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Abstract

Despite fundamental differences in the mechanical behaviour of stainless steel and carbon
steel, design provisions for stainless steel connections in current standards essentially follow
the rules for carbon steel with some limited modifications. For the case of net section
capacity, the design rules from EN 1993-1-3 for cold-formed carbon steel have been adopted
for stainless steel connections in EN 1993-1-4 and the SCI/Euro Inox Design Manual without
any modification. In this paper, an investigation into the behaviour of stainless steel
connections failing by net section rupture has been conducted. Numerical models for
austenitic and ferritic stainless steel have been developed and validated against existing test
results. The validated models were subsequently used to perform parametric studies to
investigate the main parameters affecting the net section rupture of bolted connections; these
include edge distance e2 and bolt configuration. By studying the stress distribution along the
net section for different edge distances and bolt arrangements, it was found that the ductility
of stainless steel is sufficient to ensure extensive redistribution of stresses prior to fracture.
Hence, a revised design equation (based on that given in EN 1993-1-3) for net section
capacity of stainless steel connections has been proposed and its reliability demonstrated by

means of statistical analysis.
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1. Introduction

The use of stainless steel in construction is steadily growing due to its mechanical properties,
durability, appearance and fire resistance. A comprehensive explanation of the benefits
offered by the material and its usage in structures has been reported by Gardner [1].
Interestingly, although high initial cost is its major drawback, recent developments suggest
that low nickel content stainless steel can provide many of the durability related benefits of
the more traditional grades but at around half the cost — thereby further encouraging its
adoption in appropriate circumstances [2]. Unlike carbon steel, the stress-strain relationship of
stainless steel is rounded without a well-defined yield stress and the material exhibits
significant strain hardening as shown in Fig. 1. Despite these fundamental differences, design
provisions for bolted connections between stainless steel structural members in current
international standards are essentially based on the rules for carbon steel with only some very
limited modifications [3-6]. This is attributed to the lack of comprehensive information on

the behaviour of these particular structural components.

Few studies have been carried out to investigate the behaviour of stainless steel bolted
connections. The first experimental work was conducted a quarter of a century ago by Errera
et al. [7], where the behaviour of bolted and welded connections was investigated in order to
assess the applicability of the design equations for cold-formed carbon steel bolted
connections, which had been proposed by Winter [8], to stainless steel. Four failure modes,
identical to those reported by Winter were observed. It was concluded that Winter’s design
equations for net section and bearing resistance were applicable, without modification, to
stainless steel connections. Further experimental study of bolted connections between thin
gauge ferritic stainless steel elements was carried out by Van Der Merwe [9]. It was
concluded that the design provisions for carbon steel connections are suitable for the
prediction of tear-out failure and net section rupture in stainless steel connections, but
overestimate bearing strength. Most recently, Kim et al. [10] performed tests, together with a
numerical study that formed the basis for proposed design equations for net section and

bearing for thin gauge stainless steel sheets susceptible to out-of-plane deformations (curling).

The use of stainless steel for main structural components in buildings and bridges — which

requires larger thicknesses — encouraged researchers to focus on connections between thicker



hot-rolled plates. The experimental investigation by Ryan [11] was the first study of such
connections. Laboratory tests of bolted connections made from three types of stainless steel
(austenitic, ferritic and duplex) formed the basis for revising the design provisions in ENV
1993-1-4 [12]. Although Ryan’s results suggested removal of the 0.9 reduction factor in the
net section resistance formula (which is also employed in the design formula for hot-rolled
carbon steel [13]), it was recommended to maintain the kr factor (employed for cold-formed
carbon steel in EN 1993-1-3 [14]) until such time that the number of tests provided full
justification for its removal. Bouchair et al. [15] developed numerical models to replicate the
behaviour of experimental specimens, and recommended that the reduction factor k: in the net
section design equation and the influence of the end and edge distances on bearing behaviour

require further investigation.

In order to improve the design rules for stainless steel connections so as to exploit the
differing mechanical characteristics of this material — including high ductility and strain
hardening — further investigation is required since the number of test results presently
available is limited. In this paper, an alternative approach is adopted in which the available
test data are first used to validate numerical models which are then utilised to study a much
wider coverage of key design variables. On the basis of the experimental and numerical
results, improved design equations for net section capacity of stainless steel connections are

proposed.

