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Abstract

This paper reports a detailed numerical (FE) study on planar stainless steel beam-to-column
joints. A nonlinear FE model is developed and validated against the first set on full-scale tests
on stainless steel beam-to-column joints reported in the companion paper. The FE model is
shown to accurately replicate the experimentally determined, initial stiffness, ultimate
resistance, overall moment-rotation response and observed failure modes. Parametric studies
are conducted to obtain the moment-rotation characteristics of a wide range of beam-to-
column joints classified as semi-rigid and/or partial strength. Due to the low ductility of the
bolts compared to the high ductility exhibited by all other stainless steel joint components, in
all cases the strength and ductility of the simulated joints is limited by the failure of the
connecting bolts. The design rules for stainless steel connections, which are based on the
specifications of EN 1993-1-8 for carbon steel joints, are reviewed and are found to be overly
conservative in terms of strength and inaccurate in terms of stiffness thus necessitating the
development of novel design guidance in line with the observed structural response. These

conclusions are in agreement with the ones reported in the companion paper.
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1 Introduction

In the companion paper [1] the authors have reported six full scale tests on single-sided
stainless steel beam-to-column joints. Full details of the tests including general setup and
instrumentation, obtained moment-rotation response, initial stiffness, ultimate moment
resistance, failure modes and material response of the joint components have been disclosed.
Based on the obtained results, the design provisions of EN 1993-1-8 [2], which are assumed
to be applicable for both carbon steel and stainless steel [3], were found to consistently
underestimate the plastic moment resistance, overestimate the joint initial rotational stiftness

and wrongly predict the failure mode.

This paper complements the companion paper [1] by investigating numerically the response
of single-sided stainless steel beam-to-column joints under monotonic loads. The models
were shown capable to accurately replicate the response of the tested joints in terms of initial
stiffness, ultimate moment resistance, failure modes and overall moment-rotation response.
Upon validation, the FE models were used to conduct parametric studies on joint typologies
similar to the ones adopted in the experimental part of the research [1], namely flush end
plate (FEP), extended end plate (EEP), top and seat angle cleat (TSAC) and top, seat and web
angle cleat (TSWAC). The investigated parameters included bolt end and edge distances,
angle cleat and end plate thickness, column flange thickness and material grade of the
connected members. A total of 132 parametric studies have been performed thus providing a

comprehensive database of validated FE results on the response of stainless steel joints over a



wide range of structural configurations likely to be employed in practice resulting in a variety
of failure modes. The generated numerical data are used to assess the applicability of the

design provisions of EN1993-1-8 [2] and to generate novel design recommendations.

2 Numerical modelling

Three dimensional finite element models of the joints studied experimentally in the
companion paper [1] were developed using the general purpose FE software ABAQUS [4]
and details of the modelling procedure are reported herein. The geometry of the simulated
joints, against which the models were validated are shown in Fig.1, where the symbols
adopted in the parametric study reported in this paper are also defined. The values of the

geometric dimensions defined in Fig.1 are given in Table 1 for the tested specimens.

2.1 Development of FE models

The components of the connections that were explicitly simulated include the connected beam
and column, the bolts, the end plate and the angle cleats. The welds between the beams and
the end plates were not explicitly modelled, since their response is rigid (i.e. welds can be
assumed to have infinite stiffness) and no weld failure occurred during testing. Instead, a tie
constrain was defined to tie the degrees of freedom of the nodes of adjacent surfaces that were
welded thus preventing separation and overlapping of the respective elements. A further
simplification of the simulated geometry included ignoring the threaded geometry of the bolt
shank and modelling it as a smooth cylindrical surface with a diameter such that the area of
the modelled bolts equals the stress area of the real bolts. Furthermore, the bolt head, bolt nut
and washers were simplified as cylinders which were tied to the bolt shank. The boundary
conditions employed in the FE models simulated the ones applied in the experimental study.

Hence all degrees of freedom of the bottom end cross-section of the column were restrained,



whilst the horizontal translation of the top end of the column in the plane of loading was also
restrained. The loaded end of the beam was loaded by incrementally applying a downward

displacement, whilst out of plane translations were restrained.

