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Abstract: A novel method to improve the robustness of steel end plate connections is presented in
this paper. Existing commonly adopted techniques alter the stiffness of the beam or the end plate
to improve the connection’s robustness. In this study, the robustness is enhanced by improving the
contribution of the bolts to the rotational capacity of connections; the higher the bolts’ elongation,
the higher the rotational capacity that can be achieved. However, the brittleness of the bolt material,
combined with its small length, results in negligible elongation. Alternatively, the load path between
the end plate and the bolts can be interrupted with a ductile element to achieve the required
elongation. This can be achieved by inserting a steel sleeve with a designated length, thickness, and
wall curvature between the end plate and the washer. The proposed sleeve should be designed so
that its ultimate capacity is less than the force in the bolt at failure; accordingly, the sleeve develops
a severe bending deformation before the failure of any connection components. Using a validated
finite element model, end plate connections with various parameters are numerically investigated
to understand the performance of the sleeve device. The proposed system substantially enhances
the rotational capacity of the connections, ranging between 1.37 and 2.46 times that of the standard
connection. It is also concluded that the sleeved connections exhibit a consistent elastic response with
the standard connections, indicating the proposed system is compatible with codified elastic design
approaches without modification. Furthermore, for a specific connection, various ductile responses
can be achieved without altering the connection capacity nor configuration.

Keywords: end plate connection; robustness; rotational capacity; ductility

1. Introduction

The performance of steel structures subjected to extreme loading has received in-
creased attention in recent years [1–4]. Existing studies have highlighted the significance of
connection configuration and associated parameters in enhancing the overall structural
performance and avoidance of progressive collapse. Due to the limited ductility provided
by the connection components, researchers have often focused on various methods to
enhance the ductility of connections by increasing their rotational capacity; see Figure 1.
Note that in Figure 1, connections for fire and seismic actions are included to illustrate
the various concepts to enhance the ductility under different extreme load scenarios. It
should also be noted that these extreme scenarios may occur together [5,6]. The concept
of a structural ‘fuse’, i.e., a zone undergoing severe plastic deformation being formed in
the floor beam, is often used for seismic design of steel frames. Development of the fuse
requires a strong connection relative to the beam section. This can be achieved by either
strengthening the connection region (using stiffeners and haunches) to avoid plasticity of
any component of the connection [7], or weakening the beam by trimming away steel parts
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from the beam flanges (RBS) [8] or from the beam web (RWS) [9] at designated locations.
During a fire event, a higher rotational capacity of connections is generally required in
order to allow the beam to develop into the catenary phase without failure of the connec-
tion components. Thus, researchers have proposed formed end plates that can plastically
deform during the catenary action [10,11]. It is clear from the previous discussion that
improving the ductility relies on modifying either the stiffness of the beam or the end plate.
The rotational capacity of the steel connection is largely controlled by the least ductile
members within the load path. These are usually the bolts [12,13]. Traditional analysis and
design of T-stub connections treats the bolts as a boundary condition to the end plate [14].
Consequently, high elongation of the bolt is required to achieve high rotational capacity of
the connection [15]. In common practice, the most frequently used bolts tend to be from
high-strength steel grades of 8.8 and 10.9 which reach their ultimate strength at a strain of
~0.05 [16], followed by a sudden fracture, while mild steel can achieve a strain of 0.2 [17]
without failure. In addition to this, the relatively small length of the bolt leads to a reduced
contribution to the connection’s rotational capacity in comparison to the end plate.

Figure 1. Various methods to increase the ductility of connections.

