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1 INTRODUCTION 
 
For structural steel, the two main connection methods 
(i.e. bolting and welding) are based on century-old 
technologies. Both are expensive and time consuming 
and they cannot always facilitate easy disassembly for 
material reuse. Current steel fabrication practice 
favours the welding process, carried out in fabrication 
shops (as opposed to onsite) due to the high-quality 
control that can be achieved. This process is 
undertaken by highly experienced and certified 
welders. However, the subsequent transportation of 
the elements to the site limits the size of the 
assemblage that can be constructed in the shop. 
Moreover, further assembly on-site is then necessary 
which is challenging due to access and weather 
conditions (Bansal 1996). Thus, the difficulty in 
guaranteeing a high-quality control for a successful 
weld is the requirement for extensive on-site testing. 

This adds time and direct costs to a construction 
project. The preferred connection method for on-site 
assembly is bolting since it is highly standardized 
(Mao et al. 2001). Bolts are manufactured to specific 
standards and have a guaranteed performance. 
However, bolting on site is a slow manual process, as 
each bolt must be inserted and accurately tightened 
individually. In addition, deconstruction becomes 
difficult, particularly with welded connections, as 
welded steel must be cut at the structure’s end of life, 
with such steel being recycled. 
Alternative steel connections have been developed 
during the last few decades. These connections 
resulted in many solutions but had limited application 
in practice. Among the most successful alternatives 
were the Kaiser connection, the Pin Fuse connection 
and the ConXtech connection (Cordova et al. 2011). 
However, these connections are complicated and 
expensive. Their design and their working 
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ABSTRACT: Today’s urban environment and transportation networks rely heavily on the use of steel load 
carrying structures. Despite the two main steel connection methods, welding and bolting, being slow and/or 
expensive field activities, a new universally applicable, structural steel connection mechanism has not been 
introduced in more than a century, regardless of the new manufacturing capabilities available. It is clear that by 
improving and refining these features of multi-storey steel buildings, considerable savings in both weight and 
cost could be achieved. To achieve these savings, improved construction efficiency and heightened material 
reuse, a new class of interlocking steel connections using computer-controlled, advanced manufacturing 
techniques in laser cutting has been developed that rely on neither bolting nor welding. This paper presents the 
experimental testing and numerical modelling of the flange of the new interlocking steel connection in direct 
tension. A series of experimental tests were performed to capture the behaviour and failure modes of the new 
steel connection under tension. A simplified two-dimensional (2D) finite element (FE) model has been created 
using the ABAQUS software. The connection model accounts for material and geometric non-linearity, large 
deformation and contact behaviour. Contact is critical to model the tensile behaviour of the joint and was 
modelled using a surface to surface contact interaction taking into consideration friction between the surfaces. 
The model has been analysed through the elastic and plastic ranges up to failure and predicts the failure mode 
of the connection well. The comparison with the experimental data shows that the 2D model has a very good 
level of accuracy and the highest effectiveness in terms of computational time and memory usage. 
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mechanism is more complex and costly. Many other 
patented connections were less successful since all of 
them continue to rely on conventional bolted or 
welded methods or need more expensive alternatives 
such as castings.  
To address these drawbacks and to promote steel 
reuse and recycling, a new class of interlocking steel 
connection using computer-controlled, advanced 
manufacturing techniques in laser cutting has been 
developed that rely on neither bolting nor welding. 
This new method connects steel members that have 
precisely shaped ends in an interlocking approach. 
The connection is achieved by gravity-based 
placement of one end of a beam member relative to 
the end of another to create a robust interlocking 
connection able to transfer force through common 
bearing surfaces. The connection is then secured by 
manually inserting a small locking element. With 
that, three main advantages are achieved. First, 
members can be assembled faster than what is 
currently possible and at considerably reduced cost. 
Second, manual operations are reduced thus the final 
quality is significantly improved. Third, separating 
the connected parts at a future time for recycling or 
reuse is substantially easier, faster and cheaper. These 
advantages address priority actions outlined by the 
UK Roadmap for Energy Efficient Buildings (2012) 
and are in addition to improved safety procedures and 
significantly less reliance on skilled workers. Due to 
its nature the new interlocking steel connection does 
not require the addition of new components or 
materials such as bolts, welds or end plates. 
The aim of this paper is to present the experimental 
tests and the finite element modelling carried out to 
obtain the behaviour of the flange of the new 
interlocking steel connection in direct tension. An 
effective 2D ABAQUS model is introduced and the 
results of the Finite Element Analysis (FEA) are 
validated by comparing the obtained load-
displacement curve with those from experimental 
results measured using the Digital Image Correlation 
(DIC) technique. 