3. Finite element (FE) modelling

3.1 Material modeling

The stress-strain behaviour of stainless steel differs from that of carbon steel, and representing
stainless steel behaviour in FE models using the conventional elastic-perfectly-plastic material
model, which is commonly used for carbon steel, leads to inaccurate results. To describe the
nonlinear behaviour of stainless steel material, the compound Ramberg-Osgood stress-strain
expressions that were developed by Mirambell and Real [16] and Rasmussen [17] — given by

Equation 1 — were incorporated in the FE models.
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where ¢ is the nominal strain, ¢ is the corresponding nominal stress, E is the initial Young’s
modulus, Eo2 is the tangent stiffness at the 0.2% proof stress, co.2 is the 0.2% proof stress, €02
is the total strain at the 0.2% proof stress, €u is the strain at the ultimate stress fu and n and m

are the strain hardening coefficients.

Since FE analysis for bolted connections is expected to involve large inelastic strains, nominal

stresses onom and nominal strains enom Were converted into the corresponding true stresses Gtrue
. . 1 . . .
and true plastic strains &} respectively. These account for the change of dimensions under

load and were incorporated in the models using the following relationships:

G = cyl’lOl’l’l (1 + Snom) (2)

true

e’ =In(l+¢

Gtrue
nom) ~ & 3)
The true stress in a stress-strain curve continues to rise beyond the nominal ultimate stress
until the occurrence of fracture. In order to model the full material response until fracture so
as to capture the localized stresses and strains, the true stress-strain curve was extended
beyond the true ultimate stress up to a fracture strain point of 100% (see Section 3) using
Equation 4 [18].

O e =I<(8p1 )p for Ou,true < Otrue < Ofrac,true (4)

true -

where Gute 1S the true ultimate stress, Gfractrue 1S the true fracture stress, K is the strength
constant and p is the strain hardening exponent. K and p were obtained by substituting the true

stresses and the corresponding true plastic strains of two points obtained from Equation 1 into



Equation 4. A summary of the values of the constants n, m, K and b for the material employed

in this study is given in Table 1. Young’s Modulus was taken as 200000 N/mm?.

All models were developed using the FE package ABAQUS in which material behaviour may
be represented by a multi-linear stress-strain curve in terms of true stress and true plastic
strain. Plasticity was treated by means of the Von Mises yield criterion with isotropic
hardening, whereby the yield surface expands uniformly in all directions such that the yield

stress effectively increases in all stress directions as plastic strains develop.

3.2 Element type

The three-dimensional solid element with full integration — C3D8 in ABAQUS — contains
eight nodes with three translational displacements for each node and utilises eight integration
points. This element is suitable for complex nonlinear analyses involving contact, plasticity
and large deformations, and has proved to be suitable when simulating lap bolted connections
in previous similar investigations [19, 20] and is hence employed for the models generated

herein.

3.3 Contact and bolt preload

Contact between all components that are expected to interact with each other was defined
using a surface-to-surface contact command. In this command, two surfaces that may interact
with each other are paired; one surface is assigned as a master and the other as a slave. The
master-slave algorithm in ABAQUS recognises the surfaces that are in contact and applies
constraints (pressure) to slave nodes in order to prevent them penetrating the master surface.
The frictional effects between contact surfaces were also included by incorporating the
classical isotropic Coulomb friction model in the contact definition, with a friction coefficient
u equal to 0.2, which was used previously in a study by Chung and Ip [19]. The sensitivity to

the value of the friction coefficient was also assessed.

The bolt preload which usually arises from bolt tightening has been simulated using the
BOLT LOAD option in ABAQUS/Standard. To apply a bolt load using this command a
cross-section through the bolt shank and the axis of the bolt shank perpendicular to the cross-

section are defined. The total bolt preload value that is acting on the cross-section and



coinciding with the bolt shank axis is then specified. Bolts were located centrally into the
holes with a uniform clearance of 1.0 mm. Applied loads were initially carried by friction
until the occurrence of slippage after which direct bearing was the primary means of load

transfer.

