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This paper describes a collaborative project between the US, Ireland, and Northern
Ireland (UK) to investigate advanced manufacturing cutting techniques for the creation
of a new class of intermeshed steel connections that rely on neither welding nor
bolting. To date, advanced manufacturing equipment has only been used to accelerate
traditional processes for cutting sheet metal or other conventional fabrication activities.
Such approaches have not capitalized on the equipment’s full potential. This project
lays the groundwork to transform the steel building construction industry by
investigating the underlying science and engineering precepts for intermeshed
connections created from precise, volumetric cutting. The proposed system enhances
the integration between design, fabrication, installation and maintenance through
building information modeling platforms to implement advanced connections. Fully
automated, precise, volumetric cutting of open steel sections introduces intellectual
challenges regarding the load-transfer mechanisms and failure modes for intermeshed
connections. The research activity addresses knowledge gaps concerning the load
resistance and design of steel systems with intermeshed connections. Physical tests,
finite element simulation and multi-scale modeling are being used to investigate the
mechanics of intermeshed connections including stress and strain concentrations,
fracture potential and failure modes, and to optimize connection geometry.

Keywords: Steel connection, Intermeshed, Plasma, Waterjet, Finite element modeling,
Front-intermeshed connection, Side-intermeshed connection.

1 INTRODUCTION AND CONCEPTS

Despite field welding and bolting being time-consuming and/or expensive, the steel building
market has not developed any new universally applicable structural steel connection systems
since before World War Il. To achieve improved construction efficiency and heightened material
reuse, computer controlled, advanced manufacturing techniques in high-definition plasma, laser
and water jet cutting (Figure 1) could be exploited (Ramakrishnan and Rogozinski 1997). This
paper envisions the harnessing of those technologies to create an entirely new class of
“intermeshed” steel connections.
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Precise cutting of steel makes it possible to create the notches in beam flanges and web that
can intermesh with other beam parts or external connectors, like puzzle pieces. This technique
could radically change how structural steel is fabricated, assembled, deconstructed, and reused
(Perreira et al. 1993). Without relying solely on bolting or welding to assemble a connection in
the field, the simplicity and efficiency of the construction process may be significantly improved.
To date, this class of fabrication equipment has only been used to accelerate traditional processes
for cutting sheet metal or other conventional fabrication activities (e.g., cutting instead of drilling
holes). Such approaches have not capitalized on the equipment’s full fabrication potential.

Because assembly costs at a construction site are high for welded and bolted connections, the
intermeshed connection offers the potential for a lower cost connection, even though
manufacturing costs are likely to be higher. There is also the potential for life cycle savings as
deconstruction costs would be significantly lower as an intermeshed connection can be designed
specifically for disassembly and also for reuse. However, unlike traditional bolted or welded
connections, where the industry has more than 100 years of experience, precise cutting of steel
for an intermeshed connection is not yet part of the culture or its expectations.

(@) Pl

robot (Wikipedia 2018a). (Wikipedia 2018b).

Figure 1. Advanced cutting techniques.

While maintaining the original concept, different alternatives can be developed for the
intermeshed connection. A variety of connection details were investigated and different
connections were proposed. In this paper, two major ideas for intermeshed connection are
presented in the following sections.

2 FRONT-INTERMESHED CONNECTION

The very first concept is a relatively simple intermeshed connection called the “Front-
Intermeshed Connection” (Al-Sabah and Laefer 2017a). This connection is composed of three-
dimensional interlocking through the top and bottom flanges and through the web. The flanges
carry the tension and compression resulting from the bending moment at the connection, while
the web carries the shear force. The connection transfers shear and compression from one beam
section to the next through direct contact bearing of multiple, precisely shaped faces (Figure 2).
The arrangement is ideally suited for connecting beams at or near ideal inflections points to create
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gravity load framing. For practical use of this new type of connection, understanding its
mechanical behavior, especially in terms of the load carrying capacity under mixed mode loading
scenarios, will be essential.

(a) Idealized connection in printed stainless steel. (b) Assembly of the connection in a frame.

Figure 2. Front-intermeshed connection.

Load is transferred between flanges through bearing and friction via the intermeshed teeth of
the flanges. The connection has the advantages of simplicity and requires no additional parts to
create the flange connection, although a locking mechanism can be added against uplift.
However, field-assembled locking connections are unlikely to be able to fully transmit the
flexural, axial, and shear capacities of the connected steel sections and may reduce the
corresponding stiffness components of a continuous steel member, because of interruptions in the
load path.

The stepped web connection allows for easy site assembly, as the middle beam part can be
dropped from above, in a method similar to current practice. In Figure 2b, the ends shown in
yellow are shop welded as stubs to the column. No other welding is required, and bolting is fully
avoided in this configuration. The main drawbacks to this type of connection are the tightness of
the tolerances and the lack of adjustability in the erection process.

2.1 Finite Element Analyses in Abaqus

To better understand how this type of precise interlocking performs structurally, initial lab testing
was conducted for two-dimension meshed “fingers” (Matis et al. 2018). Based on the success of
those initial tests, a three-dimensional numerical model was created in Abaqus (Abaqus 2013).
The finite element analyses were performed under different load combinations to investigate the
general behavior, failure modes, and peak capacity of the connection.

