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Abstract 

This paper presents a simplified robust 2-noded connection element for modelling the behaviour of 

partial end-plate connections under fire conditions. In this new model the partial end-plate 

connection is modelled as a 2-noded nonlinear spring element. The characteristics of the spring – 

such as stiffness, tension, compression, shear strengths and bending moment resistance – are 

determined based on each component of the connection. It is well known that the rotational 

response of a partial end-plate connection comprises of two stages, due to the shift of the 

compression centre of the connection from the end of the endplate to the centre of the beam bottom 

flange at large rotation. This two stage behaviour is considered in the model proposed. Compared to 

normal component-based models the most significant of the current model is that this simplified 

model has very good numerical stability under static solver condition. The model also retains the 

advantages of both the simple and component-based models. Fourteen tests of partial end-plate 

connection previously conducted by other researchers were used to validate the proposed model. It 

is evident that the model is capable to predict the behaviour of flexible end-plate connections under 

fire conditions. In order to investigate the influences of the connections on the behaviour of steel 

structures, a series of numerical studies has been conducted on a 2D steel frame, subjected to 

ISO834 Fire and Natural Fire. It is clear that the model can be used to represent the partial end-plate 

connections in performance-based fire resistance design of steel-framed composite buildings.  

Keywords: Partial End-plate Connection, Fire Resistance, Steel Structure, Finite Element 

Modelling.  

Highlights: 

 A simplified robust 2-noded connection element is developed. 

 Modelling the behaviour of partial end-plate connections in fire.  

 Fourteen tests are used to validate the model presented.  

 Influences of the connection on the fire resistance of steel frame are investigated.  

 The proposed model has very good numerical stability under static solver condition.  
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1.   Introduction 

The robustness of structures under fire conditions is a major consideration for structural engineers 

and architects. To improve the survival time of structures, and minimize the loss of life and property, 

extensive research has been devoted to the performance of steel-framed composite buildings under 

fire conditions [1-6]. Previous results show that the behaviour of connections has a significant effect 

on the fire resistance of composite buildings [7]. For structural fire engineering design, the 

connections between steel beams and columns are conventionally assumed to be “pinned” or “rigid”, 

according to the rotational stiffness. However, a “semi-rigid” assumption better describes the 

behaviour of connection in reality [8]. At present, partial end-plate connections, which have higher 

flexibility and larger rotational capacity, are commonly used in steel-framed composite buildings in 

the UK. A popular form of this connection consists of a rectangular plate, which is symmetrically 

welded into the supported beam web, and bolted to the supported column flange. Such partial end-

plate connections are of great popularity for their construction efficiency. They are easy to fabricate, 

can be assembled and erected on site, and have been widely used in the construction of braced 

multi-storey steel framed buildings in the UK. 

In recent years, a variety of experimental and analytical research has been conducted on the 

behaviour of partial end-plate connections at elevated temperatures. In general, three main 

approaches have been pursued for modelling the behaviour of connections, at both ambient and 

elevated temperatures: 

1) Using curve-fitting equations to represent the moment-rotation characteristics of the 

connection [9]; 

2) Applying detail finite element analysis to simulate the non-linear 3D response of the 

connection [10]; 

3) Using component-based models to predict the behaviour of the connection [11]. 

The first approach is the simplest one. However, these curve-fitting equations can only be used for 

connections that possess similar geometrical and mechanical properties to those investigated 

experimentally.  The second approach can be adopted by using general commercial software, such 

as ABAQUS or ANSYS. This approach is however computationally expensive, especially for 

modelling large-scale complex global structures or sub-structures.  In recent years, component-

based models (also known as spring-stiffness models) have been widely applied to simulate the 

behaviour of beam-to-column connections under fire conditions. This approach was initially 

developed following a proposal by Zoetemeijer [12], and further developments are now included as 

part of Eurocode 3 Part 1.8 [13]. The basic concept of the component-based model is to treat a 
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connection as a combination of several basic components (see Fig. 1). Each component is 

represented as a spring, possessing its own stiffness and strength in tension, compression and shear. 

The overall behaviour of the connections is modelled as an assembly of those individual springs. 

At present, a number of component-based models have been developed for the analysis of partial 

end-plate connections at elevated temperatures. For instance, Al-Jabri et al. [14] conducted a series 

of experimental tests on partial end-plate connections under fire conditions, and proposed a 

component-based model as well. In their component-based model, only the behaviour of partial 

end-plate connection at the first stage, before the bottom flange of beam contacts the column flange, 

can be simulated.  In 2008, Hu et al. [15] carried out a series of elevated temperature tests on partial 

end-plate connections. They also developed a component-based model, which can predict the two 

stage behaviours of partial end-plate connections at elevated temperatures. In this model, the 

connection is regarded as a series of non-linear springs connected together using a rigid bar at each 

bolt row position. The performance of the connection is dependent on the force-displacement 

characteristics of these springs. 

One significant problem for using component-based model is that under a static solver condition, if 

one of the springs within the connection fails, then the numerical illness may be generated within 

the stiffness matrix of connection element. Those illnesses may initiate numerical singularity for 

whole structures analysed and the analysis will stop.  However, one spring failure within the 

connection doesn’t mean the failure of the whole connection. In order to overcome this problem 

dynamic solvers are needed [16]. It is well known that using dynamic solver can significantly 

reduce the computational efficiency of the model. 