3.4 Method of analysis

A nonlinear structural problem is one in which the stiffness of the structure changes as it
deforms. There are three common sources of nonlinearity in structural models, material and
geometric nonlinearities being the most frequently encountered; a third source is the boundary
nonlinearity associated with a change in the boundary conditions during the analysis. A clear
example of this kind of nonlinear behaviour is a model that contains contact between different
parts as is the case for bolted connections. In the current study, material, geometrical and
contact nonlinearities are incorporated in the models using the PLASTIC, NLGEOM and
CONTACT PAIR commands respectively in ABAQUS. A general static analysis with
displacement control was employed in the present study. ABAQUS/Standard [21] uses the
Newton-Raphson method to obtain solutions for nonlinear problems. In a nonlinear analysis,
the solution is found by applying the loads in increments until the final solution. Many
iterations may be required to establish a solution at a given load increment. The approximate

solution is the summation of all these increments.

Models containing contact definitions are computationally expensive owing to the algorithm
that is used to solve these problems. At the beginning of each increment, an inspection of the
state of all contact interactions is performed to determine whether slave nodes are open or
closed. If the node is closed a further check is performed to identify whether the node is
sticking or sliding. Constraints are applied by the algorithm to each closed node and are
released from each open node. This process is repeated until no change is found in the status
of all slave nodes. Then, an equilibrium iteration is performed, and if the residuals are not
within the prescribed tolerance, the increment is neglected and a smaller increment is applied
and the procedure is repeated. This process often makes the convergence of such models
extremely difficult and in many cases the program terminates due to numerical instability

before the entire solution can be found.



3.5 Failure criteria for FE models

To verify the ability of the FE models to replicate the experimental results, including the full
deformation characteristics and failure modes, precise material modelling and failure criteria
are required. In numerical investigations of structural members such as beams and columns,
the ultimate capacity is, simply, the peak load from the load-deformation curve. In the case of
bolted connections however, this curve usually exhibits no clear peak; moreover the failure
mode must be identified to relate the load carrying capacity to the appropriate mode. For this
reason, employing suitable failure criteria is vital when studying bolted connections
numerically. Three failure modes were considered in this study — net section fracture, bolt
shear failure and bearing failure. The definition of the net section failure in this study is based
on a fracture strain criterion — this requires the accurate determination of localized fracture

strains in ductile materials, which is discussed below.
3.5.1 Fracture strain determination

The plastic strain at fracture from a tension test coupon based on elongation is given by the

following relationship:

8frac,elong = ln[%J X 100% (5)

0

where Lo is the original gauge length and Lt is the final length after fracture. Fracture strains
derived using Equation 5 are average values over the chosen gauge length, and will vary with
gauge length. This is due to the fact that, for ductile materials, once necking occurs,
deformations become localized, resulting in very high strains in a small region until the
occurrence of rupture. Dowling [18] explained that for a ductile material Equation 5
significantly underestimates strains beyond necking and therefore is invalid in this region.
More accurate values of the true localized fracture strain, which is considered to be more
suitable for the prediction of fracture in numerical simulations, can be calculated on the basis

of the reduction in cross-sectional area at fracture, as follows:



gfrac,red = ln(%j x 100% (6)

f

where Ao is the original cross-sectional area and Ar is the smallest cross-sectional area after

fracture.

Many experimental studies have shown that the localized fracture strain obtained using
Equation 6 is often much higher than the fracture strain determined using Equation 5. An
experimental investigation by Khoo et al. [22] showed that the localized fracture strain based
on area reduction for structural carbon steel ranges between about 80% and 120%, with an
average value of 100%. Table 2 compares the fracture strains &fracelong and €fracred Obtained
from test coupons from three studies [18, 23, 24]. Despite marked differences in material
properties, the localized fracture strain based on area reduction may be seen to be fairly

consistent, ranging between 93% and 113%.

Huns et al. [23] conducted a numerical investigation of gusset plate connections. In validating
their FE models a fracture strain of 100% was adopted in the absence of measured values.
This value of the localized fracture strain represents a lower bound to their test results and an

average of the values reported by Khoo et al. [22].

In the experimental programme on stainless steel connections reported by Ryan [11], the
results of which are used in the present study for FE validation, fracture strain of the material
based on area reduction was not measured. However, since a number of studies have shown
that the localized fracture strain for structural steel and stainless steel based on area reduction
are fairly consistent at around 100% (see Table 2), this value will be adopted in the current
investigation. In the FE models, fracture of the material was therefore assumed to take place

when the plastic strain reached this value.
3.5.2 Net section failure
The existence of holes in a plate causes a discontinuity in geometry and a disruption of the

stress trajectories. As a result, stress concentrations occur in the region of the hole. As the

applied load increases the magnitude of the maximum stress increases until fracture initiates



