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Duplex stainless steel (DSS) is an emerging construction material for structural engineering, which is featured
with high mechanical strength and superior corrosion resistance. Compared with considerable research on DSS
structural members, available research is relatively limited for structural joints/connections between these
members. In line with this concern, this paper presents a comprehensive experimental and numerical study of

Anisot . . . . .
Dzzfg)nr?i,tho 4 duplex stainless steel bolted connections (DSSBCs), focusing on the behaviour and design related to block shear
Reliability failure. Eleven specimens are tested to investigate the effect of different bolt arrangements on the block shear

behaviour. Furthermore, a detailed numerical study was performed as a supplement to the experimental tests,
where the anisotropic mechanical properties of DSS are considered in the finite element modelling. Based on the
test and analysis results, it is found that the block shear failure mode of DSSBCs resembles that of carbon steel
bolted connections, which can be characterised as necking of the tensile section and yielding of the shear sec-
tions. Using the experimental and numerical data obtained in this and previous studies, the applicability of
various block shear design methods to stainless steel bolted connections is assessed. An updated design method is
proposed for predicting the block shear capacity of duplex and austenitic stainless steel bolted connections. A
proper partial safety factor/resistance factor is suggested for the proposed method based on the results of reli-
ability analyses.

1. Introduction

In the past few decades, the application of duplex (austenitic-ferritic)
stainless steel (DSS) in construction has attracted increasing interests in
research and engineering communities [1]. Compared with other widely
used categories of stainless steel, i.e. austenitic and ferritic, DSS has
higher mechanical strength (especially yield strength) and greater
resistance to pitting corrosion [1]. In addition, a newly developed
duplex family, known as lean duplex stainless steel, is featured with
relatively low nickel content and competitive material cost compared
with other stainless steel grades [2]. Due to these benefits, DSS has been
applied in a number of iconic construction projects where the life-cycle
performance is a major design consideration: representative examples
include the Sagrada Familia [3] in Barcelona, Spain and the Stonecutters

bridge in Hong Kong, China [4]. Despite the great potential of using DSS
as a construction material, the design methodology of DSS structures is
still not fully addressed in many aspects. A particular uncertainty exists
in the structural design of duplex stainless steel bolted connections (lap
shear connections), where the potential failures related to net section
fracture, bearing (or tear out), block shear and bolt fracture should be
properly considered.

Early investigations on the structural behaviour of stainless steel
bolted connections (SSBCs) can be traced back to the 1970 s. Errera et al.
[5] conducted 25 tests of SSBC between thin-gauge austenitic stainless
steel (grade 301) sheets. Four failure modes, namely net section fracture,
bearing, tear out and bolt fracture were identified from these tests.
SSBCs made of thick (with thickness t > 8 mm) hot-rolled stainless steel
plates were tested by Ryan [6], who incorporated the three major
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stainless steel categories, i.e. austenitic, ferritic and duplex. Their test
specimens exhibited bearing, net section and bolt failures. Based on the
test data of Ryan [6], Bouchair et al. [7] conducted numerical analysis of
splice and T-stub connections made of hot-rolled austenitic stainless
steel. More specific analyses were performed by Salih et al. [8,9] on
bearing and net section failures of austenitic stainless steel bolted con-
nections (ASSBCs). Jiang et al. [10,11] investigated the behaviour of
bolted stainless steel connections between angles/channels and plates.
Jiang and Zhao [12] introduced a machine learning-assisted design
method for stainless steel bolted connections. Experimental tests of
cold-formed SSBCs (with relatively thin plates) were reported by Kim
etal. [13-16], Talja and Torkar [17], Cai and Young [18-20], dos Santos
et al. [21], Sobrinho et al. [22] and Jiang and Zhao [23], covering all
stainless steel categories and failure modes. For these thin sheet con-
nections, the curling effect was frequently encountered [13-16,22-24],
which has a negative influence on the ultimate capacity. Moreover, the
mechanical properties of cold-formed stainless steels are slightly
different (typically with higher strength and lower ductility) from those
of hot-rolled stainless steels due to the cold working effect. In addition to
the investigations of connections at ambient temperature, the
high-temperature performance of cold-formed SSBCs was investigated
by Cai and Young [25-27]. More recently, Song et al. [28,29] and
Stranghoner and Abraham [30,31] studied the failure mode and design
of stainless steel bolts subjected to tension, shear and combined loading.
Stranghoner et al. [32] and Zheng et al. [33] investigated the behaviour
and design of slip-resistant SSBCs. Dobri¢ et al. [34] examined the net
section, bearing and block shear failures of duplex stainless steel bolted
connections (DSSBCs) through finite element analysis. In addition to the
research on stainless steel lap shear connections, the behaviour of
stainless steel beam-to-column joints with bolted connections were
recently investigated by Hasan et al. [35,36], Elflah et al. [37-39], Bu
et al. [40], Gao et al. [41,42] and Song et al. [43,44,74].

Available test data of SSBCs (lap shear connections) reported in
previous studies [5,6,13-17,21,22,45,46] are analysed and visualised in
Fig. 1, where a total of 216 individual tests were collected and classified
by failure mode (net section, block shear and bearing/tear out failures),
material (austenitic, ferritic and duplex) and plate thickness (4 mm is
defined as the boundary of thin and thick plates [47]). The tests
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Fig. 1. Statistical analysis of available tests of bolted lap shear connections
made of stainless steel.
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performed at elevated temperature, as well as those exhibiting bolt
failure, were excluded from the analysis considering the specific focus of
the present study. From Fig. 1, it can be clearly noticed that most of the
existing tests examined the bearing and net section failures of SSBCs,
whilst relatively limited tests (16.6%, or 36 tests) were reported on
block shear failure. Moreover, these limited tests mainly worked on
connections made of thin (cold-formed) stainless steel sheets. Only 5
tests of thick-plate connections (made of 4.5 mm ferritic stainless steel
plates) were reported to fail in block shear [17]. It is noteworthy that
there is still no test data of austenitic or duplex SSBCs made of hot-rolled
plates. Compared with cold-formed plates, thick hot-rolled stainless
steel plates are cheaper and more preferable for structural elements in
heavy engineering applications Therefore, it will be imperative to
conduct more tests to examine the block shear behaviour of hot-rolled
stainless steel connections. Moreover, the provisions for SSBCs in
recent design guides of stainless steel structures [48,49] basically
reproduce the design rules for carbon steel connections [50,51], with
some minor modifications to the design for bearing and bolt failure.
There is no specific design method for block shear of SSBCs in existing
design guides [48,49], which is probably due to the lack of relevant test
data and the uncertainty of the block shear behaviour of SSBCs.