This present study proposes a novel technique to increase the rotational capacity
of end plate connections by enhancing the bolt contribution to the system behaviour.
Figure 2 schematically illustrates the proposed system. A steel sleeve with designated
length, thickness and wall curvature is placed over the bolt between the end plate and the
washer. The sleeve is a shell of revolution that resists the applied load by a combination of
membrane and bending stress. The bending stresses become significantly large as the ratio
of sleeve thickness to radius of curvature is increased. The curvature in the sleeve wall
ensures that the sleeve ultimately fails in bending rather than by instantaneous buckling.
This curvature can be defined based on the amplitude at the mid-length of the sleeve and
the corresponding geometrical equation of the wave form. Theoretically, there are countless
numbers of geometrical configurations, including the wave form and the number of waves,
however the practical constraints posed by the manufacturability, the cost and optimum
structural performance can limit these alternatives. Examples of these various wave forms
are shown in Figure 2. Positive and negative Gaussian curvature are applicable for the same
wave form. However, the latter requires washers with very specific dimensions as the outer
radius of the sleeve can be larger than the washer radius after introducing the amplitude.
Furthermore, the bearing between the sleeve with negative Gaussian curvature and the
washer can result in high internal forces in the washer which may require a non-standard
thick washer. Therefore, only the sleeve with the positive Gaussian curvature is considered
in this study.
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Figure 2. Proposed connection incorporating the sleeve.

The basic concept of the proposed method has been previously validated by the au-
thors [18]. The previous analysis concluded that the proposed sleeve significantly improves
the rotational capacity of connections, required for the survival of the beam to avoid pro-
gressive collapse, without changing the initial stiffness of the standard configuration of
the connection. However, the main aim of the previous investigation [18] was to prove the
concept of the sleeve device while considering limited connection parameters and limited
failure modes. In the present study, extensive analysis of the sleeve device, including
different failure modes and various connection parameters, is considered. This paper will
limit its focus to the single sinusoidal waveform (SSW) sleeve configuration. A sine wave
is considered as it is frequently used to define the initial imperfection profile of shells for
buckling analysis [19].

2. FE Model

A detailed description of the FE model has been given in a previous paper by the
authors [18], however the key details, along with model validation studies, will be de-
scribed herein. A numerical model of the connection shown in Figure 3a is developed
using ABAQUS/Standard version 6.2 [20]. All elements have been defined as solid, 8-node
elements (C3D8R) while the rigid body designation is used to simulate the loading plate.
The total number of elements in the mesh was 4375. The interaction between contact
surfaces (bolt head, column flange and the end plate) was adapted using an interaction
equation with a friction coefficient of 0.2 to simulate the tangential behaviour with a relative
sliding between the contact surfaces during the analysis. It should be noted that the FE
results were found to be not sensitive to the friction between surfaces, consistent with that
observed in [21]. The normal behaviour is modelled using a hard contact interaction, which
constrains the nodes on one surface to avoid penetrating the other surface. For the parts
with stress concentration, such as the bolts and head plate, a fine mesh is defined. To obtain
the optimum size of the mesh, a mesh convergence analysis was carried out and the final
results are presented in Figure 3b. The damage and fracture of the material were captured
using the ductile damage model which is available in the ABAQUS FE version 6.2 tools.
The yield stress of steel material is 356 MPa whereas the ultimate stress is 502 MPa based
on the recommendation of Eurocode 3 (Part 1–2) [22] and according to the corresponding
tensile test coupon specimens [23]. High strength M20 bolts of grade 8.8 were examined.
The stress–strain curve for the plate material and the high strength bolt are shown in
Figure 4. The damage parameters of material are defined following Pavlovic et al. [24] and
Shaheen et al. [16], with the lowest damage evolution variable value considered during
the analysis being 0.9 to avoid a sudden drop in stress at the material point, which can
cause dynamic instability and convergence problems. Tables 1 and 2 illustrate the damage
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variable (D) and the plastic displacement (upl) for bolt and plate, respectively. A detailed
description of the material modelling approach can be found at Shaheen et al. [16].

Figure 3. Geometry and discretisation of FE model (section cut at centre line of the bolt).

Figure 4. Adopted stress–strain curves [18].
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Table 1. Damage parameters for bolt.