2  EXPERIMENTAL STUDY 

2.1 Overview of testing 

A series of tensile material tests and flange 
connection tests were carried out to investigate the 
structural behaviour of the new interlocking flange 
connection in tension. All tests were performed in the 
Heavy Structures laboratory at Queen’s University 
Belfast. A series of material test samples were 
prepared from 6 mm thick S275JR steel plate. The 

results of these tests were used in Nonlinear Finite 
Element Analyses (NLFEA) of the flange of the 
interlocking connection, whose geometry is shown in 
Figure 3. In parallel with material testing, the flange 
connection geometry, composed of 6 mm S275JR 
steel plate, and cut using two alternative methods, was 
tested in tension up to ultimate failure. The 
corresponding test results were compared with NL 
FEA results and used to calibrate the proposed 2D 
ABAQUS FE model. This section summarises the 
testing apparatus, the experimental procedures and 
the test results obtained.  

2.2 Material Tensile Tests 

Tensile ‘dogbone’ tests were performed to establish 
the basic material stress-strain response. This was 
subsequently utilised in the development of the 
numerical model. The tests were carried out in 
accordance with BS EN ISO 6892-1 (2016). The 
dimensions of the tensile samples are illustrated in 
Figure 1. These samples were tested by applying 
tensile loads under displacement control to samples 
taken from the 6 mm thick plate. Connection samples 
were also later fabricated from these plates. For each 
plate used in the testing programme, at least six 
representative samples were tested. These test 
samples were initially spray painted with a matt black 
and white speckle pattern, using commercially 
available acetone and xylene-based aerosol spray 
paints. The speckle pattern was then identified and 
tracked by a digital image correlation (DIC) high 
resolution camera system; the ‘StrainMaster’ system 
by LaVision was employed in these investigations. 
Once the speckle paint pattern had dried, test samples 
were placed within the wedge action grips of a tensile 
testing machine, calibrated in accordance with ISO 
7500-1 (2004). Samples were tested with vertical 
displacement rates of 0.294 mm/min and 1.0 mm/min 
to establish yield (ReH and ReL) and ultimate tensile 
(Rm) strengths respectively. 
 
 

 
Figure 1. Dimensions of material tensile samples in mm.  
 



All tensile tests (material and connections) were 
carried out using a RetroLine tC II universal testing 
machine (UTM) manufactured by Zwick/Roell, as 
shown in Figure 2. This machine had a tensile 
capacity of 100 kN and was controlled by an attached 
computer running Zwick/Roell ‘TestXpert II’ 
software. 
 

 
Figure 2. Zwick/Roell Retroline tC II universal testing machine 
 
The key results from the six tensile test samples from 
the 6 mm thick plate are summarized in Table 1. A 
Young’s modulus of E = 210 × 103 N/mm2, was 
adopted as defined by BS EN 1993-1-1 (2005).  

2.3 Connection tensile tests 

The flange of the interlocking steel connection was 
tested in direct tension to assess load carrying 
capacity and deformation. Full load displacement 
curves were recorded including into the post-ultimate 
range. The geometry of the tested flange connection 
plate denoted F03V5-2 is shown in Figure 3. A total 
of 24 flange connections were tested from the 6 mm 
thick plate, which was cut using both waterjet and 
laser cutting methods. Each method of cutting,  

however, resulted in differing surface profiles of the 
connection samples. It was observed that the cut 
surface of samples prepared by waterjet cutting 
displayed an orange/brown colouration (oxidation) 
and were rough to the touch, whereas laser cut 
samples appeared highly polished and were smooth to 
the touch. Thus, connection samples could be visually 
distinguished from one another. Waterjet cutting, and 
laser cutting were carried out with tolerances of ±0.05 
mm and ±0.025 mm respectively and kerf thicknesses 
of 1.0 mm and 0 mm correspondingly. The tests were 
carried with the same RetroLine tC II universal 
testing machine (UTM) used for material tensile 
testing. 
 