All modelled components were discretized with the eight-noded (hexaedron) 3D solid first-
order reduced integration element C3D8R. Several mesh densities were considered and a
structured mesh was employed. The components of the connection subjected to sharp stress
gradients, such as the end plates, angle cleats and bolts, as well as the parts of the beam and
the column in the vicinity of the bolt holes were discretised with a fine mesh, whilst a coarser
mesh was used for the discretisation of parts of the beam and the column far from the joint
region, the response of which was predominantly elastic. At least three elements were
provided through the thickness of thin-walled components such as end plates, angle cleats,
flanges and webs to accurately capture their out-of-plane flexure and avoid the effect of shear
locking. The employed mesh density is depicted in Figs.2-4, where the numerically obtained

failure modes are compared to the experimental ones.

The contact between the various non-welded components of each joint was modelled by using
the “surface to surface” contact algorithm provided by ABAQUS. Surfaces discretized with
course meshes were selected as master surfaces, whilst the more finely discretized surfaces
were selected for salve surfaces. The contact pressure-clearance relationship was defined as
“hard contact” for all cases to allow full transfer of the compression loads and separation after
contact. The penalty method with a friction coefficient of 0.3 was defined for the tangential
response of all contact surfaces. Small sliding contact formulation was used at the interface
between angle cleats and bolt heads, end plates and bolt heads and the seat angle cleat and the
column/beam flange. Finite sliding contact formulation was employed for all other contact

pairs (e.g. bolt shank and clearance hole), thus allowing for large slip.



Material nonlinearity was considered using the von Mises yield criterion coupled with
isotropic hardening; hence the yield surface was assumed to expand uniformly in the stress
space with increasing plastic strains. The Young’s modulus values characterising the elastic
material response and the stress-strain values used to define the plasticity model were derived
from the experimental tests reported in the companion paper [1]. Since large plastic strains
developed in all joints, analytical material modelling capable of approximating the material
response throughout the full strain range was required. To this end the two-stage Ramberg-
Osgood material model [5, 6] was adopted. This model adopts the original Ramberg-Osgood
model for stresses lower than the 0.2% proof stress and employs a similar curve thereafter
until the ultimate tensile stress. The two-stage Ramberg-Osgood model was chosen over its
three-stage variant [7], because it is adopted by EN1993-1-4 [3]. The relevant material
parameters for the analytical approximation of the material response as determined from
tensile coupon testing [1] are reported in Table 2, where the plastic strain at fracture is also
reported and n and m are strain-hardening exponents used in the two-stage Ramberg-Osgood
model. The stress and strain values obtained through analytical modelling were converted into

the true stress and logarithmic plastic strain format as required by ABAQUS.

Bolt fracture occurred during testing and ultimately triggered the failure of the joints [1],
hence failure of the bolts has to be accounted for in the numerical models. In ABAQUS
material fracture and failure can be explicitly defined for metals by defining appropriate
damage initiation and damage evolution criteria, which simulates the ductile fracture of
metals via void nucleation and growth [4]. However, in the absence of relevant material
parameters a simplified approach was followed, according to which fracture of the
components was not explicitly modelled, but was indirectly defined on the basis of the
uniaxial plastic strain at fracture & which is reported in Table 2 for all components

comprising the tested joints. Hence bolts were assumed to fail when the equivalent plastic



strain obtained from the analysis reached the respective plastic strain at fracture ef reported in
Table 2 throughout all integration points in any given element discretising the bolt shank. A
similar approach of indirectly defining fracture via & was successfully followed in [8], where
the net section failure of stainless steel bolted connections was simulated. It should be noted
that in cases where the bolts were primarily loaded in tension or tension and shear, strain
localisation (i.e. necking) occurred during the analysis prior to reaching the equivalent plastic
strain of the bolts. Similar observations regarding the ability of FE models to reproduce
ultimate deformation patterns of steel in tension based on geometric instabilities alone (i.e.
without utilising material instability approaches) have previously been made for steel tensile

specimens [9].

The complex contact conditions between the various interacting parts comprising each joint
led in some cases to convergence difficulties. In cases where ABAQUS/STANDARD could
not converge, convergence difficulties were overcome by employing a quasi-static explicit
dynamic analysis procedure using the ABAQUS/EXPLICIT solver [4], which is well suited
for highly nonlinear problems. Explicit dynamic analysis usually requires the execution of
tens of thousands of computationally inexpensive increments, during which the solution is
propagated form the previous step, thus avoiding convergence issues. Mass scaling was
utilized to reduce computational time, whilst quasi-static response was achieved by specifying
a slow displacement rate and checking that the kinetic energy was smaller than 2% of the
internal energy for the greatest part of the analysis, thus ensuring that inertia effects were

insignificant.

