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A novel device to improve robustness of end plate beam-column

connections
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Abstract

Achieving a robust connection is a challenging task for design engineers since the connec-

tion’s strength is inseparably linked to its ductility. This paper presents a novel approach

that separates designing bolted connections for strength from designing for ductility. By in-

serting a steel sleeve with a designated length, thickness and wall curvature between the end

plate and the washer, the load path between the end plate and the bolts can be interrupted,

promoting a more ductile response. End plate connections with various sleeve geometries

are numerically investigated using a validated FE model to prove the concept of the pro-

posed method. The proposed system substantially enhances the rotational capacity up to

2.92 times that of the standard connection. An elastic response consistent with standard

connections is maintained indicating that the proposed system is compatible with existing

codified elastic design approaches without modification.
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1. Introduction

This study proposes a novel method to increase the robustness of end plate connections by

improving the contribution of the bolts to the rotation capacity. In this paper robustness

refers to the ability of a structure to withstand an accidental load without being damaged

to an extent disproportionate to the original cause [? ]. GSA [? ] and ASCE 41 [14]

demonstrate that the rotational capacity of steel connection is considered fundamental in

mitigating progressive collapse. The load path shown in Fig. 1 reveals that the commonly

adopted methods to improve ductility are either to change the stiffness of the beam, or the

stiffness of the end plate. However, the rotational capacity of the connection is mainly con-

trolled by the least ductile elements in the load path which are the bolts [1, 2]. The end plate

connection is commonly analysed and designed using an equivalent T-stub [3], in which the

bolts are the boundary conditions. The higher the bolt elongation, the higher the rotational

capacity that can be achieved [4]. However, the most common bolts in engineering practice
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Figure 1: Various methods to increase the ductility of connections.
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are frequently manufactured from high strength steel grades of 8.8 and 10.9 [5] which achieve

their ultimate strength at a strain of approximately 0.05 followed by a sudden fracture; by

contrast mild steel can achieve a strain of 0.2 without failure. Add to this the small length of

the bolt, the contribution of the bolt to rotational capacity due to its elongation is generally

minimal when compared with the end plate.

Figure 2: Proposed connection with the sleeve.

Fig. 2 schematically illustrates the proposed system. A sleeve with designated dimensions

including length, thickness and wall curvature is inserted 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, with the latter becoming more significant as the ratio between

the sleeve thickness and radius of curvature is increased [6]. A curvature in the sleeve wall is

introduced to promote failure by bending rather than instantaneous buckling. This curva-

ture is defined based on the amplitude at the mid-length of the sleeve and the corresponding

geometrical equation of the wave form. Examples of these are shown in Fig. 2. Positive

and negative Gaussian curvature are applicable for the same wave form, however, the latter
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requires a washer 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 positive Gaussian curvature is considered in this study.

With respect to Fig. 1, there are three common methods to improve the robustness of end

plate steel connections [? ] by mobilising the plastic rotation from connection zone to a

predefined location in the beam: strengthening the connection, reducing the beam section

(RBS) and reducing the web section (RWS) [7]. These methods can be applied for retrofitting

connections as well as in the design of new structures. Retrofit using the first two methods

requires damaging parts of the concrete slab. Thus, these methods are usually expensive in

terms of time, cost and maintenance. In the proposed sleeve method, the retrofitting process

is much simpler requiring only loosening the steel bolts and inserting the sleeve between

the end plate and the washer. In the case of damage under extreme loading, the proposed

system could reduce repair costs, as the damage would be localised to the sleeve rather than

the steel beam.

