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ABSTRACT 

In fire conditions the provision of connection ductility is key to the prevention of brittle failure 

and progressive collapse of steel and steel-concrete composite framed structures. This paper 

describes the development and testing of a novel connection concept intended to provide 

appropriate ductility enhancement compared to that of conventional connection types. The 

connection consists of two connection pieces, each of which takes the form of a web cleat 

which includes a semi-cylindrical section. This section allows the beam-end to move towards 

or away from the column-face by deforming plastically. A simplified analytical model has been 

developed to simulate the mechanical behaviour of the proposed connection, and this model 

will eventually enable the incorporation of this new connection type into global frame analysis 

to be used in performance-based structural fire engineering design. The model has been 

tested against FEA simulations and against model-scale experiment results, indicating that it 

can predict the behaviour of the connection with satisfactory accuracy. Preliminary sub-frame 

analysis results indicate that the proposed connection behaves similarly to an idealized pinned 

connection under ambient-temperature conditions, but provide significantly larger ductility, 

and resistance to disproportionate collapse, compared to conventional connection types. 
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1. INTRODUCTION 

Fire accidents occur frequently around the world and cause both human casualties and 

substantial losses. Elevated temperatures usually cause degradation of the structural 

properties of commonly-used construction materials, especially those of steel. Therefore, the 

resistance of structures to disproportionate collapse in fire needs to be given sufficient 

attention during their design stage. It is traditionally assumed that connections have sufficient 

fire resistance, on the basis that they tend to experience lower temperatures than the 

members which they connect. However, connection failures which occurred in the collapse of 

the World Trade Centre buildings in New York [1] and in the Cardington full-scale fire tests [2] 

showed that connections are actually the most vulnerable structural elements, and that their 

fractures may trigger the collapse of floors and the buckling of columns; this has the capacity 

to cause the disproportionate collapse of an entire building [3]. In maintaining structural 

integrity and preventing progressive collapse, connections play a very important role by acting 

as the critical components tying all other structural members together. The behaviour of 

connections at elevated temperatures differs from that at ambient temperature. The internal 

forces experienced by connections in fire can broadly be classified into four stages. In the 

initial stage, at ambient temperature, the major force carried is vertical shear accompanied 

by some bending moment depending on the details of the connection, due to the design 

loading carried by the beams. After heating starts, a connection begins to experience 

additional compression normal to the column face due to the restrained thermal expansion 

of the connected beam Ăƚ Ă ƐƚĂŐĞ ǁŚĞŶ ǁĞĂŬĞŶŝŶŐ ŽĨ ƚŚĞ ďĞĂŵ͛Ɛ ŵĂƚĞƌŝĂů ŝƐ ŶŽƚ ǀĞƌǇ 
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significant. Eventually, at very high temperature, when material weakening becomes more 

important than thermal expansion, the connected beam carries its load mainly by catenary 

action, and the connections become subject to tension. In cooling, from either of the two 

previous stages, the thermal contraction of the beam as it regains stiffness superposes tensile 

force on the connection. However, the first generation of fire tests on connections 

concentrated on their rotational characteristics at high temperatures. The first experimental 

fire tests, on six different types of connection, were conducted by Kruppa [4]. These tests 

aimed mainly to establish the performance of high-strength bolts, and the behaviour of the 

joints themselves was not presented. The global rotational behaviour of a limited number of 

joints exposed to the ISO834 Standard Fire was first studied by Lawson [5, 6].  Experiments 

done by Leston-Jones [7] on the full moment-rotation-temperature behaviour of flush 

endplate steel beam-to-column connections confirmed that their stiffness and strength 

decreased with the increase of temperature. In a following project AI-Jabri [8] continued this 

work for full-scale steel and composite connections derived from the Cardington building fire 

tests, and conducted studies of the effect of parameters including member size, connection 

type and failure mechanism. Ai-Jabri established that such experiments on isolated joints 

could not realistically represent the behaviour of joints within a structural frame, due to the 

lack of simultaneous axial force. Furthermore, experimental investigations, especially at 

elevated temperatures, are very expensive. Given the large variety of connections and the 

possible combinations of moment, rotation, axial force and axial displacement at any 

temperature, the total number of tests required to populate a meaningful database would 
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have been excessive. It became apparent that numerical simulation would be necessary to 

extend both the breadth and depth of the experimental studies. Liu [9] developed a three-

dimensional numerical model including deterioration of material properties with temperature, 

non-uniform thermal expansion and large deformations, to simulate the response of steel 

connections in fire. Elsawaf [10] used the general-purpose Abaqus software to simulate the 

behaviour of steel beam-to-CFT columns connected by reverse-channel connections in fire. 

These approaches can produce accurate representations of the behaviour of connections but 

are computationally extremely burdensome; using this approach in the context of full-

structure or structural subframe modelling is extremely time-consuming, both in model 

creation and in runtime. A component-based approach is more practical, although less 

accurate. This approach divides a connection into components which represent the actions of 

distinct structural zones; each component is idealized as a ŶŽŶůŝŶĞĂƌ ͞spring͟ of known 

characteristics. The component-based method provides a computationally cost-efficient 

alternative to detailed FE modelling. Da Silva [11] proposed an analytical procedure to predict 

the momentʹrotation response of connections in fire which incorporates the variation of 

material properties of different components with the increase of temperatures. At the 

University of Sheffield, a systematic process to develop a high-temperature nonlinear 

component-based modelling approach has been conducted through a series of research 

projects[12-26], both experimental and theoretical. These have characterised the 

components of some current connections and have validated component-based models of 

these at elevated temperatures.   Among these Yu [19] proposed and validated a yield-line-
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based model for end-plate connections, and Dong [25] developed a model for reverse-channel 

connections following a similar approach. Dong [26] also developed a general-purpose 

component-based connection element for structural fire analysis and implemented this in the 

software Vulcan.  This general-purpose element can combine temperature-dependent 

component characterizations, both in series (within individual bolt rows) and in parallel (as a 

collection of bolt rows and other significant locations) to create a two-noded element which 

is located between beam-end and a column node. The effect of cooling on component 

characterisations [16] is also included within this element.  

However, conventional connection types lack the axial ductility to accommodate either the 

compressive or tensile axial forces mentioned above, and this could allow connection 

fractures to take place. Once fracturing of key components within a connection occurs, the 

connected beam can be detached from the supporting column, leading to an increase in the 

column͛Ɛ slenderness and thus to potential column buckling. This can lead to a sequence of 

failures which result in collapse of the whole structure. Connection failures could also trigger 

the collapse of slabs and the spread of fire into adjacent compartments. This research aims to 

develop a novel ductile connection which allows the large tensile and compressive 

deformations imposed by the connected beam at elevated temperatures, so as to reduce the 

connection forces generated and prevent connection fracture in fire. This paper illustrates the 

development of this new ductile connection. The analytical tensile and compressive model of 

the connection components has been developed on the basis of simple plastic theory, and the 

rotational model is achieved using an array of these components. The analytical model is 
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compared against Abaqus finite element simulations at both ambient and elevated 

temperatures and against experiments at ambient temperature. A simple case study tests the 

performance of the connection in a structural subframe.  

