
Numerical study of the behavior of intermeshed steel connections
under mixed-mode loading

Shemshadian, M. E., Le, J-L., Schultz, A. E., McGetrick, P., Al-Sabah, S., Laefer, D. F., Martin, A., Hong, L. T., &
Huynh, M. P. (2019). Numerical study of the behavior of intermeshed steel connections under mixed-mode
loading. Journal of Constructional Steel Research, (160), 89-100. https://doi.org/10.1016/j.jcsr.2019.04.024

Published in:
Journal of Constructional Steel Research

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2019 Elsevier Ltd.
This manuscript is distributed under a Creative Commons Attribution-NonCommercial-NoDerivs License
(https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits distribution and reproduction for non-commercial purposes, provided the
author and source are cited.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:23. May. 2023

https://doi.org/10.1016/j.jcsr.2019.04.024
https://pure.qub.ac.uk/en/publications/c9562acf-d262-43c5-bb42-0288da404ed4


1 
 

Numerical Study of the Behavior of Intermeshed Steel Connections under 1 

Mixed-Mode Loading 2 

Mohammad E. Shemshadiana*, Jia-Liang Lea, Arturo E. Schultza, Patrick McGetrickb, Salam Al-3 

Sabahc, Debra F. Laeferc,d, Anthony Martinb, Linh Truong Hongc, Minh Phuoc Huynhc 4 

a Department of Civil, Environmental, and Geo- Engineering, University of Minnesota, Minneapolis, Minnesota 5 

b School of Natural and Built Environment, Queen's University Belfast, Belfast, Northern Ireland  6 

c School of Civil Engineering, University College Dublin, Dublin, Republic of Ireland. 7 

d Department of Civil and Urban Engineering, New York University, New York City, New York 8 

Abstract 9 

In recent years, advanced manufacturing techniques, such as high-definition plasma, water jet, and 10 

laser cutting, have opened up an opportunity to create a new class of steel connections that rely on 11 

intermeshed (i.e. interlocked) components. The main advantage of this type of connection is that 12 

they do not require either welding or bolting, which allows faster construction. Although the 13 

interest in intermeshed connections has increased in recent years, the mechanical behavior of these 14 

connections has not been fully understood. This paper presents a numerical study on the ultimate 15 

load capacity failure modes of intermeshed connections under mixed-mode loading. The 16 

experimental behavior of the connection components is also investigated through a series of tests. 17 

The study considers a recently developed intermeshed connection for beams and columns. The 18 

numerical simulations were performed by using a commercially available 3D finite element 19 

software package. By considering different types of mixed mode loading, interaction diagrams of 20 

axial, shear, and moment capacities of the intermeshed connection were obtained. The results 21 
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indicated that there exists an intricate interaction among axial, shear, and moment capacities, 22 

which arises from the intermeshed configuration of the flanges and web. For each interaction 23 

diagram, the corresponding failure mechanism was analyzed. The simulated interaction between 24 

axial, shear, and moment capacities were further compared with the provision of the current design 25 

codes. While the intermeshed connection studied here showed promise for gravity loading, further 26 

study is needed to ensure alignment of the flanges so as to avoid axial and/or flexural failures. 27 

Keywords: steel connections, intermeshed, mixed loading, finite element analysis, interaction. 28 

  29 
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1. Introduction 30 

Field welding and bolting have played dominant roles in the construction of steel structural 31 

connections since the post-World War II era, despite considerable material and labor costs. With 32 

significant advances in manufacturing and building information modeling (BIM), there has been 33 

an increasing interest in developing new connection systems to facilitate more cost-effective 34 

construction [1]. Another motivation for developing new connection systems is to improve the 35 

ease of deconstructing steel structures, which would maximize the reusability of the components.  36 

To achieve improved construction efficiency and heightened material reuse, computer 37 

controlled, advanced manufacturing techniques such as high-definition plasma, laser, and water 38 

jet cutting could be harnessed to create an entirely new class of “intermeshed” steel connections 39 

that rely on neither welding nor bolting [2,3]. Fully automated, precise, volumetric cutting of open 40 

steel sections, coupled with BIM-supported design and specification of building components, 41 

could radically transform how structural steel is fabricated, assembled, deconstructed, and reused 42 

[4]. To date, this class of manufacturing equipment has only been used to accelerate traditional 43 

processes, such as cutting sheet metal and making holes, and has not capitalized on the full 44 

potential of the equipment.  45 

In the early 1990s, researchers developed a new type of steel connection, namely the 46 

ATLSS connection, which allows for quicker, safer, and less expensive erection of structural 47 

members [5].  The underlying concept of the ATLSS connection is a tapered end plate on the beam 48 

which slides into a fixture with a grooved guide mounted on the column. Through a series of 49 

experimental studies, this concept was used to develop shear connections, partial moment 50 

connections, and full moment connections. The experimental results indicated that the load 51 
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carrying capacity of the ATLSS connection is predominantly governed by the capability for shear 52 

force transfer.  53 

The Quicon® connection was developed in the early 2000s to make site operations faster 54 

and safer. This system provides T-brackets and shoulder bolts for steel beam connections; the T-55 

brackets include a series of keyhole-shaped notches into which the shoulder bolts slide securely 56 

on site. To further speed assembly, both the T-brackets and the shoulder bolts can be attached to 57 

members off-site. The applications of the Quicon® system are limited to simple geometries like 58 

warehouses and parking garages, thus it has not received widespread attention [6].  59 