Huang [17] recently proposed a robust 2-noded connection element, for modelling flush and 

extended end-plate connection between steel beam and column under fire conditions. This model 

has good numerical stability under a static solver condition, and also retains the advantages of both 

the simple and component-based models. In this model the connection is represented as a 2-noded 

non-linear spring element, and the characteristics of the spring (such as stiffness, tension, 

compression, shear strengths and bending moment resistance) determined based on a component-

based approach. In this paper Huang’s model will be used as the basis for the development of 

current simplified model to predict the behaviour of partial end-plate connections at elevated 

temperatures. The two stage behaviours of partial end-plate connections will be considered in the 

model presented here. 
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2.   Development of the non-linear procedure 

The main frame of Huang’s 2-noded connection element [17] is extended here, to simulate the 

response of partial end-plate connections under fire conditions. In Huang’s original model, the 

connection is specialized as a two-noded spring element which has no physical length (see Fig. 2). 

Each node has six degrees of freedom, including three translational degrees of freedom ( w,v,u ), 

and three rotational degrees of freedom ( zyx ,,  ).  As shown in Fig. 2, x, y, and z are local 

coordinates of a steel beam element, where x is the direction of the longitudinal axis of the beam 

element.  The nodal force increment vector ΔF  can be related to the nodal displacement increment 

vector Δu , by applying a 12x12 element stiffness matrix: 
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In this element stiffness matrix, six stiffness coefficients need to be defined. They are the axial 

stiffness coefficient 11k , vertical shear stiffness coefficient 33k , rotational stiffness coefficient 55k , 

and stiffness coefficients related to the out-of-plane degrees of freedom 22k , 44k and 66k . It is 

assumed that before the connection fails due to axial tension, the axial stiffness coefficient 11k  has 

very large magnitude ( mmkN /109
). When the axial tensile force of the connection exceeds the 

tension resistance of the connection, then the connection will fail in tension (i.e., 011k ). However, 

when the connection fails by compression, it is assumed that mmkNk /109

11 . The same principle 

is applied to the vertical stiffness coefficient 33k . That is, before the connection fails due to vertical 

shear ( mmkNk /109

33 ). This is when the vertical shear force is greater than the vertical shear 

resistance of the connection ( 033k ). In this model, only the local in-plane behaviour of the 

connection is considered.  However, the connection element developed here can represent the 

partial end-plate connections for 3D modelling of a global steel frame, through the coordinate 
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transformation.  The three stiffness coefficients related to the local out-of-plane degrees of freedom 

22k , 44k and 66k are assumed to be mmkNk /109

22 , kNmkk 12

6644 10 . Using those large numbers, 

the model has very good numerical stability, and a fast convergence rate.  

2.1   Determination of the rotational stiffness coefficient, 55k  

In the normal component-based model such as Hu et al. [15], the rotational stiffness coefficient ( 55k ) 

is calculated according to the stiffness of a set of springs at each bolt row. The spring stiffness is 

derived based on the force-displacement characteristics of each spring. In the model presented here, 

55k  is calculated based on the proposed moment-rotation curve. The initial rotational stiffness int,jS , 

and moment resistance RdjM ,  of the whole connection, are two main parameters for the 

construction of the proposed moment-rotation curve. int,jS  and RdjM ,  are determined based on each 

component of the connection. The details are discussed in the following sections.  

2.1.1   Initial rotational stiffness of the connection, int,jS  

The initial rotational stiffness of the connection int,jS  is calculated based on the component-based 

approach [14]: 

22

int,

111

zKzKS ceqtj

                                                                                                            (2) 

where eqtK  and cK  are equivalent tension stiffness and compression stiffness of the connection 

respectively, and z  is the lever arm (see Fig. 3). When the connection has only one bolt row in 

tension, the lever arm z  is the distance between the centre of compression to the tension bolt row. 

If the connection has more than one tension bolt rows, the lever arm z  is taken as the distance 

between the centre of compression and the equivalent tension bolt row (see Fig. 3), that is: 
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                                                                                                                     (3) 

where rttK ,  is the tension stiffness of each individual tension bolt row and rh is the distance 

between individual bolt row r  and the compression centre of the connection. 
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When the connection has more than one bolt row in tension, an equivalent stiffness eqtK  is used to 

represent the overall stiffness of the tension bolt rows in the connection. eqtK  can be defined by 

using the following expression: 

z

hK

K r

rrtt

eqt




)( ,

                                                                                                                 (4) 

For the compression zone, the compression stiffness cK  is taken as the stiffness of the column web.  

cK  is calculated according to the simplified component model proposed by Block et al. [19], as: 

wceff

wcfcfc

wcc
db

ttb
EK

23

3

2
                                                                                                             (5) 

where wcE is the Young’s module of column web, fcb  is the width of column flange, fct  is the 

thickness of the column flange, wct  is the thickness of column web, effb is the effective length, wcd  

is the distance of column web between the root radii. 

2.1.2   Tension stiffness of each individual tension bolt row, rttK ,  

To calculate the initial rotational stiffness of the connection int,jS , the partial end-plate connection is 

divided into tension and compression zones. A component-based approach is employed to 

determine the characteristics of both zones. 