2. DUCTILITY DEMAND AND DESIGN OF NOVEL DUCTILE CONNECTION  

Connections are restrained by adjacent structural members. As described previously, during 

the initial stage of a fire accident a beam will apply axial compressive force to its connections 

due to restraint to its free thermal expansion. When the temperature increases further, and 

the beam has lost most of its bending resistance, tensile force will be applied to the connection 

due to the catenary action of the beam. The examples presented in Figure 1 illustrate this 

change in axial internal force acting on the connection. The difference between Figure 1(a) 

and 1(b) is that the free thermal expansion of the beam in Figure 1(b) is accommodated by 

ductile boundary conditions, so that both the compression and tension forces generated in (b) 

are much smaller than those in (a).  

 

Figure 1. The change of axial internal forces of a connection in fire conditions [27]; (a) with 

strong axial restraint, (b) with axially ductile connections. 
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It is clear that a structure requires connections with high ductility in order to retain its integrity 

and stability under exposure to fire. The design of a proposal for an appropriate ductile 

connection is therefore governed firstly by the degree of ductility required. In the early stage 

of a fire, usually while the beam temperature is below about 600°C, the connection should be 

able to accommodate the thermal expansion of the connected beam, together with the 

effects of beam-end rotation and effective shortening due to beam deflection. This reduces 

the force transmitted to the adjacent structure and prevents connection fracture in 

compression. As shown in Figure 2(a), the bottom end of the connection should be able to 

withstand the horizontal movement: 

21 4
= ( ) /

2 3low temp lT h l  − + −           (1) 

Where   is the thermal expansion coefficient of steel, T  is the beam temperature, l  is 

the length of the beam, h  is the height of the beam section and   is the mid-span 

deflection of the beam. 

 

Figure 2. Beam-end movements in different temperature phases; (a) Low-temperature 

movement, (b) High-temperature movement. 
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fracture at the top of the connection and to avoid hard contact between the beam bottom 

flange and column face, as shown in Figure 2(b). Deformation ,maxhigh temp−  and high temp−  can 

be calculated using Equations (2) and (3). Furthermore, the connection should be able to 

withstand the tensile force generated by the catenary action of the beam, which can be 

calculated according to Equation (4), in which fw  is the uniformly distributed line load 

intensity. The deformability provided in tension effectively reduces the tensile force in the 

connection, especially when the beam is subject to large deflection, and this in turn helps to 

prevent connection fracture. 

2
max

4 1
= / ( )

3 2high temp l lT h  − − +  (2)
 

2
,max max

4 1
= / ( )

3 2high temp l lT h  − − −  (3)
 

2
max/ 8fF w l =  (4)

 

To meet this prescribed ductility demand presented by the beam behaviour, taking into 

account ease of construction, the connection shown in Figure 3 is proposed. Advantages such 

as low cost and ease of installation currently make fin-plate and end-plate connections 

popular within the construction industry. The new connection consists of two identical parts, 

which can be considered as shaped web cleats. Each cleat includes; a fin-plate, bolted to the 

beam web; an end-plate, bolted to either the column web or flange, and; a semi-cylindrical 

section (which is either circular or elliptical in shape) between the fin-plate and end-plate.  

These deformed cleats can be fabricated by bending a steel plate. An alternative fabrication 

method might be to weld two plates to a semi-tubular section, which is a costlier and more 

labour intensive, and therefore not preferred. The semi-cylindrical section is the key to 



9 

 

providing the required push-pull ductility, allowing the fin-plate to move towards and away 

from the end-plate in order to accommodate the thermal expansion and catenary action of 

the connected beam, in surviving the different force conditions as the beam temperature rises. 

This is intended to enable the connection to resist large tensile and compressive deformations 

and to minimise the probability of brittle failure modes that may initiate progressive collapse. 

 

Figure 3. The proposed detail of the novel ductile connection. 

As mentioned above, the cylindrical section should be able to accommodate the deformation 

of the connected beam during fire within both the low-temperature and high-temperature 

ranges. The diameter of the cylindrical section is a critical design parameter, which has the 

greatest impact on the ductility of the whole connection, and should be selected according to 

the values of low temp− , ,maxhigh temp−  and high temp− . The example design demonstrated here 

is for a beam of length 7.5m, subject to a uniform line load at the Fire Limit State of 32.6 kN/m. 

The beam is designed to be UKB 533*210*109. The fin-plate and end-plate of the ductile 
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connection have been designed to the Eurocode. The dimensions of the connection are shown 

in Figure 4, and M20 Grade 8.8 bolts in 22mm diameter bolt holes are adopted. The ductile 

cylindrical section of the novel connection type will accommodate the large deflection of the 

connected beam at high temperature, which in turn significantly reduces the axial force in the 

connection. Therefore, the tensile forces in the welds and bolts will be modest. They will 

mainly take shear, which they are designed to Eurocode to take, and so they are not expected 

to be critical in this case. It is sized to satisfy Equations (1)-(3). When the temperature of the 

beam is 600°C low temp−  of the beam is 29 mm. When its temperature reaches 800°C the 

catenary force is governed by the reduced tensile strength of the beam. Therefore, the 

maximum beam deflection max , which is 548 mm, can be calculated according to Equation 

(4), and is then substituted into Equations (2) and (3) to calculate the axial deformation of the 

beam. The movements ,maxhigh temp−  and high temp−  of the beam at 800°C are 57mm and 

22mm, respectively.  Therefore, if the beam is designed to resist a temperature of 800°C, the 

connection should be able to accommodate at least 50 mm axial deformation. If the inner 

radius of the cylindrical section is designed to be 50mm, this enables the cylindrical section to 

have enough deformability to accommodate the axial deformations of the beam in both 

directions. The connection must, of course, be adequate for ambient-temperature Ultimate 

Limit State conditions. This involves checking shear capacity of the cylindrical section using 

Equation (5), and verifying the resistance of the connection according to BS EN1993-1-8 [28] 

at ambient temperature, under: 

• bolt shear,  
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• bolt bearing,  

• shear and bearing of the fin-plate,  

• shear and bearing of the bolt group,  

• shear of the end-plate.    

03
y

Rd v

M

f
V A


=                                                                   (5) 

Where VRd and Av are respectively the shear capacity and cross-sectional area of the cylindrical 

section. 

 

Figure 4. Dimensions of the connection for the case study. 
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section where the maximum internal bending moments occur. Therefore, simple plastic 
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theory [29] is adopted to model the plastic behaviour of any slice through the cylindrical 

section. Material and geometric nonlinearities are considered. The effects of shear and axial 

forces on plastic moments are neglected, as they have very limited influence [30] on the 

formation and capacity of plastic hinges. According to the virtual work principle, the rate of 

work done by external loads should equal the rate of strain energy increase generated by the 

rotation of plastic hinges. 

