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ABSTRACT

Simple shear (fin plate) connections, which are designed to resist shear loads only, are commonly used in the
US. However, as observed in the Cardington large-scale building experiment, these connections carry large
compressive forces during the heating phase of a fire that can lead to local buckling of the connecting members
(i.e. beam). Further, large tensile forces develop near the connection during the fire decay which can lead to the
failure of the connections. The objective of this research is to provide guidelines and address common problems
to researchers in modeling three dimensional connection details using commercial finite element software such
as ABAQUS. Modeling such FE models, which consists of several parts in contact, requires knowledge in
contact mechanics with friction, meshing techniques, matrix solver and stability and convergence algorithms. In
recent studies, researchers have made several attempts to model and run double angle (web cleat) or single plate
connection models under a given fire load. A general consensus has been difficulty in setting up a proper contact
surface configuration and overcoming rigid body motions and convergence problems related to contact and local
buckling. With some examples from previous and ongoing research on simple shear connections at Princeton
University, we aim to give suggestions on how to improve convergence characteristics of such models by
selecting an optimum meshing level near contact areas, using stability methods and matrix solver techniques.
Steel connections under fire events have been the least researched yet crucial area in the structural engineering
and fire practice. Due to the high cost of conducting experiments of connections in a furnace, the finite element
method is a cost-effective way to investigate the strength and behavior of connections under fire. We have
observed that contact surfaces with edges or corners create convergence difficulties. Although using an explicit
solver might look like a better alternative to an implicit solver for large models, the results from an explicitly
solved solution could be unreliable and hence this technique requires careful attention by the user during post-
processing. Since an implicit solver requires the balance of forces for each iteration, the results are inherently
stable.
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INTRODUCTION

The behavior of connections has become an important research field in predicting performance-based

design for steel frames especially after many researchers realized a knowledge gap in estimating the

behavior of steel structures under fire conditions. Highly non-linear behavior of steel under elevated

temperatures coupled with large deflections, fire-induced forces and local instabilities in the fully or

partially restrained beams make the finite element method (FE) a favorable choice in estimating the

ultimate load capacity of steel subassemblies. Among the various types of connections, simple shear
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connections are considered to be most vulnerable to fire scenarios because they are only designed for
shear (gravity) loads and cannot fully resist the large axial forces in the beams and the rotational
demand during fire.

The objective of this research is to provide guidelines and address common problems to researchers in
modeling three-dimensional connection details using commercial finite element software such as
ABAQUS. Modeling such FE models, which consists of several parts in contact, requires knowledge in
contact mechanics with friction, meshing techniques, matrix solver and stability and convergence
algorithms. In previous research (Garlock and Selamet 2010, Selamet and Garlock 2010), we validated
a single plate shear connection that is used in Cardington full-scale building tests (Lennon and Moore
2003). FE model of this connection provided us valuable insight in possible challenges that researchers
from the same research area might encounter. We will first discuss about the previous benchmarks on
three-dimensional finite element modeling of steel connections and then present our guidelines and
supply several examples from our lap joint models or the single plate connection FE model from the
Cardington test.

GUIDELINES IN CONNECTION MODELING

Previous Approach:

Bursi and Jaspart (1997, 1998) have done extensive research on FE modeling of bolted end plate steel
connections. Their research provided guidelines not only to end plate steel connections but also to all
bolted steel connections. They suggested that 3D FE models are superior in estimating the connection
capacity, which leads to a more realistic global behavior of steel members (i.e. beams, columns). Thick
or thin shells are unable to produce acceptable results especially for the bolt behavior since bolts could
have varying stresses through their thickness and shells cannot accurately capture such stress state. Due
to the limited computing power a decade ago, simulating contact conditions between bolts, plates and
beams in a connection was a grand challenge. Therefore, Bursi and Jaspart limited their focus on pre-
loaded and not pre-loaded bolted endplate connections, which are at ambient temperature and loaded
with monotonically increasing loading. Since the authors’ main concern was bending dominated
problems at ambient temperature, they compared FE results to the experiments through moment-
rotation diagrams. Overall, FE results compared well with the experiments in terms of the initial
stiffness and the ultimate load capacity but they did not accurately capture the onset of yield strength
on which Bursi and Jaspart commented as the lack of residual stress representation in the FE models.
The authors also investigated discretization of the connection geometry, use of element types and
analysis category (elastic or plastic), the effects of friction (due to contact) in tangential direction
between connection parts (i.e. bolts, plates) as well as bolt pre-loading and prying force effects.

