structural MODELING

Steel Connections
Design-Oriented Finite Element Modeling
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S tructural engineers typically design standard con-

nections that can be solved in several minutes using

Design Guides, spreadsheets, or simple software. The non- £
standard connections are the real challenge. The 80/20 Figure 1. ROFEM with a fine mesh of the specimens tested by Huns et al. (Sekal, 2019)
rule applies: 80% of the time is spent on 20% of connections. Non-standard connections are not only more challenging to
design but also more costly and prone to errors. Finite element modeling comes to the rescue, allowing the calculation of
complicated problems automatically. It has been used mostly for research purposes at universities or very large and costly
projects. However, it is now becoming available for even small design firms to use on a daily basis. The desire for architectur-
ally appealing and structurally complex solutions can lead to the use of novel, nonredundant systems with no prior record
of proven performance. This makes safe, reliable engineering tools especially critical.

An alternative is the use of finite element modeling, which is useful,
especially for non-standard connections. The model is divided into
In connection design, the Component Method, where the connectionis ~ simple small elements with defined properties by the process of

divided into simple discrete components and a basic model is constructed,  meshing. The stress and strain in each element are determined by a
has become a standard method for those designing with the Eurocode.  numerical method. Two model types are recognized:

Connection Design and Modeling

Design rules are provided to determine the strength and stiffness of 1) Research-oriented finite element model (ROFEM)
each component. AISC Design Guides for steel connections describe 2) Design-oriented finite element model (DOFEM)
methods for particular joints, but the A standard approach for ROFEM is
Component Method is more general to perform an experiment and then
and is implemented in most software T2 305 create an advanced numerical model
for structural engineers. The components LT * Restraint  with fine meshing utilizing measured
are designed by standardized analytical T N material properties and initial imperfec-
. . 127 . i : .
models, and internal forces are derived 8 Tos1 s N tions, often including residual stresses.
based on engineering practice. In current 1 N The results of ROFEM should fit as
European research into steel connections, ~ remote :F?l_ © 00 N closely as possible to the experimen-
the design properties of componentsare  displacement o N tal results. By this process, a validated
refined or newly developed. The aim is <2|a .o N ROFEM is created, which may be used
to make the Component Method also & > ~ for further numerical experiments, in
available for conditions such as joints T © _ [~ which the design material properties are
. Bx bolts 3/4in — A325 [~ . .
of composite steel-concrete structures 5 N often used. The influence of the main
or for, until now, non-standard connec- - [~ parameters is examined in a sensitivity
tors (e.g., hollo-bolts). Research into the o e N study, where these parameters are varied
deformation capacity of components is and their effect on the load resistance
also being carried out, which is useful, 200 is investigated. The creation of a vali-
especially for cyclic loading during an dated ROFEM is very time consuming
earthquake. 600 and costly, yet still cheaper and more
The design methods are still available feasible than experiments. ROFEM
only for the most common connec- ao0 also provides further information that
) _ —TEST 0 ; )
tion types. The Component Method zZ is difficult to obtain by experimental
model employs significant simplifica- = 200 —ROFEA measurements.
tions, containing only several springs E The design-oriented finite element
with linear stiffness. The neutral axisis = model uses design material properties
approximated for some loading cases, 0 2 4 6 8 (e.g., bilinear material curve with von
and the weakness of the method is Deformation [mm] Mises yield criterion instead of a true
revealed for a combination of loading,  Figure 2. Geometry of specimen T2 (dimensions in mm); load versus ~ stress-strain material diagram) and stan-
e.g., by biaxial bending moment. deformation plot, ROFEA, and experimental curves. dard safety factors. The DOFEM should
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ideally contain a significantly reduced 800

number of finite elements and nodes

compared to a ROFEM. The reduction ///—‘
in the number of elements and nodes 700

significantly reduces computational

effort. However, it must be proven by a 600
mesh sensitivity study that the results are - == ==========-=
not affected significantly by this reduc- CBEFEM 5% strain limit

tion. The DOFEM must be compared 500

to either a validated ROFEM or tradi-
tional design methods — this process is 400

called verification. =

A special type of DOFEM is a model % — CBFEM
using the Component-based Finite 33&0 — ROEEA
Element Method (CBFEM). The EN1993-1-8: 2005
method is a synthesis of the Component 200 1 F;"H??:'F'I-E: 2020
Method and the finite element method. ity s
The plates are modeled by shell ele- = = -AlSC 360-10
ments and the components, e.g., bolts 100 CSA-516-09
or welds, by nonlinear springs with their = = - Topkaya
properties based on design codes and 0 = = - Driver

state-of-the-art research. CBFEM pro-
vides code checks of failure modes that
are very difficult to capture by finite
element analysis alone, such as crush-
ing of concrete in compression or weld
fracture. CBFEM removes the restric-
tions and most simplifications used in the Component Method. The ~ Validation and verification ensure that the finite element analysis of
neutral axis and forces in components for any type of load combination  the model is correct. The whole process is described in an example of
are determined by the finite element method. a block shear of a bolt group.