2.2 Validation

The numerical models were validated against the experimental results reported in [1]. Fig.



2 displays the experimental and numerical failure modes for FEP and EEP joints at the
deformation corresponding to the maximum load. Both the test specimen and the numerical
model display large inelastic deformations of similar magnitude in the column flange and the
end plates. Moreover, the numerical model accurately predicted necking of the bolts in the top
bolt row of FEP, which indicates bolt fracture, as shown in Fig.2 (a). The bolt plastic
deformation shown in Fig. 2(b) is similar for both the experimental and the numerical failure
modes. The accuracy of the FE models for FEP and EEP joint is demonstrated in Fig. 3,
where the experimental and numerical moment-rotation response is depicted. The numerical

curves accord well with the experimental ones throughout the full range of the curves.

The experimental and numerical failure modes and corresponding experimental and numerical
moment-rotation curves are depicted for both TSAC and TSWAC joints in Figs.4 and 5
respectively. Once again an excellent agreement between the experimental and numerical
results can be observed in terms of failure modes and overall moment rotation response. The
numerical curve for TSWAC-10 depicted in Fig. 4(b) is plotted with a bold line until the
equivalent plastic strain of the bolt reaches its limiting values, and with a dotted line
thereafter. Hence it can be observed that the FE prediction for bolt failure coincides with the
experimentally observed failure thus demonstrating the appropriateness of defining bolt

fracture on the basis of the plastic strain at fracture ;.

The accuracy of the numerical models is quantified and assessed in terms of the initial
rotational stiffness S;ini, the plastic moment resistance Mg, the ultimate moment resistance
Mjmax and the rotation corresponding to Mjma ®ju in Table 3, where the ratio of the
numerical predictions over the respective experimental values is reported. Overall, an
excellent agreement between the numerical and experimental results can be observed for all
joints in terms of the plastic moment resistance M;r and a good agreement is obtained for the

ultimate moment resistance M; max and corresponding rotation @;,, bearing in mind that these



quantities are neither quantified in [2] nor explicitly used in design, but nonetheless can be
utilized to assess the available ductility of the connections. The stiffness is less well predicted
predominantly due to poor predictions for the TSAC joints and is predicted with reasonable
accuracy for the end plate specimens (both FEP and EEP) and the TSWAC specimens. The
observed discrepancies in the prediction of the stiffness are arguably attributable to the gaps
and slips between the various bolted components of non-preloaded bolted connections, which
cannot be easily quantified or accounted for neither in numerical modelling nor in design
standards. Given that the initial stiffness of stainless steel joints will be no different from that
of carbon steel joints and that the overall connection response and failure modes are
reasonably well predicted, parametric studies are conducted hereafter to generate numerical
data on the basis of which the design provisions of [2], particularly the plastic moment

resistance Mg can be assessed.

3 Parametric studies

Upon validation of the FE models parametric studies were performed to enable the study of
the behaviour of stainless steel connections over a wide range of geometric configurations
and highlight the influence of key joint details on the overall response. The four joint
typologies against which the FE models were calibrated, namely FEP, EEP, TSAC and
TSWAC, are employed in the parametric studies. Moreover, the response of geometrically
identical joints made in Grade EN 1.4162 (lean duplex) stainless steel is investigated. The
lean duplex stainless steel grade was chosen as a representative duplex grade which displays
higher strength and lower ductility than the austenitic grade. The material parameters used for
the lean duplex material were taken from [10]. Hence two series of geometrically identical
models were considered, one simulating the response of austenitic stainless steel and one

simulating the response of lean duplex stainless steel joints, which are denoted by the letters



A and L following the joint designation respectively (e.g. EEP-A is an extended end plate
joint in austenitic stainless steel). All relevant symbols of the varied geometric dimensions
are defined in Fig.1, whilst the remaining geometric dimensions of the connected beams and

columns remain identical to the ones reported in [1].

