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Abstract

Stainless steel reinforced concrete has seen a large increase in usage in recent years, in response to the
ever-increasing demands for structures and infrastructure to be more durable, efficient and
sustainable. Currently, existing design standards advise using the same design rules for stainless steel
reinforced concrete as traditional carbon steel reinforced concrete, owing to a lack of alternative
information. However, this is not based on test or performance data. As such, there is a real need to
develop a full and fundamental understanding of the bond behaviour of stainless steel reinforced
concrete, to achieve more sustainable and reliable design methods for reinforced concrete structures.
This paper investigates the bond behavior of stainless steel reinforced concrete and compares the
performance to traditional carbon steel reinforced concrete, through experimental testing and analysis.
It also compares the results to existing design rules in terms of bond strength, anchorage length and
lap length. It is shown that stainless steel rebar generally develops lower bond strength with the
surrounding concrete compared with equivalent carbon steel reinforcement. Moreover, it is shown
that existing design codes are very conservative and generally underestimate the actual bond strength
by a significant margin. Therefore, following detailed analysis, it is concluded that current design
rules can be safely applied for stainless steel rebar, although more accurate and efficient methods can
be achieved. Hence, new design parameters are proposed reflecting the bond behaviour of stainless
steel rebar, so that more efficient designs can be achieved. Moreover, a summary of recommendations

for the codes of practice is provided.
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1. Introduction

In response to growing demands for civil engineering structures and infrastructure to be more durable,

sustainable and efficient, stainless steel has emerged as a very attractive material for many



applications. It is available in several different forms including sheet, plate and bar products as well as
structural sections. Stainless steel elements are corrosion resistant with low or negligible maintenance
requirements over a long life cycle, and also offer excellent strength, ductility, toughness,
recyclability and fatigue properties. Of course, they are more expensive than traditional carbon steel

and therefore must be used efficiently and in appropriate applications.

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. Each
of these groups provides their own unique properties and corrosion resistance characteristics. The
austenitic and duplex grades are most common in structural applications, including for stainless steel
reinforcement, owing to their excellent corrosion resistance associated with the outstanding
mechanical properties [1-3]. One of the most important chemical elements in all stainless steel alloys
is chromium which provides the corrosion resistance through the formation of a thin chromium oxide
film on the surface of the material in the presence of oxygen, resulting in a passive protective layer
[4]. Until recently, stainless steel was commonly used in load-bearing applications as bare structural
sections such as beams and columns. However, a relatively new application for stainless steel is as

reinforcement in concrete structures.

Reinforced concrete is one of the most common structural solutions found in construction, and is used
in a wide range of applications such as bridges, tunnels, multi-story buildings. It is popular because it
provides an economic, efficient and versatile solution and there is plenty of guidance and performance
criteria available for designers. However, one of the fundamental challenges that is experienced by
reinforced concrete structures is corrosion of the reinforcement, especially for members which are
exposed to harsh environments such as in coastal, marine or industrial settings [5]. For concrete
structures reinforced with traditional carbon steel and subjected to aggressive or polluted
environments, corrosion cannot be avoided. This results in a significant reduction in the lifetime of the
structure and increases the monitoring and maintenance costs associated with carbonation and

deterioration of concrete and corrosion of reinforcement.

There is a huge demand to improve the durability and life-cycle of reinforced concrete structures. The
typical approach is to increase the concrete cover, to control the alkalinity of concrete, to adjust the
ingredients and composition of the concrete, or to use cement inhibitors [6]. However, in aggressive
conditions, these measures may not be sufficient to prevent a corrosion problem. In this context, the
use of stainless steel reinforcement represents an ideal solution for exposed reinforced concrete
structures. Replacing the traditional carbon steel reinforcement with stainless steel improves the
expected life time of these structures and may also significantly reduce the costs associated with

expensive inspection and rehabilitation works [7, 8]. Although the initial cost of stainless steel



reinforcement is relatively high compared to that of traditional carbon steel, the use of stainless steel

reinforcing bar can reduce the overall maintenance costs up to 50% [9].

The focus in this paper is on the bond relationship between the rebars and the surrounding concrete. It
builds on previous work which studied the more fundamental constitutive material properties of
stainless steel reinforcement [10, 11]. Stainless steel exhibits a quite different constitutive stress-strain
response compared with carbon steel in that it does not have the typical yield plateau and also
develops significant strain hardening with excellent ductility. Bond is clearly a key property that
needs to be considered when assessing the response of reinforced concrete and composite structures.
It has a direct influence on the structural performance and inadequate bond can cause many different
issues including ineffective anchorage, widespread cracking of the concrete and excessive deflections
or rotations. Thus, having an accurate and realistic knowledge of the bond strength is imperative
especially for the serviceability limit state. However, it is a relatively complex phenomenon owing to
the many inter-related parameters which govern its development. Amongst the most influential
parameters are the quality of the concrete and the surface geometry of the reinforcing bar. For
example, voids that develop in the concrete during the casting and hardening process may result in a
reduction in the local bond strength [12]. Other factors which influence the development of bond
strength include the cover distance, the clear space between adjacent bars, the number and size of bar
layers and the direction of casting with respect to the orientation of the bars [13]. The influence of bar
stresses on the bond behaviour is relatively small as long as the bar does not yield. However, once it
yields, the transverse forces between the bars and the concrete decrease resulting in a reduction in the

bond stress-slip response [13].

Bond stress is developed by an adhesive action combined with frictional forces and the mechanical
interlocking of the concrete against the bar-surface deformities. For plain, smooth bars, the
development of bond relies primarily on adhesion and friction although there may be some
interlocking if the bar surface is rough. Therefore, the use of ribbed reinforcement rather than plain
bars significantly increases the bond strength that develops. The relative rib area (fr), which is a
dimensionless property, is used as indication of the quality of the rib geometry according to EN
15630-1 [14]. A typical value in the range of 0.05-0.10 for the relative rib area is appropriate for
generating adequate bond strength and providing a good service-load performance. It has been shown
that bond strength increases linearly with the increase of relative rib area [15]. The relative rib area is

calculated as shown in Eq. 1:
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in which Fp is the area of the longitudinal section of a single rib, ¢ is the bar diameter, n is the number