In the tension zone, the connection is regarded as a combination of three basic components: the bolt, 

weld and a T-stub assembly comprising of the endplate and the beam web. Each basic component 

has its own stiffness coefficient. A T-stub assembly is traditionally used to represent the tension 

components. There are three failure mechanisms for a T-stub assembly. For failure mechanism I, 

the bolts yield and fracture after a first plastic hinge forms at the flange-to-web intersection. For 

failure mechanism II, a second plastic hinge forms at the bolt line after the formation of the first 

plastic hinge, follows by the bolts yielding and fracturing. For failure mechanism III, the T-stub 

fails due to the yielding and fracture of the bolts while the T-stub flange remains elastic. For a 

partial end-plate connection, experimental tests conducted by Hu et al. [15] indicated that the failure 

mode of the connection can be classed mainly as failure mechanism II – in which the T-stub flange 

suffers completed yielding. Therefore in the current model it is assumed that the T-stub assembly 

fails according to the failure mechanism II. Hence, the stiffness coefficient for the T-stub assembly 

pltK , which represents the endplate and the beam web, is obtained as [18]: 
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where 
12

3

feff tL
I  ; effL is the effective length of T-stub assembly; ft , n , k , and m  are defined in 

Fig. 4; yf  is the yield stress of endplate; eL  is the width of endplate; pE  is the Young’s module of 

endplate;   is the ratio of the tension force and the bolt force. The detail formulations for 

determining these parameters can be found in Reference [20]. 

The stiffness coefficient for the weld weldK  is calculated as: 

2

,,,

3*3.0

);min(

Mw

rweldplateubeamu

weld

dFF
K


                                                                                         (7) 

where beamuF ,  is the ultimate tensile strength of the beam; plateuF ,  is the ultimate tensile strength of 

the endplate; rweldd ,  is the weld length for each individual bolt row r ; r  is bolt row number; w  is 

the correlation factor which can be found in Table 4.1 of Eurocode 3 Part 1.8 [13].  

The stiffness coefficient for the bolt btK  is calculated as:  

bt

bts

bt
l

EA
K *6.1                                                                                                                   (8) 

where sA  is the bolt shaft area; btE  is the Young’s module of bolt; btl is the bolt length.  

The tension stiffness of each individual tension bolt row rttK , can be calculated as a combination of 

the stiffness coefficients of these three basic components. That is, 

btweldpltrtt KKKK

1111

,

                                                                                                  (9) 

2.1.3   Moment-rotation curve for the connection 

As illustrated in Fig. 5, the rotational response of partial end-plate connection is comprised of two 

stages. In the first stage, the compression centre of the connection is located at the bottom end of the 

endplate, where the connection rotates unimpeded.  In the second stage, after the connection rotates 

sufficiently, the bottom flange of beam comes into the contact with the column flange. As a result, 

the compression centre of the connection moves from the bottom end of the endplate, to the middle 



8 
 

of the beam bottom flange. The change of compression centre leads to an increase of lever arm, and 

increases the moment resistance of the connection.  

Such two stage rotational behaviours are taken into account in the model presented here. As 

demonstrated in Fig. 6, a multi-linear curve is proposed to describe the bending moment 

characteristic of the connection.  In the figure, int,jS  is the initial stiffness of the connection, RdjM ,  

is the bending moment resistance of the connection, Xd  is the rotation when the moment of the 

connection first reaches to RdjM , , ContactM  is the moment of the connection when the beam bottom 

flange comes into the contact with column flange, Contact  is the rotation of the connection 

referenced to ContactM , and Cd  is the maximum rotation of the connection.  

The formulations to determine the rotations Id , Xd , Contact  are as follows: 

int,

,

3 j

Rdj

Id
S

M
                                                                                                                          (10) 




int,

,

j

Rdj

Xd S

M
                                                                                                                         (11) 

pltbeambeam

p

Contact
dD

t

,*5.0 
                                                                                               (12) 

where pt  is the thickness of partial end-plate, beamD  is the depth of beam, pltbeamd ,  is the distance 

between the bottom flange of the beam and the end of endplate. It can be seen that Contact  is directly 

related to the geometry of the partial end-plate and the supported beam. This multi-linear moment-

rotation curve is proposed based on the one introduced in Eurocode 3 Part 1.8 [13] for the moment-

rotation characteristic of flush or extended endplate connection with modification. Compared to 

partial endplate connection, the behaviour of flush or extended endplate connection is more rigid. 

Therefore, in this model, Id  is calculated by proposed Eq. (10). Also in the current model it is 

assumed that the stiffness coefficient 3 . Compared to the moment-rotation curve of flush or 

extended endplate connection proposed in Eurocode 3 Part 1.8 [13] )2( int,, jRdjId SM  and 2 .   

The proposed multi-linear moment-rotation curve of partial end-plate connection can therefore be 

represented as (see Fig.6): 

For line OA ( Id  ): 
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 int,55 jj SkM                                                                                                               (13) 

where int,55 jSk  . 

For line AB ( XdId   ): 

RdjIdj MkM ,55
3

1
)(                                                                                                   (14) 

where 
)(3

,

55

IdXd

RdjM
k

 
 . 

For line BC ( ContactXd   ): 

RdjXdj MkM ,55 )(                                                                                                      (15) 

where int,55 065.0 jSk  . 