The parameters varied for the parametric studies of joints FEP-A and FEP-L include the
thickness of the column flange t;, the thickness of the end plate t,, the edge distance of the
bolt rows from the end plate edges/column edges e; and the distance of the top bolt row from
the centroid of the compression beam flange z as reported in Tables 4 and 5. Similarly, the
geometric parameters varied for the EEP-A and EEP-L joints are defined in Tables 6 and 7.
With respect to the TSAC specimens Tables 8 and 9 define the investigated parameters,
which include the column flange thickness t., the angle cleat thickness t, (both top and seat
cleats were assumed to have the same geometric dimensions), the edge distance e; of the
bolts connecting the top cleat to the column flange, the depth L; of the leg of the cleats
parallel to the column flange and the gap g between the beam and the column flange. Similar
parameters were considered for the TSWAC-A and TSWAC-L joints, the web cleat of which
was kept unchanged, as shown in Tables 10 and 11. In this case the edge distance e; of the
bolts connecting the top angle cleat to the column flange were kept constant, whilst the edge

distance e; of the bolts connecting the web cleats to the column flange were varied.

Similar to the experimental tests, the FE models exhibited large plastic deformations in the
stainless steel components (i.e. column flange, end plates and angle cleats) with increasing
loading prior to reaching the joints’ ultimate failure moment. In all cases joint failure was
triggered by bolt failure, since the bolts possess markedly reduced ductility compared to the
other joint components as indicated by their significantly lower plastic strain at fracture g In

order to characterise the observed yield line patterns occurring prior to the attainment of the



ultimate moment resistance, the end plates and angle cleats have been divided in discrete
yield zones, which are defined in Fig.6. Fig.7 depicts the evolution of the equivalent plastic
strains in the yield zones of joint components and the corresponding development of yield
line patterns for typical joint models. The failure mode obtained from the FE results as well
as the one predicted according to EN 1993-1-8 [2] is reported in Tables 4-11 for each joint
model and characterises the overall joint response prior to failure. In addition to the
geometric configurations and the governing failure mode of the modelled joints, the
numerical results for S;ini, Mjr, Mjmax and ®@;, and the corresponding predictions of EN1993-
1-8 [2] for Sjini and M iy are also reported in Tables 4-11 and are discussed in the following

section.

4 Results and discussion

4.1 Flush end plate (FEP) connections

The geometry of the simulated joints and the obtained results are reported in Tables 4 and 5
for the models employing austenitic (FEP-A) and lean duplex (FEP-L) material properties
respectively. Fig.8 depicts the obtained moment-rotation (M-®) curves of the modelled FEP-
A joints for different end plate thicknesses t, (Fig.8 (a)), edge plate distances e; (Fig.8(b)),
column flange thicknesses t; (Fig.8 (c)) and distances of the top bolt row from the centroid of
the compression beam flange z (Fig.8(d)). As expected, increasing the lever arm z, or
decreasing the edge distance e, leads to a marked increase of both the strength and the
stiffness of the connections. Moreover, increasing z, seems to change the predominant yield
zone from 3 (end plate in the vicinity of the welded beam web) to 1 (end plate in the vicinity
of the flange). Increasing the end plate thickness t, also increases the strength and the

stiffness of the FEP-A joints by increasing the resistance of the equivalent T-stub [11].



However, the effect is less pronounced as increasing the end plate thickness beyond a certain
value (beyond 12 mm for the parameter range considered herein, as shown in Fig.8 (a)), shifts
the failure mode to the column flange, which becomes the weakest component of the
connection. Similarly, increasing the column flange thickness t; beyond 12 mm has a limited
effect on the strength and stiffness as the end plate is already the weakest component of the
joint, whilst decreasing it more drastically affects the joint response, by shifting the failure
mode from “end plate in bending” to “column flange in bending™. In all cases, an increase in
strength is accompanied by a corresponding decrease in the rotation at which the ultimate

moment occurs.

Similar observations can be made for the lean duplex models FEP-L, the response of which is
shown in Fig.9. Comparing the response of the models with different materials, it can be
concluded that the lean duplex joints exhibit higher strength but lower ductility compared to
their austenitic stainless steel counterparts. This can be attributed to the increased strength of
the various components due to the higher material proof stresses. Since lean duplex stainless
steel reaches higher stresses at lower strains compared to austenitic stainless steel, the
rotation at which the bolt force capacity is reached decreases, hence, bolt failure and overall
joint failure is triggered at smaller rotations. Similar observations were made in [12], where
geometrically identical T-stubs were experimentally verified to have higher resistance and

lower deformation capacity for higher steel grades.