Another recent innovation is the ConX® moment connection, which requires no field 60 

welding [7]. For this connection, a collar corner assembly is shop-welded to the column at the 61 

proper floor framing locations. On site, beams are simply dropped into the column collar corner 62 

assemblies from above. A major challenge with the ConX® connection relates to the allowable 63 

tolerances in the foundations where the columns are connected [8]. All beams connecting to a 64 

ConX® node (the connecting parts of the beams and column) must be of the same nominal depth. 65 

There are also limitations on the beam flange thickness and width, the clear span-to-depth ratio of 66 

the beam, and the column wall thickness.  67 

Another frame connection technology is the SidePlate® connection, which uses extra 68 

plates to reinforce the beam-column interface and to allow for speedy construction [9]. This 69 

connection is typically used to carry moment, thus requiring multiple connecting parts and a heavy 70 

duty installation process. All four variants require field bolting (in most cases) or field welding.  71 

The aforementioned connections are intended for moment frame connections. Among 72 

these, only the SidePlate® and ConX® connections have found significant commercial use. Thus, 73 
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there is a need for a general class of connections for speedy and economical erection of steel frames 74 

for gravity loads. 75 

Motivated by the increasing interest in developing more cost-effective steel connections, 76 

recent research has focused on a relatively simple intermeshed connection [10–12], in which the 77 

top and bottom flanges of the beam are connected with dovetails, and the webs are connected by 78 

means of a stepped web pattern (Figure 1). The dovetail connection is intended to resist the axial 79 

tension and compression forces in the flanges under bending and/or axial loading, while the 80 

stepped web connection is intended to resist primarily shear forces in a single direction.  81 

 
 

(a) Schematics (b) Model printed in resin 

Figure 1: Proposed intermeshed connection  82 

 83 

The intermeshed connection (Figure 1) can be easily adopted in structural frames, as long 84 

as pre-specified tolerances are met. In the application, beam stubs (Figure 2) need to be welded to 85 

the column, which should be done at the fabrication shop. The central portion of the beam 86 

interlocks directly with the beam stubs in the field by gravity without further welding or bolting. 87 

Compared to traditional bolted or welded connections, this type of intermeshed connection 88 

Top view

Side view

a) b)

Top view

Side view

a) b)



6 
 

requires little experience on the part of site workers for its assembly. Moreover, much of the shop 89 

effort for manufacturing the connections can be performed using computer-controlled equipment, 90 

which would significantly reduce the labor cost. In addition, the intermeshed connection also 91 

allows easy disassembly, which improves the reusability of structural components.  92 

While the aforementioned intermeshed connection has several attractive features in terms 93 

of constructability, its mechanical behavior is not yet well understood. The expectation is that the 94 

three-dimensional interlocking mechanism would affect the load transfer capability of the 95 

connection. For engineering design practice, understanding this effect on the flexural, axial and 96 

shear capacities is essential for classification of this new type of connection. Notably, in contrast 97 

to traditional moment connections, where the moment and shear force are transferred separately 98 

through different connection components, the intermeshed connection is an integrated system. 99 

Therefore, there could exist intricate interactions between flexural, axial, and shear transfer 100 

behaviors, which cannot be captured by existing design codes.  101 

In this study, the behavior of the intermeshed connection shown in Figure 1 is investigated 102 

through a series of nonlinear finite element simulations. The simulations reveal the different failure 103 

modes of the connection under various mixed-mode loading conditions. This paper is organized 104 

as follows: Section 2 describes the concept and geometry of the intermeshed connection considered 105 

in this study; Section 3 presents the mechanical behavior of the individual flange and web 106 

components of the intermeshed connection; Section 4 presents the nonlinear finite element 107 

simulation procedure; and Sections 5-7 discuss the simulation results and their implications for 108 

design practice.  109 

 110 
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2. Intermeshed Connection Concept and Configuration  111 

As with conventional connection design, the intermeshed connection is designed to transfer 112 

bending moment through its flanges and shear force through its web. However, the detailed load 113 

transfer mechanisms differ. In the intermeshed connection, the transfer of web shear and flange 114 

compression is facilitated through direct contact bearing of multiple, precisely shaped faces, while 115 

the transfer of tension through the flange relies on flange interlocking.  116 

 117 

Figure 2: Gravity assembly of the intermeshed connection in a structural frame 118 