of indentation rows and c and f are the rib spacing and rib inclination, respectively.
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Current design standards such as Eurocode 2 [16] and MC2010 [17] do not include specific rules for
stainless steel reinforced concrete, and generally suggest using the same criteria as for traditional
carbon steel reinforced concrete. There has been considerable research into stainless steel
reinforcement, especially in recent years, but most has focussed on the corrosion behaviour (e.g. [18-
22]), with limited research on the bond behavior in a corrosive environment (e.g. [7, 23]). There have
been very few studies in to the bond behavior of stainless steel rebar, and these have even resulted in
inconclusive results with one study showing that the bond developed by some austenitic and duplex
stainless steel bars is lower than for similar carbon steel reinforcement (e.g. [24]) whilst other
publications have shown the opposite finding (e.g. [25-26]). Accordingly, the work presented in the
current paper aims to investigate the bond behavior of stainless steel rebar encased in concrete with
reference to that of traditional carbon steel, and suggest suitable values which can be used in design.
In addition, the applicability of current bond design rules in Eurocode 2 and MC2010 in terms of bond
strength, anchorage length and lap length, is examined. Accordingly, the paper proceeds with a
background of the information currently available in design standards, following by a detailed
description and analysis of a pull-out test experimental programme involving both stainless steel and

carbon steel rebars. Finally, a suitable bond-slip model for stainless steel reinforcement is proposed.

2. Design codes

The bond strength that develops between steel reinforcement and the surrounding concrete is an
influential property in the behaviour of reinforced concrete, as it governs the composite action and
hence crack development, anchorage of the bars in the concrete and also the transfer of stresses at
laps. Accordingly, international design standards such as Eurocode 2 [16] and the Model Code 2010
[17] include design predictions for the bond strength, and also these other important performance
criteria. Of course, as stated before, bond is a complex and multi-faceted phenomena, so different
design codes adopt various simplifications in order to aid designers. In this section, the provisions

provided in Eurocode 2 and Model Code 2010 are summarised, as well as their key differences.

2.1 Eurocode 2 (2004)
In Eurocode 2, to obtain the design anchorage length and lap length, the design bond strength (f,4)

must first be calculated, followed by the basic anchorage length (I, .qq)- The design bond strength is

determined as follows:
fpa = 2.25n M5 g (2)

In this expression, 4 is a coefficient related to the bond condition and the bar position during casting,
and a value of unity represents a good bond condition whilst 0.7 represents all other conditions. 1, is
a coefficient related the bar diameter (¢) and is taken as unity when the diameter is less or equal to

32 mm and is otherwise determined using Eq. 3:
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The tensile concrete strength (f..q) is obtained as a function of the characteristic concrete compressive

strength (f.x) as given in Eq. 4:
feq = 0.21(f4)?/® for concrete strength < C60/75. (4)

Eurocode 2 states that the tensile concrete strength is limited for concrete class C60/75, unless it can

be verified that the bond strength can be increased above this limit.
The basic anchorage length is determined as:

d) Osd (5)

Ihrqd = Aty

where o4 is the design stress in the reinforcing bar.
The design anchorage length (I,,4) is calculated using Eq. 6:
Iba = 100304051y rqd = Ipmin (6)

In this expression, Ipq min 1S the minimum accepted value for the design anchorage length, determined

as:
Ip,min = Max{0.31y rqq; 10¢; 100 mm} for anchorage in tension (7)

a1 and oy are coefficients related to the form of bar and the minimum cover distance, respectively, and
a3, o and as are coefficients related to the condition of confinement. These parameters are obtained as

follows for reinforcement that is in tension:
oy = 1 for straight bars.
a, =1—-0.15(cq — $)/p =0.7and < 1.0

03,04, and as are taken as unity if there is no confinement provided by transverse reinforcement,

welded transverse reinforcement and transverse pressure, respectively.

The design lap length (1) is calculated using Eqg. 8:

lo = a0;0305061p rqd = lo,min (8)
In this expression, (I min) IS the minimum accepted value for the design lap length, determined as:
lo,min = mMax{0.3alp rqqa; 15¢; 200 mm} (€)]

where o is coefficient related to the percentage of the lapped bars relative to the total cross-section

area which is taken as 1 for percentage lower than 25%.



2.2 Model Code 2010 (2013)
The Model Code 2010 (it will be referred to hereafter as MC2010) provides guidance for the design of

reinforced and prestressed concrete by the International Federation for Structural Concrete (known as
the fib, or Fédération internationale du béton). Similar to Eurocode 2, MC2010 requires calculation of
the design bond strength (f,q) in order to establish the required anchorage and lap lengths. It is
noteworthy that the symbols used in this section may vary from those employed in the MC2010, but

are changed herein to be consistent with the earlier discussions.
The bond strength is determined as:
fba = (a2 + az)fpa,0 (10)

where oy and o3 represent the influence of passive confinement from the concrete cover and from

transverse reinforcement. These values are found from:

oy = (Cmin/P)%°. (Cmax/Cmin) *1° for ribbed bars;

oy = (Cmin/P) 8. (Crax/Cmin)* > for epoxy-coated or plain bars; and
a; = Kg. (K¢ — a/50)

Cmax @nd Cmin are cover parameters, o, is 0.5 for bars with a diameter up to 25 mm and Ky and Ky are
effectiveness factors dependent on the reinforcement details and the density of the transverse
reinforcement relative to the anchored or lapped bars, respectively. Kq and Ky are taken as zero in the

case where no transverse reinforcement is provided.

fha,0 IS the basic bond strength which is a function of the characteristic concrete compressive strength

(f.x) and is calculated using Eq. 11:

fba0 = N1M2M3N4 (fer/25)%° (11)
In this expression, the following values are employed for the various constants:

n,= 1.75 for ribbed bars;

N, = 1 for good bond conditions;

n; = 1for ¢ < 25;and

N4 represents the characteristic strength of the reinforcement (fy) which is being anchored or lapped

and is obtained from the values given in Table 1.

The design anchorage length (I;,) is calculated as presented in Eq. 12:



$0sq (12)
Ib = 4fbsd > Ib,min

In this expression, Iy, miny is the minimum accepted value for the design anchorage length, determined

as:

0.30f,
Ip,min > max{ 4§;dyd; 10¢, 100 mm}

where agq is the stress in the bar to be anchored by bond over the anchorage length and is obtained as

follows:

Osq = %4fyq (13)
o1 = Agcal/Aser

In these expressions, fyq is the design yield strength of the reinforcement, and Asca and Aser are the
required area of reinforcement determined in design and the actual area of reinforcement as provided,

respectively.
The design lap length (I,) is calculated as given in Eq. 14:

$fya (14)
Iy = a4# 2 Io,min

In this expression, Iy iy is the minimum accepted value for the design lap length, determined as:

7¢f

0.7dbfyq
lo,min > maX{T; 15¢, 200 mm}

bd

where oy is typically taken as unity but it can be reduced to 0.7 when the calculated stress in the bar at
the ultimate limit state throughout the lap length does not exceed 50% of the reinforcement

characteristic strength.