Bursi and Jaspart recommended the use of 3D first-order (linear) hexahedron elements with
incompatible modes (C3D8I) in ABAQUS. Linear elements are better for hyperbolic (plasticity)
problems, in which the strain yield is discontinuous. Each of these elements has 13 additional degrees
of freedom (DOF) to the existing 24 DOF, which provides superior performance in bending dominated
problems without having shear locking behavior or zero energy modes. The authors also suggested
using at least 3 elements through thickness of a section if the section’s behavior is bending dominated.
They calibrated beam elements and used this assemblage to represent shear and bending behavior of
the bolts. Moreover, they experimented with gap elements (as opposed to surface contact method) to
simulate contact conditions. The beam assemblage method for the bolts and gap elements for contact
conditions were utilized for the purpose of reducing the computational expense. The findings suggested
that changing the Columb friction coefficient x for tangential contact between bolts and end plate does
not affect the rotational response of the end plate connection.
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Van der Vegte and Makino (2004) investigated solution techniques to the structural problems involving
bolted connections. He commented on the use of implicit and explicit solution schemes for such 3D FE
connection models. Explicit method is usually used for dynamic problems because it determines the
solution without iterating but by explicitly advancing the kinematic state from previous increment.
Explicit problems do not need to form a global stiffness matrix because the linear equations are not
solved simultaneously for the entire system (like in implicit method) but the stress wave propagates
element-to-element (local). Implicit method steps in time by assembling global stiffness matrix for the
entire structure and inverting it to find all nodal displacements. Hence, the user could experience high
computational expense and converging difficulties since bolted connection models involving contact
conditions are highly non-linear. Finally, the authors recommend using explicit solvers for large
models with several parts in contact.

New and Enhanced Guidelines:

Our paper expands and enhances this previous research in several directions. First, it investigates single
bolt lap joints (tensile connections composed of 1 bolt and two plates) and simple shear connections in
a subassembly. Previous research (Bursi and Jaspart 1998) focuses on isolated connections, which fail
under monotonically increasing load. In our FE analyses, axial force, moment and shear develop
simultaneously due to fire and imposed boundary conditions on the subassembly. Second, our paper
considers highly nonlinear steel material behavior at elevated temperatures. Third, it uses state of the
art solving techniques and contact configurations provided by the finite element software ABAQUS
(DS-Simulia 2008).

Element type and integration order:

Whether the structure is at ambient temperature or under fire conditions, the FE models must be
modeled for plastic problems if the goal is to estimate the ultimate load capacity (limit state). Hence,
first-order elements should be used for bolted connection type problems in order to capture strain
discontinuities (yield lines). Quadratic elements such as C3D20 are more accurate for elliptic (elastic)
problems but they create additional difficulties when contact surfaces exist in the structure, because the
shape function on element edges is not linear. However, it is inefficient to use only C3D8I elements for
the entire model because each element has 13 additional DOF when compared to the fully integrated
elements (C3D8). When the elements are not in the contact zone or not expected to have large stress
concentrations, C3D8R (reduced integration) elements can be used to decrease the computational
expense. They are not suited for contact zone because they are inherently rank deficient and can switch
to zero energy modes. When these modes are triggered, the element can deform without any resistance
to the load. C3D8 elements are generally more accurate than C3D8R elements, but they are subject to
shear locking behavior, which can lead to overestimation of the load capacity in bending dominated
problems. They can be used in parts of the structure where local stress concentration is high but no
large bending is expected. The user should adopt hexahedron elements (C3D8, C3D8R and C3D8I)
where possible. If the user needs to represent irregular geometry such as fillet radius of an [-Beam or a
welded region, wedge elements (C3D6) can be used with care because the mesh density should be very
fine in order to get acceptable stress results.