D upl

0.000 0.00000

0.010 0.01894

0.020 0.04077

0.030 0.06507

0.040 0.09171

0.050 0.12066

0.060 0.15192

0.070 0.18558

0.080 0.22172

0.090 0.26050

0.100 0.30210

0.110 0.34674

0.120 0.39474

0.130 0.44646

0.140 0.50238

0.150 0.56313

0.160 0.62951

0.170 0.70267

0.180 0.78416

0.190 0.87632

0.200 0.98280

0.900 1.16609

Table 2. Damage parameters for plate.

D upl

0.000 0.00000

0.037 0.00516

0.074 0.01126

0.111 0.01821

0.148 0.02601

0.186 0.03469

0.223 0.04432

0.260 0.05497

0.297 0.06677

0.334 0.07986

0.371 0.09447

0.901 0.15576

The FE model is validated against the connection specimens tested by Yu et al. [23]
at ambient temperature. The geometry of connection is shown in Figure 3a. The applied
displacement is inclined by an angle α with respect to the beam’s axis to produce different
combinations of shear and tying force. One half of the connection is considered as the
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connection geometry and the applied load are symmetric. The Newton technique with
default matrix storage is employed here to carry out an incremental analysis. The analysis
was completed after 10 min using an Intel i7-8700 processor with a clock speed of 3.2 GHz.
Figure 5 depicts a comparison of the force–rotation relation obtained from the FE model
and the experimental test. A mesh sensitivity study using two and three elements across
the end plate and the column flange was carried out. It was found that both mesh densities
recorded similar responses, thus two elements were selected to reduce the computational
time. The result of the FE simulation of the present study is in good agreement with the
result of the experimental work within the elastic and inelastic ranges. There is a slight
difference between the FE and the test results in the post-peak region, however the capacity
of the connection is captured accurately which is of interest to this study. It should be
noted the FE models undertaken by Yu et al. [23] and Qiang et al. [25] did not consider the
material damage.

Figure 5. FE model validation.

3. Numerical Investigation

The same connection described in the previous section was re-analysed using the
proposed sleeve system. The analysis was carried out based on a sleeve thickness of 5 mm
with a steel grade of S355. Moreover, the load was applied perpendicular to the beam axis.
In real application, the sleeve should be inserted between the end plate and the washer for
every bolt in the connection. To decrease the computation time of the analysis the adjacent
bolt to the compression flange was ignored depending on the nature of the applied loads.
A comprehensive numerical investigation was conducted using ABAQUS software and
the influence of the following parameters were examined:

• Thickness of the end plate (thick/thin).
• Bolt spacing.
• Thickness of the sleeve wall.
• Length of the sleeve.

3.1. Performance of Connections with Thick End Plate

The behaviour of connections with SSW sleeves compared with the standard config-
uration (i.e., no sleeves) are illustrated in Figure 6; the capacity of the connection based
on Eurocode 3 (part 1–8) without partial safety factors is plotted for comparison purposes.
The elastic response of the connections with the sleeves is consistent with the standard
connection up to the Eurocode strength, particularly for high l/d ratios (refer to Figure
6 for l and d definitions). The flexural rigidity of the sleeves with the same amplitude is
proportionate with the l/d ratio. In case of sleeves with l/d ratio of 0.5, a flexible response
of the connection is obtained for the amplitude that provided the highest rotational capacity,
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7 mm. Therefore, the optimal amplitude was restricted to 4 mm instead. Overall, it is
preferable to use l/d ratios higher than 0.75 to capture the same initial rotational stiffness
of the standard connection, otherwise the change in connection rigidity should be checked.

Figure 6. Effect of amplitude on behaviour of connection for (a) SSW sleeve with l/d = 0.5, (b) SSW
sleeve with l/d = 0.75, (c) SSW sleeve with l/d = 1.0, (d) SSW sleeve with l/d = 1.25, (e) SSW sleeve
with l/d = 1.5, and (f) SSW sleeve with l/d = 1.75.