2.2.1 Bond stress-slip model
In addition to the design bond strength and anchorage length values, MC2010 also provides two

different design bond stress-slip relationships. The designer selects the appropriate relationship to
employ based on the failure mode, either failure through bond or confinement. The general bond
stress-slip model is shown in Fig 1, and has four main stages for pullout failure. Firstly, and with
reference to Fig. 1, while the slip (s) is less than s;, the bond stress is developing as the ribs on the
rebars bear against the concrete. This stage is characterized by local crushing and micro-cracking of
the concrete. Then, in the second stage when s; < s < s, the bond strength plateaus at the maximum
value of Tpmax. This represents the bond capacity which is influenced mainly by the degree of
confinement. This is followed by the third stage (s; < s < s3) in which the bond stress decreases as the
interlocking mechanical bonds between the ribs and concrete reduce. Finally, when s > ss, the

constant residual bond level (tys) is reached, which is mainly comprised of frictional resistance.



The bond-slip relationship provided in MC2010 describes the bond stress (ty,) as a function of the

relative displacement (s), as presented in Egs. 15, 16, 17 and 18 for the four stages, respectively:

Tp = Thmax (5/51)" for 0<s<s, (15)
Tb = Tbmax for s; <s<s, (16)
Tp = Thmax — (Tomax — Tor) (S = $2)/(S3 — 52) for s; <s <s3 (17)
Tp = Tpf for s3 <s (18)

The parameters required in these equations are given in Table 2, where Ty is the residual bond stress,
Cclear IS the clear distance between adjacent ribs and f.n is the mean cylinder concrete compressive

strength and is calculated using Eqg. 19:

fom = fec + 8 (19)

It is noteworthy that the values given in Table 2 are for a “good” bond conditions and are only valid

for ribbed rebars in which the tensile strain in the rebar is lower than its yield limit.

The other bond stress-slip model given in MC2010 is for splitting failure, and in this, the bond

strength (Touspiit) IS determined as follows:

s o 025 55, 02 Cri) 032 Coax 0.1 K (20)
Tousplit = 6-9M2 | 5o ry ry Con + Ky K

In this expression, kn represents the efficiency of the confinement from the transverse reinforcement

and is taken as zero when no transverse reinforcement is provided.

It is clear from the above discussion that Eurocode 2 provides relatively more simplistic design
procedures for predicting the design bond strength compared with the MC2010. However, Eurocode 2
does not provide design guidelines for predicting the bond stress-slip relationship. On the other hand,
MC2010 includes the influence of important parameters in the design expression such as the
confinement effect, presence of transverse reinforcement, form of the indentations, bar size and the
characteristic yield strength of the rebar. It is also important to indicate that the bond design rules in
Eurocode 2 are derived on the basis of those provided in Model Code. Neither Eurocode 2 nor

MC2010 account for the influence that the reinforcement material type has on the bond response.

3. Experimental programme

In order to assess the bond strength between stainless steel reinforcing bars and the surrounding
concrete, and to compare the behaviour to carbon steel reinforcement, a series of pull-out tests has
been conducted. A further aim of this study is to investigate if the existing design criteria which has
been produced on the basis of test results on carbon steel rebar, can be used for stainless steel

reinforced concrete. Different concrete strengths and reinforcement grades are included in the test



programme. Concrete compression tests and reinforcement tensile tests have also been carried out to

determine the characteristic material properties.

3.1 Type of bond test
There are several methods for bond testing suggested in the literature. As is clear from earlier

discussions, there are many factors which influence bond strength, and make quantifying this property
quite challenging. In addition to the material and geometric properties, bond behaviour is influenced
by the details of the test setup which affect the stress conditions in both the concrete and the
reinforcement, as well as at the interface. The most widely-used experimental set-ups for evaluating
bond strength are the pull-out and beam tests [27]. The beam test requires large specimens and
comprises two half-beams which are connected at the bottom by the reinforcing bar and at the top by
a hinge. This arrangement closely replicates a real structural arrangement where both the rebar and the
surrounding concrete are in tension. On the other hand, the pull-out test is a more straight-forward and
simple arrangement in which the reinforcement is embedded at the centre of a cubic or cylindrical
concrete specimen, over a controlled bonded length. In this case, the concrete is subjected to
compressive stress whilst the reinforcement is in tension. Although this may not represent the actual
scenario in reinforced concrete structures, the pull-out test is widely adopted in research because of its
capability to provide a reasonable bond response, the relatively low cost and the ease of fabrication
[28-29]. They are generally accepted as providing excellent basis for comparison at least, and for
understanding the relative influence that different properties, such as reinforcement type, may have on

the bond. Therefore, the pull-out test has been selected in the current programme.

3.2 Material properties

3.2.1 Concrete

Three concrete mix designs were selected for the tests to produce C20, C40 and C60 concrete. The
concrete was made using high strength Portland cement (known as CEM | 52.5 N) and the mix
proportions are summarized in Table 3. A super plasticizer was used to enhance the workability of the
C60 concrete because of its relatively low water to cement ratio. In addition to the pull-out samples, a
number of additional cylindrical specimens with a diameter of 100 mm and height of 200 mm were
cast in order to conduct compression tests. These were carried out in accordance with the guidance
given in EN 12390-3 [30], as shown in Fig. 2. A total of 18 cylindrical specimens were cast and cured
in a water tank at a constant temperature of 21 degrees C for 28 days. Prior to the compressive tests,
sulphur capping was applied to both ends of the specimens, as shown in Fig. 3, to avoid any reduction
of the measured strength owing to stress concentrations caused by irregularity of the surface. The
mean compressive strength (fcm) from each of the design mixes was determined as the average of six
samples, and is presented in Table 3. Eq. 19 is used to obtain the characteristic compressive strength

(f«), in accordance with MC2010. It is noteworthy that the mean measured compressive strengths of



concrete are quite less than the targeted values in some cases. This may be linked to the fact that

cylindrical concrete sample provides lower compression strength compared with that of a cube.