Figure 1 shows how closely the FE model with C3DS8I elements can capture (C3D8 elements
overestimate the load capacity because of shear locking behavior) the load-displacement history of
L8x5/8x4 angles (Garlock et al. 2003). The displacement is measured from the heel of the angle (uplift)
and the force is measured from the thick plate that is connected to the angle through 4 bolts. For
brevity, the load is applied for one cycle only until the deformation in the angle heel displaced by 1
inch. Since the angle in the experiment does not show any reduction in ultimate strength for each cycle
until it fails by fatigue, the FE model is loaded only once.
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Figure 1. Comparison between Experimental Cyclic Loading Angle Test (Garlock et al. 2003) and FE
Model (C3D8I Elements).

Meshing and steel material properties:

The finite element theory states that the numerical model will converge to the true solution if the
number of elements in that region gets finer. For contact problems, this also holds true. However, the
cost of computation is always a concern, and intelligent meshing decisions must be made. Since high
stress concentrations exist near the connection, bolts, plate- and beam bolt-hole regions should be
meshed with 20 to 24 elements around the circumference of a typical bolt diameter (7/8”” to 1 %4”).
This number is found by mesh convergence studies, which also agree well to the suggestions by Bursi
and Jaspart (1998). If the connection is designed for tensile loading (see Figure 2), we recommend
using 2 C3D8 elements through the plate thickness. If the connection should also resist compression,
local buckling is a possible concern and the user should use at least 3 elements though the plate
thickness. Post-buckling strength of a plate depends on the bending behavior of the elements; hence
C3D8I elements are suitable for connections under compression. A simple single plate connection as
shown in Figure 3a-b is subjected to shear, compression, tension and bending throughout the analysis,
hence we recommend using C3D8 elements on the contact zones, C3D8I elements for the beam web
and beam flange, the single plate and bolts in the connection region and C3D8R elements outside of the
connection region (for the rest of the subassembly).

Figure 2 shows the simplest tensile connection, which is used to validate the FE model before more
complex models are built. The connection consists of one bolt (M20) connected to 2 plates with 3/8’
thickness. The bolt-hole is 1/16°’ larger than the bolt diameter (7/8”). This is common in engineering
practice and will allow the bolt move relative to the two plates. The model is fixed in one plate and a
displacement-controlled loading is applied to the other plate until either bolt-hole bearing or bolt shear
limit state is reached (Garlock and Selamet 2010).
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(a) Lap Joint (b) Lap Joint Detail Cut (Bolt is Purple Color)
Figure 2. Finite Element Model of the Lap Joint Assembly (Garlock and Selamet 2010).

GIRDER

(a) Beam-Girder Subassembly (b) Single Plate Connection Detail
Figure 3. Finite Element Model of the Cardington Subassembly (Selamet and Garlock 2010).

For all parts (including bolts) in the FE models represented in this paper, steel with isotropic hardening
is used for which the yielding is defined using ‘von Mises’ yield criterion. At elevated temperatures,
we adopted the Eurocode steel material properties (Eurocode 3, 2001). For the single plate connection
model, the single plate is welded to the girder (see Figure 3b). However, we recommend that the
welded parts are modeled using *TIE Constraints option in ABAQUS. This method combines the two
parts in all DOF at the connected (welded) region and the region is assumed to fail only when the
yielding stress level is reached. Such simplification significantly reduces additional contact
configuration and converging challenges due to a more complex weld material behavior. However, the
user is responsible to check if the total strain stays within the weld rupture limits (~20% strain for
Eurocode 3). Further, we recommend using true strain and stress input for steel material properties
because the FE connection models experience large plastic deformations. ABAQUS and several other
sophisticated commercial FE software require true strain and stress input. Eurocode steel properties are
given as engineering stress-strain input, which should be converted to true stress and true (logarithmic)
strain using Equations (1) and (2) where &g and ceng are the engineering (nominal) strain and stress,
respectively whereas €ue and oy are the true strain and stress, respectively.