In line with the above research need, this study investigates the block
shear behaviour and design of hot-rolled duplex stainless steel bolted
connections (DSSBCs). The block shear behaviour of hot-rolled austen-
itic stainless steel bolted connections (ASSBCs) was examined in a
companion study reported elsewhere [52]. Experimental tests and nu-
merical analysis were performed to examine the block shear behaviour
of DSSBCs, which was compared with those of ASSBCs and carbon steel
bolted connections. Based on available test and numerical data, various
design methods were evaluated and compared for bolted connections
made of different materials. A unified design method was subsequently
proposed for predicting the ultimate block shear capacity of ASSBCs and
DSSBCs. Reliability analyses were performed to determine a proper
partial safety factor/resistance factor for the proposed method.

2. Experimental tests
2.1. Test programme

2.1.1. Test design and setup

Thirteen DSSBC specimens were designed and tested, including
eleven specimens designed to fail in block shear. The other two speci-
mens were expected to fail in net section fracture and end tear out,
which were used for calibrating the finite element models. All the
specimens were fabricated from a hot-rolled DSS plate with a nominal
thickness of 6 mm. 2205 (EN 1.4462) DSS was selected for the tests, as it
is one of the most commonly used duplex grades in practical engineer-
ing. The mechanical properties of 2205 DSS are also representative of
the entire duplex category.

Fig. 2 shows a typical setup of the connection tests, which were
designed to be loaded in double shear to eliminate any eccentricity of
loading. Based on the purpose of the tests, the deformation and failure of
the connection was designed to concentrate in the 6 mm-thick middle
plate (test specimen) made of DSS. High strength steel (with yield
strength greater than 1100 MPa) was used to fabricate two 8 mm-thick
cover plates, which remained in the elastic regime during testing.
Similarly, high strength Grade 12.9 bolts were used for the connections
to avoid premature bolt failure. The strength of these bolts is comparable
to that of high strength duplex bolts [29] which can be used for con-
necting duplex members in practical engineering. To exclude the effect
of friction (between the cover plates and the middle plate) on the test
results, a 7 mm-thick shim plate was inserted between the cover plates
to create a gap distance of 1 mm greater than the middle plate thickness.
Nuts were installed but kept in a loose condition during testing to avoid
closure of the gap. The connections were loaded in a universal testing
machine with 500 kN load capacity. The connection deformations
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Fig. 2. Setup of connection tests: (a) details of test setup and measuring devices; (b) photo during testing.

(relative displacements of the middle plate and the cover plates) were
measured by a pair of linear variable differential transformers (LVDTs)
attached to the connection (see Fig. 2).

To achieve the expected failure mode, the geometry and bolt

arrangement were carefully designed for each specimen. Table 1 sum-
marises the design variables of all the test specimens, where the impli-
cations of different variables are also illustrated. The designation of the
specimens was defined to incorporate the values of the main design

Table 1
Summary of specimen design and test results.
Ultimate
Hole Bolt Number e w Failure Eftsi:ite loads‘
Geometry Specimen  diameter . of bolt ! P p2 predicted
size (mm)  (mm) (mm) (mm) mode load Rest by FEA
dp (mm) TOWS My, y
(kN) E—
Rega/Reest
DX 1302 2 39 39 39 78 Net . 237.82 1.003
39 .39 39 13 Mi2 section
w DX-13b1- End
1 16 - 60 142 153.23 0.997
e, P2 e, 16.00_60 tear out
DX-11b1-
‘ ‘ 17.00.26 1 17 - 26 130 152.58 1.011
e, DX-11bl-
1 2 - 2 1 188. 1.
. { O O ,, 24002 4 6 30 88.90 007
2 7 DX-11b2-
O A 17.24 26 2 17 24 26 136 248.80 1.006
DX-11b2-
24 24 26 2 24 24 26 180 286.85 1.002
DX-11b2-
17.31.26 11 M10 2 17 31 26 180 288.77 1.003
DX-11b2- Block
31.31.26 2 31 31 26 194 shear 354.30 1.004
DX-11b2-
” 17.24 40 2 17 24 40 194 323.15 1.008
DX-11b3-
17 24 26 3 17 24 26 136 332.72 0.995
DX-11b4-
17 24 26 4 17 24 26 194 427.57 0.998
DX-14b1-
22.00.33 14 M12 1 22 - 33 180 193.06 1.008
DX-14b2-
22,3133 14 M12 2 22 31 33 194 318.22 1.001
Mean 1.004
CoV 0.4%
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parameters. For example, the middle part of DX-11b2-17_24_26 means
the specimen has 11 mm-diameter bolt holes and 2 rows of bolts (with
two bolts in each row, perpendicular to the loading direction); the last
six digits divided by “_” represent the pattern of the bolt arrangement (i.
e. e; = 17 mm, p; = 24 mm, p, = 26 mm). For specimens with only one
row of bolts, the value of p; is written as “00” in the designation (e.g. DX-

14b1-22_00_33).

2.1.2. Material tests

The mechanical properties of the DSS plate were measured from a
series of standard tensile tests [53]. The test samples were extracted
from the raw plate along the longitudinal (along the rolling direction,
parallel to the loading direction of the connection specimens) and
transverse directions of the plate to examine the isotropy of the material.
Fig. 3 shows the (engineering) stress-strain curves of the 2205 plate
obtained from four individual tensile tests (two for longitudinal and two
for transverse directions). Table 2 summarises the key mechanical
properties of the material, which were averaged based on the two tests
for each direction. The dynamic effect was excluded from the
stress-strain curves and mechanical properties following the procedure
proposed by Huang and Young [54]. It can be noticed from Fig. 3 and
Table 2 that the tested 2205 DSS exhibited relatively large anisotropy:
the yield/ultimate strength in the transverse direction is significantly
higher (by 7-8%) than that in the longitudinal direction; whilst the
ductility (measured by the fracture stain &) in the transverse direction is
around 10% lower than that in the longitudinal direction. The elastic
modulus measured in the transverse direction is around 17% higher than
that measured in the longitudinal direction. The anisotropy of DSS
material originates from the microstructure of DSS plates, which com-
poses highly elongated lamellae of ferrite and austenite that possess
unusually sharp preferred crystallographic orientations [55]. Similar
anisotropy in terms of strength, ductility and elastic modulus were also
observed in previous material tests of DSS [56,57]. From the present and
past [52,56,57] material tests, it is also noteworthy that the elastic
modulus of austenitic/duplex (generally being around 200 GPa) is
typically slightly lower than that of common carbon steel.