3.2.2 Reinforcement
Austenitic stainless steel is the most common type of stainless steel material that is used for

reinforcement owing to the excellent corrosion resistance and outstanding mechanical properties [1-
2]; and therefore grade 1.4301 is selected in this study [31]. It is noteworthy that the austenitic
stainless steel rebars used in this study are cold-rolled. Pull-out tests on carbon steel grade B500 [32]
rebar are also conducted. In both cases, for the stainless and carbon steel tests, bars with a diameter of
10 mm and 12 mm are included. The geometrical details of the bars used in this study have been

closely examined and measured, and the data is presented in Table 4.

The 12 mm stainless steel reinforcement bars are a version of grade 1.4301 reinforcement known as
*“grib-rib’” which is available as high strength material [33]. This was not deliberately ordered as part
of this study but is the default for 12 mm stainless steel rebar available in the UK. It comprise three
series of transverse ribs around the bar cross-section rather than the typical two series which might
enhance the bond performance. All of the carbon steel reinforcement bars used in this study consist of
two series of transverse ribs at the cross-section and also two longitudinal ribs. Three repeat tests were
carried out on each type of bar, and the average response is taken as a representative curve of a single
specimen. The relative rib areas (f,) presented in Table 4 are calculated using Eq. 1. It is noteworthy
that the stainless steel and carbon steel reinforcements comply with the requirements given in
BS 6744 [31] and BS 4449+A3 [32], respectively, which are presented in Table 5, apart from the
relative rib area for the 10 mm diameter stainless steel rebar which is found to be lower than the

minimum required value.

3.3 Bond test arrangement

A total of 72 pull-out test samples were prepared and tested, in accordance with the guidance in EN
10080 [34], in two experimental programmes. The first phase comprised 60 tests (including 15
specimens for each reinforcement type and bar diameter) while the second phase consisted of 12 more
samples including 3 tests for each reinforcement type and bar diameter. The programme included 5
and 3 repetitions of each specimen in phase 1 and phase 2, respectively and the average response is
taken as a representative curve of a single specimen. A reference-system was adopted to label each
specimen, where the first portion of the name denotes the type of rebar used (i.e. stainless steel (SS) or
carbon steel (CS), the next term between the two hyphens defines the bar diameter (D10 for 10 mm
and or D12 for 12 mm reinforcement), the third portion is the target concrete strength, whilst the last

number refers to the phase of testing.

The moulds were fabricated from PVC material, as shown in Fig. 4. In the first phase of testing, each
specimen was 110 mm in diameter and 120 mm in height. A single piece of rebar which was 500 mm
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in length was positioned at the centre of the specimen. The bonded length was set at 60 mm for all
specimens, as shown in Fig. 5(b), so either 5 or 6 times the bar diameter, to reduce the effect of the
longitudinal compressive stresses caused by bearing of the concrete against the plate that restrains the
pull-out specimen [35]. The concrete was then cast in a vertical direction, and was compacted
manually. All specimens were demoulded the day after casting and then cured in a water tank for 28
days. Fig. 5 presents a specimen in the testing machine as well as a schematic of the pull-out test
arrangement. Two transducers were used to calculate the average steel-concrete slip at the passive

side, as shown in the figure.

The second phase of testing was planned based on the results of the first phase, where splitting failure
was prevalent (this will be discussed in more detail later). Accordingly, 12 more samples were
prepared, each of which was 200 mm in length in order to avoid splitting failure. Cubic moulds were
used in this phase due to unavailability of cylindrical moulds with a large enough diameter to avoid
splitting of the concrete. In these samples, the bond length was set at 5 times the bar diameter and the
overall bar length was 500 mm. As before, the stainless steel reinforcing bar was positioned in the
centre of the specimen. The target concrete strength was 40 MPa and these specimens were cast in a

horizontal direction and compacted using an electrical vibrator.

4. Test results
4.1 Tensile test results

Tensile tests have been conducted in order to obtain the stress-strain curves and the
mechanical properties of both the carbon and stainless steel rebars, in accordance with EN
6892-1 [36], and the results are presented in Fig. 6 and Table 6, respectively. In Fig. 6, both
the overall response is presented as well as a closer view of the elastic portion of the
behaviour. It is clear from the graph that the stainless steel and carbon steel rebars exhibit
quite different stress-strain responses. The stainless steel specimens are much more ductile,
with high ultimate strains and significant strain hardening, and also have a continuous curve
without a clearly defined yield point. On the other hand, the carbon steel bars show a clear
yield plateau followed by a moderate degree of strain hardening and limited ductility. In the
absence of a visible yield point in stainless steels, the typical value adopted is the 0.2% proof

stress.

With reference to the data presented in Table 6, the yield stress (fy) for the stainless steels are
515 and 715 N/mm? for the 10 mm and 12 mm bars, respectively, where the equivalent values
for the carbon steel rebars are 589 and 554 N/mm?, respectively. The ultimate stress (f,) for
stainless steels are 19.6% and 36.8% higher than that of carbon steel for 10 mm and the 12
mm bars, respectively. As expected, the grib-rib stainless steel rebars exhibit the highest

11



strength value among the others. Additionally, the stainless steel bars provide greater ductility
than the carbon steel by around 159% and 129% for 10 mm and the 12 mm bars, respectively.
It is also observed that the bars with diameter of 12 mm have lower ductility than those with
diameter of 10 mm by around 35.0% and 26.3%. Moreover, the modulus of elasticity for
stainless steel and carbon steel are quite similar, apart from the grib-rib stainless steel rebar

which shows a lower modulus of elasticity compared to the equivalent carbon steel rebar.

4.2 Bond test results
Table 7 presents the pull-out test results, which reflect the average behaviour. In Table 7, the ultimate

experimental bond strength (t) is calculated using Eq. 21, where F is the ultimate applied load, I is the
bonded length and ¢ is the diameter of the rebar:

F 21
= (21)
Fig. 7(a) presents a specimen from test phase 1. All of the cylindrical specimens in this group failed
by splitting, irrespective of the type or size of the reinforcement. This is mainly attributed to the
insufficient confinement provided by the concrete as well as the relatively long bonded length
compared to the total length of the specimen. On the other hand, pull-out failure was observed for all

cubic specimens in Phase 2, as shown in Fig. 7(b), which were designed to provide more confinement.