 119 

The simplicity of the flange intermeshing requires no additional interlocking components 120 

for transferring the axial loading into the flange. However, the interlocking of the tensile flange 121 

induces stress concentrations, which affect the efficiency of load transfer. The inclined stepped 122 

web connection allows for easy site assembly as the beam can be slotted in from above (Figure 2), 123 

a method similar to current practice, but without relying on welding or bolting. Furthermore, no 124 

web locks are needed for gravity frames, which is the focus of this study. Figure 2 shows the 125 

assembly of a beam in a structural frame using the intermeshed connections. The ideal location for 126 
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placing this type of connection is at or near points of contraflexure, where shear demand may be 127 

high but moment and axial force demands are low.  128 

The intermeshed connection transfers loads from one part to the other by bearing and 129 

friction on the connection contact faces, but contact will not be perfect due to industry defined 130 

manufacturing and erection tolerances. As a result, localized contact is expected to occur in 131 

multiple small zones, which in turn create local stress concentrations that can cause local yielding 132 

[13]. The material yielding at the local contact zones would further lead to stress redistribution in 133 

the intermeshed connection and eventually a spread of the local contact area. This stress 134 

redistribution mechanism influences the shear and moment transfer capacity.  135 

In traditional welded or bolted connections, the flanges and web are connected through 136 

different components, such as flange and web splice plates. In such instances, the transfer of shear 137 

and moment can be considered independent of each other. This is not the case for intermeshed 138 

connections which rely on the interlocking and bearing of the teeth and steps on both the flanges 139 

and web. Therefore, the flexural and shear behaviors of the connection are expected to interact 140 

with each other. As will be shown later, such interactions can have important consequences for the 141 

moment and shear capacities of the connection under general mixed-mode loading.  142 

 143 

3. Mechanical Behavior of the Connection Components 144 

To ensure that the dovetail and step cuts can facilitate the load transfer in the flanges and web, 145 

respectively, a series of experimental studies was performed on the individual flange and web [14]. 146 

The series consisted of six replicas of flange samples tested under tension and six replicas of web 147 
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samples tested under shear. Flange and web samples were cut from a S275JR steel plate of 6 mm 148 

thickness by using waterjet cutting for the flange samples and laser cutting for the web samples. 149 

The results showed that the performance of the samples was satisfactory, and that the 150 

mechanisms of tensile load transfer in the flange and shear load transfer in the web occurred as 151 

assumed in the connection concept presented in the previous section. Figure 3(b) presents the 152 

measured load-displacement response under tension, which displayed a softening behavior in the 153 

post-peak regime. In the experiments, the failure mechanism could be characterized as slippage of 154 

the intermeshing flanges due to excessive in-plane deformation between the dovetail sections of 155 

the flanges, as illustrated in Figure 3(a). No rupture was observed during any of the tests.  156 

 

 

 

(a) Failure mode (b) Load-deflection relation  

Figure 3: Comparison of the test and FEA results of the dovetail flange under tension 157 

 158 

For the tests of the web specimens under shear, slippage between the left and right sides of 159 

the specimens resulted in out-of-plane movements within the connection, leading to global 160 
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buckling, (Figure 4(a)). Finite element analysis (FEA), which will be discussed in the next section, 161 

also captured the fundamental trends in the tests (Figures 3(b) and 4(b)).   162 

 

 

 

 

(a) Failure mode (b) Load-deflection relation  

Figure 4: Comparison of the test and FEA results of the step-shape web under shear 163 

 164 

4. Finite Element Simulations — Methodology and Assumptions  165 

The aforementioned results indicate that the intermeshed connection tended to exhibit complex 166 

mechanical behavior arising primarily from the nonlinear material response at the contact surfaces. 167 

In this study, FEA was used to investigate the nonlinear behavior of the connection under different 168 

loading situations [15]. The FEA simulations were performed in Abaqus, which is capable of 169 

handling material and geometrical nonlinearity, as well as contact between individual surfaces 170 

[16]. The structure was discretized by eight-node 3D solid elements with linear displacement 171 

interpolation [17]. The contact between the intermeshed cuts of the flanges and between the web 172 

steps were modeled by contact elements, in which a hard contact law was used in the normal 173 

direction to minimize overclosure, and a friction contact law was used in the tangential direction. 174 
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4.1. Simulation of the Experiments of the Connection Components  175 

Nonlinear FEA was conducted in Abaqus to validate the results of the experimental studies on the 176 

flange under tension and web under compression that were reported in the preceding section. 177 

Figure 5(a) shows the plan view of the flange and side view of the web used in the experiments 178 

and their dimensions. In order to take the practical tolerances into consideration, a 0.5-millimeter 179 

gap was left between the different parts of each specimen. Figure 5(b) presents the experimentally 180 

derived material properties used as input parameter in the Abaqus model.  This curve was 181 

generated based on tensile tests of dogbone samples with a ‘Yun-Gardner’ material model, which 182 

considers bilinear behavior plus nonlinear hardening [18]. A mesh size of 2.5 mm was utilized in 183 

all the FEA models. Mesh patterns can be seen in Figures 3(a) and 4(a).  184 

  185 

(a) Geometry of the samples in millimeters (b) Material model 

Figure 5: Characteristics of the test specimens 186 
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In both the tension and shear tests, the results of the nonlinear FEA showed good agreement 188 

with the experimental tests (Figures 3(b) and 4(b)). The plateau at the beginning of the FEA curves 189 

was the initial settlement when the gaps were closing. Failure modes were also correctly predicted. 190 