at the edge of the bolt hole where the maximum stress concentration develops; the crack then
propagates transversely across the net section resulting in the net section failure, illustrated in
Fig. 2. The form of this failure is greatly affected by the ductility of the material. If the
material is ductile, local yielding at the hole edge as a result of stress concentration allows for
stress redistribution at the net section, resulting in necking and finally a ductile failure. In
contrast, if the material possesses little ductility, the stress concentration in the vicinity of the
hole cannot be redistributed leading to immediate cracking, resulting in a brittle failure. Net
section fracture is critical in connections with relatively narrow plate widths. To model net
section rupture in the FE models, reference was made to the aforementioned point (see Fig.
2); when the maximum equivalent plastic strain at this point reaches the true localized fracture
strain of 100%, it was assumed that a crack initiates, and the ultimate load is said to be

reached.

3.5.3 Bolt shear failure

In bearing-type lap connections the load is transferred between the connected plates by means
of shear across the bolt cross-section. When the shear load in the bolt exceeds its capacity, a
brittle failure occurs called “bolt shear” [25]. Kulak et al. [25] concluded that the shear
strength of a single bolt (type A325 and A490) is about 62% of its ultimate tensile strength. Ju
et al. [20] investigated bolt shear failure for lap bolted connections similar to those in this
study using numerical models. It was proposed that a bolt fails in shear when the critical
cross-section of the bolt becomes fully plastic. In the current study, this criterion has also been
adopted. Hence, when the equivalent plastic strain over the full critical cross-section reaches
the true yield strain, the cross-section of the bolt is fully plastic, and is deemed to have failed.
Note that for the test specimens which are used to validate the FE models in the current study,

no washers were used, therefore no washers were modelled.

3.5.4 Bearing failure

The bearing resistance of bolted connections may be defined either on the basis of strength or
deformation criteria. For the former, the bearing resistance is taken as the maximum load
measured in tests regardless of the associated extension. In contrast, adopting a deformation
criterion, the ultimate capacity of a connection is defined as the load corresponding to a

specified extension. For carbon steel, for which the load-deformation behaviour flattens once



significant bearing deformations have occurred, the exact choice of deformation limit has
relatively little effect on the corresponding load. However, stainless steel specimens, owing
to the hardening characteristics of the material, generally exhibit a rising relationship, with no
clear flattening. Thus, the load level corresponding to bearing failure will depend on the
deformation limit selected. Fig. 3 demonstrates the difference in the deformation response for
carbon steel and stainless steel bolted connections. In the experimental study performed by
Ryan [11], three specimens were reported to have failed in a bearing mode. Since these
connections were not loaded until the occurrence of rupture, the reported maximum loads for
these connections do not correspond to an actual fracture. Clearly, applying arbitrary
deformation limits will give inconsistent results. For this reason, the validation of the FE
models for these connections will be on the basis of the load-deformation curves only. The
bearing behaviour in stainless steel connections has been investigated by Salih et al. [26]
where a true strain-based failure criterion has been used. The distribution of plastic strain in
the plate in front of the bolt obtained from parametric studies indicated peak values at two
symmetrical locations at about 6 = 45° and 135°, 0 being measured from a line through the
centreline of the bolt hole(s) perpendicular to the direction of load transfer. This strain
distribution accords with observed bearing failures in many tests where fracture initiated at
these locations. Salih et al. [26] proposed bearing design equations for two situations,
according to the requirement for a deformation limit under service loads. The first equation is
for bolted connections where deformation under service loads is not a design consideration.
This equation was developed by adopting the strength criterion to define the ultimate bearing
capacity, as controlled by fracture. The second equation is for connections where the
deformation under service loads is a design consideration, and therefore the equation was

developed by considering the deformation allowable under service conditions.

4. Validation of FE models

4.1 Introduction

In this study, the finite element software ABAQUS 6.7.1 [21] was used to develop numerical
models for the austenitic grade 1.4306 and ferritic grade 1.4016 stainless steel lap bolted
connections that were tested by Ryan [11]. The details of these specimens are presented in

Fig. 4 and Table 3.
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In order to reduce the size of the model and, consequently, the computational cost, only one
quarter of each connection was modelled by applying appropriate boundary conditions. The
displacement-control method was adopted, permitting the response beyond the peak load to be
followed. A uniform translational displacement was applied at the end of the inner plate. Fig.

5 illustrates the boundary conditions and loading applied to the FE models.