Table 3 summarises the strength and rotational capacity of the sleeved connections. It
is clear that connections with the sleeve recorded a significantly higher ductile response
compared with the standard configuration, depending upon the amplitude value for the
same wavelength. The increase in the rotational capacity ranged between 37% for the sleeve
with an l/d ratio of 0.5 and 146% for the sleeve with an l/d ratio of 1.75. Additionally, the
sleeved connections achieved a slightly higher load-bearing capacity than the standard
configuration owing to their ductile response.

To fully understand the connection performance, the tension forces developed in the
bolts are determined for three different amplitude values with the same l/d ratio of 1.25
and the tension force developed in the standard connection is plotted for comparison as
shown in Figure 7. The bolt force in the standard connection increases rapidly followed by
restricted plastic displacement. The sleeved bolts with large amplitudes showed similar
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initial response, exhibited significant high plastic deformation and then escalated to the
peak value when the sleeve jammed between the washer and the end plate. The deformed
shapes at the end of the analysis for the top bolt are shown on the right-hand side of the
figure. When a small amplitude value of 1.0 mm was used, the sleeve was rigid inasmuch as
the bolts failed without observing any bending deformation in the sleeve. For amplitudes
of 6.0 mm and 7.0 mm, the sleeves exhibited severe deformation and eventually crushed
between the end plate and the washer before bolt failure, however the latter crushed
prematurely due to its lower bending capacity. The optimal amplitude is a threshold value
between the amplitude that provides a rigid sleeve and that provides a highly flexible
sleeve which prematurely interlocks with the end plate and the washer.

Table 3. Strength and ductility of connections with SSW sleeve.

Specimen
(SSW) P/Ptrad R/Rtrad

Specimen
(SSW) P/Ptrad R/Rtrad

0.5d×5×1 1.02 1.37 1.25d×5×1 1.03 1.61

0.5d×5×3 1.02 1.39 1.25d×5×3 1.04 1.82

0.5d×5×4 1.02 1.49 1.25d×5×4 1.05 1.90

0.5d×5×5 1.03 1.53 1.25d×5×5 1.04 1.83

0.5d×5×6 1.03 1.60 1.25d×5×6 1.07 2.32

0.5d×5×7 1.02 1.56 1.25d×5×7 1.05 2.04

0.75d×5×1 1.02 1.46 1.5d×5×1 1.03 1.60

0.75d×5×3 1.03 1.63 1.5d×5×3 1.04 1.72

0.75d×5×4 1.04 1.82 1.5d×5×4 1.05 1.91

0.75d×5×5 1.03 1.69 1.5d×5×5 1.05 2.03

0.75d×5×6 1.02 1.74 1.5d×5×6 1.05 1.95

0.75d×5×7 1.01 1.73 1.5d×5×7 1.07 2.46

1d×5×1 1.03 1.55 1.75d×5×1 1.03 1.61

1d×5×3 1.04 1.79 1.75d×5×3 1.04 1.73

1d×5×4 1.04 1.80 1.75d×5×4 1.04 1.81

1d×5×5 1.04 1.94 1.75d×5×5 1.05 2.03

1d×5×6 1.02 1.86 1.75d×5×6 1.05 1.95

1d×5×7 1.02 1.92 1.75d×5×7 1.06 2.19

Figure 7. Tension force developed in the bolts and corresponding deformation of the sleeve at the end of the analysis.
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3.2. Behaviour of Connections with a Thin End Plate