In Fig. 3 and Table 2, the stress-strain curves and mechanical prop-
erties of the tested DSS plate are also compared with those of other
structural steels reported in previous studies [52,58], including a grade
304 austenitic stainless steel plate, as well as Q345 and Q960 carbon
steel plates. As can be seen, the yield (Fy 2) and ultimate (F,) strengths of
the DSS (2205) lie in between those of Q345 and Q960 carbon steels.
The 304 steel possesses comparable ultimate strength to the DSS, and
significantly lower yield strength than the other materials. The resultant
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Fig. 3. Stress-strain curves of the duplex stainless steel plate and comparison
with other materials.
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ultimate-to-yield strength ratio (F,/Fy) of the DSS is around 1.34 for both
directions, which is slightly higher than those of the carbon steels, and
remarkably lower than that of the 304 steel (2.90). The ductility (ef) of
the 2205 DSS is in between those of the austenitic and carbon steels.

2.1.3. Loading procedure

To assist the identification of the block shear mode, lines were
marked on each specimen before testing, along three critical failure
planes (see Fig. 4). These include the net tensile plane along the line
passing the centres of the 1st (innermost) row bolt holes, as well as the
net and gross shear planes passing the centres and the outer edges of the
bolt lines along the loading direction. The connections were loaded
monotonically with a stroke rate of 0.15-0.3 mm/min. The loading was
paused at 1.5, 3 and 4.5 mm connection displacements to obtain the
corresponding static loads. The testing was ceased immediately after
reaching the ultimate load, at which the connection was unloaded and
dissembled to enable visual inspection of the block shear mode of the
middle plate. The connection was subsequently reassembled and
reloaded until complete fracture of the middle plate. For most of the
specimens, unloading/reloading was conducted once more following a
sudden load drop observed from the load-displacement curve. This al-
ways corresponded to a major fracture of the middle plate. It was
observed in the tests that the unloading and reloading branches of the
load-displacement curve before and after each dissembling overlapped
satisfactorily for all the specimens. A continuous load-displacement
curve can be hence generated by splicing the unloading and reloading
curves (see Fig. 5). The load-displacement curves recorded in the tests
were converted to the static load-displacement curves following the
procedure outlined in Refs. [43,52], as shown in Fig. 5. For the sake of
cleanliness, the portions corresponding to pauses and unloading/-
reloading were removed from the finalised load-displacement curves
(see Fig. 6 for example).

2.2. Test results

2.2.1. Load-displacement response and block shear mode

The (static) load-displacement curves and failure modes (photo-
graphed following each unloading and the end of test) of three repre-
sentative block shear specimens are illustrated in Fig. 6. Fig. 7 shows the
test load-displacement curves of all the block shear specimens, with
their ultimate loads summarised in Table 1. It was observed that all the
block shear specimens failed in a similar manner. At the ultimate load
(see State 1 in Fig. 6), all the specimens showed obvious necking along
the net tensile plane, and significant shear deformations (indicating
yielding of the shear regions) between the net and gross shear planes.
This was followed shortly by a sudden drop of load, corresponding to
fracture of the net tensile section (State 2 in Fig. 6(a) and (b)). Up to this
state, there was no sign of cracking/fracture around the shear planes. At
the final failure state (State 3 in Fig. 6(a) and (b), State 2 in Fig. 6(c)),
shear fractures formed between the net and gross shear planes, with the
net tensile section being pulled apart significantly at the meantime.
Thereafter, the load capacity of a connection was practically lost, and
the testing was therefore terminated.

The test results of the two specimens that exhibited net section and
tear out failures were mainly used for calibrating the numerical model,
which will be presented in Section 3.2.

2.2.2. Comparison with austenitic stainless steel and carbon steel bolted
connections

The experimental block shear behaviour of DSSBCs was compared
with those of ASSBCs and carbon steel bolted connections. Fig. 8(a)
shows the load-displacement responses of DSSBC specimen DX-
11b2-17_24_26, as well as two carbon steel (Q345 and Q960) [58] and
an ASSBC [52] specimens that have the same bolt arrangement as
DX-11b2-17 24 26. It is apparent that the deformation capacity
(measured by the displacement at the peak load) of the DSSBC specimen
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Table 2
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Mechanical properties of the tested duplex stainless steel plate (2205) and comparison with other materials.

Mechanical properties (average values of multiple tests)

Direction of
specimen

Steel
category

Nominal plate
thickness (mm)

Elastic
modulus E
(GPa)

Grade

Ultimate
strength F,
(MPa)

Fracture
strain &7 (%)

Ultimate
strain ¢, (%)

Yield strength
Fy.2 (or Fy) (MPa)

Strength
ratio F,/Fy

2205 (EN
Duplex 1.4462) 6
304 (EN
1.4301)
Q345 6 - 210

Q960 5 - 203

186.1
217.1

Longitudinal
Transverse

Austenitic Longitudinal 201.4

Carbon
steel

539.2
579.4

721.0
776.4

1.34
1.34

26.1
22.8

43.4
39.2

260.8 755.9 2.90 57.6 64.7

456 564
932 1022

1.24 14.2
1.10 6.2

26.7
14.6

Loading direction

SEQE INet shear |
plane :

Fig. 4. Failure plane definitions for block shear.
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Fig. 5. Loading procedure and processing of load-displacement curve.

is higher than those of the carbon steel specimens, and lower than that of
the ASSBC specimen. This echoes the relative ductility of the four ma-
terials as shown in Fig. 3 and Table 2. The block shear modes of the four
specimens at the peak/ultimate load (PL) and after the sudden fracture
(AF) are shown in Fig. 8(b)-(e), where one can see that the block shear
modes of the DSSBC and carbon steel specimens are similar (see Fig. 8
(b)-(d)): at the ultimate load, all the specimens exhibited necking of the
net tensile section and yielding of the shear sections (tensile necking and

shear yielding). The following sudden load drops of these specimens
were attributed to fracture of the net tensile section, with no fractur-
e/cracking observed in the shear regions. This block shear mode is
actually the one assumed in most of the previous studies [58-63] and
design provisions [50,51,64,65] for block shear design of carbon steel
bolted connections. Different from the DSSBC and carbon steel speci-
mens, cracking of the shear regions was observed in the ASSBC specimen
at the ultimate load, along with necking of the net tensile section (tensile
necking and shear cracking, see Fig. 8(e)). Shortly after attaining the
peak load, sudden fractures occurred in both the tensile and shear re-
gions, leading to a significant load drop. Moreover, it is worth
mentioning that with different bolt arrangements, two more block shear
modes (corresponding to the ultimate load) were observed for ASSBCs,
namely tensile necking and shear yielding, as well as tensile yielding and
shear cracking [52]. The unique block shear modes of ASSBCs compared
with their duplex and carbon steel counterparts were deemed to be due
to the very high ductility of austenitic stainless steel, which enabled
early shear cracking before fracture or even necking of the tensile
section.