Figure 3(a) shows that under tension, the dovetail cuts slipped out due to the distortion of the teeth, 191 

without rupturing. In the shear test, out of plane buckling was the major failure mechanism (Figure 192 

4(a)). 193 

 194 

4.2. Simulation of the Intermeshed Connection  195 

In this study, two sets of nonlinear FEA were performed on the intermeshed connection as a whole. 196 

In the first set, 13 finite element analyses were conducted to investigate the general behavior and 197 

failure modes of the connection under different load combinations. In the second set, over 200 198 

analyses were performed under a variety of load conditions to determine the load capacity of the 199 

connection. The results of the latter then served as the basis for the development of an axial force-200 

shear force-moment interaction (P-M-V) diagram. 201 

The connection was assumed to be cut from a UB 25410228 beam section. The cut 202 

geometry was designed to maximize the load bearing capacity of both the flange and web, while 203 

simplifying the connection arrangement as much as possible. To this end, various tooth widths and 204 

inclination angles for the intermeshed cuts, and different heights and widths for the steps were 205 

considered. The flange teeth and web steps were designed with round corners to reduce large stress 206 

concentrations. Meanwhile, multiple curves were used at the step corners to minimize the potential 207 

horizontal slip of the parts on either side of the step-shape cuts. Based on these considerations, 208 

trial geometries were developed and the performance of the connected parts was evaluated through 209 

nonlinear FEA. The final details of the connected parts and the cuts are shown in Figure 6. 210 
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(a) Top flange view (b) Web side view 

Figure 6: Detailed design of the cuts in the intermeshed connection (dimensions in millimeters) 211 

 212 

In the FEA, all of the structural components were modeled based on the European steel 213 

grade S355, which is similar to ASTM A992 Grade 50 steel used in the USA [19]. The constitutive 214 

behavior of the steel was assumed to follow the Von Mises yield criterion coupled with an isotropic 215 

kinematic hardening flow rule [15]. Figure 7 shows the uniaxial stress-strain response of the 216 

material with the following material parameters: E = 210 GPa, prop = 320 MPa, y = 357 MPa, 217 

y2 = 366.1 MPa, ult = 541.6 MPa, Ep1 = 0.21 GPa, Ep2 = 0.86 GPa, p_y1 = 0.4%, p_y2 = 2%, p_ult 218 

= 14% [20]. 219 

 To explore the behavior of the intermeshed connection, the independent loading cases were 220 

investigated first, followed by the combined cases. In the simulation, the member length was 221 

considered to be sufficiently short (155 mm) to minimize the bending moment induced by the 222 

applied shear force (Figure 8). By doing so, lateral torsional buckling was also suppressed, which 223 

was ideal for studying the behavior of the connection alone. The present model was able to capture 224 
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the local buckling of the compressive flange, which could affect the load transfer capacity of the 225 

connection. 226 

 227 

Figure 7: The uniaxial stress-strain curve of steel [20] 228 

 
 

(a) Loading and boundary conditions (b) Abaqus model 

Figure 8: Numerical simulation of the intermeshed connection 229 

 230 
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 In the model, the left side of the connection was connected rigidly to its support (e.g. the 231 

column flange), i.e. U1=U2=U3= 0, where U1, U2, and U3 were the displacement in X, Y, and Z 232 

direction, respectively. The right side of the connection was subjected to different displacement 233 

conditions to simulate different load cases (Figure 8).  234 

 The first round of analysis involved four basic loading cases: (1) pure tension, (2) pure 235 

shear, (3) pure compression, and (4) pure flexure. In each case, the corresponding deformation 236 

pattern was prescribed to the right side of the member (e.g. uniform deformation U1 for pure 237 

tension and compression, uniform deformation U3 for pure shear, and rotational deformation 2 238 

for pure flexure).  239 

 In the second part of the analysis, the aforementioned basic loading cases were combined 240 

to create mixed-mode loading, in which the relative dominance was described by the ratio of the 241 

corresponding displacements. For example, in the case of combined tension-shear loading, the 242 

ratio of U3/U1= 2 represented a shear-dominant case, U3/U1= 0.5 represented a tension-dominant 243 

case, and U3/U1= 1 represented a balanced case. The present analysis considered combined 244 

tension-shear, compression-shear, and flexure-shear loading. These loading cases are highly 245 

relevant to the actual loading scenario for building frames. In all analyses, the reaction forces at 246 

the left support were extracted from the simulation, and the complete force-displacement and 247 

moment-rotation curves were determined. For design purposes, the primary interest was the overall 248 

load carrying capacity of the connection.  249 

 250 

5. Failure modes 251 

5.1. Basic loading cases  252 



16 
 

Figure 9 presents the simulated load-deformation curve of the connection under tension. The 253 

simulation results showed that the tensile capacity of the connection was dominated by the 254 

interlocking of the flange plates. From Figure 9, the post-peak regime of the overall load-255 

deformation response can be seen to exhibit a gradual softening behavior (i.e. reduction of load-256 

carrying capacity), which signified the loss of interlocking action of the flange teeth. The simulated 257 

failure mode can be characterized by the slippage of the dovetail flanges without any rupturing. 258 