The force-rotation behaviour of the connection with plate thickness of 10 mm is
inspected; here the failure is controlled by the end plate. Figure 8 depicts only two
amplitudes for each sleeve with 5.0 and 4.0 mm thickness to represent rigid and flexible
sleeve behaviour. For sleeves with 5.0 mm thickness, it is clear that the rotational capacity
of the connection increased by roughly 20 to 60% when 1.0 and 7.0 mm amplitudes were
used with the l/d ratio of 1.5. It should be noted that the same sleeve parameters with the
thick end plate (see Section 3.1) were responsible for increasing the rotational capacity of
the connection by 60 and 146%, respectively. This is attributed to the premature failure of
the end plate before the sleeve developed severe bending deformations. The sleeve capacity
can be reduced by either increasing the amplitude or reducing the thickness to create the
weakest element in the load path in order to provide a higher ductility response. The sleeve
with thickness of 5.0 mm required a high amplitude value so that the sleeve capacity was
less than the force at plate failure, thus a sleeve thickness of 4.0 mm was used instead. It is
clear in Figure 8 that the initial stiffness and the capacity of the connection are not affected
by the sleeve with the smaller thickness of 4 mm, however the behaviour within the plastic
range of the connection was more flexible in comparison with the standard configuration.
Furthermore, the thin end plate caused uneven load distribution on the sleeve resulting
in limited plastic deformation before the sleeve failure. Thus, it can be concluded that the
sleeve device can increase the ductility of the connection with both bolt and plate failure
modes. However, adopting the sleeve with thick end plate connections provides a more
ductile response than that of thin plates.

Figure 8. Effect of the sleeve on the rotational capacity of the connection with thin plate for (a) sleeve
with l/d = 0.75 and (b) SSW sleeve with l/d = 1.5.

Another positive effect of using sleeves with a thin end plate connection is to reduce the
potential of bolt punching failure, which results in a relatively brittle response compared
with the plate tearing failure. Figure 9 compares the damage in the end plate for the
standard and proposed configuration. The scalar stiffness degradation variable (SDEG) in
ABAQUS was used to visualise the damaged parts. SDEG measures the residual stiffness
of an element and takes a value from zero (undamaged material) to one (fully damaged
material). The punching failure of the bolt was clearly reduced when the sleeve was used
and almost eliminated in the case of the flexible sleeve with an amplitude of 7.0 mm. This
was attributed to two factors: (1) the ductility provided by the sleeve at the bolt location
resulted in load redistribution to a higher rigid zone (such as the weld location) and (2)
the plate punching area increased when the sleeve was used, which provided a higher
punching capacity.
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Figure 9. Effect of the sleeve on thin plate failure.

3.3. Effect of Bolt Spacing

The effect of the bolt spacing on the optimal amplitude value of the sleeve was
investigated by analysing the connections with different bolt spacings. The edge distance
of the top bolt was changed from 50 mm (2.5 d) to 30 mm (1.5 d) and the spacing between
the top and middle bolt was changed from 70 mm (3.5 d) to 60 mm (3 d). The selected
distances represent the preferred minimum values used frequently in engineering practice,
e.g., [26]. Figure 10 depicts the optimal amplitudes for two sleeves with different l/d ratios.
Comparing Figures 6 and 10 for the same l/d ratio, it is clear that the optimal amplitude of
the sleeve is irrespective of the bolt spacing as the same optimal amplitude was captured
for bolts with different spacing, albeit with relatively lower rotational capacity. In case of
the tighter bolt distances, the rotational capacity reduced by about 32% when the l/d ratio
was 1.75. This reduction is attributed to the geometric constraint rather than the sleeve
parameters. The tighter bolt spacing poses high rotational stiffness to the end plate.