3.1.  Calculation of the strain energy of a plastic hinge 

A bi-linear stress-strain relationship is assumed at ambient temperature, changing to a tri-

linear constitutive law for high temperature analysis, as shown in Figure 5(a).  

 

Figure 5. Material properties adopted; (a) Stress-strain relationships, (b) Stress distributions 

within the bending cross-section. 
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across the bending cross-section of a plastic hinge under different conditions are shown in 

Figure 5(b). The maximum strain is m  and the maximum stress within the cross-section is 

m . The internal moment of the plastic hinge is calculated by integrating over the cross-

section.  

For the bi-linear stress-strain relationship:  

When 

2
2 21

=
2 3 12

eff m
m y p PH eff

B t E
M and W B t E


      =        

(6) 

When 

2 3 2

2 2
(1 )

2 3 2
eff y y y

m y p
m m

B t E f
M

 
 

 
 

 = + −  
 

 (7) 

and 

2 3
2 2 6 4

2
3 2

y y y y
PH eff y y y

f E f
W B t E f

  
 


 −

= − + +  
 

 (8) 

For the tri-linear stress-strain relationship: 

When m y  , the equations are the same as for the bi-linear case.                                      

When 

2 3

2

( ) ( )

2 3 2 6
eff t y t yt m

y m u p
m

B t E E E EE
M

 
  


 − −

  = + −  
 

 (9) 

and 

2 32
2 2E

= ( )
12 2 6 2

y yt
PH eff t y

k k
W B t E E

 




   + − + −      
 (10) 

When

2 2 2 3 3 2

2

3 ( )(3 ) 2 3

2 6
eff m u t y u y t u u u

m u p
m

B t f E E E f
M

     
 


 + − − + −  =  
  

 (11) 

and 

32 2
2 2 ( )

( )
3 3 2

yt u u u
PH eff t y u y

u u

E f kk k
W B t E E

  
  

  

     − = + − − + + − +         
 (12) 

in which 

2 3 3 2

( )
2 6 3 2
y u y t u u u

t

E f
E E

     
 = − − + −  

 
 (13) 

where PM  is the plastic hinge moment capacity, PHW  is the strain energy, effB  is the 

effective width of the cross-section and   is the rotation angle of the hinge. If the length of 
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the plastic hinge is assumed to be equal to the thickness t  of the cross-section, the rotation 

angle can be calculated as: 

0
= 2

/ 2

t
m

mdx
t


 =   (14) 

3.2.  Tensile analytical model 

Since the proposed connection is symmetric, the analytical model is developed for half of the 

connection. Four plastic hinges, located at the two ends and the outer edge of the cylindrical 

section, are assumed to form during the deformation of the connection (Figure 6).  

 

 

 

 

 

 

Figure 6. Location of plastic hinges in a deforming tensile mechanism. 

Several assumptions are made for the tensile geometric model. As shown in Figure 6, the 

positions of the two end plastic hinges (Hinges 1 and 2) remain unchanged throughout the 

deformation process. However, the two hinges (Hinges 3 and 4) at the outer edges of the 

circular sections will move towards the end hinges as the section is stretched. During this 

process, the curvatures of the parts of the cross-section between Hinges 1 and 3 and between 

Hinges 2 and 4 remain unchanged. Finally, Hinges 3 and 4 respectively meet Hinges 1 and 2 

when the cylindrical section has been stretched flat. Since the strain energy equations have 
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already been derived, the geometric relationship shown in Figure 7(a) between the 

displacement of the moving hinges and the rotation angle of each plastic hinge is the key to 

solving the virtual work equation.   

 

 

 

 

 

Figure 7. Geometric relationships in the tension model; (a) Geometric relationship, (b) 

Correction of displacement calculation. 

The centre line of the semi-cylindrical cross-section is shown as OC in Figure 7. The black solid 

curve in the figure represents the original shape of the semi-cylindrical section. The red and 
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the x axis to deform the arc. It is obvious that the rotation angles of the four plastic hinges are 

always identical during the whole deformation process. When the plastic hinge at the fixed 
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PŽŝŶƚ C͛͘ Thus, the displacement of the moving Point B is calculated as: 

 2 sin cos( ) cosx r     = + + −  (15)
 

where r is the radius of the arc. Then, if there is a small rotation d , the displacement 

increment of the moving point is: 

 2 cos sin( )dx r d  = − +  (16)
 

However, when the rotation angle of the plastic hinges is large, a displacement calculation 

error Ƹ occurs, shown as Figure 7(b). Point C is the centre-point between Hinges 3 and 4 in 

the initial state and Point H is the centre-point between Hinges 3 and 4 in the large-rotation 

stage. According to the geometric model assumption, the x-coordinate of PŽŝŶƚ C͛͛ ƐŚŽƵůĚ be 

equal to that of Point H. However, as illustrated in the magnified part of Figure 7(b), this 

assumption is no longer true; there is a small horizontal distance Ƹ between Points C͛͛ ĂŶĚ 

H. The error Ƹ increases as the hinge rotates. Therefore, the originally calculated distance 

between Hinges 3 and 4 needs to be corrected. When the rotation angle   is large,   

should be divided into n steps and the plastic hinge rotates by / n  in each step. Accordingly, 

Equations (15) and (16) should be modified to˖ 

2 sin cos( ) cosx r n
n

     = + + −    (17) 

2 cos sin( )dx r
n

   = − +    (18) 

According to the virtual work equation: 

0 0
4 4

d

p pFdx M d M d
  

 
+

= −   (19) 

Substituting Equations (6)-(14) and (18) into (19), the relationship between the external force 

F and the rotation of plastic hinge   can be obtained. 
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For the bi-linear stress-strain relationship: 

When
  

2

6 cos( / ) sin( )m y

Eht
F

r n

 
 

 =
− +  

 (20)
 

When 
( )

 

2 2 2 3

2

3 12 8

6 cos( / ) sin( )

y y y y

m y

ht f f E
F

r n a

  
 

  

 − −  =
− +

 (21) 

For the tri-linear stress-strain relationship: 

When m y  , the equation is the same as that in the case of the bi-linear material.   

When 
 

2 3 2 3

2

( )(3 4 )

6 cos( / ) sin( )
t t y y

y m u

ht E E E
F

r n

   
  

  

 + − −   =
− +

 (22) 

When 
 

2 2 2 3 3 2

2

3 ( )(3 ) 2 3

6 cos( / ) sin( )
u t y u y t u u u

m u

ht f E E E f
F

r n

     
 

   

 + − − + −  =
− +

 (23) 

where h is the width of the connection and t is the thickness of the cross-section. A sensitivity 

analysis at ambient temperature is carried out to determine the appropriate value of n and 

the results are shown in Figure 8. Convergence is reached when n is larger than 10, and this 

value is therefore adopted.   