3. Numerical analysis
3.1. Finite element model

Finite element (FE) models were developed using the ABAQUS
software [66] to further examine the block shear behaviour of DSSBCs,
and generate more data for the evaluation of design methods. Fig. 9
shows the FE model of connection specimen DX-11b2-24_24 26, which
is the one illustrated in the test setup (Fig. 2). Taking advantage of the
symmetry, one-fourth of the entire connection was modelled to reduce
the computation time. The planes of symmetry (PoS) in YZ and XY
planes were restrained against the displacements in X- and Z-directions
respectively (see Fig. 9). The load was applied by controlling Y-axis
displacements of two reference points labelled as RP1 and RP2, which
were coupled with the movements of both ends of the connection
through “Rigid body” constraints.

As shown in Fig. 10, a mesh sensitivity analysis was performed on a
typical connection model (DX-11b2-24 24 26) to determine an opti-
mum combination of mesh size and element type of the models. Rela-
tively fine meshes (with a minimum mesh size of around
0.1 x0.4 x0.5 mm, representing length in loading direction x length in
transverse direction x length in thickness direction) with the element
type “C3D8I” (3D brick element having 8 integration points) were
finally employed for the middle plate, where large plastic deformations
and fractures are expected to occur. It was noticed that coarser meshes
may not be able to accurately simulate the necking and fracture
behaviour of the middle plate in the tensile region (see Fig. 10). On the
other hand, finer meshes (with a minimum size of 0.05 x0.25 x0.5 mm)
led to almost identical simulation results at a much higher computa-
tional cost. Coarser meshes (around 2 x2 x2 mm) with C3D8R elements
(3D brick element having 1 integration point) were employed for the
cover plate and bolts that experienced limited deformations. The contact
in the normal direction was defined as infinitely rigid. To accurately
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Fig. 6. Typical load-displacement curves and failure modes: (a) Specimen DX-11b1-24_00_26; (b) Specimen DX-11b2-17_24_40; (c) Specimen DX-11b4-17_24 _26.

simulate the actual testing condition (described in Section 2.1.1), the
friction effect was minimised by modelling the initial gaps between the
cover plates and middle plate. The analysis was performed using the
ABAQUS/Explicit module. The step time was set as 0.5 s, which is suf-
ficient to ensure a quasi-static loading condition with relatively small
kinetic energy (<10% of the internal energy) [66]. A localised mass
scaling was assigned to the model (especially the middle plate) to further
accelerate the analysis without disturbing the results.

3.2. Modelling of duplex stainless steel material

Accurate modelling of the constitutive and fracture properties of DSS
is of paramount importance to correctly simulating the block shear
failure of DSSBCs. In Ref. [44], the authors outlined a simple yet satis-
factorily accurate framework for modelling the full-range plasticity and
fracture of stainless steel with only four parameters. It has been
demonstrated that the proposed framework is suitable for ASSBCs [52],
where the failure planes are mainly in plane stress states. Within this
framework, the uniaxial constitutive relationship of the material is

defined by:
e=In(l+¢),0,=0(1+¢)(e<e,) 1
6, =0 [weexp(e, — &) + (1 —w)](e>e) )

w=1/[14+a (e —¢e.)"] )

where o/¢ and o,/¢; are the engineering stress/strain and the corre-
sponding true values. the additional subscript “u” indicates the ultimate

stress/strain at the onset of necking. w is a weight average factor
determining the stress-strain characteristic in the post-necking range,
which is controlled by two parameters a; and ay calibrated through
matching the tested engineering stress-strain curves of tensile coupons
with those simulated by finite element analysis (FEA).

Alongside the constitutive model, the criterion proposed by Lee and
Wierzbicki [67] is adopted for modelling the fracture behaviour of

stainless steel materials:
oo, n < —1/3

C,
—L _ 1/3<p<0
(1+3n) / 1

Ci+ (G- BN 0<n<1/3

G,
= 1/3
3’7,'1> /

Eq. (3) defines the fracture strain ¢,y as a function of stress triaxiality
1, where the two parameters C; and C, can be calibrated by two groups
of specimens that exhibited shear- and tensile-dominant fractures,
respectively. The dependency of Lode angle is not considered in the
adopted fracture criterion. As discussed in Ref. [52], the stress states of
the middle plates in the considered bolted connections are largely plane
stress in the majority of loading. Since the parameters of stress triaxiality
and Lode angle are related in a plane stress state, fracture criteria with
both triaxiality and Lode angle dependency will reduce to only one in-
dependent variable, i.e. with only triaxiality dependency.

3

Eplf =
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Fig. 10. Mesh sensitivity analysis of the finite element model.

Within the above framework, the plasticity of the material is
described by von Mises yield criterion and isotropic hardening. This is
appropriate for common carbon steel that can be considered as isotropic
material. However, for the DSS investigated in this study, the significant
anisotropy in stress-strain characteristic necessitates specific consider-
ations in material modelling. In particular, the Hill yield criterion [68]
developed for anisotropic metals was adopted in replacement of the von
Mises criterion. The potential function of the Hill criterion, which is an
extension of the Mises potential function, is expressed as follows:
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where F, G, H, L, M and N are coefficients determining the anisotropy of
the yield surface. Neglecting the anisotropy of shear yield stress, the last
three constants will be equal to 3/2 and Eq. (4) can be reduced to:

flo)= \/F(Uzz —633)" +G(033 —011)’ +H(o11 — 02)” +3(0232 + 032+ 012)
(5)

[N A N S B Y|
C2\R, R ORY)TT 2

171 1 1
_Lrr o r 6
(e =) ©

In Eq. (6), R11, Rg2 and Rg33 are anisotropic yield stress ratios defined
by:

Riv =2 Ry = 2 Ry = 72 @)
0o 00 0o

where oy is a reference yield stress. 6; is the yield stress when o is the
only non-zero stress component. In the present FE models, the orienta-
tions 1, 2 and 3 of the DSS plate (middle plate) were defined as shown in
Fig. 9. The yield stress measured in direction 2 (rolling/loading direc-
tion) was assigned as the reference yield stress oy. The input uniaxial
stress-strain relationship was hence obtained from the coupon tests of
the longitudinal specimens and converted into true values through Eq.
(1). Consequently, Ry is equal to 1.0. The initial value of R;; was
determined referring to the ratios of the yield stresses (Fp 2) and ultimate
stresses (F,) measured in the transverse and longitudinal directions,
taken as 1.076. The yield stress ratio in the through-thickness direction
(R33) is closely related to the lateral contraction of the material in ten-
sion. R33 was determined to be 0.9, through a comparison of the tested
and FE simulated cross-sectional contractions of the tensile coupons. To
exclude the complex effect of necking, such contractions were measured
(measured by a caliper in testing after the end of loading) at the edges of
the gauge length well away from the necking region, where the con-
tractions were solely caused by anisotropic plastic flow in the pre-
necking range. It was observed that the selected combination of yield
stress ratios (1.076, 1.0 and 0.9 for R;7, Ryz and R33) produced a satis-
factory agreement of the tested and simulated contractions in the
transverse and through-thickness directions. In addition, the selected
R33z also led to an accurate simulation of the failure mode (especially the
transverse and through-thickness contraction of the net tensile region
after fracture) of the tensile specimen (DX-13b2-39_39_39), as shown in
Fig. 11(a). It is worth mentioning that the lower yield stress ratio in the
through-thickness direction compared with those in the rolling and
transverse directions may be explained by the unique microstructure of
duplex stainless steel with highly elongated lamellae [55], It may be
postulated that “squeezing” the stacks of lamellae to yielding in the
through-thickness direction requires less force compared with “stretch-
ing” the lamellae to yielding in the rolling/transverse direction. How-
ever, direct investigation on this behaviour was not found in literature
and more research is probably required.

The other material parameters (a;, az, C1, and Cz) were calibrated by
specimens DX-13b2-39 39 39 (tensile specimen) and DX-
13b1-16_00_60 (shear specimen) that failed in net section fracture and
end tear out respectively, where the stress states are representative of
those in the tensile and shear failure regions of a block shear specimen.
The constitutive parameters a; and az were first determined by
comparing the post-peak branches of the test and simulated load-

fle) = \/F(Gzz - 0'33)2 + G033 — 511)2 +H(oy — 022)2 +2L06y3% + 2Mo3,% + 2No )2 4)
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Fig. 11. Calibration of the material parameters by (a) tensile specimen; (b) shear specimen.

displacement curves (a;=2.2, ap=1.5). However, it was noted that the
constitutive parameters calibrated for the tensile specimen were not
equally suitable for the shear specimen: the simulated loads appeared to
be higher than the test values (see Fig. 11(b)). This might be due to the
variation of the anisotropic yield stress ratio R;; with the development
of plastic strain. The shear specimen is particularly affected by R;; since
it is mainly stressed in direction 1. After a series of trial-and-error, Ry
was set to reduce linearly from 1.076 to 0.986 with the equivalent
plastic strain (PEEQ) increasing from O to 0.2. For PEEQ greater than
0.2, R;; maintains constant at 0.986. With the updated R;;, a; and a,
were recalibrated as 3.0 and 1.5. As shown in Fig. 11, the updated
material parameters lead to consistently good predictions for both the
tensile and shear specimens. Finally, the fracture parameters C; (1.5)
and C, (4.5) were determined by matching the test and simulated
fractures of the tensile and shear specimens.

3.3. Model validation

The developed FE models and the calibrated material parameters
were validated by the eleven block shear specimens. Fig. 6 compares the
test and FEA load-displacement curves and block shear modes of three
typical specimens. The test/FEA load-displacement curves of all the
specimens are shown in Fig. 7. As can be seen, the load-displacement
response and failure mode of the tested DSSBCs were accurately simu-
lated by the developed FE models. The ratios of the FEA and test ultimate
loads are given in Table 1, with an average ratio of 1.004 and a coeffi-
cient of variation (CoV) of 0.4%.

3.4. Further analysis and discussions

Using the developed FE models, further analyses were performed to
cover more design parameters of DSSBCs. Table 3 summarises the
adopted parameters for these (76 in total) analyses/models. It has been
demonstrated in a previous study [52] that the middle plate thickness
and bolt hole diameter have very little effect on the block shear
behaviour. These parameters were hence maintained constant (6 mm for
plate thickness, 11 mm for hole diameter) for all the models. The ma-
terials of the middle plate, cover plates and bolts (M10 G12.9) are
consistent with those in the tests. The main parameters varied in the
analyses include the number of bolt rows and the bolt arrangement (e;,
p1 and py, with their implications illustrated in Table 1).

The results of 76 FEA (summarised in Table 3) confirmed again that
the only block shear mode (corresponding to the ultimate load) of

DSSBCs is tensile necking and shear yielding (as shown in Fig. 6). To
further examine the load-carrying behaviour of DSSBCs failing in block
shear, the load-displacement curves obtained from the FEA were split
into those contributed by the tensile and shear sections (see Fig. 12). The
derived loads carried by the tensile section (tensile loads) were
compared with the theoretical ultimate resistance of the net tensile
section, i.e. Ry = F,An: (Apeis the area of the net tensile section, F, takes
the ultimate strength in the longitudinal direction). The loads carried by
the shear sections (shear loads) were compared with the theoretical
ultimate resistance of the “effective shear area” A,,, i.e. R, = 0.6F,A,,,
where A,y = (Agy +Any)/2 (Agy and Ay, are the areas of the gross and net
shear sections, see Fig. 4). The concept of the effective shear area was
first proposed by Clements and Teh [69], based on the observation that
the actual shear failure planes are between the net and gross shear
planes. This basically agrees with the test observations of DSSBCs in this
study (Fig. 6).

The analysis results indicated that the maximum loads reached by
the tensile section ranged from 1.075 to 1.100R,, for all the models. The
actual maximum tensile load is higher than the theoretical value due to
the triaxial stress state existed in the tensile section [70]. The maximum
shear loads of the models ranged from 0.94 to 1.20R,,. It should be noted
that the tensile and shear loads corresponding to the ultimate connec-
tion load (referred to as ultimate tensile and shear loads, see Fig. 12) are
always less than the maximum tensile and shear loads (also marked in
Fig. 12). As shown in Fig. 12, the ultimate tensile load always lies on the
post-peak branch, corresponding to a post-necking state of the tensile
section. On the other hand, the ultimate shear load is always reached
before attaining the maximum load. Fig. 13 shows the normalised ulti-
mate tensile and shear loads (Ry,/Ry: and Ry,/Re,) of all the models,
which are compared with those derived previously for ASSBCs [52]. The
normalised ultimate tensile loads are plotted against the ratio of the
summed lengths of the gross shear planes (2L.) and the length of the
gross tensile plane (py). The normalised ultimate shear loads, on the
other hand, are plotted against the connection length normalised by the
bolt hole diameter (L./dy), where L. is the connection length in the
loading direction, equal to the length of a gross shear plane shown in
Fig. 4.