Figure 10. Effect of bolt spacing on the optimal amplitudes For (a) SSW sleeve with SSW l/d = 1.25 and (b) SSW sleeve with
SSW l/d = 1.75.
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3.4. Effect of Sleeve Thickness

Figure 11 presents a comparison between different sleeve thicknesses; the amplitude
of the sleeves shown is selected so that the optimal behaviour is achieved. It is clear that
the sleeves with different thickness provide comparable connection behaviour; however,
with different amplitudes, the larger the thickness, the higher the amplitude required to
reduce the sleeve bending capacity. On the other hand, a sleeve with a small thickness
of 4.0 mm is plotted on the figure to illustrate its effect on the connection behaviour. The
elastic stiffness and the rotation capacity of the connection was reduced. However, the
strength of the connection was not affected as the failure eventually took place in the bolts
after the sleeve jammed between the end plate and the washer. It should be noted that the
capacity of the perfect (i.e., amplitude value of zero) sleeve with 4.0 mm thickness was
less than the bolt capacity. Thus, it is recommended to use the minimum thickness so that
the capacity of the perfect sleeve is higher than the bolt capacity. Furthermore, a larger
thickness than that required consumes higher quantities of material without adding any
benefit to the connection performance.

Figure 11. Effect of thickness of the sleeve on connection behaviour For (a) SSW sleeve with SSW l/d = 1.25 and (b) SSW
sleeve with SSW l/d = 1.75.

3.5. Effect of the Sleeve Length

Figure 12 illustrates the force vs. rotation for connections with different l/d ratios at
their optimal amplitude using M20 Gr 8.8 bolts. The connection’s rotational capacity is
proportional to the l/d ratio. It follows that the optimum sleeve length should be defined
based on the required rotational capacity of the connection. Larger l/d ratios can be used
where a high ductile response is required. However, the l/d ratio should be limited to the
range considered in this study unless rational analysis or experimental tests are undertaken.
High values of the l/d ratio result in increasing the radius of curvature with respect to
the sleeve thickness; this shifts the force transfer mechanism of the sleeve from combined
bending and membrane action to membrane action alone and may result in higher sleeve
capacity compared to the bolt itself.



CivilEng 2021, 2 940

Figure 12. Optimal amplitudes of SSW sleeves used with M20 Gr 8.8 bolts, (based on sleeve thickness
of 5 mm and grade S355 steel).

The sleeve length can be defined based on the required increase in the rotational
capacity in comparison with the standard configuration, as follows:

Rreq = Rstd + Rs (1)

where Rreq is the required total rotation, Rstd is the rotational capacity of the standard
connection and Rs is the additional rotation provided by the sleeve as follows:

Rs = lsh/dc (2)

where dc is the distance between the centre of the compression flange and the top bolt in
tension, see Figure 13. lsh is the shortening length of the sleeve under a load equal to the
bolt load.

Figure 13. Total rotation of connection with the sleeve.

4. Conclusions

This work proposed an innovative device that can improve the rotation capacity of
bolted steel beam-to-column end plate connections by inserting a sleeve between the washer
and the end plate. A numerical study was carried out using ABAQUS software and the
proposed modelling technique was validated against existing related experimental work.

The aim of this work was to investigate the ability of the proposed sleeve to improve
the moment rotation capacity of the connection. Using the validated modelling approach,
a comprehensive numerical investigation was conducted to examine the effect of the
following key parameters on the connection performance:

• Thickness of the end plate (thick/thin).
• Bolt spacing.
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• Sleeve thickness.
• Length of the sleeve.

The following conclusions were reached:

• In the case of the tighter bolt distances, the rotational capacity reduced and this
reduction was attributed to the geometric constraint rather than the sleeve parameters.

• A simplified equation was presented to evaluate the optimum sleeve length which
provided a particular rotation capacity.

• Finally, increasing the sleeve thickness does not add any benefits to the connection
performance, hence it is recommended to use the minimum acceptable sleeve thickness
as the larger thickness consumes higher quantities of material.

Clearly the use of the sleeve component has potential for the cost-effective enhance-
ment of bolted connection robustness both in new and existing structures. The work
presented here must be viewed within the context of the limited geometric and material
properties examined. Further exploration of the proposed sleeved-bolt connections, both
numerically and experimentally, is required in order to develop comprehensive design
guidance. This forms part of the authors’ ongoing research.
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