For line CD ( CdContact   ): 

)()(065.0 55,int, ContactRdjXdContactjj kMSM                                              (16) 

where IIjSk int,,55 15.0 , IIjS int,,  is the initial stiffness of the connection for the second stage when 

the centre of compression switches to the middle of beam bottom flange. If Cd  , it is assumed 

that the connection is broken, that is 0jM  and 055 k . 

The details for calculation of the bending moment resistance of the connection RdjM ,  will be 

presented in the following sections. 

2.2   Determination of the connection resistance 

2.2.1   The tension resistance of the connection, RdtF ,  

As described above, in the tension zone the connection is regarded as the combination of three basic 

components: weld, bolts and a T-stub assembly. The tension resistance of the weld can be 

calculated as [15]: 

2

,,,

3

);min(

Mw

rweldplateubeamu

weld

daFF
F


                                                                                       (17) 

where a  is the effective throat thickness of a fillet weld, and other parameters in Eq. (17) are the 

same as defined in Eq. (7). 
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The tension resistance of the bolt can be expressed as: 

bysbt fAF                                                                                                                           (18) 

where byf  is the yield strength of bolts at a given temperature.  

The experimental test results show that the failure mechanism for partial end-plate connection is 

mostly similar to the second failure mode of T-stub assembly. In the current model the tension 

resistance of T-stub assembly pltF  is therefore calculated according to the second failure mode as 

[21]:  
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where pM  is the plastic moment resistance, buf  is the bolt ultimate strength. The definitions of 

other parameters are the same as stated in Eq. (6). The detail formulations to determine these 

parameters in Eq. (19) can be found in Reference [20]. 

For each individual bolt row, its tension resistance boltrtensF ,,  is taken as the minimum value of the 

tension resistance of three basic components as follows: 

),,min(,, btweldpltboltrtens FFFF                                                                                                (20) 

The total tension resistance of the connection RdtF ,  is obtained as the sum of all the tension bolt 

rows as: 





N

r

boltrtensRdt FF
1

,,,                                                                                                                (21) 

where N is the total number of the bolt rows in tension.  

 

 

2.2.2   The compression resistance of the connection, RdcF ,  
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For the compression zone, the compression resistance of the connection RdcF ,  is considered as the 

compression resistance of the column web, and calculated according to the simplified component 

model developed by Block et al. [19]. 

The force redistribution is also taken into account here, where the effective tension resistance EdtF ,  

needs to meet the following criteria: 

Rdc

N

r

boltrtensEdt FFF ,

1

,,, 


                                                                                                   (22) 

If the effective tension resistance EdtF ,  is larger than the compression resistance RdcF , , the  force 

distribution in the bolt rows should be adopted to make sure that: 

Rdc

N

r

boltrtensEdt FFF ,

1

,,, 


                                                                                                    (23) 

Normally the force will be reduced from the tension bolt row with the largest bolt row number 

(from the top of the connection). 

2.2.3   The bending moment resistance of the connection, RdjM ,  

The bending moment resistance of a partial end-plate connection can be expressed as: 


r

boltrtensrRdj FhM ,,,                                                                                                           (24) 

where rh  is the distance between individual bolt row r  and the centre of compression.  

2.2.4   The vertical shear resistance of the connection, RdsV ,  

For an individual shear bolt row, the shear resistance RdrbV ,,  is calculated as the minimum value of 

the shear resistance of bolt RdvF , , and the bolts in bearing on endplate RdepbF ,, , as: 

);min( ,,,,, RdepbRdvRdrb FFV                                                                                                    (25) 

The shear resistance of bolt RdvF ,  is obtained as: 

sbubvfRdv AfRF ,,,,                                                                                                                 (26) 

where bvfR ,, is the strength reduction factor for the bolts in shear. 

The shear resistance of bolt in bearing on endplate RdepbF ,,  can be expressed as:  
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pbpltu

b

Rdepb tdf
d

e
F ,

2
,, 92.0                                                                                                   (27) 

where 
2e is the distance between the bolt hole and the edge of endplate, bd  is the nominal diameter 

of the bolt, and pt is the thickness of the endplate. 

The vertical shear resistance of the connection RdsV ,  can be then given as: 





N

r

RdrbRds VV
1

,,,                                                                                                                    (28) 

where N is the number of bolts in vertical shear. 

In this paper, the strength and stiffness of the bolts, endplate, beam and column reduce at elevated 

temperatures. The degradation of the connection’s material properties, such as yield strength, 

ultimate strength and Young’s modulus, are all considered in the current model. Previous research 

indicates that degradation of the bolts' mechanical properties (at elevated temperatures) is much 

worse than the end-place and steel beam or column.  However, research conducted by Hu et al. [15] 

indicated that the majorities of failure models of T-stubs are Mode I and Mode II.  The influence of 

material degradation of the bolt by using different models on the final tension resistance of one bolt 

row is not very significant. For simplicity, it is therefore reasonable to assume that the material 

degradation of bolts at elevated temperatures is the same, for the beam, column and end-plate. The 

model specified in Eurocode 3 Part 1.2 [22] is used. 

3.   Validations 

The model presented above has been validated using a total of fourteen partial end-plate 

connections, tested at both ambient and elevated temperatures by other researchers [14, 15]. In these 

validations, the tested ambient temperature material properties, and measured temperature 

distributions within the connections, were used as input data for the model. 