As shown in Fig. 13(a), the normalised ultimate tensile load of
DSSBCs decreases with the increase of 2L./pz. This can be explained by
Fig. 12, where one can see that with longer shear planes and shorter
tensile planes (greater 2L./pz), the difference of the displacements cor-
responding to the maximum tensile and shear loads tends to be greater.
Consequently, the attainment of the ultimate tensile load (at a
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Table 3
Summary of design parameters and analysis results of numerical models.
Thickness Hole diameter dy Bolt Number of bolt e; D1 P2 Ultimate load Rpgs Ultimate tensile load Ultimate shear load
(mm) (mm) TOWS 1y (mm) (mm) (mm) (kN) Ry, (kN) Ry, (kN)
17 - 26 154.85 70.15 84.70
M0 24 - 26 190.62 70.46 120.16
6 11 G12.9 1 31 - 26 225.47 68.05 157.42
24 - 33 222.90 103.35 119.55
17 24 26 251.97 68.76 183.21
24 24 26 287.80 67.41 220.39
31 24 26 322.06 66.86 255.20
17 31 26 289.77 68.73 221.04
24 31 26 325.21 65.47 259.74
31 31 26 356.35 66.89 289.46
17 24 33 291.77 101.81 189.96
24 24 33 325.86 103.22 222.65
M10 31 24 33 360.11 101.54 258.56
6 11 G12.9 2 17 31 33 327.59 100.86 226.74
24 31 33 361.28 98.94 262.34
31 31 33 393.55 101.28 292.27
17 24 40 326.53 135.85 190.68
24 24 40 361.05 135.11 225.93
31 24 40 395.51 135.38 260.13
17 31 40 360.87 130.80 230.08
24 31 40 394.89 132.47 262.42
31 31 40 427.60 133.90 293.69
17 24 26 331.20 66.60 264.61
24 24 26 383.21 65.64 317.56
31 24 26 411.56 62.31 349.25
17 31 26 416.31 66.92 349.39
24 31 26 447.14 61.57 385.57
31 31 26 478.42 63.53 414.89
17 24 33 387.32 99.31 288.01
M10 24 24 33 417.96 100.16 317.80
6 11 G12.9 3 31 24 33 450.62 97.44 353.18
17 31 33 453.08 100.46 352.62
24 31 33 485.36 98.68 386.68
31 31 33 516.44 100.18 416.26
17 24 40 422.74 133.17 289.57
24 24 40 455.99 133.98 322.01
31 24 40 488.18 130.41 357.77
17 31 40 487.12 133.69 353.43
M10 24 31 40 519.81 132.19 387.62
6 1 G12.9 3 31 31 40 551.04 130.09 420.95
17 24 26 427.57 64.66 362.91
24 24 26 461.27 64.01 397.25
31 24 26 493.15 61.67 431.48
17 31 26 527.82 65.04 462.78
24 31 26 560.68 62.86 497.82
31 31 26 590.72 62.56 528.16
17 24 33 465.16 98.91 366.25
24 24 33 499.53 98.55 400.98
M10 31 24 33 531.81 94.58 437.23
6 1 G12.9 4 17 31 33 565.51 99.99 465.52
24 31 33 599.92 97.21 502.70
31 31 33 631.24 95.65 535.59
17 24 40 501.43 134.43 367.00
24 24 40 537.67 133.23 404.44
31 24 40 570.32 133.39 436.93
17 31 40 600.40 132.02 468.37
24 31 40 635.50 129.47 506.03
31 31 40 668.69 130.41 538.28
17 24 26 508.88 65.86 443.02
24 24 26 543.90 62.43 481.47
31 24 26 574.62 60.62 514.01
17 31 26 618.82 60.25 558.57
24 31 26 645.08 61.95 583.13
M10 31 31 26 662.25 64.31 597.94
6 11 G12.9 5 17 24 33 547.29 99.07 448.22
24 24 33 584.26 97.97 486.29
31 24 33 615.76 97.31 518.45
17 31 33 661.77 96.16 565.61
24 31 33 688.81 95.44 593.37
31 31 33 707.02 95.49 611.53
17 24 40 584.13 132.43 451.70

(continued on next page)
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Table 3 (continued)
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Ultimate shear load

P2 Ultimate load Rpgs Ultimate tensile load

Displacement (mm)

Thickness Hole diameter dy Bolt Number of bolt e; D1
(mm) (mm) TOWS 1y (mm) (mm) (mm) (kN) Ry (kN) Ry, (kN)
24 24 40 622.14 132.19 489.95
31 24 40 655.80 129.55 526.25
17 31 40 699.56 127.87 571.69
24 31 40 727.84 130.69 597.14
31 31 40 746.60 130.87 615.74
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Fig. 12. Distribution of tensile and shear loads in DSSBCs.

displacement between those of maximum tensile and shear loads) is
postponed in the post-necking range, which corresponds to a lower load
level. Different from DSSBCs, the ASSBCs showed a decreasing trend of
Ry, /Rns with the decrease of 2L./p, when 2L./p2 is less than 6 (see Fig. 13
(b)). This is due to the specific block shear mode (tensile yielding and
shear cracking) of ASSBCs with relatively small 2L./p,, where the cor-
responding ultimate tensile load is attained in the pre-necking range.
Overall, the ultimate tensile resistances of both ASSBCs and DSSBCs can
be still reasonably estimated by Ry = F,Ap;.

As shown in Fig. 13(c), the normalised ultimate shear loads of
DSSBCs and ASSBCs both decrease with the increase of connection
length (L./dp). This is easily understandable since the shear stress dis-
tribution is less uniform and the resultant average shear stress should be
lower in longer connections. Compared with those of ASSBCs, the

11

normalised ultimate shear loads of DSSBCs are significantly higher (and
in most cases greater than 1). This is due to the much higher ultimate-to-
yield strength ratio of austenitic stainless steel compared with DSS,
which means full shear strain-hardening is more difficult to be achieved
for ASSBCs (requiring larger shear displacements). For both ASSBCs and
DSSBCs, the ultimate shear loads are remarkably higher than the theo-
retical yield resistance (0.6F,A. ), indicating significant shear strain-
hardening at the ultimate load.