 
Figure 3. Flange plate connection geometry investigated (units 
in mm). 

 

Table 1. Measured material properties from tensile tests.

Sample No. 
Average Cross-Sectional 

Area (mm2) 

Upper Yield Stress, ReH 

(N/mm2) 

Lower Yield Stress, 

ReL(N/mm2) 

Ultimate Tensile 

Strength, Rm (N/mm2) 

MT1* 76.59 277.39 273.54 369.18 

MT2 76.48 279.91 274.41 369.07 

MT3 77.22 284.15 271.21 371.26 

MT4 77.55 282.71 282.64 377.17 

MT5 77.14 289.53 280.06 371.40 

MT6 76.86 282.14 277.92 364.29 

* MT1: Material Test 1 



As outlined earlier, flange test samples were spray 
painted with a black and white speckle pattern using 
commercially available spray paints (matt black and 
white). This speckle pattern was required for 
identification and tracking of displacements by a 
digital image correlation (DIC) camera system 
(StrainMaster, LaVision). Once this paint pattern had 
dried, test samples were placed within the wedge 
action grips of a tensile testing machine calibrated in 
accordance with ISO 7500-1 (2004) as shown in 
Figure 4 and extension was applied at a vertical 
displacement rate of 1 mm/min. 
 
 

 
Figure 4. Entire flange connection assembly into grips before the 
application of tensile loading. 
 
All flange connection samples were observed to 
extend with increasing loads in a linear elastic fashion 
until an initial yield point was reached. Beyond this 
point, however, extensions became more extreme, as 
loading kept increasing until the ultimate strength of 
the connection was reached. After that point, the load 
started to decrease as extension was increasing until 
failure occurred. 
For the majority of samples, ultimate failure occurred 
due to fracture at the base of the lower ‘male’ section, 
as illustrated in Figure 6(a), although some outward 
splaying of the upper ‘female’ section also occurred.  
 
 

All flange connection samples exhibited a similar 
failure mode except for three samples, where upper 
and lower sections slipped apart due to excessive in-
plane and out-of-plane deformation resulting from 
localised material yielding before fracture occurred. 
The results of the connection tests are summarised in 
Table 2 below, where average upper and lower 
yielding points in F03V5-2 connections are listed 
along with the average ultimate capacity in each case. 
The tests also showed that the capacities for the laser 
cut samples were higher than waterjet cut samples by 
3.8-7%. 

3 FINITE ELEMENT MODELLING 

3.1 Introduction 

A numerical modelling programme was implemented 
in parallel with the testing programme, using the non-
linear finite element analysis software ABAQUS, 
Version 6.14 (2014). 2-D plane stress nonlinear FE 
analyses were carried out which incorporated material 
and geometric nonlinearities, large deformations and 
contact conditions. Fracture of the material was not 
included in the FE analyses. Both implicit static and 
explicit dynamic solvers were used to conduct 
numerical simulations. The finite element employed 
in the present study was CPS4R, a 4-node bilinear 
plane stress, quadrilateral shell element with reduced 
integration and hourglass control which has 
performed well in similar applications. A mesh 
convergence study was then carried out to establish a 
mesh size which would produce accurate results 
whilst remaining computationally efficient.  

3.2 FE modelling of flange connections 

Geometric data and experimentally derived material 
properties were used in FE models to replicate the 
connection test behaviour. The material test data took 
the form of engineering stress and strain. ABAQUS 
requires that the material properties are specified in 
terms of true stress σtrue and log plastic strain 	, 
which can be derived from the engineering stress-
strain curves through Equations (1) and (2). 