Under flexure, the connection shows a uniformly monotonic behavior with a relatively low
flexural resistance. Failure occurs when the teeth on one side of the top flange slip out of the
sockets on the other side (Figure 3a), so there is no capacity to carry tension force, which means
no moment capacity can be developed. Moreover, in the case of combined tension and shear, the
presence of the latter causes relative vertical movement between the two sides of the connection
and, consequently, the flanges slip out of their intermeshed positions. When this phenomenon
happens (Figure 3b), there is no component to resist tension, and the connection fails.
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(@) In pure flexure top flange slips out. (b) Vertical slip of top and bottom flanges
under combined tension and shear.

Figure 3. Performance of the front-intermeshed connection under different load conditions.

2.2 Connection Characteristics

Considering the connection configuration and the results of the finite element analyses, the front-
intermeshed connection is generating insufficient strength and stiffness for effective use in
practice. Therefore, it is helpful to characterize the front-intermeshed connection in terms of its
performance characteristics in order to develop strategies for connection improvement.

Following current code standards and based on the results from the finite element studies, the
front-intermeshed connection shows limited stiffness, strength, and ductility. So, it is classified
as a non-ductile and partially restrained connection (AISC Specification for Structural Steel
Buildings 2016, Eurocode 3 2005). This classification is due to the cuts in the flanges which
reduce load carrying capacity in tension and, consequently, the moment significantly. Therefore,
the front-intermeshed connection is not recommended for use where demands for 1) large
moments, 2) large moments in combination with large shears, and 3) axial tension are possible.

3 SIDE-INTERMESHED CONNECTION

Given the limitations of the front-intermeshed connection in transferring loads, especially when
in the presence of combined loads and strict tolerances, another alternative of the intermeshed
connection is proposed (Al-Sabah and Laefer 2017b). The “Side-Intermeshed Connection”
utilizes intermeshed external connectors to transfer flange tension and compression forces.

Two different versions of side-intermeshed connection were developed. The “original
conception” (Figure 4) sought to meet the original goals of requiring no welding nor bolting at
all, while maximizing erection speed and construction tolerance. Meanwhile, the second version
(Figure 5) was modified for greater acceptance in the construction industry and includes minor
bolting. This paper focuses on the modified version of the side-intermeshed connection.

In this connection, flange edges are cut to create a set of tooth-shape notches (i.e. “teeth™).
To connect different sides of the beam, an angle is used on each edge with horizontal holes which
match the teeth (see Figure 5). Having the beam flanges connected, the section will be able to
transfer moments via the connector angles. However, for shear transfer, a pair of regular shear
plates are bolted to the beam web.
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(a) 3D Exploded view. (b) 3D View of assembled connection.

Figure 4. Side-intermeshed connection (original conception).

A new design approach was adopted based on the concept of “Capacity Design” and the
requirements of the current US steel design standard (AISC Steel Construction Manual 2017). In
this approach, the angles are designed for applied loads (obtained from elastic analysis).
Subsequently, the teeth are designed for maximum expected forces based on connector angle
capacity. Using “Capacity Design” assures that failure occurs in the angles rather than the teeth.
Such a mechanism is desirable since the replacement of the angles is easy and fast following a
case of damaging overload. Given the number of variables needed to define connection
resistance, an iterative approach for the proportioning of the elements is needed.

(a) 3D Exploded view. (b) 3D View of assembled connection.

Figure 5. Side-intermeshed connection (modified version).

The side-intermeshed connection allows larger tolerances and easier fabrication, which leads
to a better potential for wider accepted in practice. However, one potential concern related to this
connection is the stress concentration at the sharp corners of the angle holes. Depending on the
length-to-width ratio of the angle holes, previous studies have shown that the stress concentration
factor can be up to 5 (Sikora 1973) which can result in pre-mature rupture. To avoid any
undesirable failure modes, circular holes were added to the sharp corners in the angle holes. A
finite element model proved the effectiveness of such a change by reducing the stress
concentration factor to 1.7. Figure 6 shows the configuration of the hole and the resulting stress.
Further study of the side-intermeshed connection is ongoing, including cohesive modeling of the
connection to enable efficient analysis, and experimental verification.
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Figure 6. Finite element analysis on the effect of the shape on the stress concentration around the hole.

4 CONCLUSIONS

This study analyzed a radically new connection for structural steel members, which uses multi-
degrees of freedom, volumetric cutting to drastically reduce fabrication costs and vastly simplify
and accelerate erection by avoidance of supplementary materials and methods. Based on this
concept, two different alternatives of intermeshed connections were proposed and investigated.

Results from finite element modeling in Abaqus showed that the front-intermeshed
connection exhibits excellent shear resistance even in the presence of moment or axial force. On
the other hand, axial or flexural behavior is sensitive to the relative position of the flanges. The
presence of shear can make the case more critical as it makes the flanges slip out, and the
connection would lose the ability to hold together. Based on flexural characteristics, the front-
intermeshed connection shows low stiffness and resistance rendering it a simple connection.

In keeping with the intermeshed connection concept, another alternative is proposed that
eliminates the negative aspects of the front-intermeshed connection. The resulting side-
intermeshed connection offers larger load capacity potential and larger erection tolerances. A
special detail at the angle holes was adopted to avoid stress concentration.
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