2. Scope of the study

To provide increased ductility, bending deformation must develop in the sleeve before the

failure of any connection components. To achieve this, the ultimate capacity of the sleeve

should be lower than the force in the bolt at failure. Fig. 3 illustrates the elastic and

ultimate design axial force of the sleeve considering various failure modes. If bolt necking

is the controlling failure mode, this provides a brittle connection response as opposed to

end plate failure. The sleeve should be designed so that (1) its axial elastic strength (Fs,el)
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is higher than the code-prescribed bolt strength in order to provide consistent behaviour

with the standard connection within the elastic range and (2) its ultimate capacity (Fs,u) is

less than the bolt ultimate capacity to allow the sleeve to deform plastically before the bolt

failure. These can be represented mathematically as:

Fs,el = π · davr · t · σs,el ≥ Fb,c (1)

Fs,u = π · davr · t · σs,u < Fb,u (2)

where: davr is the average diameter of a perfect sleeve (= d + t); d is the inner sleeve end

diameter; t is the sleeve wall thickness; σs,el and σs,u are the yield and ultimate strength of

the sleeve material; Fb,c is the bolt capacity based on the Eurocode 3 part 1.8 recommen-

dation (= 0.9σb,uAs/γM2); σb,u is the ultimate strength of the bolt material; As is the bolt

stressed area and γM2 is the partial safety factor; and Fb,u is the ultimate capacity of the

bolt (= σb,uAs).

Failure mode

Ultimate 

design force 

for the sleeve

Bolt

< bolt ultimate 
strength, Eq. 2.

< Force developed in the bolt at the failure state.

End plate
Column 
flange

Column 
web

Welds

Elastic 

design force 

for the sleeve
> Force developed in the bolt at the elastic limit.

> bolt force, 
Eq. 1.

Figure 3: Elastic and ultimate design force for the sleeve corresponding to various failure modes.

The aims of the present work are twofold. First, to prove the concept that the proposed

sleeve system can increase the rotational capacity of the connection without affecting its
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elastic behaviour nor its capacity. Second, to conduct a parametric study of a sleeve with

a single sinusoidal positive Gaussian curvature to give an insight into the effect of sleeve

length and the amplitude value on the connection behaviour. To these ends, a beam-end

plate connection is numerically investigated with various sleeve geometries. This study fo-

cuses on connections with thick end plates, such that the failure is controlled by the bolt

necking, which frequently provides the least ductile connection response. The analysis is

carried out using a finite element (FE) model validated against experimental test data from

the literature.

3. FE development

A numerical model of the connection shown in Fig. 4a is developed using ABAQUS/Stan-

dard [8] featuring eight-node linear brick elements with reduced integration (C3D8R), except

for the loading plate which is assigned as a rigid body. A fine mesh is adopted in regions

of high stress localisation such as the bolt and the end plate. Surface-to-surface interaction

with small-sliding formulation and friction coefficient of 0.2 is selected to model tangential

behaviour between contact surfaces that may be separated or experience relative slip during

the analysis (e.g. the end plate and column flange or the bolt head and plate). The normal

behaviour is modelled using a hard contact interaction, which constrains the nodes on one

surface to penetrate the other surface. A mesh convergence study was conducted to define

the optimum mesh size and the final results are illustrated in Fig. 4b.

A constitutive model based on that of EC3: part 1.2 for carbon steel is used. Yield (Fy =

356 MPa) and ultimate (Fu = 502 MPa) stress are defined based on tensile tests carried out

on coupon specimens [9]. For high strength steel, the nominal material properties of bolt

grade 8.8 is used (Fy = 640 MPa and Fu = 800 MPa), with the ultimate strain limited to
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(a) Geometry of the specimen.

Column (5 to 25 mm) Bolt (2 to 5 mm)

End plate (5 to 15 mm)

Beam (15 to 25 mm)

(b) Mesh topology and element size.

Figure 4: Geometry and discretisation of FE model (section cut at centre line of the bolt.)

0.05. Fig. ?? shows the adopted stress-strain curves for the end plate and the bolts. Ductile

damage models featured in ABAQUS are used to account for material damage and fracture

of the end plate and bolts. Damage to the column and the beam is not considered as this was

not observed in published tests [9]. A complete description of the ductile damage requires

damage initiation and damage evolution to be defined. Damage initiation is represented by
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(a) Stress-strain curve for the end plate.
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(b) Stress-strain curve for the bolt.