Ee=In(l+e,,) (1)
O e O 14 600,) @

The importance of such formulation is shown in Figures 4a-c. Two square bars, one with Gy material
property and the other with c.n, material property, are loaded in tension until they are fully plastic. The
steel material has the (engineering) yield stress of 303MPa with isotropic strain hardening up the
(engineering) ultimate stress of 470 MPa. If the engineering stress is used as a direct input in
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ABAQUS, the bar stretches near the fixed end, because the plastic stress (Geng) stays constant (Figure
4b) from 4% to 15% of plastic strain. Hence, the engineering stress/strain formulation causes a
reduction in the bar load capacity although no descending branch (ductile damage) is implemented for
the steel material. Further, it allows for an unrealistic ductile capacity of the steel material. As
expected, the true stress formulation gives realistic results with an ultimate (flat) load capacity until the
bar cross section becomes fully plastic.
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Figure 4. Engineering versus True Stress/Strain Formulation in (a) 10 m Bars with 1x1 m Cross
Section in Tension with C3D8 Elements (Mises Contours Shown), (b) Plastic Strain/Stress and (c)
Load-Displacement Plots.

Contact configuration and some challenges:

The contact algorithm in ABAQUS/Standard checks for open or closed slave nodes on contact
surfaces. Open slave nodes are not in contact with the master node, thus they are unconstrained,
whereas closed slave nodes are constrained in the direction of the surface normal by the corresponding
master nodes. ABAQUS/Standard also determines if closed slave nodes are moving tangentially to
master surface (sliding or sticking). The tangential behavior is determined by the shear stress between
the master and slave surfaces. There are two methods to enforce contact constraints. The first method is
the traditional Lagrange multiplier method, which exactly enforces the contact constraints by adding
degrees of freedom to the global structure matrix. The second method is the penalty method, which
approximately enforces the contact constraints by use of springs without adding degrees of freedom to
the matrix structure. Using the penalty method, some penetration of contact surfaces is allowed, which
improves the convergence rate. We recommend using penalty method as both tangential and normal
contact surface enforcement. In our FE models, linear penalty stiffness formulation is used. The default
penalty stiffness is 10 times the underlying element stiffness; hence selecting the default value means
that the penalty scale factor is k&=1.0. However, it is possible to scale the penalty stiffness in order to
decrease the computational time and avoid ill-conditioning of the matrix (DS-Simulia 2008). We
investigated the effect of the penalty stiffness by observing the load-deflection curve of the single-bolt
lap joint model from i=1.0 to £=0.001. As seen in Figure 5, the load-deflection curves with scale
factors £=0.1 and 4=1.0 follow very closely meaning that the forces from one plate to another are
successfully transmitted through the contact surface in the bolt region. Hence, we recommend using the
penalty scale factor £=0.1.

Contact discretization is another important configuration. For surface-to-surface contact, contact
conditions are enforced in an average sense, rather than at discrete points such as node-to-node



discretization. Such averaging technique provides more accurate and smooth contact state transition
and hence, we recommend surface-to-surface for all contact surfaces.

Contact tracking algorithm must be defined in ABAQUS/Standard. A general but computationally
expensive algorithm is the finite sliding, which takes account for large relative movements between
contact pairs compared to their element sizes and updates their contact tracking state for each contact
iteration. Small sliding algorithm does not allow large movement between surfaces and its calculations
are done only once in the beginning of the simulation. We recommend the finite sliding tracking
algorithm because it is well suited for connection models especially under fire conditions with large
plastic deformations.