This was consistent with the flange tensile test shown in Figure 3(a). 259 

 260 

Figure 9: Simulated tensile behavior of the intermeshed connection 261 

 262 

 The simulation predicted the maximum tensile capacity of the intermeshed connection to 263 

be 180 kN, which refers to when the intermeshed flange was fully engaged. The tensile capacity 264 

can be estimated using a simple hand calculation [21], in which the load carrying capacity of the 265 

flange is governed by its effective net area, Ae. Based on the connection geometry shown in the 266 

Figure 6(a), the right side of the connection has the minimum net area, and therefore the peak 267 

tensile load of the connection can be calculated as per Equation 1: 268 
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𝑇𝑢 = 2𝐹𝑦𝐴𝑒 = 2𝐹𝑦(𝑡 ∗ ∑(𝑤𝑖𝑈𝑖))  (1) 269 

where Fy is the material yield strength, t is the flange thickness, wi is the width of each tooth, and 270 

U is the shear lag factor. According to the AISC Specification (2016), shear lag occurs when the 271 

tension load is not transmitted to all the elements of the cross-section simultaneously [22]. This 272 

leads to a non-uniform stress distribution and, consequently, a reduction in the tensile strength, 273 

because the flange section is not fully employed at the critical location. This effect is captured by 274 

the shear lag factor U in AISC specification [23]. Based on Equation 1, a peak tensile capacity of 275 

186 kN was obtained, which is in good agreement with the simulation results (180 kN). 276 

Figure 10 shows the load-displacement response of the connection under pure 277 

compression. Unlike the case of uniaxial tension, the compressive load-displacement curve 278 

exhibited a gentle softening behavior in the post-peak regime due to continuous contact being 279 

maintained through the flange teeth and web steps during the compressive loading. When the 280 

prescribed displacement became large (14 mm), the load carrying capacity was lost due to the 281 

onset of local compressive buckling.  282 

 283 

Figure 10: Simulated compressive behavior of the intermeshed connection 284 
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The simulation predicted that the peak compression capacity of the connection was 1279 285 

kN (see Figure 10), which is fairly close to the plastic capacity of the beam section in axial 286 

compression (1321 kN). This indicates that the intermeshing mechanism did not undermine the 287 

peak axial compression capacity of the beam. In addition, the present simulation showed that the 288 

peak compressive capacity was much larger than the tensile capacity. This difference is explained 289 

by the tensile capacity being governed by the effective area of the flange teeth whereas, for the 290 

compression case, the entire cross section contributes to the load carrying capacity.  291 

  Figure 11 presents the simulated load-displacement response of the intermeshed 292 

connection under shear loading, which largely relied on the web steps. Similar to the tension case, 293 

the load-displacement response under shear loading also exhibited a general post-peak softening 294 

behavior. The reduction in load carrying capacity was primarily due to the loss of contact of some 295 

web steps. Meanwhile, the load-displacement curve for the shear loading case showed a fair 296 

amount of ductility near the peak load. This can be attributed to the fact that the flanges provided 297 

a certain degree of web restraint. The other salient feature is that, at the final stage of analysis, the 298 

connection still possessed some amount of load carrying capacity, because there was still some 299 

contact between the pieces at the bottom part of the web (Figure 11). The simulation predicted a 300 

peak shear resistance of 286 kN, which was close to the nominal shear capacity of the beam (i.e. 301 

𝑉𝑢 = 0.6𝐹𝑦𝐴𝑤  where Aw was the web area of the beam). This indicates that the intermeshed 302 

connection was able to develop about 90% the full plastic shear capacity of the beam. 303 

The separation along the stepped web interface of the connection can be seen in Figure 11. 304 

A closer look at the abutting surfaces showed that the shear deformation (U3) is almost constant 305 

over the section height (Figure 12(a)), while the axial deformation (U1) caused by the secondary 306 

moment is almost linear (Figure 12(b)). The latter movement (U1) completely opens the top half 307 
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of the connection interface with a peak deformation of 19 mm, therefore the contact forces vanish 308 

in that area (Figure 13). 309 

 310 

Figure 11: Simulated shear behavior of the intermeshed connection 311 

  

(a) Shear deformation  (b) Axial deformation 

Figure 12:  Final relative movement at the abutting surfaces of the connection under shear load 312 
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(a) Normal forces (b) Tangential forces 

Figure 13: Contact forces on the connection under shear load 313 

For flexural loading, the connection showed a peak moment capacity of 23 kN-m. Based 314 

on the foregoing analysis of pure tension and compression cases, one may estimate the peak 315 

flexural capacity via Equation 2: 316 

𝑀𝑢 =
1

2
𝑇𝑢𝑑  (2) 317 

where d is the depth of connection, and Tu is the tensile capacity of the entire connection, thereby 318 

implying that the force in the tension flange is 0.5Tu. Equation 2 predicts a moment capacity of 319 