Fig. 8 presents the bond-slip response for the bond tests conducted in Phase 1 of the test programme,
for samples with (a) C20, (b) C40 and (c) C60 concrete, respectively. All of these specimens failed by
splitting of the concrete. Generally, with reference to the graphs, it is observed that the stainless steel
rebars exhibit lower ultimate bond strength compared to carbon steels by 28% on average. Similar

conclusion is found in [24].

Fig. 9 presents the bond-slip response for the samples from Phase 2 of the bond test programme, all of
which failed by pull-out failure. Similar to the earlier observations, it is again shown that stainless
steels achieve lower ultimate bond strength values compared to carbon steel reinforcement, by around
40% on average. By comparing specimens with the same concrete strength and bar diameter from
Phase 1 and 2, it is clear that the difference in ultimate bond strength between the samples with
stainless steel and carbon steel reinforcement bars is even greater when pull-out failure occurs rather
than splitting. In general, the samples with stainless steel exhibit a more rapid reduction of bond
strength also in the softening stage compared to those with carbon steel, as well as lower residual
bond values. It is observed in Fig. 9 that the bond response for samples with stainless steel rebar
fluctuates in the post-peak range, which did not occur for either the carbon steel reinforced samples or
those in Phase 1 which failed by splitting. This could be linked to the rib spacing in the reinforcement

since it is observed that the distance between the two plateaus coincides with the rib spacing. In the

12



following sub-sections, the tests results are further analysed and the impact of particular properties

such as concrete strength, bar diameter and reinforcement material type are discussed.

4.2.1 Reinforcement material and diameter
It was observed in the previous section that stainless steel reinforcement bars achieve lower ultimate

bond strength values compared with carbon steels, in all cases examined in the current programme.In
general, it is shown that the samples with stainless steel reinforcement bars had a relatively lower
softening response compared to that of carbon steels in all cases except the specimen with 12 mm
stainless steel and C60 concrete strength. Additionally, for the samples that experienced splitting
failure, the bond that develops for the 12 mm stainless steel rebar is 35.2%, 27.8% and 25.1% lower
than for carbon steel rebar for C20, C40 and C60, respectively. These same values for the 10 mm bars
are 24.4%, 15.6% and 15%, respectively. These results are in agreement with the findings in [24]. It is
shown that for both bar diameters examined, the difference between stainless steel and carbon steel is
greatest when the concrete strength is relatively low, i.e. for the samples with C20 concrete. This is
most likely owing to the fact the stainless steels have lower relative rib areas than the carbon steel
bars, and this influence is greater when the concrete strength is relatively low. Additionally, an
increase in the water-to-cement ratio in the concrete mixture (i.e. lowering the concrete strength)
results in lower alkalinity and thus greater porosity [37]. This illustrates how stainless steel
reinforcement can be more beneficial than traditional carbon steel reinforcement for improving the

durability of concrete structures.

It is also observed that using bars with a greater diameter increases the difference in the ultimate bond
strength between stainless steel and carbon steel, in all cases in Phase 1. This is attributed to the fact
that increasing the bar diameter from 10 mm to 12 mm enhances the ultimate bond strength for carbon
steel by around 11% on average whereas in contrast there is no considerable improvement for
stainless steels or even results in lower bond strength in some particular cases. In contrast, for the
samples that experienced pull-out failure in Phase 2, it is found that using bars with a greater diameter
decreases the difference in the ultimate bond strength between stainless steel and carbon steel. It is
observed that the bond strength for stainless steel increases by around 23% when the bar diameter
changes from 10 mm to 12 mm. The equivalent value for carbon steel is just 1%. It is likely that the
reason for this disparity is owing to the difference in the geometry of the samples used in Phase 1 and

2, including bonded length.

4.2.2 Concrete strength
Figs. 10(a) and (b) represent the influence that concrete strength has on the bond stress-slip behaviour

for 10 mm stainless steel and carbon steel samples, respectively. The figures show that the samples
with higher concrete strength exhibit greater bond strength, in all cases. For example, the ultimate
bond strength that develops for 10 mm diameter samples with C60 concrete strength is improved by

around 85% and 65% for stainless steel and carbon steel reinforcement bars, respectively, compared
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to those with C20 concrete strength. These same values for 12 mm bars are 89% and 63%. This
conclusion is in line with the research findings reported by the International federation for structural
concrete [12-13].

It is noteworthy to observe that the samples with concrete strength C40 and C60 generate relatively
similar ultimate bond strength values with difference being around 5.4% and 4.6% for stainless steel
and carbon steel reinforcement bars, respectively, as shown in Fig. 10. This indicates that the
influence of concrete strength becomes less significant after a certain strength level. This observation
is in line with the guidance given in Eurocode 2, where the design rules limit the bond strength to the
value for C60/75 concrete strength class, unless it is verified that the average bond strength increases
above this limit [16].

5. Comparison with design codes

5.1 Design bond strength, anchorage and lap lengths

Understanding the bond behaviour that develops between reinforcement and the surrounding concrete
is imperative in the design of reinforced concrete structures, as it underpins the composite
performance of the member. However, bond is a highly complex phenomenon that is influenced by
many inter-related parameters which are difficult to measure and predict and therefore most global
design standards provide quite conservative estimates for the bond strength that develops. In this
context, the aim of this section is to evaluate the current design rules in Eurocode 2 (which will be
referred as EC2) and MC2010 for reinforced concrete through comparison with the experimental
results discussed previously, in terms of bond strength, anchorage length and lap length, as shown in

Table 8. Both stainless steel and carbon steel are included in the analysis.

The experimental anchorage and lap lengths are obtained by substituting the experimental bond
strength values into the appropriate Eurocode 2 design expressions without considering the minimum
design values. It is noteworthy that the characteristic values for concrete and the reinforcement
obtained experimentally and described in Section 3.2 are employed in this section in order to provide
more realistic comparison. Since both codes predict bond strength on the basis of the characteristic
values, the experimental bond results are presented here as the characteristic values which obtained

using Eqg. 19.

It is observed from the data presented in Table 8 that the design bond strength values predicted by
both Eurocode 2 and MC2010 are very conservative when compared with the experimental ultimate
bond strength values obtained in the current analysis. The Eurocode 2 bond strength predictions are
around 49% and 73% less than the test values for stainless steel and carbon steel reinforcement,
respectively, whereas the equivalent values for MC2010 are 59% and 78%, respectively. In all cases
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included in the current study, MC2010 is more conservative in its predictions of the design bond

strength compared with Eurocode 2 with the average difference being around 19%.