 

Figure 8. Influence of n value on tension curve. 
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3.3.  Compressive analytical model 

 

 

 

 

 

Figure 9. Geometric relationships of compression model. 

The difference between the tensile and compressive models is that the positions of top two 

hinges (Hinges 3 and 4) remain unchanged in the compressive model. According to the 

geometric relationships shown in Figure 9, the calculation equation for displacement should 

be: 

x 2 [cos (cos( ) sin )]r     = − − −   (24) 

Then, if there is a small rotation d , the displacement increment is: 

 2 sin( ) cosdx r d  = − +                                               (25)
 

Substituting Equations (6)-(14) and (25) into (19), the relationship between external force F 

and the rotation angle   of the plastic hinge can be obtained: 

For the bi-linear stress-strain relationship: 

When
  

2

6 sin( ) cosm y

Eht
F

r


 




 =
− +

 (26) 

When 
( )

 

2 2 2 3

2

3 12 8

6 sin( ) cos

y y y y

m y

ht f f E
F

r

  





  

 − −  =
− +

  (27) 

For the tri-linear stress-strain relationship: 

x 
Fixed point Moving point 

O͛ 

O 

B B͛ A 

C͛ 

C 

 
 
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When m y  , the equation is the same as that in the case of bi-linear material.   

When 
 

2 3 2 3

2

( )(3 4 )

6 sin( ) cos
t t y y

y m u

ht E E E
F

r

   


  

  

 + − −   =
− +

 (28) 

When 
 

2 2 2 3 3 2

2

3 ( )(3 ) 2 3

6 sin( ) cos
u t y u y t u u u

m u

ht f E E E f
F

r

   



 
 

  

 + − − + −  =
− +

 (29) 

3.4.  Push-pull behaviour of a connection 

Applying Equations (20)-(23) and Equations (26)-(29) for a connection of depth 360 mm and 

plate thickness 6mm with a semi-circular inner radius 50 mm, fabricated in steel of grade S275, 

a continuous curve linking force and movement can be constructed, and this is shown in Figure 

10. It can be seen that the tensile curve stiffens with displacement after its plastic mechanism 

has been created, while the compressive curve reduces its force with displacement, at least 

until it is fully compressed when the two edges contact one another. 

 

Figure 10. Full push-pull force-displacement curve for the example connection strip. 
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behaviour of the whole connection using a set of identical connection strips as parallel 

components. As can be seen in Figure 11, the whole connection is divided into a number of 

horizontal strips. 

 

 

  

 

 

Figure 11. Rotational connection strip component-based model. 

When the connection is rotated about its centre point, these strips are either pushed or pulled. 

The normal force of each strip under tension or compression can be calculated using the 

tension or compression models described previously. Then the rotational moment of the 

whole connection can be obtained by calculating the moment of each strip͛Ɛ force about the 

centre of rotation: 

/2

1
( )

N

i i ii
M T C Z

=
= +  (30) 

In this equation N is the total number of connection strips and iZ  is the distance between 

the centre point of the i th connection strip and the centre of rotation of the entire connection.  

A sensitivity analysis was carried out at ambient temperature to find the appropriate strip 

number N, and the results are shown in Figure 12.   
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Figure 12. Influence of total number of strips on connection moment. 

It can be seen that the resulting curve of the analytical model with 8 connection strips is 

consistent enough, but the connection models at high temperatures have adopted 10 strips.  

However, it has been seen from Figure 10 that the tensile strength of the connection is higher 

than its compressive strength in the plastic stage. Under the same displacement, a tension 

connection strip will generate a larger force than the corresponding compression strip. 

Therefore, an external axial force, which may be the reaction at the centre of rotation, is 

required to equilibrate this model. A model to which a pure moment is applied will experience 

a shift of its centre of rotation in order to balance the total tension and compression forces; 

this will be accompanied by a horizontal movement of the centre of rotation. 

4. VALIDATION OF ANALYTICAL MODELS AGAINST ABAQUS FE SIMULATION 

In this section, the general-purpose finite element software Abaqus is used to validate the 

tensile, compressive and rotational analytical models proposed, at both ambient and elevated 

temperatures. The shell element S4R is adopted in the Abaqus simulation, to save cost in 
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computation compared with the use of solid elements.   

4.1.  Validation of tension and compression models at ambient temperature 

The geometries of the tension and compression models are identical, and the details are those 

shown in Figure 4. The material used is S275 steel. As for the boundary conditions of the 

Abaqus model, the end-plate is fixed and the out-of-plane displacement of the fin-plate is 

constrained by being bolted to the beam web. A mesh sensitivity analysis indicated that an 

element size of 10mm x 10mm was adequate for the connection model. 

The analytical model is in satisfactory, although not complete, agreement with the Abaqus 

model; the comparison of two models is shown in Figure 10. The initial slopes of the tension 

and compression curves in the linear-elastic stage are equal. In the plastic stage, as the 

connection is pulled in tension, the force required increases steadily up to the tension 

deformation limit is reached, when the connection is effectively straightened, and the four 

plastic hinges are located on the same line. The slope of the tension curve in the plastic stage 

increases continuously and becomes almost vertical near to the tension deformation limit, 

because of the continuous reduction of the lever arm between the applied axial force and the 

top two plastic hinges (Hinges 3 and 4 in Figure 6). For the compression curve, the force 

required to increase the compression displacement decreases steadily in the plastic stage up 

to the final compression deformation limit, at which contact, either within the cylindrical 

section or between the cylindrical section and the end-plate, occurs. This is opposite to the 

trend of the tension curve due to the increasing lever arm between the applied force and the 

top two plastic hinges.   
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4.2.  Validation of rotation model at ambient temperature 

For the analytical rotational model, the connection behaviour is considered as the sum of its 

ĐŽŵƉŽŶĞŶƚƐ͛ behaviour. Rotation of the entire connection is simulated by tension and 

compression of each connection strip. Deformation compatibility of two adjacent connection 

strips is only piecewise in this analytical model; this ignores the horizontal shear force 

between adjacent strips. In order to make a more reasonable comparison between the 

analytical and Abaqus models, two Abaqus connection models were created, which are shown 

in Figure 13. These were used to study the effect of the shear between strips on the rotational 

behaviour of the whole connection. In the strip model compatibility is maintained between 

adjacent strips except with respect to horizontal movements, although the ends of each strip 

are tied so that their movements are in a straight line. As with the component-based analytical 

model, defined in Figure 11, the connection is constrained to rotate about a point at the base 

of the fin-plate, about which it is also free to move in the vertical direction, although 

restrained in the axial direction. 

 

Figure 13. Two Abaqus models; (a) the whole connection piece, (b) the strip model. 