Table 2. Summary of results from flange connection test 

Connection 
Code 

Plate Thickness 
(mm) 

Cutting 
Method 

Average Upper Yield 
Strength (N) 

Average Lower Yield 
Strength (N) 

Predominant Ultimate 
Failure Mode 

Average Ultimate 
Strength (N) 

F03V5-2 6 Waterjet 29569 29414 Fracture 42845 

F03V5-2 6 Laser 30684 30682 Fracture 44461 



	 1                                           (1) 
 

1
	

                                       (2) 
 
where  and  are engineering stress and strain 
respectively and E is the modulus of elasticity. The 
continuous engineering stress-strain curve was 
initially approximated with a multilinear curve which 
was subsequently converted into the required 

 format as shown in Figure 5.  
 

 
Figure 5. Multi-linear Plastic true stress-strain curve 
implemented in ABAQUS. 
 
A surface-to-surface contact interaction was adopted 
for the numerical model. In this contact interaction, 
master-and-slave surfaces were defined and the 
surface with the coarser mesh was chosen as the 
master surface. The tangential behaviour was defined 
as a ‘Penalty’ friction formulation and ‘Coulomb’ 
friction model was used with friction coefficient of  
μ= 0.15 for the two contact surfaces. Early parametric 
studies performed by the authors showed that 
changing the Coulomb friction coefficient, μ, for 
tangential contact between the two surfaces of the 
interlocking steel connection did not affect its tensile 
behaviour. The normal contact behaviour was defined 
as a ‘Hard’ contact pressure overclosure relationship.  
With respect to the boundary conditions, the lower 
edge of the flange connection was fixed, and the 
upper end was pulled vertically upwards during the 
analysis using displacement control until failure 
occurred. A series of mesh studies was conducted to 
assess the sensitivity of simulation results for 
different FE mesh sizes. The result of this sensitivity 
study suggested that the appropriate mesh size should 

be 3.5 mm for the flange connection elements of the 
outside edges as shown in Figure 6.  
Both implicit static and explicit dynamic solvers were 
employed for the numerical simulations. An implicit 
static solver is commonly used in structural analyses. 
However, significant efforts are required to make the 
procedure convergent when contact conditions are 
simulated in the model. The explicit dynamic solver 
can overcome this problem. Although, the explicit 
dynamic solver cannot provide the static response, the 
dynamic effect could be ignored if the kinetic energy 
of the deformed structure is only a fraction (typically 
5% to 10%) of its internal energy throughout most of 
the structural response. Thus, a quasi-static 
simulation was also used in these analyses. In the 
present case, since large computational resources 
were required by the explicit dynamic solver, implicit 
static analyses were chosen.  
 

 
Figure 6. Typical FE model of the flange connection and its parts 
adopted for numerical simulations in ABAQUS. 

 
In ductile crystalline materials such as steel, fracture 
initiation can be triggered by plasticity. Ductile 
fracture will occur after the material undergoes 
extensive necking and plastic deformation in the 
necked region (Yang et al., 2012). The ductile 
criterion in ABAQUS is a phenomenological model 
for predicting the onset of damage due to nucleation, 
growth and coalescence of voids. This model is 
capable of simulating the fracture of the connection 
material which was observed during experimental 
investigations and will be used by the authors in 
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future studies. However, in the current study, material 
fracture was not included in the FE model. 

3.3 Comparison between FE models and test results 

As discussed earlier for the experimental tests, in the 
majority of cases, ultimate failure occurred due to 
fracture at the base of the lower (male) section of the 
flange connection, as illustrated in Figure 7. In this 
connection simulation, both the implicit static and 
explicit dynamic solvers have been used to simulate 
the test procedure. Predicted FEA failure modes are 
also shown in Figure 7, alongside an experimental test 
specimen. Each solver predicts both the failure mode 
and load-displacement curve well.  

 

                 
(a) Experiment  (b) Implicit 

Static solver 
 (c) Explicit 

dynamic solver 

Figure 7. Failure modes of the FE simulation and experiment of 
the flange connection in direct tension. 
 