4.2 Comparison between test and FE results

The FE models were validated against the experimental results of Ryan [11] in two steps. In
the first step, the overall deformation behaviour was validated by comparing the experimental
and numerical load-deformation curves. It should be noted that slip was prevented in the
laboratory tests and therefore in all numerical load-deformation curves a slip of 4.0 mm was
subtracted from the deformation values. It is clear from Fig. 6 that the predicted load-
deformation curves are in good agreement with the tests. The discrepancy in initial stiffness
may be attributed to slack in the experimental setup upon first loading. The drop of load after
reaching a peak in Fig. 6(a) occurs due to necking of the critical net section; the mode of
failure for those models was net section rupture. However, no peak is evident in Fig. 6(b) due
to the absence of such necking. Note that the extension shown is the total deformation of the
connection, as illustrated in Fig. 7(a). In the second step, the ultimate capacities obtained from
the FE models using the proposed failure criteria were compared with those obtained in the
tests. The comparison in Table 5 shows that the developed models are able to predict the
observed ultimate capacities very accurately, with a mean FE/test ratio of 0.99 and a standard
deviation of 0.03. It is shown in Table 5 that the scatter of the results is very low with only 2
tests outside 5%, and 6 tests outside of 2%. The bearing failure reported during testing, as
discussed in Section 3, is rather subjective and does not represent a ‘true’ failure and thus it
was excluded for the purposes of validation. Comparisons between the deformed specimens
for two typical tests and the corresponding FE models are shown in Fig. 7. It can be
concluded that the developed numerical models are able to replicate the experimental
behaviour and can, therefore, be employed to increase the pool of structural performance data

by means of parametric studies.
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5. Parametric studies

The number of available test results on stainless steel bolted connections that failed in the net
section is insufficient to fully investigate the underlying structural behaviour and to study the
effects of the key parameters featured in the design equations, e.g. the edge distance e2 and the
ratio r, which, as described in Section 6, depends on the number and the arrangement of the
bolts. In order to investigate these parameters, the data set has been extended by generating
further results using the validated FE models. The same two types of stainless steel considered
in Section 4 were investigated — the austenitic grade 1.4306 and the ferritic grade 1.4016,
though these grades may be considered to be representative of the wider austenitic and ferritic
families, respectively, of stainless steel. The material properties of the stainless steels
employed in the parametric studies are shown in Table 6. Eurocode 3 Part 1.3 [14] provides
design expressions for bolted connections between thin plates with thicknesses of 4.0 mm or
less. This definition of thickness range was adopted in the parametric study; 8.0 mm and 10.0
mm thick plates were investigated to represent thick plate connections, while 2.0 mm and 4.0
mm thick plates were considered to represent thin plate connections. To examine the effect of
the key parameters (the edge distance e2 and the ratio r) on the net section capacity of lap
connections, six configurations were adopted; these correspond to four values of r (1/2, 1/3,
1/4 and 2/5) with an edge distance ratio e2/do varying from 1.2 to 4.0 and a constant bolt
diameter of 20 mm. The configurations shown in Fig. 8 were adopted for the FE models
comprising thin plates (2.0 mm and 4.0 mm), while the configurations of both Figs. 8 and 9

were used for the thick plate models (8.0 mm and 10.0 mm).

6. Design rules for net section failure

6.1 Current design rules

6.1.1 Eurocode 3 and SCI/Euro Inox Design Manual

The design rules for cold-formed carbon steel connections covering net section failure in

Eurocode 3 Part 1.3 [14] have also been adopted in Eurocode 3 Part 1.4 [3] and the SCI/Euro

Inox Design Manual [4] for stainless steel connections, with no distinction being made
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between thick and thin plated connections. Resistance to net section fracture Nykc3 is given

by Equation 7:

Nipes =——— ()

where kr is a reduction factor defined by Equation 8, An is the net cross-sectional area at the

critical section, fu is the material ultimate tensile strength and ym2 is a partial safety factor.

k = 1+3r($—0.3j <1.0 ®)
u
in which do is the bolt hole diameter, r is the ratio between the number of bolts at the cross-
section considered to the total number of bolts in the connection and u = 2e2 but < p2, where

e2 is the edge distance and pz2 is the spacing between bolts perpendicular to the loading.
6.1.2 ASCE and AS/NZ standards

The ASCE [5] and AS/NZ [6] standards provide design rules for stainless steel bolted
connections composed of thin cold-formed sheets, which are similar to those recommended
for carbon steel in the AISI Specifications [27]. The nominal net section resistance is given by

Equation 9, where symbols have been harmonised with those used in Eurocode 3.