22.5 kN-m, which is slightly lower than that predicted by the FEA partly because the frictional 320 

contribution of the web is neglected.  321 

Figure 14 shows the simulated moment-rotation curve of the connection under negative 322 

bending. Once the peak moment was reached, the connection experienced a significant loss of its 323 

moment carrying capacity due to slippage of the intermeshed connection at the top flange. Once 324 

the top flange disengaged, the entire connection lost its moment capacity completely.  325 
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 326 

Figure 14: Simulated moment-rotation relationship of the intermeshed connection in pure bending 327 

 328 

5.2. Combined loading cases  329 

The aforementioned analysis indicated that the connection was able to develop almost full plastic 330 

capacity under some single-mode loading cases. However, in real world applications, the 331 

connections will likely experience combinations of these loading modes. This section discusses 332 

the performance of the connection under mixed-mode loading. 333 

Tension-Shear: For combined tension-shear loading, the relative dominance between tension and 334 

shear is described by the ratio of the applied displacements (U3/U1). The simulation showed that, 335 

when U3/U1 = 1, the peak tensile capacity reduced by 20% compared to that without shear loading. 336 

This reduction increased to 40% when shear loading became more dominant (e.g. U3/U1 = 2). 337 

Under combined shear and tensile loading, the connection exhibited a complicated behavior. 338 

Figures 15(a) and (b) show the simulated load-deformation responses in the normal and tangential 339 

directions, respectively, for the case of U3/U1 = 1. When compared to the pure tension (Figure 9) 340 

and pure shear (Figure 11) cases, the connection had less force and deformation capacities. Under 341 

shear loading, the connection manifested ductile behavior until reaching the point of failure, 342 
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whereas a pronounced softening behavior was seen in the tensile loading direction. This indicates 343 

that the failure of the connection was primarily governed by tension. The observed reduction in 344 

tensile capacity can be attributed to the relative vertical movement between the two sides of the 345 

connection that was mobilized by the shear force and, consequently, made the flanges slip out of 346 

their intermeshed positions. When this phenomenon occurred (Figure 15(c)), there was no 347 

component to resist tension, and the connection lost all load capacity.  348 

  

(a) Response in the normal direction (b) Response in the tangential direction 

 349 

(c) Deformation pattern 350 

Figure 15: Simulated behavior of the intermeshed connection under tension-shear loading 351 

Compression-Shear: Similar to the foregoing analysis, the compression-shear loading was 352 

investigated by considering three different ratios of U3/U1. It was found that, in all three cases, the 353 

presence of shear loading had little influence on the compressive behavior of the connection and 354 
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the maximum compression capacity was essentially unaffected. However, mixed-mode loading 355 

had a significant effect on the shear behavior. The simulation showed that, when compared to the 356 

load capacity under pure shear (Figure 11), the maximum shear capacity of the connection was 357 

reduced by 20%, 40%, and 60%, respectively, as the U3/U1 ratio decreased from 2 to 1 to 0.5. The 358 

reduction of the shear capacity can be attributed to the misalignment of the web steps when the 359 

applied compression became sufficiently large, and thus reduced the ability to transfer shear.   360 

Figure 16(a) and (b) show the simulated load-deformation responses in the normal and 361 

tangential directions for the case of U3/U1 = 1. In the tangential direction (U3), the load-362 

deformation response in Figure 16(b) exhibited a non-monotonic response. There was a local peak 363 

right after the elastic regime, after which the connection started to lose its load capacity. After a 364 

small increment in displacement, the connection regained its load capacity exhibiting a hardening 365 

behavior and reached a second peak load, after which the connection experienced a softening 366 

behavior leading to ultimate failure.  367 

The simulation indicated that the first drop signified local buckling of the web under shear 368 

loading. In fact, the buckling began as soon as the connection elements began to exhibit nonlinear 369 

behavior under combined stresses. Consequently, the overall stiffness decreased, and buckling 370 

occurred in the web. With continued loading, the shear resistance started to increase again when 371 

U3 reached a displacement of 2 mm. This was the same displacement at which the buckling of 372 

flanges began due to compression. The increase in the shear strength at this point was a result of 373 

the formation of tension field action in the web (Figure 16 (c)). The results showed that tension 374 

fields began to form in the web when the flanges started to buckle. The vertical component of these 375 

fields provided extra load transfer capacity, which enhanced the shear resistance.  376 
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(a) Response in the normal direction (b) Response in the tangential direction 

 377 

(c) Deformation pattern 378 

Figure 16: Simulated behavior of the intermeshed connection under compression-shear loading 379 

 380 

Flexure-Shear:  For combined flexure-shear loading, rotation 2 and displacement U3 were applied 381 

simultaneously to the connection. Three loading cases were considered: flexure-dominant case, 382 

flexure-shear balanced case, and shear-dominant case. In all three cases, negative flexural loading 383 

was used. In the balanced case, the ratio of applied rotation and tangential deformation (2/U3) was 384 

set equal to the ratio of the maximum rotation under pure flexure (Figure 14) and maximum 385 

tangential deformation under pure shear (Figure 11). In the flexural dominant case, the ratio of 386 

applied rotation and tangential deformation was twice that of the balanced case, whereas in the 387 

shear dominant case, this ratio was one-half of that of the balanced case. The simulation showed 388 
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that for the balanced and shear dominant cases, the presence of significant shear loading caused a 389 

drastic decrease in moment capacity. While for the flexure dominant case (Figure 17), the moment 390 

capacity was about 80% of the original moment capacity under pure flexural loading.  391 