4.2 Extended end plate (EEP) connections

The geometry of the simulated joints and the obtained results are reported in Tables 6 and 7
for the models employing austenitic (EEP-A) and lean duplex (EEP-L) material properties

respectively. Figs. 10 and 11 display the M-O® response of the modelled joints for various



geometric configurations. In general, the same remarks made for the FEP connections apply,
as increasing the plate thickness, decreasing the edge distance and increasing bolt distance
from the compression flange of the beam lead to enhanced strength and stiffness but reduced
ductility, whilst the effect of the flange thickness is less pronounced. Moreover, the lean
duplex stainless steel joints (EEP-L) display higher strength but lower ductility compared to

geometrically identical joint in austenitic stainless steel (EEP-A) as previously discussed.

4.3 Top and seat angle cleat (TSAC) connections

The geometry of the simulated joints and the obtained results are reported in Tables 8 and 9
for the models employing austenitic (TSAC-A) and lean duplex (TSAC-L) material
properties respectively. Fig. 12 depicts the effect of the investigated parameters on the joint
M-O response. From Fig.12 (a) it can be observed that increasing the angle thickness
significantly enhances both the strength and the stiffness of the TSAC joints, but leads to a
drop in the rotation at ultimate moment ®;,, since the thicker and hence stiffer angles transfer
a higher tensile force and cause bolt failure at smaller deformations compared to the thin
ones. This can be clearly observed in Fig.13, where the failure modes of two TSAC joints
with different angle thicknesses are shown. Both joints ultimately fail by tensile fracture of
the bolts connecting the top angle cleat to the column face. However, the joint with the
thicker angle cleat transmits high tensile forces to the top bolts at relatively small rotations,
whereas the thinner angle cleat (t,=8 mm) undergoes significant inelastic bending of the top
angle cleat, which is almost flattened prior to causing bolt fracture. The effect of flattening
due to large inelastic bending of the top cleat is shown in the lower curve of Fig.12 (a), where
an increase of the joint stiffness can be observed at large rotations, arguably due to the angle
cleat transmitting forces primarily in tension instead of bending. Similarly to the angle cleat

thickness, the length L, of the angle cleat leg parallel to the column flange also has a marked



effect on the response, with increasing leg lengths leading to smaller angle cleat resistances

and hence smaller moment capacities and more flexible response.

On the other hand changing the column flange thickness t; does not have any noticeable
effect on the joint response as shown in Fig.12(c), since the column flange remains
significantly stiffer and stronger than the angle cleat for the range of parameters considered.
Similarly the effect of bolt edge distance e; (Fig.12 (d)) is negligible since, contrary to the
end plate connections, the edge distance does not affect the effective leg of the equivalent T-
stub, which is in agreement with the design provisions of EN 1993-1-8[2]. Finally the effect
of the gap g between the beam and the column does not seem to have significant influence on
the joint response for the range of parameters considered, with decreasing gap leading to
slightly stiffer response. This is because in all cases considered herein, bending of the top
cleat dominates the response. Similar observations can be made for TSAC-L joints, as shown
in Fig.14. As before, the increase in the nominal yield strength leads to higher moments and

stiffer response but reduced ductility.

4.4 Top, seat and web cleat connections

In Tables 10 and 11 the results of the parametric study for TSWAC-A and TSWAC-L are
reported, whilst Figs.15 and 16 shows the effect of varying geometric parameters on the joint
response. The comments regarding the effects of the angle cleat thickness t, and the angle
cleat leg L; on the joint response made for the TSAC joints are also valid for the TSWAC
joints. Given that e; did not seem to have any effect on the behaviour of the TSAC joints this
parameter was not considered for TSWAC joints and the edge distance e, of the bolts
connecting the web cleats to the column flange was varied instead. Due to the presence of the

web cleats higher moments and an overall stiffer response are obtained. Moreover, the