(a)                                (b) 

Rotation centre                    Rotation centre      
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The comparison of the two Abaqus models and the analytical model is shown in Figure 14. A 

significant difference can be seen between results from the Abaqus strip model and the 

analytical model. The difference between the Abaqus strip model and whole connection 

model indicates that an additional moment is generated by the shear force between adjacent 

strips in providing rotation compatibility, mainly due to compatibility of the torsional rotations 

of adjacent strips. This compatibility is hard to implement in a simple model and it is 

considered unnecessary to include it; this might be considered using a safety factor at a later 

stage. The discrepancy between the Abaqus strip model and analytical model will be explained 

later in Section 4.4. In any case, the analytical model gives a more conservative result than 

either Abaqus model. 

 

Figure 14. Comparison of rotation analytical model against Abaqus models. 
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temperature and then a pure tension, compression or rotation displacement is applied to the 

model to obtain the force-displacement curve under at this temperature value. The 

comparison of the Abaqus and analytical models over a range of elevated temperatures is 

shown in Figure 15 and Figure 16.  

 

Figure 15.Comparison of tension/compression analytical push-pull model against Abaqus 

model at elevated temperatures. 

It can be seen from Figure 15 and Figure 16 that all curves are of the same shape, and the 

difference between analytical and Abaqus models decreases as temperature rises. This 

indicates that temperature does not influence the deformation mode of the connection. 

Above 400C the force required to produce a certain deformation decreases progressively 

with increase of temperature. However, it is obvious that this novel connection can provide 

satisfactory push-pull ductility at elevated temperatures. 
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Figure 16.  Comparison of rotational analytical model against Abaqus model at elevated 

temperatures. 

As mentioned above, with a fixed centre of rotation the force equilibrium of the rotational 

model is not satisfied due to the difference between the resultant forces in the tensile and 

compressive zones of the connection. Therefore, external axial reaction forces are required to 

balance the model of the connection during the rotation process at different temperatures; 

these axial forces, obtained by the analytical and Abaqus models are shown in Figure 17

 

Figure 17. Resultant axial forces of the connection during rotation. 
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4.4.  Analysis of the discrepancy between analytical and Abaqus models 

Differences can be seen between the tension/compression analytical model and the Abaqus 

model in Figure 10 and Figure 15. In the initial elastic stage, the analytical model is stiffer than 

the Abaqus model, which is reasonable due to the simplifications in this phase of the analytical 

model. For example, the elongation of the connection͛Ɛ cross-section is not considered in the 

analytical model. Therefore, the deformation of the Abaqus model under any load level is 

slightly greater than that of the analytical model. In the plastic stage, the Abaqus model 

becomes the stronger of the two because of the positions of the plastic hinges. In the 

analytical model It is assumed that a plastic hinge is generated at a discrete point. However, 

it can be seen from Figure 18 and Figure 19 that the end plastic hinge of the Abaqus model is 

not located at a precise point but has a finite length, which gradually increases and then 

stabilizes at a certain value as the deformation of the connection proceeds. As described 

above in the derivation of the analytical model, the position of the plastic hinge is related to 

ƚŚĞ ǀĂƌŝĂďůĞ ɲ͘ TŚĞ ĐŚĂŶŐĞ of length of the end plastic hinge in the Abaqus model could be 

explained as being equivalenƚ ƚŽ ĂŶ ĂŶĂůǇƚŝĐĂů ŵŽĚĞů ǁŝƚŚ Ă ĚŝĨĨĞƌĞŶƚ ŝŶŝƚŝĂů ĂŶŐůĞ ɲ͘ Larger 

plastic hinge lengths cause greater values ŽĨ ƚŚĞ ǀĂƌŝĂďůĞ ĂŶŐůĞ ɲ͘  
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Figure 18.  Stress distribution of Abaqus tension model. 

 

 

Figure 19. Stress distribution of Abaqus compression model. 

In the tension case, the displacement of the Abaqus model in the plastic stage is slightly lower 

than that of the analytical model at a certain force value, because the part of the deformed 

shape that is straight and parallel to the force direction in the analytical model (between 

Hinges 3 and 4 in Figure 6) has some reverse curvature, as shown in Figure 20. 
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Figure 20. Reverse curvature between the two intermediate plastic hinges in tension. 

The discrepancy between the rotational mechanical and Abaqus models is significant, as has 

been shown in Figure 14 and Figure 16. The main reason for this discrepancy seems to be that 

compatibility of the torsional rotations of the parts of the semi-circular connection strips 

which are more aligned perpendicular to the fin-plate has been ignored in the mechanical 

model. As shown in Figure 21(a), the rotational behaviour of the entire connection consists of 

two actions, namely tension/compression and torsion/bending of each connection strip. The 

variation of in-plane moment at the end of every strip is shown in Figure 21(b), and the sum 

of these moments is shown in Figure 22 (the blue curve).   

 

 

Figure 21.  Bending of connection strips; (a) Deformed shape of Abaqus strip model, (b) 

End moments of connection strips. 

The red curve shown in Figure 22 is obtained by subtracting the analytical model curve in 

Figure 14 from the Abaqus curve. Its initial value is negative, due to the fact that the analytical 
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22 ƚŚĂƚ ƚŚĞ ƐƵŵ ŽĨ ƚŚĞ ƐƚƌŝƉƐ͛ end moments is very close to the difference between the 

analytical and Abaqus model, which indicates that bending/torsion of strips is the main cause 

ŽĨ ƚŚĞ ĚŝĨĨĞƌĞŶĐĞ͘ IŶ ŽƌĚĞƌ ƚŽ ŝůůƵƐƚƌĂƚĞ ƚŚŝƐ ĚŝĨĨĞƌĞŶĐĞ ŵŽƌĞ ĐůĞĂƌůǇ͕ ƚŚĞ ƐƵŵ ŽĨ ƚŚĞ ƐƚƌŝƉƐ͛ end 

moments, shown in Figure 22(b), is added to the original analytical model͛Ɛ curve from Figure 

14 to form a modified analytical model curve, shown in Figure 23.  As can be seen from this 

figure, the modified curve is very close to the Abaqus strip model curve. 

 

Figure 22. Analysis of discrepancy between rotation analytical model and Abaqus model. 

 

Figure 23. Modified rotational analytical model curve. 
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The in-plane bending behaviour of a circular ring has been well studied in the past [32, 33]. As 

for out-of-plane bending behaviour, Krahula [34] proposed a calculation method; the 

relationship between moment and rotation angle is described as: 

4
sin cos cosh sinh sin cos

( 1) 2 ( 1)
( cos 2sin ) ( sin 2cos )

2( 1) ( 1)

H
r A B C E H

M

H
M

        

         
 

= − − + + + +

 + + + +
− + + − + + + 

 (31) 

Where r is the radius of the ring,   is the out-of-plane rotation angle, M is the out-of-plane 

moment,   is the angular coordinate of the cross-section of the ring. The calculation 

equations for constant Į, ȕ and H are documented by Krahula, and are not described here. A, 

B, C, E, F and   are six constants determined by the boundary conditions of the circular ring. 