With reference to the data in Table 8, it is observed that bond strength values obtained from
Eurocode 2 for samples with stainless steel are identical to those with carbon steel for each concrete
category irrespective of the bar size. On the other hand, in MC2010, it is observed that the difference
in bond strength predictions between stainless steels and carbon steels are 13% and -19.6% on
average for 10 mm and 12 mm bar diameter, respectively. As discussed in Section 2, the bond design
rules in both codes are not influenced by the reinforcement type. Hence, this disparity in the
prediction of bond is mainly because MC2010 takes into account the characteristic yield strength of
the reinforcement and a higher reduction factor is applied for the rebar with greater characteristic
yield strength. Since the 12 mm stainless steel rebar (grib-rib) has relatively higher strength property

compared with the other bars, a lower bond strength is predicted.

Similar conclusions are found for the design anchorage and lap lengths, as both Eurocode 2 and
MC2010 provide extremely conservative anchorage and lap lengths compared with those calculated
based on the experimental results. For instance, the anchorage lengths predicted using Eurocode 2 and
MC2010 are higher than the experimental values by around 116% and 310% on average for stainless
steel rebars and by around 281% and 570% for carbon steels, respectively. The equivalent values for
the lap lengths are higher than the experimental results by around 134% and 310% on average for
stainless steel rebars and by around 300% and 570% for carbon steel, respectively. It is clear that
MC2010 is significantly more conservative than Eurocode 2, although it does take more of the

influential material and geometrical properties in to account.

For 10 mm stainless steel, the anchorage lengths obtained using Eurocode 2 and MC2010 are lower
than those for carbon steels by around 13% and 22% on average, respectively. On the other hand, the
equivalent values for the 12 mm stainless steel are higher than those for carbon steels by 29% and
61%, respectively. Similar results are found for the lap lengths, as both Eurocode 2 and MC2010
require shorter lap lengths for the 10 mm stainless steel rebars compared with those for carbon steels
by 7% and 22% on average. However, the codes require greater lap lengths for the 12 mm stainless
steel rebars compared with those for carbon steels by 25% and 60% on average. As discussed earlier,
the differences in the anchorage and lap lengths between stainless and carbon steel rebars are mainly

attributed to the variations of the characteristic yield strength of the reinforcements.

In conclusion, the design bond values given in both Eurocode 2 and MC2010 are shown to be very
conservative compared with the experimental results, even for the stainless steel reinforced concrete
which was shown to have lower bond strength compared with regular carbon steel reinforced
concrete. Therefore, it is concluded that the current design rules can be safely applied for stainless

steel reinforced concrete structures, for the parameter range considered herein. However, the design
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codes provide inaccurate and inefficient predictions, mainly owing to the fact that they are not based
wholly on fundamental principles with all key parameters considered. In the following sub-section,
the design bond-slip model provided in the MC2010 is evaluated for the case of splitting and pull-out
failure modes. Consequently, new bond-slip models are proposed for both stainless steel and carbon

steel reinforced concrete.

5.2 Proposed bond stress-slip curve

The local bond stress-slip relationship is a key factor in design of reinforced concrete structures and
has a significant influence on the crack propagation, stiffness and also integrity and resilience of
members and frames. Owing to the previously-discussed complexity in analysing bond, and the
variety of test conditions and structural applications, a large number of analytical models have been
proposed in the literature to simulate the bond-slip response in reinforced concrete (e.g. [38-41]). The
model which was presented by Eligehausen et al., [42] and then further developed for inclusion in
MC2010 [17] incorporates a more simplistic solution and corresponds to the experimental behavior.

Therefore, this model has been selected herein to evaluate the bond-slip response.

As discussed in the experimental analysis earlier in this paper, stainless steel rebars exhibit relatively
lower bond strengths compared with carbon steel reinforcement. Hence, it is very imperative to
examine the applicability of using the bond-slip model given in MC2010 for concrete members with
stainless steel reinforcement. Since both pull-out failure and splitting failure were experienced in the
tests, the bond-slip response is evaluated in terms of both failure modes. The results presented in this
section are obtained for samples with C40 concrete strength. The details of the bond-slip model given
in MC2010 are described previously in Fig. 1 using Eqgs. 15-18 together with the parameters defined
in Table 2.

Fig. 11 presents the bond-slip curves predicted using MC2010 for the splitting failure mode together
with the corresponding experimental results, for samples with bar diameter of 10 mm and 12 mm. It is
generally shown that the bond-slip response obtained using MC2010 underestimates the experimental
response, in all cases, by quite some margin. It is clear that the current bond-slip model provided in
the MC2010 for splitting failure mode does not reflect the actual behaviour for both stainless steel and

carbon steel, for the test parameters studied herein.

It has been shown in this paper that the bond behaviour for stainless steel reinforced concrete is
different to that of carbon steel reinforced concrete and therefore different bond-slip models are
developed for each. The proposed curves for stainless steel and carbon steel are presented in Fig. 11
using Egs. 15-18 together with the parameters defined in Table 9. The clear space between ribs (Cclear)
is taken as 6 mm in all cases. It is evident from the data presented in Fig. 11 that the proposed curves

provide a more accurate and representative depiction of the experimental behaviour in terms of the
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ascending branch, the ultimate bond strength and also softening range, in all cases. It is observed that
implementing the proposed curves improves the ultimate bond strength by around 22% on average for

stainless steel rebars and 38% for carbon steels.

In addition to the bond stress-slip relationship, the expression given in Eq. 20 previously for the
ultimate bond strength for the splitting failure mode has been updated based on the analysis presented

herein for stainless steel and carbon steel, as presented in Egs. 22 and 23, respectively:

_as £ 025 ¢, 0.2 Conin\ %2 /Cra) 1 - (22)
Tousplit = 89Nz (5 ry e Co + Ky Ker

0 £07\ 025 12592 [/C,i 1033 /C, o\ O K (23)
Tousplit = 1Mz {5 ry b Co + K Ker

Fig. 12 presents the bond-slip curves predicted using the MC2010 for pull-out failure, together with
the corresponding values from the experimental programme, for both stainless and carbon steel
reinforcement. Generally, it is clear that the MC2010 bond model does not reflect the actual bond-slip
behaviour for either stainless steel or carbon steel reinforced concrete. For example, the MC2010
bond model results in a softer response in the ascending and descending branches and lower ultimate
bond strength as well as an overestimation of the residual bond strength, compared with the
experimental data. Moreover, the de-bonding part of the response is simulated in MC2010 as a
linearly descending branch followed by constant level of the residual bond stress. It is very clear that
this is quite different from the behaviour observed during the tests where the bond stress decreased

gradually in an exponential manner.