behaviour of the connection is no longer dominated by the top cleat response, which leads to
non-negligible effects of changing the edge distance e, and flange thickness t;, since flexure
of the column flange occurs for this joint configuration contrary to the TSAC specimens,
where almost all of the plastic deformations were localised in the top angle cleat. The effect
of the bending of the column flange can be deduced by observing the failure modes shown in
Figs.13 and 17(a) for a TSAC and TSWAC configuration respectively. In Fig.13, the column
flange remains almost unreformed as the top angle cleat is significantly weaker and hence
attracts all the plastic deformation, whereas some flexure of the column flange can be seen in
Fig.17(a). Therefore increasing the flange thickness or reducing the bolt edge distance e,

leads to an increased strength and stiffness.

Contrary to the TSAC specimens, the gap g between the beam and the column was observed
in this case to have a very strong influence on the joint ultimate moment, ductility and failure
mode. When there is no gap between the beam and the column, compression is transmitted
from the beam bottom flange to the column via contact, whereas by shifting the beam away
from the column, shear forces are developing on the bolts connecting the beam bottom
flanges to the seat angle cleats. This has a small effect on the joint stiffness but a marked
effect on the observed failure mode as shown in Fig.17, where the deformed shape at failure
of a TSWAC joint without gap (g=0) and a TSWAC joint with a 9mm gap (g=9 mm) is
depicted. In the latter case significant shear stresses are acting on the bolts connecting the seat
cleat to the beam bottom flange, which may fail in single shear prior to tensile fracture of the
bolts connecting the top and web cleats to the column flange, as clearly shown in Fig.17(c),
which shows a section through a plane containing the bolts, hence allowing the stress field in
the bolts to be observed. Premature bolt failure leads to a reduced strength and stiffness with

increasing gap distance g.



4.5 Assessment of design provisions

In Tables 4-11 the average value and coefficient of variation of the EN 1993-1-8 [2]
predictions over the numerical ones in terms of initial rotational stiffness S;i, and plastic
moment resistance M; is given. The stiffness is consistently over-predicted by about 50%
for FEP and EEP joints for both stainless steel grades considered whilst for TSAC and
TSWAC joints the overpredictions are even more severe. These findings are in agreement
with similar conclusions on the accuracy of the stiffness predictions of [2] as discussed in [1]
and relate predominantly to uncertainties regarding tolerances and contact between the

various components inherent in non-preloaded bolted connections.

In terms of the plastic moment resistance, in all cases the Eurocode model yields significantly
conservative results. The ratio of the codified over the numerical moment resistance of the
FEP-A and EEP-A joints is 0.45 and 0.61 respectively, whilst the corresponding values for
the FEP-L and EEP-L joints are 0.51 and 0.65. In all cases the coefficient of variation is
reasonably small (ranging from 0.06 to 0.09), thus indicating constituently conservative
design predictions. With regard to the TSAC-A and TSAC-L joints the respective values are
0.55 and 0.63 with coefficients of variation equal to 0.09 and 0.11 respectively. Finally the
moment resistance of the TSWAC joints is also under-predicted (0.61 for TSWAC-A and
0.85 for TSWAC-L) respectively, however the scatter of the predictions is in this case higher
(0.15 and 0.19 respectively). Overall it can be observed that the conservatism is higher for
austenitic stainless steel joints compared to their lean duplex counterparts. This is due to the
higher ductility and strain hardening characteristics of the austenitic stainless steels.
Moreover, the conservatism seems to be higher for joints exhibiting more ductile behaviour
(higher rotation values at failure) compared to joints failing at smaller rotations (e.g.

TSWAC-L). These observations agree well with the ones based on the test results alone [1].



The significant strain-hardening exhibited by stainless steels has been shown to lead to higher
cross-section capacities compared to the codified ones [13] for stocky stainless steel cross-
sections, which can reach stresses higher than the nominal yield stress if they do not buckle
locally. This is more pronounced in the case of connections, provided that their response is
governed by a ductile failure mode such as bending of the end plate, angle cleat or column
flange, since the critical components are either in bending or in tension and hence only
material ductility limits the level of strain-hardening that can be attained. Based on the above
observations the development of a design model in agreement with the observed structural

response is warranted.