Ny asce =A,f, 9)
where, for a single shear connection,
d
f, :(1.0—r+2.5r—jfu <f, (10)
|
and for a double shear connection
d
f, :(1.0—0.9r+3r—Jfu <f, (11)
|
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in which d is the nominal bolt diameter, and in the case of single-row bolted connections, p2 is

the width of the sheet.

The design expressions of Equations 8 and 11 are a modified version of Winter’s equation [8],
which was derived from experiments on bolted connections between cold-formed carbon steel
sheets. For specimens failing in net section fracture, Winter concluded that the ductility of this
steel, which was less than that of hot-rolled structural steel due to plastic deformation during
forming, was not sufficient to overcome the stress concentration effects and redistribute the
stresses across the net section. As a result it was concluded that the nominal stress across the
net section at failure could not reach the ultimate tensile strength of the material. For bolted
connections failing by net section fracture, Winter plotted the ratio of the nominal stress
across the net section at ultimate load onet to the material ultimate tensile strength fu against

d/p2ratio, and derived the following equation:

Gnet = kr,Winterfu (12)

where krwinter is the reduction factor given by Equation 13.

kr,Winter :{01+3pij (13)
2

Popowich [28] also studied cold-formed carbon steel connections and suggested that the
reduction factor recommended by Winter [8] accounts adequately for the stress concentration
caused by the presence of the hole in the plate but does not distinguish between connections
with different numbers of bolts in one row. Popowich [28] concluded that in addition to the
basic stress concentration which arises from the existence of a hole in the plate, the
application of the bolt load locally at the bolt hole (similar to a point load) is another source of
stress concentration and should be considered in the stress reduction factor. Hence, a

modification to Winter’s formula was proposed, redefining the reduction factor as:

k, =1—().91‘+31’i (14)
P,
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6.2 Proposed design equation

In order to investigate the applicability of the proposals of Winter [8] and Popowich [28] to
hot-rolled and cold-formed stainless steel bolted connections, a study of the strain distribution
at the critical net section was conducted. The strain distributions obtained from the FE models
for connections with the same edge distance ez but different r ratios were compared. Fig. 10
shows that the ratio r does not have a significant effect on the strain distribution at the net
section at failure in stainless steel connections. A comparison of the strain distribution at the
net section at failure for connections with the same r ratio but different edge distances e> is
shown in Fig. 11. Although the non-uniformity of strain distribution increases with an
increase of the edge distance, the ductility of stainless steel is sufficient for the stresses across
the net section to be redistributed, thereby eliminating the deleterious effect of stress

concentrations.

Fig. 12 and Fig. 13 show the results of the parametric studies for the thick and thin plate
connections respectively. It is clear that for stainless steel bolted connections composed of
either thick or thin plates failing in net section rupture, the nominal stress at the critical net
section (ultimate load / net-sectional area) at failure is consistently greater than or equal to the
material ultimate tensile strength. This suggests that the ultimate material tensile strength can
be used without including a reduction factor, and hence the ultimate net section capacity
Nu,prop may be given by:

A f (15)

uprop ~ “*nu

6.3 Statistical validation

In order to verify the net section fracture prediction of Equation 15 and to determine an
appropriate partial safety factor ym2, statistical analyses in accordance with Annex D of EN
1990 [29] were performed. Note that ym2 is the partial safety factor applied in Eurocode 3 Part

1.1 to fracture resistance.

The theoretical design model ri, which is given by Equation 15, can be written in terms of the

basic independent variables as follows:
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Ym2

where t is the thickness of the plate, B is the width of the plate, do is the bolt hole diameter, n
is the number of bolts at the critical cross-section and ym2 is the partial safety factor. The
theoretical values of the net section resistance for all the tests are obtained by substituting the
actual measured properties into the resistance function in Equation 16. These values are
plotted against the corresponding net section capacities from the experiments re in Fig. 14(a),
while comparisons with both test and FE data are shown in Fig. 14(b). The slope of the least
squares regression line b and the coefficient of determination R? for both sets are shown in
Table 7, for ym2 = 1.0; the values of b and R? being close to unity indicate that the proposed

design equation accurately describes the net section failure response.

