless steel RC structure without appropriate test data may
not be a safe option because it has been observed that stainless steel reinforcement
may develop a lower bond strength than carbon steel reinforcement.
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