4. Design recommendations

4.1. Evaluation of existing methods

Numerous design methods are currently available for predicting the
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Fig. 13. Ultimate loads carried by tensile and shear sections: (a) ultimate tensile loads of DSSBCs; (b) ultimate tensile loads of ASSBCs [52]; (c) ultimate shear loads

of ASSBCs [52] and DSSBCs.

Table 4

Summary of design methods and predictions for stainless steel bolted connections.

Rn/Rrest OF Rn/Rpga

Test-ASSBC Test-DSSBC FEA-DSSBC
Meth. Equati FEA-ASSB 1
ethod quation (9 tests) SSBC (70 models) (11 tests) (76 models)
Mean CoV Mean CoV Mean CoV Mean CoV
AISC 360[50] Ry = Fylnt + 0.6F, A< FyAn + 0.6F,Ag, 0631 7.1% 0611  6.2% 0.800 3.4% 0816  4.5%
CSA S16[64] R, — { Fufn + 0.6Ag,(Fy + Fy)/2(Fy < 460MPa) 0.887  42% 0934  4.0% 0.888 3.7% 0911  5.0%
n FuAn: + 0.6Ag,F, (F, > 460MPa)
. Ry = FuAn + 0.575Ag For
Hardash and Bjgrhovde[59 1.053  47%  1.022  2.9% 1.031  4.8%  1.057  5.2%
ardash and Bjorhovdel59] () 05 40.00185Lc)F, + (0.95 —0.00185L)F, ° ° ° °
Topkaya[60] Ry = FyAn + (0.25 + 0.35F, /F,—L. /2800)F, A, 0.924  43% 0906  3.5% 0.990 4.3%  1.009  4.8%
Teh and Uz[62] Ry = FyAn + 0.6F,A,, 1.007  4.4%  1.086  5.0% 0.947 3.0% 0982  4.9%
Proposed Egs. (8)-(10)  0.977  3.0% 0987  2.5% 1.002  2.3% 0988 1.7%

Note: F,—yield strength; F,—ultimate strength; A,—area of net tensile section; An,—area of net shear sections; Ag,—area of gross shear sections; A= (A +Ag)/

2—area of gross shear sections; L.—connection length.

ultimate block shear resistance of bolted connections. Table 4 summa-
rises five representative methods recommended in modern design codes
[50,64] and research studies [59,60,62] for carbon steel bolted con-
nections. As shown in Table 4, the equations of the five methods are
similar regarding the tensile portion of the resistance, i.e., Ry = F An,
which is identical with the theoretical resistance presumed in Section
3.4. The main differences are among the expressions of the ultimate
shear resistance. For the method provided in AISC 360 [50] (also
adopted in Eurocode 3 [51] and AS 4100 [65] with minor modifica-
tions), the ultimate shear resistance takes the lesser of those contributed
by the theoretical ultimate capacity of the net shear sections (0.6F,Ap,),
and yield capacity of the gross shear sections (0.6F,A,). The methods of
CSA S16 [64], Hardash and Bjgrhovde [59] and Topkaya [60] are based

on a similar concept, which assumes that the gross shear sections (Ag)
would reach a stress level in between the yield (0.6F)) and ultimate
(0.6F,) shear strengths, depending on the connection length and the
strength of the material. The method of Teh and Uz [62] differs from the
others for it assumes full strain-hardening of a predefined effective shear
area (0.6F,A.,), which has been introduced in Section 3.4.

The ultimate resistance data of DSSBCs and ASSBCs [52] obtained
from the tests and FEA (Ryes: and Rpga) were compared with the pre-
dictions (Ry) of the five design methods, as shown in Fig. 14(a)-(e). The
overall performance of each method was evaluated by the mean ratio
and CoV of R,;,/Rres O Rp/Rpga for each set of data (test or FEA, ASSBC or
DSSBC), which are summarised in Table 4. It was noticed that the
method of AISC 360 [50] significantly underestimated the block shear
resistance of SSBCs, especially ASSBCs. Since the ultimate tensile

12
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Fig. 14. Evaluation of block shear design methods for stainless steel bolted connections: (a) AISC 360 method [50]; (b) CSA S16 method [64]; (c) method of Hardash
and Bjgrhovde [59]; (d) method of Topkaya [60]; (e) method of Teh and Uz [62]; (f) proposed method.

resistances of both DSSBCs and ASSBCs are reasonably predicted by
F,An: (see Fig. 13(a) and (b)), it is apparent that the conservativeness of
the AISC method is due to the assumption of either gross shear yielding
(0.6F,Ay,) or net shear fracture (0.6F,Ap,) for stainless steel connections.
The methods of CSA S16 [64], Hardash and Bjgrhovde [59] and Topkaya
[60] provided more accurate predictions than the AISC method. How-
ever, the shear failure area (gross shear area Ag) assumed in these
methods did not match the test observations in this and previous [52]
studies, where the shear failure planes basically located between the net
and gross shear planes. Moreover, as shown in Fig. 14(b)-(d), the ac-
curacy of prediction seemed to be related to the material (ASSBC or
DSSBC) and connection length (L./dp) for these three methods. A similar
problem was also noticed for the method of Teh and Uz [62], which
assumes full strain-hardening of the effective shear area (0.6F,A,,). As
shown in Fig. 14(e), the prediction of Teh and Uz becomes increasingly
unconservative with the increase of connection length. Moreover, the
predictions for ASSBCs are less conservative compared with those for
DSSBCs. This trend agrees with that observed in Fig. 13(c), where the
ultimate shear loads (normalised by 0.6F,A.,) of ASSBCs are signifi-
cantly lower than those of DSSBCs, both of which decrease with the
increase of connection length.

4.2. Proposed design method for stainless steel bolted connections

To provide accurate and consistent predictions for both ASSBCs and
DSSBCs, a modified block shear equation was developed, expressed in
the form of:

Rn = FuAm + FeffAev (8)

The proposed equation has a consistent tensile term (F,A,,) with the
previous five methods. This is based on the analysed ultimate tensile
loads shown in Fig. 13(a) and (b), which can be reasonably estimated by
the theoretical ultimate resistance of the net tensile section. A more
complex expression for the tensile term (e.g. the one proposed in
Ref. [52] for ASSBCs) was deemed unnecessary for practical uses.