Material over-strength (the ratio of mean to nominal ultimate tensile strengths) and strength
variability, together with variability in geometric properties were accounted for in the
statistical analyses. The material over-strength and the material strength variability were taken
as 1.20 and 0.027 respectively on the basis of industrial data [30], while coefficients of

variation of the geometrical properties were taken, from [31], as follows:

Coefticient of variation for plate thickness V, = 0.05
Coefficient of variation for plate width V, = 0.005

Coefficient of variation for bolt hole diameter V, =0.05

The partial safety factor ym2 for the proposed design equation is the ratio between the nominal

resistance r and the design resistance rq:

Yvo = (17)

A summary of the statistical analysis is presented in Table 7, where the following symbols
are used: kan is the ultimate limit states design fractile factor for n tests, Vs is the coefficient
of variation of the tests relative to the resistance model; and V:is the combined coefficient of

variation incorporating both model and basic variable uncertainties. The maximum required

16



partial factor, given in the final column of Table 7, for the proposed nominal resistance of the
net section is 1.002, hence, it can be safely taken as 1.1, which is less than the recommended
value of 1.25 in Eurocode 3 but equal to the value recommended for hot-rolled carbon steel in
the UK National Annex to EN 1993-1-1. Therefore, the ultimate design capacity for net
section failure of hot-rolled and cold-formed stainless steel bolted connections can be taken

as:

N nu (18)

where ym2 = 1.1. From Fig. 15 it can be seen that the design provisions for net section failure
in Eurocode 3 and the SCI/Euro Inox Design Manual are overly conservative, and the
proposed expression provides greater efficiency. Note that, to ensure a ductile failure of a
tension member, the ultimate resistance of the net cross-section (Equation 18) should be

greater than the yield resistance (gross area x yield strength) of the gross section.

7. Conclusions

Finite element models of stainless steel bolted connections have been developed in this study.
Using results from previous laboratory tests, together with appropriate failure criteria, model
validation was performed in two stages. Firstly, the load-deformation curves obtained from
tests were compared with those extracted from the FE models; excellent agreement was
obtained. Secondly, the ultimate capacities were compared; a mean ratio of ultimate FE
capacity to ultimate test capacity of 0.99 and a standard deviation of 0.03 was obtained. The
validated FE models were used to perform parametric studies to investigate the net section
fracture behaviour of stainless steel connections under static shear load. The parametric
studies, together with the test data showed that the reduction factor kr employed in Eurocode 3
Part 1.4 and the SCI/Eurolnox Design Manual is unnecessary. A design equation for the net
section capacity of stainless steel connections, applicable to both thick and thin material was
proposed, and a suitable partial safety factor was derived following reliability analyses in

accordance with EN 1990.
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Fracture initiates at this point (reference
point in the FE models) then propagates
through the net section in the direction
shown.
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distribution across
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Fig. 2: Illustration of net section fracture
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Table 1: Coefficients of the material model

K

Steel Plates n m (N/mm?) p
. Internal plates 6.58 2.73 1548 0.64
Austenitic
grade 1.4306  External plates 6.10 2.64 1585 0.68
- Internal plates 8.16 2.76 1390 0.64
Ferritic
grade 1.4016  External plates 12.2 3.50 1008 0.34
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Table 2: Coupon test results from existing studies

seel it om0 TGS RS
Huns (2002) C';rotforno's't‘;‘:l 336 450 1.3 26 113 434
ag‘g’g)”g C;'robtorno's'tzgl 260 441 1.70 31 94 3.03
(Nzi(g’l%t)a" C;'robtorno's'tee‘il 457 547 120 31 116 3.74
(Nzg’lgt)a" S(t:;ﬁefsosrgsgl 498 755 151 47 93 1.98

38



Table 3: Geometry of experimental specimens [11]