The predicted load-displacement curves closely agree 
with the experimental curve, as shown in Figure 8. 
The explicit dynamic solver gives almost the same 
curve as the implicit static solver, although the latter 
is more numerically stable than the former. In order 
to obtain the full load-displacement curve of the 
flange plate connection, a displacement control 
method is employed for the numerical simulations in 
ABAQUS. This method is usually applied when the 
post peak behaviour needs to be captured especially 
from necking until ultimate failure. Overall, the 2D 
FE model has been found to be capable of replicating 
the experimentally observed tensile response of the 
flange connection. The initial stiffness and peak load 
of the modelled flange connection are generally well 
predicted. However, the post-ultimate response of the 

tested flange connection is not captured well by the 
2D FE model.  
This discrepancy in the post-ultimate behaviour, i.e. 
during strain softening, was due to the two-
dimensional plane stress nature of the FE analysis 
performed and its inherent limitations. This analysis, 
therefore, cannot model any stress variation through 
the thickness of the plate, which contributes to failure 
at a higher displacement. However, the 2D plane 
stress FE model developed has a very good level of 
accuracy in general and the highest effectiveness in 
terms of computational time and memory usage 
compared to a detailed 3D FE model. 
 
 

Figure 8. Comparison of the FE simulations to the experimental 
data of the flange connection. 
 
A PC with 64-bit System and Intel Core i7-6700 CPU 
at 3.4 GHz, 4 core with 8 logical processors was used 
for the numerical simulations. The average simulation 
time with the explicit dynamic solver was 2.5 hrs 
approximately whereas, with the implicit static 
solver, this was much shorter at approximately 15 
minutes.  

4 CONCLUSIONS 

This paper presents experimental investigations and 
the finite element modelling to obtain the behaviour 
of the flange of the new interlocking steel connection 
in direct tension. A total of 24 samples of the 
interlocking flange plate connections were tested 
from 6 mm thick S275JR steel plate, which were cut 
using both waterjet and laser cutting methods. These 
experimental investigations were supplemented with 
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material tensile tests. In this research the authors used 
both implicit static and explicit dynamic solvers to 
conduct numerical simulations. Two-dimensional FE 
models were developed, and their predictions were 
validated with experimental results. It has been shown 
that the 2D finite element models correlated well with 
test results excluding the post-ultimate behaviour. 
The 2D FE models presented have simulated the 
tensile behaviour in the new interlocking flange 
connections. The models incorporate non-linear 
material properties for all the flange connection 
components, geometric non-linearity and contact 
interaction by means of the ABAQUS/Standard and 
ABAQUS/Explicit code. In all cases, contact 
interaction was crucial for modelling the interlocking 
flange connection performance. Several conclusions 
can be drawn based on the results of FE analyses and 
experimental tests: 
 

i. A simple 2D plane stress FE model 
incorporating contact and non-linear 
geometric and material properties can be used 
to accurately model the interlocking flange 
plate connection behaviour in direct tension 
using ABAQUS/Standard and 
ABAQUS/Explicit software. 
 

ii. The flange connection model has been 
successfully created and validated against 
experimental test data and can now be used in 
later parametric studies. 

 
iii. The proposed finite element models may be 

used as benchmarks to verify the accuracy of 
similar flange connection geometries in 
tension incorporating contact, geometric and 
material non-linearity. 

 
iv. Almost the same predictions have been 

observed for both implicit static and explicit 
dynamic solvers. However, the implicit static 
solver is recommended for these analyses due 
to higher efficiency in terms of computational 
time. 

 
v. Contact interaction between the two parts has 

been shown to have a significant influence on 
the tensile behaviour of the interlocking 
flange connection. 

 
vi. The proposed 2D FE models, however, could 

not accurately predict the post-ultimate 
behaviour of the flange connection. Detailed 
3D FE analyses are required in these cases, but 

with the disadvantage of using comparatively 
significant computational resources. 

vii. The 2D FE models developed can form a basis 
to enable cost-efficient parametric 
investigations to be carried out in order to 
further improve the geometric configuration 
of the interlocking flange connection and its 
structural performance. 
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