 392 

Figure 17: Simulated moment-rotation response of the intermeshed connection under flexure-393 

shear loading (flexure dominant case) 394 

 395 

To better understand this observation, the deformation mechanism of the connection under 396 

flexure-shear loading was investigated, as shown in Figure 18. As it was discussed earlier, under 397 

pure flexure, the connection failed when slippage occurred at the top flange (Figure 18(a)). 398 

However, when a small shear was applied along with the flexural loading (Figure 18(b)), the shear 399 

force helped to maintain the top flange level and prevented the vertical slip. But when the shear 400 

load was large (Figure 18(c)), it moved the right-hand side of the connection downward until the 401 

right flange slipped out from the bottom this time. Thus, the effect of shear on flexural behavior 402 

could be either beneficial or detrimental depending on the amount of shear force applied. 403 
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(a) With no shear 

 (pure flexure case) 

(b) When shear is small 

(flexure dominant case) 

(c) When shear is large  

(shear dominant case) 

 405 

Figure 18: Deformation mechanism of connection under flexure-shear loading 406 

 407 

6. P-M-V interaction diagram 408 

The prior discussion of FEA of the intermeshed connection indicated that, under mixed mode 409 

loading, there were intricate interactions among different failure mechanisms. For design purposes, 410 

the key consideration was the peak load carrying capacity. The capacity interaction diagram was 411 

constructed by considering more than 200 combinations of axial force (P), moment (M), and shear 412 

(V). These were compared with the P-M-V interaction proposed in the AISC Specification (2016) 413 

and in Eurocode 3 [22,24]. 414 

 Figures 19 (a) and (b) show the simulated P-M-V interaction diagram plotted in both 3D 415 

and 2D. For a given applied axial force, the M-V interaction curve appears asymmetrical in terms 416 

of the moment capacity, which is largely caused by the deformation generated by shear loading. 417 

As mentioned earlier, the geometry of the intermeshed connection only allows the application of 418 

shear force in one direction. As shown in Figure 11, the applied shear loading would cause slippage 419 

of the web step, while the connection experiences a certain level of rotation due to the existence 420 
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of a small bending moment. As a consequence, the applied shear force improves the positive 421 

moment capacity, in which the bottom flange is in tension. Figure 19(b) shows that shear loading 422 

could enhance the positive moment capacity by up to 50%. The opposite effect occurs for negative 423 

moment capacity, where the applied shear force would lead to a significant reduction of moment 424 

capacity. 425 

  

(a) Plotted in 3D (b) Plotted in 2D with various axial loads 

Figure 19: Simulated P-M-V interaction diagram  426 

 427 

Current code specifications have provisions for interaction diagrams. For example, 428 

Eurocode indicates that when the applied shear force, V, exceeds 50% of plastic design shear 429 

resistance Vp, then the moment and axial resistances of the section can be determined using a 430 

reduced yield strength (1− ρ)fy  [24], where ρ is calculated as 431 

𝜌 = (2𝑉/𝑉𝑝 − 1)
2
                (3) 432 

When the applied shear force is less than 50% of Vp, no reduction in yield strength is required. The 433 

resulting M-V-P interaction diagram is shown in Figure 20(a).  434 
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 The AISC specification considers interaction among moment, shear, axial load and torsion. 435 

Specifically, in the absence of torsion, the M-V-P interaction can be expressed as per Equation 4: 436 

𝑃

𝑃𝑢
+

𝑀

𝑀𝑢
+ (

𝑉𝑟

𝑉𝑐
)
2

≤ 1    (4) 437 

where Mu, Vu, and Pu are the peak capacities of the connection under pure moment, shear, and axial 438 

loading. Figure 20(b) presents the interaction diagram described by Equation 4.  439 

 
 

(a) Eurocode (b) AISC 

Figure 20: P-M-V interaction diagrams according to codes specifications 440 

 441 

 The aforementioned code recommendations are compared with the present simulation 442 

results. Figure 21 shows the comparison for the moment-shear interaction in the absence of axial 443 

loading. In the negative moment regime for the intermeshed connection, the AISC specification 444 

represented the M-V interaction accurately, while the Eurocode overestimated the moment 445 

capacity for all shear loading levels. In the positive moment regime, both the AISC specification 446 

and the Eurocode grossly underestimated the moment capacity. This discussion reveals that the 447 

interactions included in current design codes may not accurately describe the behavior of the 448 
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intermeshed connection under general mixed-mode loading. In this regard, high-fidelity FEA 449 

simulations are essential for investigating the structural behavior of such a connection. 450 