However, the relationship between angle and moment given by (31) is linear-elastic. The black 

line in Figure 22 is calculated by this method, and the slope of this line is very close to the 

slope of the red line in the elastic stage. However, it is very difficult to study the bending and 

torsion behaviour of a connection strip by a theoretical method. Each connection strip is 

pushed or pulled at the same time as it is bent and twisted. This means that the cylindrical 

section will no longer remain circular in shape, and circular ring bending theory is no longer 

appropriate. The boundary conditions of the cylindrical section are hard to describe. There is 

a small curved section between the cylindrical section and the end-plate, so that the boundary 

conditions of the cylindrical section at this end cannot be simply treated as fixed-ended or 

simply-supported. In the context of the moment necessary to apply a significant rotation to 

the beam-end, the moment generated by applying the same rotation to the connection is 

small, and so an exact model of aspects such as bending and twisting of connection strips is 
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not very important to this study. 

5. VALIDATION OF THE ANALYTICAL MODELS AGAINST EXPERIMENTS 

Experiments on this novel connection have been carried out at model scale by Kalawadwala 

[35]. In this section the experiments conducted by Kalawadwala are used to test the 

tension/compression analytical model at ambient temperature. 

 

  

 

 

 

 

 

Figure 24.  Test setup and specimen dimensions; (a) Dimensions of the ambient-

temperature test specimens, (b) Test setup. 

S275 steel was used by Kalawadwala to produce the test specimens. The dimensions of the 

specimens are shown in Figure 24(a); the test setup of the ambient temperature tests, shown 

in Figure 24(b), used a 10 kN Shimadzu universal testing machine to apply compressive axial 

force to the specimen. The force was measured by a load cell. The deformation of the 

connection specimens during tension and compression tests is shown in Figure 25, and the 

comparison between the analytical model and experiments is shown in Figure 26.  
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Figure 25. Deformation of connection during tests: (a) Tension test, (b) Compression test. 

As shown in Figure 26, the initial stiffnesses of the analytical curves are higher than that of the 

experimental curves. A potential reason for this is that both the cylindrical section and the 

low-radius curved section between the cylindrical section and the end-plate contribute to the 

total displacement during the whole loading process, whereas only the cylindrical section is 

considered in the analytical models. This simplification was made on the basis that the 

connection ductility at large deformation phase and the ultimate strength are perhaps more 

important than the initial elastic stiffness for structural fire engineering analysis, where the 

prevention of fracture/collapse is the key concern. A satisfactory correlation was obtained in 

tension between the experimental and analytical model curves. In compression, the test 

specimen behaved in a stronger manner, requiring higher force to generate displacement than 

the analytical model. A potential reason for this is that contact could occur at high deformation 

between the cylindrical section and the test-bench bolt, as shown in Figure 25 (b). This could 

also enhance the compressive strength of the connection test specimen. These factors have 

not been considered in the analytical model. However, the general trend of the experimental 

(a)                                  (b) 
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and analytical curves shows good correlation in both the tension and compression quadrants. 

 

Figure 26. Comparison of analytical model against experiment at ambient temperature. 

6. CASE STUDY FOR THE NOVEL CONNECTION 

After the development of the novel connection and its analytical models, which have been 

described above, a preliminary study is now conducted on the performance of the new 

connection in a structural subframe. An isolated 7.5m beam of UKB 533x210x109 section with 

an appropriately designed novel connection at its ends is investigated here; the dimensions of 

the connection are the same as those shown in Figure 4.  

Simplifications of the FEM model, as shown in Figure 27, are listed as follows: 

• One half of the model is created to save computational cost, and an axis of symmetry is 

applied as a boundary at mid-span of the beam. 

• The complex contact conditions between bolts and clearance holes lead to non-

convergence of the simulation using a static solver, and therefore are not considered in 

this preliminary study. To avoid complex contacts within the connection zone, the bolts 
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are not modelled, and the fin-plate is directly tied to the corresponding area of the beam 

web. 

• Constraint boundary conditions are applied at the bolt positions of the end-plate, 

connecting it to a fixed thick plate representing the column flange. 

• Simple hard contacts are defined between the fin-plate and beam web, and between the 

end-plate and column flange. 

 

Figure 27. Abaqus model of beam with ductile connection. 

The element size in the connection model is similar to that used in the half connection model 

presented in chapter 4. Since the behaviour of the connected beam is not the prime concern 

of the simulation, its mesh size can be much coarser than that of the connection, to save 

computational time. External load is first applied to the beam flange at ambient temperature, 

generating a load ratio of 0.31 with respect to a simply supported beam and then the 

temperature of the model is gradually increased until the simulation fails to converge. It 

should be noted that 0.31 is a relatively low load ratio in practical terms. This example serves 

as a case study in this paper. Future parametric studies have been planned to investigate the 

performance of the novel connection subject to different load ratios. The results will 
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contribute to the development of the practical design guidance of the novel connection. It is 

assumed that the temperature distribution within the beam and connection is uniform across 

the depth. Lawson [5, 6] assumed that the temperature of the connection was about 70% of 

that of the bottom flange at the mid-span of the beam. In order to study the effect of 

temperature on analytical behaviour of the connection, two cases are simulated, in which the 

connection temperature is set to 70% and 100% of the beam temperature respectively. The 

deformation of the connection during the entire simulation process is shown in Figure 28. It 

can be seen that the cylindrical section is initially squeezed due to thermal expansion of the 

connected beam at temperatures up to about 600°C, beyond which the beam develops 

catenary action, and the rotation angle of the connection increases rapidly with the increase 

of beam deflection. Eventually, large strains are formed around the top of the cylindrical 

section, and the connection starts to fail. It can be concluded that the novel connection can 

accommodate large deformations induced by the connected beam because the ductility of its 

cylindrical section allows the fin-plate to move towards and away from the end-plate.  

 
(a) 400°C 



37 

 

 

 

Figure 28. Deformation of the connection ( 70%C BT T= ). 

Deflections of the mid-span of beams with different boundary conditions are shown in Figure 

29. It can be seen that curves representing the novel connection are very close to the dashed 

curve representing the case with simply supported boundaries. The comparison of axial forces 

(Figure 30) shows that the axial force generated in the beam with the novel connection is 

significantly reduced due to the high axial ductility created. Thus, the conclusion can be 

tentatively drawn that the novel connection behaves more like an idealized pinned joint and 

has considerable axial ductility to accommodate the deformation of the connected beam in 

reducing axial forces. This novel connection will be implemented within Vulcan, and then its 

ability to reduce the axial force of connected beam will be verified against the Vulcan model. 

In the cases where the connection temperature is 70% of the beam temperature, the beam 

deflects more than when the connection temperature is equal to the full beam temperature.  

(b) 600°C 

(c) 800°C 
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Figure 29. Deflection at the beam mid-span. 

 

Figure 30. Comparison of beam axial forces. 

To assess the influence of the beam span on the performance of the novel connection, four 

different beam spans are adopted. The corresponding beam sections are listed in Table 1. 