Fig. 7 illustrates the details of the twelve tests conducted by Hu et al. [15], including three ambient 

temperature tests and nine tests at elevated temperatures. The tested connections were comprised of 

a 305x165x40UB beam, connected to a 254x254x89UC column with six M20 Grade 8.8 bolts in 

22mm clearance holes. The thickness of partial endplate was 10 mm. The steel used for the 

connection was S275 for the endplate and beams, and S355 for the column. The yield strengths of 

the connection materials at ambient temperature were 275 2/ mmN  for S275, 355 2/ mmN  for S355 

and 640 2/ mmN for the 8.8 bolt. The ultimate strengths of the connection materials were: 450

2/ mmN  for S275 steel, 550 2/ mmN  for S355 steel and 800 2/ mmN  for the 8.8 bolt. The Young’s 
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modulus was 205000 2/ mmN  for both the steel and the bolts. In the experiments a force, with an 

inclined angle (θ) to the axis of the connected beam, was applied. Three different inclined angles 

were employed, where θ =35°, 45° and 55°. These angles represented different combination of 

vertical shear and axial tension forces. All fire tests were conducted by uniformly heating the 

specimen to the specified temperature, then gradually increasing load until connection failure. Figs 

8 and 9 show the comparison results for the three ambient temperature tests. The results of these 

three tests indicated that the connections have suffered sufficient rotation, which leaded to the 

contact between the beam bottom flange and the column. It can be seen from the figures that the 

proposed model can reasonably predict the two stage behaviours of the connection. The 

discrepancies between the tested results and current model predictions were mainly due to the 

multi-linear moment-rotation curve used. In fact, the real moment-rotation curve of the connection 

should be a smooth curve. However, the predictions of the current model agreed reasonably well 

with the tested results. Figs 10 to 14 show the comparison results for the nine tests at elevated 

temperatures, where three different temperatures were employed (at 450°C, 550°C and 650°C). The 

experimental results of these nine fire tests reached to failure by bending before the bottom flange 

of the beam contacted to the column. Hence there were no two stage behaviours happened for those 

fire tests. The predicted failure modes of all nine tests were bending failure. The accuracy of the 

predictions by current model was mainly affected by the proposed multi-linear moment-rotation 

curve which is degraded at elevated temperatures. Also another factor should be considered is the 

uncertainty of the fire tests.  From these results it is evident that overall the predictions of the 

proposed model agreed reasonably well with the test data. 

Two additional tests, conducted by Al-Jabri et al. [14], were also used in validating the model. The 

tests details are given in Fig.15. In the tests a cruciform arrangement was chosen, which was 

consisted of two 356x171x51UB beam symmetrically connected to a 254x254x89UC column. The 

beam was 1.9 m long and the column was 2.7 m high. The thickness of the partial end-plate was 8 

mm. Eight M20 Grade 8.8 bolts were used in this experiment. The steel used for the connection was 

Grade 50 for the beam, endplate and column.  The material properties at ambient temperature were: 

the yield strength = 412 2/ mmN , the ultimate strength = 545 2/ mmN  and the Young’s modulus = 

195000 2/ mmN . The tests were conducted under a constant load with increased temperatures. The 

load was applied to the both beams at a distance of 1500 mm from the column centre-line. Two 

different load levels were employed, which were 8.2 kNm and 16.5 kNm.  The observation of the 

tests indicated that only the rotational behaviour for the first stage of the connections (before the 

bottom flange of beam comes into contact with the column) happened during the tests. The 

comparison between the predictions of the current model and the tests data is given in Figs 16 and 
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17. Again, it can be seen that the predictions of the proposed simplified model are in good 

agreement with the test data.  

The validation conducted using fourteen tests shows that the simplified model presented in this 

paper can predict the behaviour of the partial end-plate connections at both ambient and elevated 

temperatures. The model is computationally very stable and efficient under a static solver condition.  

4.   Numerical studies on a 2D steel frame 

In order to investigate the influences of the connections on the behaviour of frame, a series of 

numerical studies has been conducted on a 2D steel frame under different fire scenarios. The frame 

was constructed using a 533x210x92 section for the beams and a 305x305x97 section for the 

columns. The geometry detail of partial endplate connection used is shown in Fig.18. S275 

structural steel was used for all sections. In this study, it was assumed that the beams were 

uniformly loaded to 20 kN/m. Within the fire compartment, all beams were unprotected, and the 

columns protected. Fig.19 shows temperatures of unprotected beams and protected columns under 

ISO 834 Fire and a typical Natural Fire. The temperature curve for the natural fire presented in 

Fig. 19 was calculated based on the assumed compartment size and type, a typical fire load and air 

ventilation condition according to Eurocode 3 [22]. Based on previous research, it was assumed that 

the temperatures of connections were 75% of the temperatures of heated beams. 

4.1   2D steel frame subjected to whole floor fire 

Fig. 20 shows a two dimensional steel frame subjected to whole floor fire. ISO834 Fire and a 

typical Natural Fire were used to investigate the influences of different types of connections on the 

frame’s behaviour. Three different types of connections (pinned, rigid and partial endplate 

connections) were considered. For the pinned connection the failures of axial tension and vertical 

shear were not considered.  