For the shear term, the method assumes failure across the effective
shear sections (Aey = (Agy + Aw)/2). The effective strength F.y of shear
sections was derived based on the ultimate shear load data (Fig. 13(c)),
which is dependent on the normalised connection length (L./dp) and the
material of the connection (ASSBC or DSSBC):
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F.y = 0.6k,F, +0.6(1 —k)F, ©)
0.054L,
1.108 — ©.0.756 < k, < 1(ASSBC)
k= 0 0709L (10)
1714 — 22722 0.6 < k, < 1.4(DSSBC)

0

The predictions of Eqs. (8)-(10) are presented in Fig. 14(f), with the
mean ratios and CoVs of R,/Rres: (or R,/Rpra) summarised in Table 4. It
is obvious that the accuracy of the proposed method is remarkably
enhanced (with smaller CoVs and mean design-to-test/FEA ratios closer
to 1) compared with the other methods. Moreover, the proposed method
provides consistent predictions for all sets of data (test and FEA data of
ASSBCs and DSSBCs).

4.3. Reliability analysis

The reliability of the proposed design method was evaluated
following the procedure specified in EN 1990 [71] and ANSI/AISC
370-21 [72]. Table 5 summarises the key statistical parameters and
results of the reliability analysis according to EN 1990 [71] with a
reliability index of 3.8 for ultimate limit state design and a reference
period of 50 years. Based on the recommendation of Afshan et al. [73],
the over-strength factors for yield strength were taken as 1.3 and 1.1
respectively for austenitic and duplex stainless steels; whilst the
over-strength factor for ultimate strength was taken as 1.1 for both
materials. The CoVs of yield strength (V) and ultimate strength (Vp,)
were 0.06 and 0.035 respectively for austenitic stainless steel, and 0.03
and 0.035 for DSS [73]. The CoV of geometric properties (Vgeomerry) Was
taken as 0.05 for both materials [73]. Based on a total of 166 test/FEA
data (79 ASSBCs, 87 DSSBCs), the mean correction factor b for the
proposed design method was calculated as 1.011 and 1.012 for ASSBCs
and DSSBCs. The CoVs of the test/FEA data relative to the design pre-
diction were 0.025 for ASSBCs and 0.018 for DSSBCs. The resultant
partial safety factors (yy*) were calculated as 1.153 and 1.162 for
ASSBCs and DSSBCs respectively. These results indicate that that the
partial factor yp» in Eurocode 3 [48,51] (1.25) can be safely used with
the proposed block shear method for ASSBCs and DSSBCs.

Table 6 shows the key statistical parameters and results derived from
the reliability analysis based on ANSI/AISC 370-21 [72], with a targeted
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Table 5
Parameters and results of reliability analysis according to EN 1990.
Material No. of test or FEA data Over-strength factor for Fy Over-strength factor for F, Vi Viu Vigeometry b Vs v, M
Austenitic 79 1.3 1.1 0.06 0.035 0.05 1.011 0.025 0.089 1.153
Duplex 87 1.1 1.1 0.03 0.035 0.05 1.012 0.018 0.089 1.162
bl partial factor of 1.25 (in accordance with the EN 1990 method) and a
Table 6 o . . resistance factor of 0.70 (in accordance with ANSI/AISC 370-21) can be
Parameters and results of reliability analysis according to ANSI/AISC 370-21.
safely adopted for the proposed method.
Material No. of tests/FEA data Py, Vr Vo B P*
Austenitic 79 1.013  0.069 019 40 074 CRediT authorship contribution statement
Duplex 87 1.011 0.067 0.19 4.0 0.74

reliability index (/) of 4.0 for connections specified in terms of Load and
Resistance Factor Design (LRFD). The professional factor (Pp,), which
represents the mean ratio of Rres or Rpga to the predicted resistance (R,,)
based on the proposed design equations, was found to be 1.013 and
1.011 for ASSBCs and DSSBCs, respectively. The CoV for resistance (Vg)
was calculated as 0.069 and 0.067 for ASSBCs and DSSBCs, respectively.
Besides, the CoV of the load effect Vi, was taken as 0.19 for both ma-
terials assuming a dead load-to-live load ratio of 1:3 [72]. The resultant
resistance factor (¢*) was calculated as 0.74 for both ASSBCs and
DSSBCs, which is marginally lower than the specified value of 0.75 in
ANSI/AISC 370-21 [72]. It is hence recommended to utilise a resistance
factor of 0.70 in conjunction with the proposed block shear method for
ASSBCs and DSSBCs for safety considerations.

5. Conclusions

This paper has presented an experimental and numerical study on
the block shear behaviour of duplex stainless steel bolted connections
(DSSBCs). It was observed that the only block shear failure mode of
DSSBCs was necking of the net tensile section and yielding of the
effective shear sections (lying between the net and gross shear sections),
which is consistent with that of carbon steel bolted connections. The
block shear behaviour of DSSBCs differed significantly from that of
austenitic stainless steel bolted connections (ASSBCs), which exhibited
three different block shear modes depending on the bolt arrangement.

The block shear behaviour of DSSBCs can be accurately simulated by
the finite element analysis (FEA), with a Hill yield criterion accounting
for the anisotropic mechanical properties of duplex stainless steel (DSS).
A further analysis of the FE results of DSSBCs revealed that the ultimate
load carried by the tensile section can be reasonably estimated by the
product of ultimate strength (F,) and the net tensile area (Ap). On the
other hand, the ultimate load carried by the shear sections can be higher
than the theoretical ultimate capacity of the effective shear area
(0.6F,A¢y). Compared with ASSBCs, DSSBCs exhibited higher levels of
shear strain-hardening at the ultimate state.

The test and FEA data were used to evaluate the performances of
existing design methods. It was noted that the method specified in most
of the existing design codes (AISC 360, Eurocode 3 and AS 4100)
significantly underestimated the block shear capacity of stainless steel
bolted connections (SSBCs), especially ASSBCs. The other methods that
assumed partial or full strain-hardening of the shear sections achieve
better predictions of the block shear capacity of SSBCs. However,
inconsistent predictions were obtained for ASSBCs and DSSBCs due to
the different shear strain-hardening behaviour.

Based on available test and FEA data, a modified block shear design
method was proposed for predicting the ultimate block shear capacity of
ASSBCs and DSSBCs. The ultimate load of the tensile section is predicted
by F An:, whilst the stress level of the effective shear area is related to the
material (austenitic or duplex) and connection length. The proposed
method showed an improved and consistent accuracy for ASSBCs and
DSSBCs. Based on the results of reliability analyses, it is shown that a
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