Model  Type of Plate diSr%letzfer Plates dimensions (mm)
No. connection material (mm) t e p1 di e pp B h
1 Typel  Austenitic 12 10 225 45 55 225 - 45 190
2 Typel  Austenitic 16 10 275 55 65 275 - 55 230
3 Typel  Austenitic 20 10 350 70 8 350 - 70 290
4 Type Il Austenitic 12 10 225 - 55 225 45 90 100
5 Type Il Austenitic 16 10 275 - 65 275 55 110 120
6 Type Il Austenitic 20 10 350 - 80 350 70 140 150
7 Type Il Austenitic 12 10 225 45 55 225 45 90 190
8 Type Il Austenitic 16 10 275 55 65 275 55 110 230
9 Type Il Austenitic 20 10 350 70 80 350 70 140 290
10 Type IV Austenitic 12 10 225 45 55 225 45 90 190
11 Type IV Austenitic 16 10 275 55 65 275 55 110 230
12 Type IV Austenitic 20 10 350 70 80 350 70 140 290
13 Type | Ferritic 12 8 225 45 55 225 - 45 190
14 Type | Ferritic 16 8 275 55 65 275 - 55 230
15 Type | Ferritic 20 8 3.0 70 8 350 - 70 290
16 Type 1l Ferritic 12 8 225 - 55 225 45 90 100
17 Type Il Ferritic 16 8 275 - 65 275 55 110 120
18 Type Il Ferritic 20 8 30 - 8 350 70 140 150
19 Type Il Ferritic 12 8 225 45 55 225 45 90 190
20 Type 111 Ferritic 16 8 275 55 65 275 55 110 230
21 Type I Ferritic 20 8 3.0 70 8 350 70 140 290
22 Type IV Ferritic 12 8 225 45 55 225 45 90 190
23 Type IV Ferritic 16 8 275 55 65 275 55 110 230
24 Type IV Ferritic 20 8 3.0 70 8 350 70 140 290
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Table 4: Material properties of test specimens [11]

£, (c02) f Elongation
y . u
Steel Plates (Nimm)  (N/mm?) at frgcture fulfy
(%)
. Internal plates 288 581 62 2.02
Austenitic
grade 1.4306  External plates 271 577 63 2.13
- Internal plates 262 522 51 1.99
Ferritic
grade 1.4016  External plates 350 487 26 1.39
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Table 5: Comparison between test and FE results (see Table 3)

Test FE
M,\?S.EI C(H]%it?(f)n mP;gfisal Ultimate Failure ~ Ultimate  Failure FE/Test
load (kN) mode load (kN) mode

1 Type | Austenitic 173.9 N/SH 171.6 N 0.99
2 Type | Austenitic 234.4 N 224.8 N 0.96
3 Type | Austenitic 297.1 N 289.1 N 0.97
4 Type Il Austenitic 179.4 B/SH 183.6 SH 1.02
5 Type Il Austenitic 341.9 B/SH 328.6 SH 0.96
6 Type Il Austenitic 4445 B - - -
7 Type Il Austenitic 269.6 SH 266.7 SH 0.99
8 Type IIl  Austenitic 496.0 N 477.7 N 0.96
9 Type Il Austenitic 583.6 N™ 617.0 N 1.06
10 Type IV Austenitic 345.6 N/SH 347.2 N 1.00
11 Type IV Austenitic 475.8 N 465.3 N 0.98
12 Type IV Austenitic 580.9 N™ 598.9 N 1.03
13 Type | Ferritic 121.0 N 119.0 N 0.98
14 Type | Ferritic 144.2 N 141.6 N 0.98
15 Type | Ferritic 187.2 N 183.6 N 0.98
16 Type Il Ferritic 177.5 B/SH 176.3 SH 0.99
17 Type I Ferritic 211.6 B™ - - -
18 Type Il Ferritic 264.8 B™ - - -
19 Type 11 Ferritic 251.0 N 252.4 N 1.01
20 Type IlI Ferritic 301.6 N 298.8 N 0.99
21 Type IlI Ferritic 378.3 N 388.1 N 1.03
22 Type IV Ferritic 254.4 N 250.1 N 0.98
23 Type IV Ferritic 304.0 N 298.6 N 0.98
24 Type IV Ferritic 378.7 N 385.6 N 1.02

Mean 0.99

S.D. 0.03

B = Bearing failure - SH = Bolt shear failure - N = Net section failure

** No full rupture occurred during testing
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Table 6: Material properties of stainless steel for the parametric studies

fy (c0.2) fu Elongation at
Steel (N/mm?) (N/mm?) fracture (%) fufty
Austenitic grade 1.4306 288 581 62 2.02
Ferritic grade 1.4016 262 522 51 1.99
Table 7: Summary of statistical analysis results
Number 2

Data set of tests Kd,n b R Vs Vi M2
Test results 17 3.79 1.06 0.989 0.0403 0.0699 1.002

Test + FE results 278 3.12 1.06 0.998 0.0267 0.0630 0.957