Figs 21 and 22 demonstrate the deflections of the beams at positions A and D under ISO834 Fire. 

The axial forces of the connections at positions P1 and P4 under ISO834 Fire are presented in Figs 

23 and 24. For partial endplate connection case, all connections failed by bending, and the analysis 

stopped early compared to the other two cases. It is evident that different types of connections 

significantly influence the deflections of beams. The partial endplate connection was behaved like a 

semi-rigid connection. However, the connection types have less influence on the maximum axial 

compressive and tensile forces of the connections. The axial compressive force of the connection 

increased very quickly at the beginning of the heating, reaching the peak at around 10 min. It then 

changed from compression to tension, proportionately to the deflection of the connected beams. The 
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axial tensile forces of the connections at a later stage were due to the large deflections and catenary 

actions of the connected beams.  

For comparison, Fig 25 presents the predicted deflections at positions A, B, C and D; Fig. 26 shows 

the predicted axial forces at different positions for the partial endplate connection case under 

ISO834 Fire.  It is obvious that the connected beams were under compression in the early stage of 

the fire. These compressive forces were produced by the restraining thermal expansion of the heated 

beams. The restraints of the heated beams were mainly provided by the surrounding columns. 

Therefore, as shown in Fig. 26, the axial compressive force at Position P4 is nearly three times 

higher than that at position P1. In the later stage of the fire, with the increasing of temperatures, the 

stiffness and strength of beams reduced, and the heated beams were under axial tensile forces due to 

the catenary action resulting from large deflections. 

Figs 27 and 28 show the deflections of the beams at Positions A and D under the Natural Fire. The 

axial forces of the connections at Positions P1 and P4 under the Natural Fire are demonstrated in 

Figs 29 and 30. Again the deflections of the connected beams were significantly affected by using 

different types of connections under this fire scenario.  For the case with partial endplate connection, 

as shown in Fig. 30, the connection at Position P4 failed in tension, at around 54 min in which the 

temperature of the connection was around 523°C. From Fig. 19 it is clear that the fire was in the 

cooling stage. Therefore the large axial tensile force of the connection was generated due to the 

cooling of the connected beam. Fig. 30 indicates that the axial force of the partial endplate 

connection dropped to nearly zero after the connection failed by tension.  As shown in Fig. 28 the 

deflection at Position D suddenly increased due to the connection tensile failure at Position P4. It is 

interesting to note that the maximum axial compressive and tensile forces were not significantly 

affected by using pinned or rigid connections. From this study one can be concluded that modelling 

a connection as pinned, without considering the failures of axial tension is not conservative, 

especially in the cooling stages of the fire.  

For comparison, the predicted deflections and axial forces of the connections at different positions 

for the partial endplate connection case under the Natural Fire are presented in Figs 31 and 32, 

respectively. The figures clearly show the failure procedure of the connections at different positions 

during the fire. It is evident that the tension failure of the connection happened during the cooling 

phase of the fire. As shown in Fig. 32, after the connection at position P4 failed due to tension at 

about 54 min, the axial forces of the connections at positions P1, P2 and P3 were all reduced. 

However, at the same time all other connections were reached to plastic moment resistances, and 

the axial tensile forces were less than the tensile strength of the connections. After the connection at 

position P4 failed by tension, only one column remained to restrain the connection at position P3. 
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But the connection at position P2 was still restrained by two columns. Hence, when the fire was 

further cooling down the connection at position P2 failed by tension at about 65 min in which the 

temperature of the connection was reduced to 435°C. The axial tensile forces of the connections at 

positions P1 and P3 suddenly dropped, due to the failure of the connection at P2. This is the reason 

why the deflections at positions D and B suddenly dropped at 54 min and 65 min respectively (see 

Fig. 31).  

4.2   Four different compartment fires  

As illustrated in Fig.33, the performances of four different compartment fires were analysed under 

ISO834 Fire and the Natural Fire conditions. Partial endplate connections were used for this study. 

It was assumed that apart from fire compartment, the temperatures of all other adjacent 

compartments were at ambient temperature. Figs 34 and 35 show the predicted deflections at 

positions A, B, C and D for different compartment fires under two fire curves. The predicted axial 

forces at positions P1, P2, P3 and P4 for different compartment fires were presented in Figs 36 and 

37, respectively. It can be seen that under ISO834 Fire condition similar behaviours were observed 

compared to a whole floor fire.  As shown in Figs 35 and 37, all connections in compartment Fire 2, 

Fire 3 and Fire 4 failed due to tension.  These results further indicated that larger tensile forces were 

generated, when beams contracted in the cooling stage of the Natural Fire. As discussed in the 

previous section, when beams were exposed to a natural fire, the axial tensile forces generated 

during the cooling phase of the fire and magnitudes were dependent on the position of the heated 

beams within the structures. The results further provide the evidence that the tensile failure of the 

connection is more likely to happen within buildings during the cooling stages of a real fire. 