Figure 5: Adopted stress-strain curves.

the equivalent plastic strain at the onset of damage εpl0 , where the value of εpl0 is defined as

the true plastic strain corresponding to the ultimate stress. In the absence of coupon tests,

the damage evolution variable D is defined by trial and error, varying the plastic displace-

ment upl until the post-peak behaviour is captured [10]. The damage parameters are defined

following Pavlovic et al [11] and Shaheen et al. [12], with the lowest D value considered

during the analysis being 0.9 to avoid sudden drop in stress at the material point, which can

cause dynamic instability and convergence problems.

3.1. Validation

The FE model in this study is validated against the specimens tested at ambient temperature

by Yu et al. on flush end plate connections [9], see Fig. 4a. The applied force is inclined

by an angle α with respect to the beam’s axis to produce different combinations of shear

and tying force. Due to symmetry, only half of the connection is modelled, with symmetric

boundary conditions assigned at the plane of symmetry, which passes through the beam’s

web. The bolt diameter was modelled based on the effective stress area rather than the full

diameter. The thread part of the bolt is not modelled in this study, thus the bolt stripping
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failure mode is not applicable [? ].
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Figure 6: FE model validation.

Fig. 5a depicts a comparison of the total force-rotation behaviour for the FE and experimen-

tal test. A mesh sensitivity study using two and three elements across the end plate and the

column flange is considered. It is clear that both mesh densities record similar response, thus

two elements are considered to reduce the computational time. FE simulations carried out

by Yu et al. [9] and Qiang et al. [13] are also plotted for comparison, but it should be noted

that they do not model material damage. It is clear from Figs. 5a that the FE simulations

presented in this study capture the connection behaviour more accurately, particularly the

post-peak response and are on the safe side of the experimental data. More significantly,

the FE methodology developed in this paper can accurately predict the failure mode of the

connection (Fig. 5b), unlike in previous studies [9, 13]. It is noted that the FE method de-

veloped in the present study depicts a different initial stiffness compared to previous studies

[9, 13]. In Yue et al., the bolt was simulated with a 20 mm diameter cross section while

the bolt strength was modified by 0.81 to give the same ultimate tensile resistance observed

9



in the tests. Furthermore, the column was implicitly modelled, with only column flange

contact with the end plate being considered in their FE model. In Qiang et al., the bolt

diameter of 20 mm was also used combined with a pretension force which was absent in the

experimental tests. In this study the effective stress area of the bolt is considered, the exact

material properties are defined and the column is explicitly modelled. The initial stiffness of

this study is therefore slightly lower, which can be attributed to adopting the effective stress

area approach and the flexibility provided by the column.

It should be noted that whilst the parametric study that follows considers bolted connec-

tions with a thick end plate such that bolt necking is the dominant failure mode, the FE

is validated against a connection that features plate failure to account for the interactions

between the sleeve and the end plate, including the possibility of altering the failure mode

from bolt necking to plate failure.

4. The proposed sleeve system

The same connection configuration as in the validated model is re-analysed using the pro-

posed sleeve system. A sleeve thickness of 5 mm is defined based on Eq. (1) and (2) with

grade S355 steel. It should be pointed out that the sleeve material is modelled using a bilin-

ear stress-strain relation, without considering material damage due to the absence of coupon

tests. Furthermore, the load is applied in the vertical direction rather than inclined with

the beam axis. To avoid the end plate failure mode, its thickness is increased to 15 mm.

In practice, the sleeve should be inserted between the end plate and the washer for every

bolt in the connection. However, due to the nature of the applied load considered in this

study, the bolt adjacent to the compression flange is modelled without the sleeve to reduce

the computational effort.
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Four different sleeve configurations are considered: (i) single sine wave (SSW); (ii) single

cone wave (SCW); (iii) double sine wave (DSW); and (iv) double cone wave (DCW). The

single wave forms are analysed with sleeve length-to-bolt diameter (l/d) ratios of 1.0 and

1.5 while ratios of 1.5 and 2.0 are considered for the double wave forms. Furthermore, three

wave amplitudes of 1.0 mm, 3.0 mm and 6.0 mm are considered for each sleeve. Specimens

are identified using the system in Fig. 6.