Except for the connection depth, the other dimensions of the connections (e.g. plate thickness 

and cylindrical section radius) are the same in all four cases. The comparative results are show 

in Figure 31 and Figure 32, which illustrate the connection rotation and the axial forces 

generated in the beams of different spans. It can be seen from Figure 31 that the novel 

-1400

-1200

-1000

-800

-600

-400

-200

0

0 100 200 300 400 500 600 700 800

D
e

fl
e

ct
io

n
 (

m
m

)

Temperature (瀽C)

Simply supported

Fix end

TC=70%TB

TC=100%TB

-3200

-2800

-2400

-2000

-1600

-1200

-800

-400

0

400

0 100 200 300 400 500 600 700 800

A
xi

a
l f

o
rc

e
 (

k
N

)

Temperature (瀽C)

TC=70%TB

TC=100%TB

Fix end



39 

 

connection can rotate a significant angle before failure occurs, which once again demonstrates 

its good deformability. Figure 32 shows that with the increase of beam span, the beam axial 

force also increases. Reason leads to this may be that the radius of cylindrical section, which 

is the most critical factor affecting the connection ductility, is insufficient in the case of the 

relatively long-span beam. Further studies are required to establish guidance on the optimum 

radius of cylindrical section. In general, the novel connection can be regarded as a ductile 

connection and can provide satisfactory deformation capacity. 

Table 1. Parameters of the beams of various spans. 

Beam Span (m) 6 9 12 15 

Beam Section UKB 

356*127*33 

UKB 

406*178*60 

UKB 

457*191*98 

UKB 

610*229*125 

Load Ratio 0.4 0.4 0.4 0.4 

Connection Depth (mm) 260 290 320 410 

 

 

Figure 31. Rotation of connections for beams of different spans.. 
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Figure 32. Axial force of beams of different spans. 

7. CONCLUSION 

This paper has proposed the design of a novel connection consisting of two connection pieces, 

each of which takes the form of a fin-plate, an end-plate and a cylindrical section which can 

provide additional ductility to reduce the probability of brittle failure. Tension/compression 

analytical models of the novel connection based on plastic theory and the virtual work 

principle have been developed. The rotational behaviour of the entire connection is simulated 

by pure tension or compression of individual connection strips, using the concept of the 

component-based method; the shear force between adjacent connection strips due to 

deformation compatibility might in future be considered as a safety factor.  

Validations have been made against Abaqus simulations. A good consistency can be seen 

between tension/compression analytical models and Abaqus models at both ambient and 

elevated temperatures; this indicates that the proposed analytical model is able to predict the 

tension and compression behaviour of the connection.  

Validations have been made against tensile and compressive experiments. A good correlation 
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has been found between the analytical models and experiments at ambient temperatures in 

both tension and compression quadrants.  

A preliminary case study has been conducted to investigate the performance of the 

connection. Through the deformation process it can be seen that the cylindrical section 

provides additional ductility to accommodate large axial deformation caused by the horizontal 

movement of the connected beam. From the comparison of beam mid-span deflections under 

different boundary conditions, it can be concluded that the novel connection behaves like an 

idealized pinned joint. In general, the novel connection can provide the ductility required by 

the connected beam at both ambient and elevated temperatures, which means that 

compressive restraint forces generated by thermal expansion of the connected beam and 

catenary tension forces generated by the beam under very high temperature can be reduced. 

In this way, the fracture of connections, which may trigger progressive collapse of an entire 

structure in fire conditions, could be effectively prevented.  
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΀Ϯϭ΁ H͘ YƵ͕ I͘ BƵƌŐĞƐƐ͕ J͘ DĂǀŝƐŽŶ͕ ‘͘ PůĂŶŬ͕ TǇŝŶŐ ĐĂƉĂĐŝƚǇ ŽĨ ǁĞď ĐůĞĂƚ ĐŽŶŶĞĐƚŝŽŶƐ ŝŶ ĨŝƌĞ͕ PĂƌƚ 
ϭ͗ TĞƐƚ ĂŶĚ ĨŝŶŝƚĞ ĞůĞŵĞŶƚ ƐŝŵƵůĂƚŝŽŶ͕ EŶŐŝŶĞĞƌŝŶŐ “ƚƌƵĐƚƵƌĞƐ͕ ϯϭ ;ϮϬϬϵͿ ϲϱϭͲϲϲϯ͘ 

΀ϮϮ΁ H͘ YƵ͕ I͘ BƵƌŐĞƐƐ͕ J͘ DĂǀŝƐŽŶ͕ ‘͘ PůĂŶŬ͕ TǇŝŶŐ ĐĂƉĂĐŝƚǇ ŽĨ ǁĞď ĐůĞĂƚ ĐŽŶŶĞĐƚŝŽŶƐ ŝŶ ĨŝƌĞ͕ PĂƌƚ 
Ϯ͗ DĞǀĞůŽƉŵĞŶƚ ŽĨ ĐŽŵƉŽŶĞŶƚͲďĂƐĞĚ ŵŽĚĞů͕ EŶŐŝŶĞĞƌŝŶŐ ƐƚƌƵĐƚƵƌĞƐ͕ ϯϭ ;ϮϬϬϵͿ ϲϵϳͲϳϬϴ͘ 

΀Ϯϯ΁ H͘ YƵ͕ I͘ BƵƌŐĞƐƐ͕ J͘ DĂǀŝƐŽŶ͕ ‘͘ PůĂŶŬ͕ EǆƉĞƌŝŵĞŶƚĂů ĂŶĚ ŶƵŵĞƌŝĐĂů ŝŶǀĞƐƚŝŐĂƚŝŽŶƐ ŽĨ ƚŚĞ 
ďĞŚĂǀŝŽƌ ŽĨ ĨůƵƐŚ ĞŶĚ ƉůĂƚĞ ĐŽŶŶĞĐƚŝŽŶƐ Ăƚ ĞůĞǀĂƚĞĚ ƚĞŵƉĞƌĂƚƵƌĞƐ͕ JŽƵƌŶĂů ŽĨ “ƚƌƵĐƚƵƌĂů 
EŶŐŝŶĞĞƌŝŶŐ͕ ϭϯϳ ;ϮϬϭϬͿ ϴϬͲϴϳ͘ 

΀Ϯϰ΁ “ Ͳ͘“͘ HƵĂŶŐ͕ B͘ DĂǀŝƐŽŶ͕ I͘W͘ BƵƌŐĞƐƐ͕ EǆƉĞƌŝŵĞŶƚƐ ŽŶ ƌĞǀĞƌƐĞͲĐŚĂŶŶĞů ĐŽŶŶĞĐƚŝŽŶƐ Ăƚ 
ĞůĞǀĂƚĞĚ ƚĞŵƉĞƌĂƚƵƌĞƐ͕ EŶŐŝŶĞĞƌŝŶŐ ƐƚƌƵĐƚƵƌĞƐ͕ ϰϵ ;ϮϬϭϯͿ ϵϳϯͲϵϴϮ͘ 