5 Conclusions

A numerical model has been developed and validated against the experimental data reported
in the companion paper [1]. A comprehensive parametric study was conducted and the
structural response of 132 joints has been obtained numerically. Based on the numerical
results the effect of key geometric parameters on the joint response has been investigated and
the design provisions codified in EN1993-1-8 [2] were assessed. In all cases, the strength and
ductility of the simulated joints was limited by the failure of the bolts, as, due to the high
ductility and pronounced strain-hardening of the all other joint components, the moment
resistance of the joints was increasing with increasing deformation until bolt fracture
occurred. However, despite bolt failure being brittle, the overall joint response was in most
cases ductile as bolt failure occurred after the development of significant inelastic
deformations in other joint components (end plates and flange and web angle cleats). The
effect of the adopted stainless steel grade on the joint response has also been studied and it
was established that lean duplex stainless steel joints exhibit higher strength but lower
ductility than geometrically identical austenitic joints. The plastic moment resistance was
found to be underestimated by 44% and 34% on average for austenitic and lean duplex
stainless steel joints. The development of a design method in line with the observed structural
response is therefore warranted. The development of a component based design model
employing nonlinear springs is currently under way. Essentially the method adopts the

component based approach of EN1993-1-8 [2], and uses a continuous strength method



approach [14] to predict the capacity of ductile joint components where a high level of strain-
hardening is to be expected. Initial results on the prediction of the ultimate response of
stainless steel t-stubs in tension [15], are promising. Alternatively to the continuous strength
approach, different reliability indices leading to different partial safety factors can be adopted
for the strength of failure modes associated with different levels of available ductility. This
approach would be analogous to classifying joints in discrete behavioural groups according to
their available ductility. In any case a quantification of the joint ductility as limited by bolt
fracture is essential in determining a limit up to which strain-hardening can be safely

exploited thus allowing for higher moments to be obtained.

Both the experimental results reported in the companion paper [1] and the FE study reported
herein have demonstrated that stainless steel joints exhibit very high ultimate moment
resistances and excellent ductility. Even though such high rotations and moment resistances
cannot be practically utilized in conventional design scenarios, the high ductility and moment
resistances of stainless steel components can arguably accommodate the significant ductility

demands imposed by accidental actions such as a column loss scenario [16].
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Fig.13 Failure modes of TSAC joints with different angle thicknesses
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a) TSAC (g=0mm ) _ ¢) TSAC(g=9mm)
b) TSAC(g=9mm)

Fig.17 Effect of gap g on failure mode



Table 1 ~ Geometric configuration of tested specimens (symbols defined in Fig. 1)

Distances according to Fig.1 (mm)

Designation Connection type
e 4, . pr p2 e e L L
FEP Flush end plate 12 - 65 65 25 - - -
EEP Extended end plate connection 12 - 110 100 25 - - -
TSAC-8 Top and seat angle cleat 12 - 8 0 0o 35 - 100 -
TSAC-10 Top and seat angle cleat 12 - 100 0 o 25 - 100 -
TSWAC-8 Top, seat and web angle cleat 12 - 8 0 0 35 25 100 55
TSWAC-10 Top, seat and web angle cleat 12 - 10 0 0 25 25 100 60
Table2 Material parameters adopted in FE modelling
Specimen E Go2 o, n m €
(N/mm?)  (N/mm?)  (N/mm?) %
[-240x120x12x10 - flange 196500 248 630 5.20 2.37 66
1-240x120x12x10 - web 205700 263 651 6.70 2.41 65
Angle cleat (8 mm) 197600 280 654 12.22 2.49 55
Angle cleat (10 mm) 192800 289 656 10.62 2.54 56
End plate 198000 282 655 12.20 2.50 54
M16 bolt (A70) 191500 617 805 17.24 3.68 12
Table 3  Comparison of FE results with test results
FE/Test
Specimen Initial stiffness Plastic Moment Maximum O,
S ini resistance Mjr moment M; pax
FEP 0.98 0.99 0.97 0.99
EEP 0.86 0.96 0.98 0.99
TSAC-8 2.17 1.03 1.16 1.15
TSAC-10 1.50 1.06 1.06 1.05
TSWAC-8 0.80 0.94 0.96 0.86
TSWAC-10 0.96 1.03 1.00 0.97
MEAN 1.21 1.00 1.02 1.00
Ccov 0.44 0.05 0.07 0.10
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