25

[h*]
o

815
=
B
9 10 =k =1.0
-k =0.001
5 ~—k=0.1
~k=0.01
0@ - . :
0 0.05 0.1 0.15 0.2 0.25

Displacement (in)
Figure 5. Load-Displacement Plot for Single Bolt Lap Joint Model at ambient temperature for different
penalty scale factors.

(a) (b) (d)
Figure 6. Mises Stress Contours on (a) Deformed Beam (b) Beam Bolt Region and Illustration of
Contact Surfaces on (c) Bolts and (d) Bolt-hole Regions in the Beam.

In static contact analyses, care must be taken to ensure the proper orientation of the contact surfaces.
Bolts are usually more rigid (quench-tempered) than hot-rolled steel members; hence they are usually
denoted as master surfaces in contact pairs and meshed coarser than the slave surfaces to increase the
contact convergence rate (DS-Simulia 2008). As seen in Figure 6c¢, the bolt shank surface is
perpendicular to the bolt head and bolt nut surface. Therefore, these master surfaces will have different
surface normals, which define how the slave nodes get in contact with the master nodes. If a slave
node (on the bolt hole of the plate) gets in contact with the master node that is at the corner of bolt head
and bolt shank, then two different surface normals will impose two constraints on the same slave node,
which will likely produce a numerical singularity (solution is not unique). Although the analysis could
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continue, the slave node will experience unrealistic distortion and very large spikes in stresses. Figure
6a shows the deformed beam taken from our single plate connection model. The analysis stops
converging due to large contact force residuals at the node (shown in red circle in Figure 6b). In order
to avoid this problem, two master and two slave surfaces that are perpendicular to each other must be
separated as illustrated in Figures 6¢ and 6d, where the red color represents two master (or slave)
surfaces with different normals and the purple (Figure 6¢) and the white (Figure 6d) color represents
the buffer zone which is not defined as a contact surface. This formulation avoids contact problems at
corners with a tradeoff in stress accuracy at those locations.

(a)
Figure 7. (a) Triangular Loading Distribution for two Parts (red and grey) in Contact. Mises Contours
at the End of Analysis of (b) the Sharp Corner and (c) the Round Corner.

Another solution to convergence problems around the corners is to make the sharp corners round with a
given fillet radius. Such geometry is very common in hot-rolled steel members and it helps to define a
contact region with only one surface normal and increases the convergence rate as well as provides a
smoother stress transition from one contact element to another. Two FE models consisting of two parts
are created with a sharp corner and with a round corner with 10 mm fillet radius and as shown in
Figure 7a, the grey parts is loaded (displacement-controlled) with a triangular distribution where the
maximum displacement is 15 mm. The sharp corner produces element distortion and high stress levels
as seen in Figure 7b when compared to the round corner (Figure 7¢). Moreover, the model with a sharp
corner completes the analysis with 134 iterations in 45 minutes (CPU time) whereas the model with a
round corner has only 107 iterations in 38 minutes. This computational efficiency plays a more
important role when the models are larger with more contact surfaces.

The initial step in contact analyses is usually the hardest step to establish convergence because the parts
are not fully in contact. Here, two parts are considered to be in contact when the contact pressure is
nonzero on the contact surfaces. For the analysis to complete the first step, rigid body motions due to
the lack of boundary conditions should be avoided. For instance, the bolts in our single plate
connection model will experience rigid body motions if they are not fixed in all three degrees of
freedom at some nodes in the first loading step. Such boundary conditions on the bolts need to be
imposed artificially to provide convergence in the initial phase. However, the user has to make sure
that the initial loading with these artificial boundary conditions is small enough not to affect the global
behavior of the connection in later steps. Once the loading ensures proper contact between parts
(nonzero contact pressure), the artificial boundary conditions are removed and the analysis is
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continued. Furthermore, we recommend that the small loading in the initial step should be
displacement-controlled instead of force-controlled since they provide a higher numerical stability to
the system.