0 1 2 3 4 5 [ 7 8 9
Deformation [mum]

Figure 3. load versus deformation curves — verification results; mesh around bolt hole = DOFEM (upper) and
ROFEM (lower) (Sekal, 2019).
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Figure 4. Bolted stiffened end plate connection: plastic strains
on a deformed CBFEM model (deformation scale 3) and
reliability graph.

Validation of ROFEM

The experiments by Huns et al. performed at the University of Alberta
in 2002 are used for validation of a ROFEM created by Sekal in 2019
in ANSYS software (Figure 1, page 14). The tested gusset plates are
0.26 inches thick, the bolts have a diameter of 3 inch, and the bolt
holes are match drilled. Therefore, the bolts are directly in bearing.
A true stress-strain material diagram is used. Only the thinnest plate
predicted to fail is modeled. The model contains 190,264 hexahe-
dron elements and needs around 26 hours of computational time on
a dedicated server. The ROFEM model shows excellent agreement
with the test results (Figure 2, page 14). (The model is considered
validated, and it can be used for further parametric studies such as
the effect of bolt pitch or edge distance on the block shear resistance.

Verification of CBFEM Model

A DOFEM using CBFEM is created based on the numerical experi-
ments performed using the ROFEM validated on experiments. The
models are compared to each other to prove the validity of CBFEM.
This way, the effect of random imperfections of the specimens in
experiments is removed. The DOFEM is further compared to several
analytical models for block shear resistance of bolted connections.
The models from AISC 360-10, CSA S16-09 (Canada), EN 1993-
1-8:2005 (Eurocode), and prEN 1993-1-8: 2020 (Eurocode-draft)
codes are investigated. Furthermore, the results of analytical models
by Driver et al. (2005) and Topkaya et al. (2004) are presented.
The design-oriented CBFEM model uses shell elements with a rather
coarse mesh. The finite element model is created in the background of
the software and does not require a high level of expertise about the
numerical method from the user. The mesh is predefined near bolt
holes. Bolts are modeled as nonlinear springs which are connected to
the nodes at the edge of the bolt holes by links with nonlinear load-
displacement behavior. The bilinear material diagram with insignificant
strain-hardening is used for plates. The slight slope of the plastic branch
improves the convergence of the solver, and the impact on the preci-
sion of results is negligible. The limit resistance of a group of bolts in
bearing is determined when the plastic strain at the plate reaches 5%
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(EN 1993-1-5: 2005). The bearing and
hole tear-out resistances of each bolt are
checked by formulas from the appropri-
ate code. The computational time on a
personal computer is in seconds.

The comparison is shown in Figure 3,
page 15. All design models are conserva-
tive compared to this experiment and
corresponding ROFEM. The results of
the CBFEM model and ROFEM do
not match each other perfectly because
match drilled bolts were used in the
experiments. The shear stiffness of a bolt
in the CBFEM model is set to conform
to the average behavior of a bolt in stan-
dard holes. The resistance of the CBFEM
model is smaller due to the neglected
strain-hardening of plates and small limit
of plastic strain; the guaranteed strain at
fracture of structural steel in tension must
be at least 15% (Figure 4).

On the other hand, the coarse mesh
leads to higher load resistances. The resis-
tance of the CBFEM model nearly matches the resistance determined
by AISC 360-10 and prEN 1993-1-8: 2020. It is conservative com-
pared to the model by CSA S16-09 and, at the same time, unsafe
compared to EN 1993-1-8: 2005. The current Eurocode analytical
model is known to be too conservative and will be modified in the
next generation published in the final draft of prEN 1993-1-8: 2020.

Conclusion

The design-oriented finite element model using CBFEM is exten-
sively verified, and the studies are published. It is implemented in
several commercial software, such as IDEA StatiCa or Hilti Profis.
The results of finite element analysis are first compared to the tra-
ditional analytical design procedures in current codes. The aim is
to differ from the analytical procedure by 10% at most. If CBFEM
provides unconservative results, the model is also verified against
ROFEM validated by experiments. Analytical models often contain
several simplifications, e.g., rigid base plate assumption or linear
interaction of bending moments around two axes perpendicular
to each other. Finite element models are, from their underlying
principle, much more precise.

Often, the structural engineer is required to make conservative
assumptions and educated guesses when designing non-standard
joints, which are not described in Design Guides. CBFEM is a tool
able to calculate such estimates in minutes, and provide not only
design load resistances but also a visual presentation of behavior and
a risk of possible failure modes.s

The online version of this article contains references.
Please visit www.STRUCTUREmag.org.
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