΀Ϯϱ΁ G͘ DŽŶŐ͕ I͘ BƵƌŐĞƐƐ͕ J͘ DĂǀŝƐŽŶ͕ AƉƉůŝĐĂƚŝŽŶ ŽĨ Ă ŐĞŶĞƌĂů ĐŽŵƉŽŶĞŶƚͲďĂƐĞĚ ĐŽŶŶĞĐƚŝŽŶ 
ĞůĞŵĞŶƚ ŝŶ ƐƚƌƵĐƚƵƌĂů ĨŝƌĞ ĂŶĂůǇƐŝƐΖ͕ ŝŶ͗  PƌŽĐ͘ ϭϭƚŚ IŶƚ͘ CŽŶĨĞƌĞŶĐĞ ŽŶ “ƚĞĞů͕ “ƉĂĐĞ ĂŶĚ 
CŽŵƉŽƐŝƚĞ “ƚƌƵĐƚƵƌĞƐ͕ QŝŶŐĚĂŽ͕ CŚŝŶĂ͕ ϮϬϭϮ͘ 

΀Ϯϲ΁ G͘ DŽŶŐ͕ I͘ BƵƌŐĞƐƐ͕ B͘ DĂǀŝƐŽŶ͕ ‘͘ “ƵŶ͕ DĞǀĞůŽƉŵĞŶƚ ŽĨ Ă ŐĞŶĞƌĂů ĐŽŵƉŽŶĞŶƚͲďĂƐĞĚ 
ĐŽŶŶĞĐƚŝŽŶ ĞůĞŵĞŶƚ ĨŽƌ ƐƚƌƵĐƚƵƌĂů ĨŝƌĞ ĞŶŐŝŶĞĞƌŝŶŐ ĂŶĂůǇƐŝƐ͕ JŽƵƌŶĂů ŽĨ “ƚƌƵĐƚƵƌĂů FŝƌĞ 
EŶŐŝŶĞĞƌŝŶŐ͕ ϲ ;ϮϬϭϱͿ ϮϰϳͲϮϱϰ͘ 

΀Ϯϳ΁ I͘ BƵƌŐĞƐƐ͕ J͘B͘ DĂǀŝƐŽŶ͕ G͘ DŽŶŐ͕ “͘Ͳ“͘ HƵĂŶŐ͕ TŚĞ ƌŽůĞ ŽĨ ĐŽŶŶĞĐƚŝŽŶƐ ŝŶ ƚŚĞ ƌĞƐƉŽŶƐĞ ŽĨ 



44 

 

ƐƚĞĞů ĨƌĂŵĞƐ ƚŽ ĨŝƌĞ͕ “ƚƌƵĐƚƵƌĂů EŶŐŝŶĞĞƌŝŶŐ IŶƚĞƌŶĂƚŝŽŶĂů͕ ϮϮ ;ϮϬϭϮͿ ϰϰϵͲϰϲϭ͘ 

΀Ϯϴ΁ E͘ B“I͕ ϯ͗ ĚĞƐŝŐŶ ŽĨ ƐƚĞĞů ƐƚƌƵĐƚƵƌĞƐ͗ ƉĂƌƚ ϭͲϴ ĚĞƐŝŐŶ ŽĨ ũŽŝŶƚƐ͕ B“ EN ϭϵϵϯͲϭͲϴ͕ LŽŶĚŽŶ͗ 
BƌŝƚŝƐŚ “ƚĂŶĚĂƌĚ IŶƐƚŝƚƵƚŝŽŶ͕ ϭϴ ;ϮϬϬϱͿ͘ 

΀Ϯϵ΁ M͘‘͘ HŽƌŶĞ͕ PůĂƐƚŝĐ TŚĞŽƌǇ ŽĨ “ƚƌƵĐƚƵƌĞƐ͗ IŶ “IͬŵĞƚƌŝĐ UŶŝƚƐ͕ EůƐĞǀŝĞƌ͕  ϮϬϭϰ͘ 

΀ϯϬ΁ P͘  BŚĂƚƚ͕ “ƚƌƵĐƚƵƌĞƐ͕ AĚĚŝƐŽŶͲWĞƐůĞǇ LŽŶŐŵĂŶ LŝŵŝƚĞĚ͕ ϭϵϵϵ͘ 

΀ϯϭ΁ CEN͕ EƵƌŽĐŽĚĞ ϯ͗ DĞƐŝŐŶ ŽĨ ƐƚĞĞů ƐƚƌƵĐƚƵƌĞƐͶPĂƌƚ ϭͲϴ͗ DĞƐŝŐŶ ŽĨ ũŽŝŶƚƐ͕ ;ϮϬϬϱͿ͘ 

΀ϯϮ΁ W͘ GŝƚƚůĞŵĂŶ͕ BĞŶĚŝŶŐ MŽŵĞŶƚƐ ŝŶ Ă CŝƌĐƵůĂƌ ‘ŝŶŐ ďǇ ƚŚĞ CŽůƵŵŶ AŶĂůŽŐǇ͕  AŝƌĐƌĂĨƚ 
EŶŐŝŶĞĞƌŝŶŐ ĂŶĚ AĞƌŽƐƉĂĐĞ TĞĐŚŶŽůŽŐǇ͕  ϭϴ ;ϭϵϰϲͿ ϭϮϮͲϭϮϱ͘ 

΀ϯϯ΁ J͘ PƌĞƐĐŽƚƚ͕ AƉƉůŝĞĚ ĞůĂƐƚŝĐŝƚǇ͕  LŽŶŐŵĂŶƐ͕ GƌĞĞŶ ĂŶĚ CŽ͕͘ ϭϵϮϰ͘ 

΀ϯϰ΁ J͘L͘ KƌĂŚƵůĂ͕ Η OƵƚͲŽĨͲPůĂŶĞ BĞŶĚŝŶŐ ŽĨ Ă UŶŝĨŽƌŵ CŝƌĐƵůĂƌ ‘ŝŶŐ͕ ŝŶ͗  IŶƚĞƌŶĂƚŝŽŶĂů 
AƐƐŽĐŝĂƚŝŽŶ ĨŽƌ BƌŝĚŐĞ ĂŶĚ “ƚƌƵĐƚƵƌĂů EŶŐŝŶĞĞƌŝŶŐ͕ ϭϵϲϱ͘ 

΀ϯϱ΁ “͘ KĂůĂǁĂĚǁĂůĂ͕ IŶǀĞƐƚŝŐĂƚŝŽŶ ŽĨ ƚŚĞ ƉĞƌĨŽƌŵĂŶĐĞ ŽĨ ŝŶŶŽǀĂƚŝǀĞ ĐŽŶŶĞĐƚŝŽŶ ƵŶĚĞƌ ŚĂǌĂƌĚ 
ůŽĂĚŝŶŐ͕ ;ϮϬϭϴͿ͘ 