 451 

Figure 21: M-V interaction diagrams of the connection simulated by the current study and 452 

prescribed by the AISC specification and Eurocode. 453 

 454 

7. Classification of the intermeshed connection   455 

Following current code standards (e.g. AISC specification and Eurocode), the intermeshed 456 

connection can be classified in terms of its stiffness, strength, and ductility. Based on the simulated 457 

moment-rotation curve of the connection, the stiffness can be defined as the initial slope of the 458 

curve, the strength as the peak moment capacity, and the ductility as the rotation at which the 459 

moment capacity drops by 20% in the post-peak regime. Based on these definitions, the initial 460 

stiffness, strength and ductility of the present connection were estimated to be about 17,400 461 

kNm/rad, 23 kNm and 0.02 rad, respectively. 462 
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The AISC specification classifies connection types based on stiffness and strength. In terms 463 

of a stiffness criterion, the AISC uses the ratio between the flexural stiffness of the beam (EI/L) 464 

and the connection stiffness. Consider a typical beam length of 6 meters (about 20 feet). For the 465 

intermeshed connection studied here, the bending stiffness ratio between the connection and the 466 

beam is about 13. According to the AISC specification [22], one would classify the connection as 467 

partially restrained.  468 

In terms of the strength criterion, the AISC specification classifies connections that 469 

transmit less than 20% of the fully plastic moment of the beam at a rotation of 0.02 as simple 470 

connections. The intermeshed connection considered here transmits only 18% of the beam moment 471 

capacity due to the reduced load carrying capacity of the intermeshed flange. Therefore, the 472 

intermeshed connection would be classified as a simple connection.  473 

Notably, the AISC specification also requires a rotation capacity of 0.03 rad for a 474 

connection to be considered as ductile. But the maximum rotation of the intermeshed connection, 475 

captured in the FEA, is about 0.02 rad. Therefore, the intermeshed connection is not recommended 476 

for cases in which large plastic deformations are required. This implies that the connection could 477 

be used in frames that resist gravity loads only. 478 

In the Eurocode, there are different limits for connection classifications. For the stiffness-479 

based classification, the connection can be considered as semi-rigid, if the stiffness of the 480 

connection is in the range between 0.5EI/L and 25EI/L, where EI/L is the flexural stiffness of the 481 

beam. Therefore, the intermeshed connection would be considered semi-rigid (13EI/L) according 482 

to the Eurocode. In terms of the moment strength, the Eurocode considers a connection as 483 

nominally pinned, if its peak moment resistance is not greater than 25% of the plastic moment 484 
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resistance of the beam. Therefore, based on the Eurocode, the intermeshed connection would be 485 

classified as a simple connection.  486 

Connection classification is essential for proper modeling of a frame, as well as for 487 

determining the applicability of a system and the appropriate design specifications that must be 488 

considered. Both the AISC Specification and the Eurocode would treat the connection studied here 489 

as a simple connection in terms of force transfer and partially-restrained (semi-rigid) in terms of 490 

the stiffness.  491 

 492 

8. Conclusions  493 

This study analyzed the behavior of a new type of steel connection that uses multi-degree of 494 

freedom, volumetric cutting with the aim of reducing fabrication costs and simplifying the erection 495 

process.  Nonlinear finite element simulations were performed to investigate the complex behavior 496 

and failure modes of the intermeshed connection under mixed-mode loading. The simulation 497 

results showed that the connection exhibited excellent shear resistance, even in the presence of 498 

flexural and axial loading. However, the axial or flexural behavior was greatly affected by the 499 

alignment of the intermeshed flange connection. The presence of shear loading could have a 500 

significant influence on the deformation pattern of the flange and, consequently, the axial and 501 

moment capacity of the connection.  502 

The P-M-V interaction diagram of the connection, simulated by nonlinear FEA simulations, 503 

showed that existing code recommendations of P-M-V interaction were not applicable to the 504 

intermeshed connection considered herein. In some cases, the code recommendation would grossly 505 

underestimate the load capacity of the connection, while in other cases an overestimation could 506 
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occur. Therefore, detailed numerical analysis plays an essential role in determining the load 507 

capacity of the intermeshed connection under general mixed-mode loading until further code-508 

based guidance can be developed.  509 

Based on the classification requirement by both the AISC specification and the Eurocode, 510 

the intermeshed connection should be considered as a type of simple connection. This finding 511 

implies that the intermeshed connection can be used in gravity bearing structural systems, which 512 

is consistent with the intended design philosophy for this type of connection. However, the 513 

connection performance could be unsatisfactory if flange alignment is not maintained. Further 514 

research is needed to determine strategies to minimize such outcomes. 515 

The intermeshed connection considered here can be used for a gravity load frame, because 516 

it exhibits good shear resistance, even in the presence of flexure and axial loading. However, the 517 

ability of a gravity load frame to undergo lateral drift would have to be evaluated separately, if it 518 

was part of a larger system that included an independent lateral load system (e.g. shear wall or 519 

braced frame). Notably, the connection is intended for placement at locations near beam inflection 520 

points where the bending moment is low and axial loading is negligible. For the purpose of 521 

modeling, the intermeshed connection can be represented as a pin connection, but a small amount 522 

of additional flexural stiffness may be needed for a fully accurate numerical representation. 523 
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