5.   Conclusions 

In this paper, a simplified robust two-noded connection element has been proposed to model the 

behaviour of partial end-plate connections between steel beams and columns at elevated 

temperatures. The two stage rotational responses of partial end-plate connections under fire 

conditions are considered, and component-based approaches employed to precisely determinate the 

stiffness, tension, compression and bending moment capacities of the partial end-plate connection 

under fire conditions. The connection failures, due to bending, axial tension or compression, and 

vertical shear are also modelled, whilst retaining the advantages of both the simple and component-

based approaches. The model is computationally efficient, with excellent numerical stability under a 

static solver condition. A total of fourteen tests were used to validate the model, demonstrating that 

the proposed model can predict the two stage rotational characteristics of partial end-plate 

connections with reasonable accuracy. Therefore, the model presented in this paper may be useful 
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for analysing the behaviour of partial end-plate connections in real performance-based fire 

resistance design of steel framed composite buildings.  

In order to investigate the influences of the connections on the behaviour of steel structures, a series 

of numerical studies were also conducted on a 2D steel frame subjected to ISO834 Fire and a 

typical Natural Fire. The results indicate that the tensile failure of the connection is more likely to 

happen within the buildings during the cooling stage of a real fire. From these results, one can 

conclude that modelling a connection as pinned, without considering the failures of axial tension, is 

unconservative for structural fire engineering design, especially in the cooling stages of a fire. 
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Figure Captions 

Fig. 1   Components within a bolted end-plate joint.  

Fig. 2   Two-noded connection element. 

Fig. 3   Determination of lever arm z. 

Fig. 4   T-stub assembly. 

Fig. 5   Movement of compression centre of a partial end-plate connection. 

Fig. 6   Multi-linear moment-rotation characteristic used for the connection element. 

Fig. 7   Details of test specimens used by Hu et al. [15]. 

Fig. 8   Comparison of predicted and measured rotations for tests: EP_20_35_04-04-07(20°C, 

θ=35°) and EP_20_45_07-09-07(20°C, θ=45°) (Hu et al. [15]). 

Fig. 9   Comparison of predicted and measured rotations for tests: EP_20_55_23-02-07(20°C, 

θ=55°) (Hu et al. [15]). 

Fig. 10   Comparison of predicted and measured rotations for tests: EP_ 450_35_11-05-07(450°C, 

θ=35°) and EP_ 450_45_12-09-07 (450°C, θ=45°)  (Hu et al. [15]). 

Fig. 11   Comparison of predicted and measured rotations for tests: EP_ 550_35_15-05-07 (550°C, 

θ=35°) and EP_ 550_45_17-09-07 (550°C, θ=45°) (Hu et al. [15]). 

Fig. 12   Comparison of predicted and measured rotations for tests: EP_ 450_55_17-07-07 (450°C, 

θ=55°) and EP_ 550_55_17-08-07 (550°C, θ=55°)  (Hu et al. [15]). 

Fig. 13   Comparison of predicted and measured rotations for tests: EP_ 650_35_18-05-07 (650°C, 

θ=35°) and EP_ 650_45_20-09-07 (650°C, θ=45°) (Hu et al. [15]). 

Fig. 14   Comparison of predicted and measured rotations for tests: EP_650_55_11-07-07 (650°C, 

θ=55°) (Hu et al. [15]). 

Fig. 15   Details of test specimens used by Al-Jabri et al. [14]. 

Fig. 16   Comparison of predicted and measured rotations for Test 1 (Al-Jabri et al. [14]). 

Fig. 17   Comparison of predicted and measured rotations for Test 2 (Al-Jabri et al. [14]). 

Fig. 18   Detail for the partial endplate connection used. 

Fig. 19   Temperatures of unprotected beams and protected columns under ISO834 Fire and Natural 

Fire. 

Fig. 20   Two-dimensional steel frame subjected to whole floor fire. 

Fig. 21   Predicted deflections at Position A for different types of connections (whole floor heated-

ISO834 Fire). 

Fig. 22   Predicted deflections at Position D for different types of connections (whole floor heated-

ISO834 Fire). 
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Fig. 23   Predicted axial forces at Position P1 for different types of connections (whole floor heated-

ISO834 Fire). 

Fig. 24   Predicted axial forces at Position P4 for different types of connections (whole floor heated-

ISO834 Fire). 

Fig. 25   Predicted deflections at Positions A, B, C and D for partial endplate connection case 

(whole floor heated-ISO834 Fire). 

Fig. 26   Predicted axial forces at different positions for partial endplate connections (whole floor 

heated-ISO834 Fire). 

Fig. 27   Predicted deflections at Position A for different types of connections (whole floor heated-

Natural Fire). 

Fig. 28   Predicted deflections at Position D for different types of connections (whole floor heated-

Natural Fire). 

Fig. 29   Predicted axial forces at Position P1 for different types of connections (whole floor heated-

Natural Fire). 

Fig. 30   Predicted axial forces at Position P4 for different types of connections (whole floor heated-

Natural Fire). 

Fig. 31   Predicted deflections at Positions A, B, C and D for partial endplate connection case 

(whole floor heated-Natural Fire). 

Fig. 32   Predicted axial forces of partial endplate connections at different positions (whole floor 

heated-Natural Fire). 

Fig. 33   Four different compartment fires. 

Fig. 34   Predicted deflections at Positions A, B, C and D for four different compartment fires 

(ISO834 Fire). 

Fig. 35   Predicted deflections at Positions A, B, C and D for four different compartment fires 

(Natural Fire). 

Fig. 36   Predicted axial forces at Positions P1, P2, P3 and P4 for four different compartment fires 

(ISO834 Fire). 