The shape of the proposed bond model for the pull-out failure mode are presented in Fig. 13, together
with the current model provided in MC2010. Since the post-peak region of the response has already
been shown to be inaccurately represented by the MC2010, an exponential curve is implemented in
order to reflect the experimental behaviour. The bond stress for the proposed model are calculated as a
function of the relative displacement as given in Egs. 24-26 and shown in Fig. 13. By comparing the
proposed models with experimental responses, as presented in Fig. 12, it can be seen that the proposed
models are in excellent agreement with experimental responses especially in the post-peak range, for
both stainless steel and carbon steel reinforced concrete. It is believed that implementing these
changes in the codes of practice will ensure providing more accurate and efficient design rules, which
is extremely important for all structures, but particular those containing stainless steel reinforcement

owing to its high initial cost.

Tp = Thmax (5/51)" for 0<s<s, (24)
Tb = Tbmax for St <s<s, (25)
T = Thmax (S2/5)™ for s, <s (26)

17



The parameters in these expressions are defined in Table 10.

6. Conclusions

Stainless steel reinforcement is receiving increasing attention from the construction sector, in response
to the ever-increasing demands for structures and infrastructure to be more resilient, durable and
efficient compared with traditional designs. The bond study presented herein fills significant
knowledge gaps and enables stainless steel reinforcement bars to be specified in design with more
confidence. This paper presents a detailed analysis of the bond behaviour between stainless steel
reinforcement and the surrounding concrete, including both experimental and design analysis.
Following this detailed study, the following key findings and recommendations for international codes

of practice are presented:

o For the range of data examined here, it is observed that the stainless steel rebars exhibit lower
ultimate bond strength compared with that of carbon steels by around 28% on average.

¢ In general, the samples with stainless steel exhibit a more rapid reduction of bond strength in
the softening range compared to those with carbon steel, as well as lower residual bond values
in the case of pull-out failure.

e It is shown that the samples with relatively higher concrete strength exhibit greater bond
strength. However, the influence of concrete strength becomes less significant after a certain
strength level.

e The design bond values given in both Eurocode 2 and MC2010 are shown to be very
conservative compared with the experimental results, even for the stainless steel reinforced
concrete.

e Itis concluded that the current design rules can be safely applied for stainless steel reinforced
concrete structures, for the parameter range considered herein. However, the design codes
provide inaccurate and inefficient predictions, mainly owing to the fact that they are not based
wholly on fundamental principles with all key parameters considered.

e |t is generally shown that the bond-slip response obtained using MC2010 underestimates the
experimental response, in all cases, by quite some margin, which does not reflect the actual
behaviour for both stainless steel and carbon steel, for the test parameters studied herein.

e The post-peak region of the response has already been shown to be inaccurately represented
by the MC2010, therefore it is suggested to implement an exponential curve in order to reflect
the experimental behaviour.

e Consequently, new bond-slip models with calibrated design parameters are proposed for both

stainless steel and carbon steel reinforced concrete, to accurately depict the true behaviour.
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Fig. 2: Concrete compression testing machine.

Fig. 3: Cylindrical concrete samples capped with sulphur.



Fig.4: Rig used for the casting of the pull-out specimens.



T Force

Restrained plate—ﬂﬂ “h
PVC tube 8
Restrained plate—=" = o
PVC tube 3 Q
Specimen 3 Specimen Q
w

T T ] T

110 200
(b) (c)

Fig. 5: Pull-out test arrangement including (a) an image of the testing machine, (b) a schematic of the
pull-out set-up for Phase 1 and (c) a schematic of the pull-out set-up for Phase 2. All dimensions are

given in mm.
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Fig. 6: Stress-strain curves of stainless steels and carbon steels (a) full curve and (b) more detailed

view of the elastic region.



(b)

Fig.7: Failure mode for specimens with stainless steel reinforcement from (a) phase 1- splitting failure

and (b) phase 2- pull-out failure.

20 |
- = =SS-D12-C20-1
IX“ —(CS-D12-C20-1
15 - = =S§S-D10-C20-1 | |
& — CS-D10-C20-1
IS
£
Z "\’ \
A 10 il\\ “
[«B]
5 Vo
o ( \
S SRV
5 %
)
Y
v
‘ = ~-¥ e
O = = —‘ p———— _—1—-'#-———__ —————— — -
0 5 10 15 20
Slip (mm)



30 |
- = =S85-D12-C40-1
- = =S§S5-D10-C40-1
—~ a — CS-D10-C40-1
‘20 4+
E W
< V
A No
215 4\
SN \
-g \\\\ \ N
S 10 SN
Vo
\ \
\
5 \‘ S \
\ \\\ \
0 SN e S \
0 5 10 15 20 25 30
Slip (mm)
(b)
30 |
- = =S85-D12-C60-1
25 CS-D12-C60-1 |
X \\ -~ - -$5-D10-C60-1
< 0 M ———CS-D10-C60-1 | |
= LEEN
Z N
N— \ \
2 15 1+ N
SRR
b4 \
[y \ N R
& 07 "\ \ s
\ S o
5 : RN
|} ~
o\ S~
\ ~<
0 \___"-‘___¥_’_- — \\\__
0 5 10 15 20 25 30
Slip (mm)
(c)

Fig. 8: Splitting bond stress-slip curves for carbon and stainless steel reinforcements with concrete
strength (a) 20 MPa (b) 40 MPa and (c) 60 MPa.
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C40 and C60 for (a) stainless steel and (b) carbon steel rebar.
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Fig. 11. Comparison of the experimental bond stress-slip curves and MC 2010 model for splitting
failure mode for samples with reinforcement which is (a) 10 mm in diameter and (b) 12 mm in

diameter.
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Table 1: Determining n, coefficient.

Characteristic strength of the N4
reinforcement fyx (MPa)
400 1.2
500 1.0
600 0.85
700 0.75
800 0.68

Table 2: Parameters defining the bond stress-slip relationship.