Solving techniques:

Solving large FE models with high nonlinearity involving contact is a crucial issue for most
researchers. Van der Wegte (2004) recommended explicit integration in time for connection models for
ease with contact configuration and convergence. However, he warned the users to carefully analyze
and interpret results. Explicit time integration is advantageous for large non-linear dynamic problems,
for which inertial effects are important and the time of simulation is measured in milliseconds.
However, 3D connection modeling at ambient or elevated temperatures is essentially a static problem.
Explicit methods could be used quasi-statically for connection modeling under ambient or elevated
temperatures, where the system produces kinetic energy (inertial forces) but this energy stays below a
certain threshold (~10%) when compared to the internal energy of the system throughout the
simulation. Explicit problems are also conditionally stable, because the stress wave propagation cannot
exceed the smallest element size (critical element characteristic length). Hence, the stable time
increment (A.) is usually very small (refer Table 1) for finely meshed models. Using very small A,
makes it impossible to use a real time scale for quasi-static problems in Explicit method; instead a total
time (tioa) 0.005 seconds is selected (usually 10-50 times larger than A.) such that the analysis
completes faster, but the noise due to contact and the kinetic energy in the system are kept minimal.
Implicit method does not have a time instability issue, but its computational expense grows almost
exponentially with larger degrees of freedom and it inherently creates convergence problems when
contact surfaces and high nonlinear materials are used in the model. We have included in Table 1 an
example of the single bolt lap joint model (shown in Figure 2a) to compare explicit and implicit
solution techniques.

Table 1. Implicit versus Explicit method of Single Bolt Lap Joint Model (see Figure 2a) using 64-bit
System with Intel Xeon E5345, 2.33GHz, Quad-core CPU (parallel processing), 32 GB of RAM.

Parameters IMPLICIT EXPLICIT
Number of DOF / number of iterations 104262 /735 79158 /207165
Contact Enforcement Penalty method Penalty method
Computational Expense (CPU time / Memory) 3.93 hrs / 565 MB 2.16 hrs / 136 MB
Stable time increment (Acy) N/A 1x107 sec
Total time (tiota)) 1.0 (time is irrelevant) 0.005 sec
vy End g o Bty | Feld oo dom | The i of dfomation s v

Figure 8 shows the deformation of the bolt-hole in bearing for both implicit (Figure 8a) and explicit
(Figure 8b) methods at failure. Implicit method gives acceptable range of ductile deformation when the
bolt region becomes fully plastic and the field equations do not converge. Explicit method, however,
fails by unrealistic deformation of the bolt region, although the ultimate load capacity of the models is
approximately the same (not shown). The user should look for an acceptable deformation rate during
post-processing the results before the failure time is estimated. The implicit method does not require
such user intervention in the post-processing, since Mises contours (Figure 8a) show that the bolt
region has already become fully plastic at the end of the analysis. Investigating the pros and the cons of
two methods, we recommend using implicit solution scheme although it requires a more intelligent
contact configuration and greater computational expense.




(b)

Figure 8. Mises Contour and Deformation Plots of Single Bolt Lap Joint Models (ambient temperature)
with Bolt-hole Bearing Limit State using (a) Implicit Method and (b) Explicit Method.

CONCLUSION

Finite element software has evolved in the last decade to enable the researchers to implement 3D
topologies such as connections with user friendly graphical support. The researchers still need to
understand and overcome some of the difficulties that such models produce. In this paper, we discussed
about previous principles for FE modeling of connections and developed more recent and
comprehensive guidelines for connections under ambient or elevated temperatures in a subassembly.
We also supported our recommendations with original examples such as lap joints or single plate shear
connection from Cardington tests.
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