Fig. 37   Predicted axial forces at Positions P1, P2, P3 and P4 for four different compartment fires 

(Natural Fire). 
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Fig. 1   Components within a bolted end-plate joint. 

 

 

 

 

Fig. 2   Two-noded connection element. 
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         Fig.3   Determination of lever arm z. 
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          Fig. 5   Movement of compression centre of a partial end-plate connection. 

 

 

 

 

Fig. 6   Multi-linear moment-rotation characteristic used for the connection element. 
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Fig. 7   Details of test specimens used by Hu et al. [15]. 

 

 

Fig. 8  Comparison of predicted and measured rotations for tests: EP_20_35_04-04-07(20°C, θ=35°) 

and EP_20_45_07-09-07(20°C, θ=45°) (Hu et al. [15]). 
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Fig. 9   Comparison of predicted and measured rotations for tests: EP_20_55_23-02-07(20°C, 

θ=55°) (Hu et al. [15]). 

 

 

Fig. 10  Comparison of predicted and measured rotations for tests: EP_ 450_35_11-05-07(450°C, 

θ=35°) and EP_ 450_45_12-09-07 (450°C, θ=45°)  (Hu et al. [15]). 
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Fig. 11   Comparison of predicted and measured rotations for tests: EP_ 550_35_15-05-07 (550°C, 

θ=35°) and EP_ 550_45_17-09-07 (550°C, θ=45°) (Hu et al. [15]). 

 

   

Fig. 12  Comparison of predicted and measured rotations for tests: EP_ 450_55_17-07-07 (450°C, 

θ=55°) and EP_ 550_55_17-08-07 (550°C, θ=55°)  (Hu et al. [15]). 
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Fig. 13   Comparison of predicted and measured rotations for tests: EP_ 650_35_18-05-07 (650°C, 

θ=35°) and EP_ 650_45_20-09-07 (650°C, θ=45°) (Hu et al. [15]). 

   

Fig. 14  Comparison of predicted and measured rotations for tests: EP_650_55_11-07-07 (650°C, 

θ=55°) (Hu et al. [15]). 
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Fig. 15  Details of test specimens used by Al-Jabri et al. [14]. 

 

 

Fig. 16  Comparison of predicted and measured rotations for Test 1 (Al-Jabri et al. [14]). 
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Fig. 17 Comparison of predicted and measured rotations for Test 2 (Al-Jabri et al. [14]). 

 

 

Fig. 18   Detail for the partial endplate connection used. 
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Fig. 19  Temperatures of unprotected beams and protected columns under ISO834 Fire and Natural 

Fire. 

 

 

 

 

Fig. 20   Two-dimensional steel frame subjected to whole floor fire. 
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Fig. 21  Predicted deflections at Position A for different types of connections (whole floor heated-

ISO834 Fire). 

 

 

Fig. 22   Predicted deflections at Position D for different types of connections (whole floor heated-

ISO834 Fire). 
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Fig. 23  Predicted axial forces at Position P1 for different types of connections (whole floor heated-

ISO834 Fire). 

 

 

Fig. 24   Predicted axial forces at Position P4 for different types of connections (whole floor heated-

ISO834 Fire). 
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Fig. 25   Predicted deflections at Positions A, B, C and D for partial endplate connection case 

(whole floor heated-ISO834 Fire). 

 

 

Fig. 26   Predicted axial forces at different positions for partial endplate connections (whole floor 

heated-ISO834 Fire). 

 

-800 

-600 

-400 

-200 

0 

0 

20 40 10 30 

Time (min) 

D
ef

le
ct

io
n

 (
m

m
) 

                 Position A 

                 Position B 

                 Position C 

                 Position D 

 -1600 

-1200 

-800 

-400 

0 

400 

0 20 40 10 30 50 

                 Position P1 

                 Position P2 

                 Position P3 

                 Position P4 

Time (min) 

A
x
ia

l 
F

o
rc

e 
(k

N
) 



34 
 

 

Fig. 27   Predicted deflections at Position A for different types of connections (whole floor heated-

Natural Fire). 

 

 

Fig. 28   Predicted deflections at Position D for different types of connections (whole floor heated-

Natural Fire). 
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Fig. 29   Predicted axial forces at Position P1 for different types of connections (whole floor heated-

Natural Fire). 

 

 

Fig. 30   Predicted axial forces at Position P4 for different types of connections (whole floor heated-

Natural Fire). 
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Fig. 31   Predicted deflections at Positions A, B, C and D for partial endplate connection case 

(whole floor heated-Natural Fire). 

 

 

Fig. 32   Predicted axial forces of partial endplate connections at different positions (whole floor 

heated-Natural Fire). 
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Fig. 33   Four different compartment fires. 
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Fig. 34   Predicted deflections at Positions A, B, C and D for four different compartment fires 

(ISO834 Fire). 

 

 

Fig. 35   Predicted deflections at Positions A, B, C and D for four different compartment fires 

(Natural Fire). 
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Fig. 36   Predicted axial forces at Positions P1, P2, P3 and P4 for four different compartment fires 

(ISO834 Fire). 

 

 

Fig. 37   Predicted axial forces at Positions P1, P2, P3 and P4 for four different compartment fires 

(Natural Fire). 
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