Fig. 7 shows the plastic strain for the sleeved connections with different sleeve lengths and

amplitudes, corresponding to the connection’s capacity. It is clear that the sleeve with a high

amplitude of 6 mm experiences severe plastic deformation, eventually crushing between the

end plate and the washer, prior to the connection developing its ultimate capacity. Sleeves

with a small amplitude of 1.0 mm exhibit minor deformation in the sleeve and thus the

plastic strain is concentrated in the bolt shank. It should be noted that the ultimate failure

mode for connections with and without sleeves is bolt necking, indicating that whilst the

sleeve can delay the failure to a high rotation, ultimate failure eventually takes place in the

bolt.

Fig. 8 depicts the force-rotation behaviour of sleeved connections with single and double

wave forms. The behaviour of standard connections and the Eurocode 3 part 1.8 capacity

SSW 1.5d 65x x The amplitude value in mm. 

The sleeve thickness in mm. 

The sleeve length with 

respect to the bolt diameter.

The wave from of sleeve. 

Figure 7: Specimen identifier.
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(a) Single wave forms l/d=1.0 (b) Double wave forms l/d=1.5.

Figure 8: Plot of plastic strain for single and double wave sleeves, corresponding to the connection’s capacity,
(section cut at centre of the bolts).

are also plotted for comparison. The ratio between the ultimate rotation of the sleeved con-

nections to the standard connection is presented in the legend between the parentheses. The

ultimate rotation is defined when the applied force on the connection degrades by 20% from

the ultimate capacity [14]. With reference to the figures, the ductility of sleeved connections

is significantly higher than the standard configuration for all amplitude values. Sleeves with

small amplitude values up to 3 mm exhibit the same behaviour as standard configurations,

but with a substantially more ductile response, ranging between 1.54 and 2.44 times the

standard configuration; increasing the amplitude value further increases the rotational ca-

pacity. Furthermore, the initial stiffness of the sleeved connections are consistent with the

standard configuration up to the Eurocode 3 part 1.8 limit, indicating the proposed sleeve

system is compatible with Eurocode 3 in the elastic range without modification. Ultimate
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Figure 9: Behaviour of the connection with single and double wave sleeves.

capacity is also increased as the sleeve enables the lower bolts to more effectively contribute

to resisting the applied load, eliminating the unzipping failure mode regularly associated

with thick end plates. Ultimately, all the connections fail by bolt necking irrespective of the

sleeve configuration and characteristics.

5. Behaviour of connections with the SSW sleeve

The previous section shows that the sleeve with strength defined by Eqs. 1 and 2 has a

rotational capacity depending on the wave form, amplitude value and l/d ratio. To limit the
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number of FE simulations required, this paper will limit its focus to the SSW sleeve config-

uration to determine the optimal amplitude for each l/d ratio. A sine wave is considered as

it is frequently used to define the initial imperfection profile of shells for buckling analysis [15].

Fig. 9 depicts the effect of amplitude values on rotational capacity normalised by that of the

standard connection (R/Rstd). The relative rotational capacity increases with the amplitude

up to a specific value followed by slight decrease. The higher the l/d ratio the higher the

rotational capacity that can be achieved; however, the rotational capacity is more sensitive

to the amplitude value with high l/d ratios. For instance, increasing the amplitude value

from 7.0 mm to 7.5 mm resulted in a 34% increase in rotational capacity.