Pull-out failure Splitting failure
(unconfined)

Thmax 2.5(fm)"> 2.5(fom)">
Thu split - Eqg. 20

S1 1.0 mm S(Tpu split)

S2 2.0 mm S1

S3 Cclear 1.2s;

a 0.4 0.4

Thf 0.4ty max 0

Table 3: Concrete mix proportions.

Mix proportions (kg/m®) Mean
Target w/c | Cement | Water Sand Coarse | Aggregate Super compressive
concrete | ratio | (kg/m®) | (kg/m®) | (kg/m®) | aggregate size Plasticizer strength
grade (kg/m?) (mm) (kg/m?) (MPa)
C20 0.75 304 229 990 862 4-14 - 24.5
C40 0.53 365 195 736 1117 4-14 - 33.7
C60 0.36 450 164 751 1088 5-16 5.9 51.2




Table 4: Geometrical properties of the reinforcing bars.

Material Bar Maximum Rib Rib Fr area of a | Relative
diameter| Rib height | spacing | inclination single rib rib area
(mm) (mm) (mm) B) (mm?) (fe)
Stainless steel 10 0.67 9.34 50° 5.74 0.030
Stainless steel 12 0.75 7.58 55° 7.19 0.062
(grib-rib)
Carbon steel 10 1.03 6.85 55° 7.74 0.059
Carbon steel 12 1.16 7.04 60° 10.13 0.066

Table 5: Ranges for rib parameters for stainless steel [31] and carbon steel [32].

Rib height (mm) Rib spacing Rib inclination | Min relative rib area for 10
(mm) (4] and 12 mm bar diameter (fp)
0.03d - 0.15d 0.4d-1.2d 35 -75 0.04




Table 6: Mechanical properties of the reinforcements.

. Ultimate Modulus of -
. Diameter Yield stress strength elasticity Ductility
Material fy %
(mm) (N/mm?) fu E (mm/mm)
(N/mm?) (N/mm?)
Stainless steel 10 515 790 200899 32.39
Stainless steel 12 715 868 184000 21.05
(grib-rib)
Carbon steel 10 589 661 201368 12.49
Carbon steel 12 554 635 211766 9.21
Table 7: Ultimate bond strength results of the pull-out tests.
Difference
Mean ) )
Bar Ultimate in the
measured ] ) )
) ) diameter, Failure bond Standard ultimate
Specimen compressive o
o) mode strength, T | deviation bond
strength, fem
(mm) (MPa) strength,
(MPa)
SS/CS (%)
SS-D10-C20-1 Splitting 12.1 0.75
10 -24.4
CS-D10-C20-1 24.5 Splitting 16.1 0.77
SS-D12-C20-1 12 Splitting 12.0 0.49
-35.2
CS-D12-C20-1 Splitting 18.5 0.51
SS-D10-C40-1 Splitting 21.3 1.56
10 -15.6
CS-D10-C40-1 Splitting 25.2 1.36
33.7
SS-D12-C40-1 Splitting 18.9 1.19
12 -27.8
CS-D12-C40-1 Splitting 26.1 0.82
SS-D10-C40-2 Pull-out 14.2 2.00
10 -46.1
CS-D10-C40-2 Pull-out 26.3 1.09
34.5
SS-D12-C40-2 Pull-out 17.5 1.83
12 -34.3
CS-D12-C40-2 Pull-out 26.6 0.60
SS-D10-C60-1 Splitting 22.4 1.28
10 -15.0
CS-D10-C60-1 Splitting 26.4 1.30
51.2
SS-D12-C60-1 Splitting 22.7 0.59
12 _ -25.1
CS-D12-C60-1 Splitting 30.26 0.64




Table 8: Results comparison with codes predictions

Specimens Mean Design bond strength, Design anchorage length, Design lap length,
measured fod g lo
compressive (MPa) (mm) (mm)
strength, fom | Exp | EC2 | MC2010 | Exp | EC2 | MC2010 | Exp EC2 | MC2010
(MPa)
SS-D10-C20-1 4.1 3.1 3.1 190 | 256 360 190 256 360
CS-D10-C20-1 8.1 3.1 2.8 111 293 464 111 293 464
SS-D12-C20-1 245 4.0 3.1 2.1 325 | 427 878 325 427 878
CS-D12-C20-1 10.5 3.1 2.6 96 331 547 96 331 547
SS-D10-C40-1 13.3 4.1 3.9 59 192 290 59 200 290
CS-D10-C40-1 33.7 17.2 4.1 34 52 219 373 52 219 373
SS-D12-C40-1 10.9 4.1 2.6 120 | 320 707 120 320 707
CS-D12-C40-1 18.1 4.1 3.3 56 248 441 56 248 441
SS-D10-C40-2 6.2 4.2 3.9 127 187 284 127 200 284
CS-D10-C40-2 18.3 4.2 3.5 49 213 365 49 213 365
SS-D12-C40-2 - 9.5 4.2 2.7 138 | 311 692 138 311 692
CS-D12-C40-2 18.6 4.2 3.3 54 241 431 54 241 431
SS-D10-C60-1 144 5.8 5.0 54 135 222 54 200 222
CS-D10-C60-1 18.4 5.8 4.5 49 154 286 49 200 286
SS-D12-C60-1 oL 147 5.8 34 89 225 542 89 225 542
CS-D12-C60-1 22.3 5.8 4.3 45 174 338 45 200 338

Table 9: Parameters details for the proposed splitting bond-slip model.

Splitting failure (unconfined)

Current model in | Proposed model | Proposed model
MC2010 for stainless steel | for carbon steel
Thmax 2.5(fem)> 3(fem) 4(f) 0
Thu split Eq. 20 Eq. 22 Eq. 23
S1 S(Tbu split) 0.58(Tpu split) 0.55(Tpu split)
S S1 S1 S1
S3 1.2s; Cclear 1.5Cctear
a 0.4 0.4 0.4
T 0 0 0




Table 10: Parameters details for the proposed pull-out bond-slip model.

Pull-out failure

Current model in

Proposed model

Proposed model

MC2010 for stainless steel | for carbon steel
Thmax 2.5(fem)> 2.4(fm)0> 4(f) 0
S1 1.0 mm 0.5 0.2
S2 2.0 mm 2 1
S3 Celear - -
a 0.4 0.4 0.4
a - 0.9 0.6
Tpf 0.4ty max - -
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