1 2 3 4 5 6 7
Amplitude (mm)

1.25

1.5

1.75

2

2.25

2.5

2.75

3

R
/R

st
d

l/d = 0.5
l/d = 0.75
l/d = 1.0

1 2 3 4 5 6 7 8
Amplitude (mm)

1.25

1.5

1.75

2

2.25

2.5

2.75

3

R
/R

st
d

l/d = 1.25
l/d = 1.5
l/d = 1.75

Figure 10: Effect of amplitude on the behaviour of connections with SSW sleeves.

Fig. 10 compares the axial deformation in the bolt and the sleeve when various amplitude

values are used with an l/d ratio of 1.25. There are four distinct combinations of behaviour,

depending upon the sleeve amplitude. When a small amplitude value of 1 mm is used (Fig.
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10a), the sleeve undergoes insufficient deformation causing the bolts to fail without achieving

any significant enhancements to ductility. Increasing the amplitude value to 5 mm reduces
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the bending capacity of the sleeve and thus limited plastic deformation is observed before

the bolt failure (Fig. 10b). For amplitudes of 6 mm and 7 mm (Fig. 10c and 10d), the

sleeves exhibit significant plastic deformation eventually crushing between the end plate and

the washer before the bolt failure. For example the axial deformation at 120 kN is 7.5 mm

for a sleeve amplitude of 6 mm and 17 mm for an amplitude of 7 mm. The applied force

attains the peak value either when the sleeve jams between the washer and the end plate,

as for amplitudes of 6 mm and 7 mm, or when the force in the sleeve exceeds the bolt ca-

pacity, providing that the sleeve capacity is higher than the bolt capacity, as for amplitudes

of 1 mm and 5 mm. The optimal amplitude is the threshold value between the amplitude

that provides a rigid sleeve and the amplitude that provides a highly flexible sleeve which

prematurely interlocks with the end plate and the washer.

5.1. Optimal amplitude

Table 1 summaries the optimal amplitude values for SSW sleeves across various l/d ratios

for M16 Gr 8.8 and M20 Gr 8.8 bolts, when a thick end plate is used such that failure takes

place in the bolt. The sleeve thickness is 5 mm for M20 Gr 8.8 bolts and 4 mm for M16

grade 8.8 bolts. It is clear that the optimal amplitude for the SSW sleeves depends on the

l/d ratio. Except for sleeves with l/d ratios less than 0.75, the ratio between the amplitude

value and the sleeve length is roughly similar, with an average of 0.225.

5.2. Optimal thickness

The sleeve thickness should be defined based on Eq. 1 and 2. If the thickness of the sleeve is

higher than that required, the amplitude value can be increased to reduce the sleeve capacity.

Fig. 11 depicts a comparison between different sleeve thickness with the amplitude of the

shown sleeves selected so that the optimal behaviour is achieved. It is clear that the sleeves

with different thicknesses provide comparable connection behaviour, however with different

16



Table 1: Optimal sleeve amplitude (sleeve material is S355 and bolt grade is 8.8).

Bolt diam.,
d (mm)

Sleeve length,
l (mm)

l/d Optimal
ampl. (mm)

Ampl./l T/Tstd R/Rstd

20

10 0.50 4.0 0.400 1.026 1.530
15 0.75 4.0 0.267 1.040 1.820
20 1.00 4.5 0.225 1.049 2.000
25 1.25 5.5 0.220 1.065 2.320
30 1.50 7.0 0.233 1.068 2.460
35 1.75 7.5 0.214 1.078 2.920

16

8.0 0.50 3.5 0.438 1.049 1.440
12 0.75 3.0 0.250 1.049 1.440
16 1.00 3.5 0.219 1.018 1.620
20 1.25 4.5 0.225 1.000 1.810
24 1.50 5.0 0.208 1.080 1.890
28 1.75 7.0 0.250 1.030 1.620
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Figure 12: Effect of thickness of the sleeve on connection behaviour.

amplitudes, the larger the thickness, the higher the amplitude required to reduce the sleeve

bending capacity. On the other hand, a sleeve with a thickness less than the value obtained

from Eq. 1 (i.e. 4 mm) is plotted on Fig. 11 to illustrate its effect on the connection

behaviour. The elastic stiffness and the rotation capacity of the connection are reduced.

However, the strength of the connection is not affected as the failure eventually takes place

in the bolts. Overall, it is recommended to use the minimum thickness that satisfies Eqs. 1
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and 2 as larger thicknesses consume higher quantities of material without adding any benefit

to the connection performance.

6. Discussion

In this study, nominal material properties are used for the sleeve. However, the strength of

the supplied material is frequently higher than the nominal value. If the sleeve thickness

is defined based on the nominal value, its ultimate capacity would be higher than the bolt

capacity leading to the bolt failing without developing sufficient plastic deformation in the

sleeve. Fig. 12 illustrates the behaviour of two sleeves with different l/d ratios, at their

optimal amplitudes, when a high material strength is considered. The higher the material

strength, the lower the rotational stiffness of the connection. A feasible solution is to apply

stringent control on the sleeve material properties. However, further analysis is required to

define the margin for the increase in the material strength and a possible factor of safety.

The connections investigated in the present study are analysed under bending with the ab-

sence of axial force in the beam. Thus, no tension is applied to the lower bolts adjacent to the

compression flange causing them to act solely under pure shear stress. Typically, in connec-

tions subjected to bending and shear, the vertical shear is assumed to be resisted by the bolts

adjacent to the compression flange [16]. However, if the axial force in the beam is higher than

the plastic capacity of the sleeves, a lever arm is generated from shortening of the sleeves

and movement of the end plate away from the column flange. Eventually, bending stress can

develop in the bolts which may result in premature failure of the connection attributable to

the negligible flexural strength of bolts. One possible solution is to resist the applied shear

force by a different system to the bolts (e.g. a seat angle with the flush end plate connection).

The primary objective of this study is to prove the concept of the proposed sleeve device
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Figure 13: Effect of sleeve material properties on connection ductility.

leaving various parameters for future investigation including: i) the behaviour of the sleeved

connection when additional failure modes such as end plate, web-panel zone and weld crack-

ing, are expected; ii) the effect of bolt pre-loading on the sleeve response; iii) the effect of

friction between the sleeve and the steel plates on the sleeve capacity. Subsequent work will

include experimental investigations, so that the metallurgical failure modes that can arise

from microscopic defects can be taken into account. This will inform the development of

analytical models and design methodologies for practical applications.

7. Conclusion

This study presents a novel method to enhance the rotational capacity of beam-column end

plate connections by improving the contribution of the bolts. The proposed system consti-

tutes a sleeve with designated dimensions including length, thickness and wall curvature that

is inserted between the end plate and the washer. Providing that the ultimate capacity of

the sleeve is lower than the force in the bolt at failure, the sleeve develops a severe bending

deformation before the failure of any connection components. End plate connections with

various sleeve geometries are numerically investigated using a validated FE model to prove
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the concept. The analysis shows that the proposed system substantially enhances the rota-

tional capacity of connections, ranging between 1.54 and 2.44 times the standard connection,

depending on the wave form and the amplitude value of the sleeve. The sleeved connections

depict a consistent elastic response with the standard connections, indicating that the pro-

posed system is compatible with the codified elastic design approach without modification.

A study into behaviour of a sleeved connection with a single sinusoidal positive Gaussian

curvature has been carried out. It is shown that for a specific sleeve length, the rotational

capacity of sleeved connections depend on the sleeve amplitude value. The optimal ampli-

tude is a threshold value between the amplitude that provides a rigid sleeve and the value

that provides a highly flexible sleeve.

In the traditional connection forms previously described (Fig. 1), achievement of the re-

quired ductility may necessitate significant iterative design until both strength and ductility

requirements are satisfied. However, in the sleeve method presented here, various ductile re-

sponses can be achieved without altering connection strength or basic configuration. In the

case of existing buildings subject to extreme loads, the proposed system provides a simple

and cost effective method of retrofit.
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