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AN ABSTRACT OF THE THESIS OF 

 

 

 

Sana Najib El Kalash     for Master of Engineering 

    Major: Civil and Environmental Engineering 

 

 

 

Title: Mechanical Modeling of Steel Top and Seat Angle Connections Subjected to Fire 

Loading 

 

 

 

The finite element (FE) simulations and the experimental results are used to 

develop a mechanical model to predict the axial forces and rotations of top and seat angle 

connections with and without web angles subjected to elevated temperatures. The model 

incorporates the overall connection and column-beam rotation of key component elements, 

and includes nonlinear behavior of bolts and base materials at elevated temperatures and 

some major geometric parameters that impact the behavior of such connections when 

exposed to fire. This includes load ratio, beam length, angle thickness, and gap distance.  

 

The mechanical model consists of multi-linear and nonlinear springs that predict 

each component stiffness, strength, and rotation. The beam stiffness is included in the 

proposed model to predict beam-column connection assembly rotation and thermal axial 

forces and their effect on the connection response. The proposed model is validated against 

experimental results available in the literature and FE simulations developed as a part of 

this study.  

 

The proposed model provides important insights into fire-induced axial forces and 

rotations and their implications on the design of steel bolted top and seat angle connections 

with and without web angles. 
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CHAPTER I 

INTRODUCTION 

Beam end framing steel connections are critical elements that transfer the floor 

load to columns or girders. Current design procedures account only for gravity loads on 

such connections. However, during a fire, large axial forces can be generated in steel beams 

and beam end connections [1]. At elevated temperatures, beams undergo restrained 

expansions creating compressive axial forces in the connection. Near the end of the heating 

phase of a fire, these axial forces become tensile and the beam sags. During the cooling 

phase, the tensile axial forces increase as the beam contracts. Furthermore, large rotational 

deformations develop in the connection due to thermal demands [2]. These large thermally 

induced axial forces, deformations, and rotations demands may result in failure of the 

connection during or after fire. 

Steel connections are classified in three groups: rigid, partially restrained and 

pinned connections depending on their stiffness [3]. Top and seat angle connections were 

initially designed as pinned connections. Later on, their capability to resist moment allowed 

to design them also as partially restrained connections that restrain moment but allow some 

rotation [4]. As previously discussed, top and seat angle connections are designed to resist 

only gravity loads at ambient temperature; however, the flexural resistance of such 

connections cannot be ignored especially when subjected to fire [5].  
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Very few experimental studies were conducted to analyze the behavior of isolated 

and composite top and seat angle connections subjected to fire. The most important ones 

include the experiments conducted by Saedi and Yahyai [6] and Yuan et al. [7]. The effect 

of concrete slab on the behavior of such connections under fire was investigated by Yuan et 

al. [7]. It was concluded that the additional strength and stiffness provided by composite 

beam-slab significantly improves the behavior of beam-column connections subjected to 

fire loading. Also, Saedi and Yahyai [6] performed twelve experimental tests on top and 

seat angles with and without web angles subjected to elevated temperatures. It was 

concluded that the angle thickness, the bolt strength and the applied moment and forces are 

the main factors affecting the resistance of such connections. Furthermore, this study 

showed that tension bolt failure occurred thus depriving the use of full capacity of the 

remaining connection components. Also, Saedi and Yahyai [8] developed a series of FE 

models to reproduce the experimental temperature-rotation and moment-rotation response 

and failure modes. The failure modes were tension bolt yielding and fracture of top angle. 

A mechanical model was developed and validated against four of the specimens of this 

experiment [9]. The model predicted the temperature-rotation and moment-rotation 

response of isolated top and seat angle connections with and without web angles. Also, 

Pirmoz at al. [5] developed a mechanical model that predicts the behavior of such 

connections; however, the model was limited in predicting the stiffness of the top angle and 

tension bolts without including the stiffness contributions of other components such as 

column flange, column web, shear bolts and web angles. Reinosa et al. [10] proposed an 

analytical approach (based on the T-stub analogy) to predict the rotational stiffness of top 

and seat angle connections with double web angles. Also, Yuan et al. [7] and Yang et al. 
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[11] proposed mechanical models to predict the moment-rotation response of top and seat 

angle connections with and without web angles, respectively. The resistance of any 

connection can be determined by assembling the resistance of its different components as 

per Eurocode3 [3]. Previous studies were conducted to quantify the stiffness of different 

components of steel beam-column connections [2, 12, 13, 14, 15 and 16]. However, failure 

modes, forces, and deformations demands are still not well understood. Also, existing 

mechanical models did not include the effect of the beam on the connection response at 

elevated temperatures and did not predict the thermal axial forces and rotations of the 

beam-column connection assembly. 

The goal of this paper is to develop a mechanical model that predicts the        

temperature-rotation and axial force-temperature of steel top and seat angle connections 

subjected to elevated temperatures. To achieve this purpose, FE models of top and seat 

angle connections at elevated temperatures are developed to reproduce the temperature-

rotation and failure modes of experimental work available in the literature [6]. Furthermore, 

FE models of a connection assembly are also developed and used to conduct a parametric 

study to identify the key geometric parameters that affect the behavior of bolted top and 

seat angle connections during the heating and cooling stages of a fire.  This includes load 

ratio, beam length, top-seat angle thickness, and gap distance. This study aims at providing 

a set of data to develop a mechanical model to account for the thermally-induced axial 

forces and deformations on these connections when exposed to fire. The proposed model is 

developed and validated against the results of this parametric study and experimental results 

available in the literature.  
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 CHAPTER II 

FE MODEL OF ISOLATED TOP AND SEAT ANGLE 

CONNECTION 

A. Development of the FE model 

FE model is developed in ABAQUS to reproduce the temperature-rotation 

response of an experimental work for validation purposes [6]. Figures 1(a) and 1(b) show 

the FE model of bolted top and seat angle connections with and without web angles, 

respectively. 

1. Geometry of connection components 

The first specimen (denoted as Exp.1) consists of top and seat angles L6×4×5/8 in. 

( L150×100×15 mm) as used in the experiment. The second specimen (denoted as Exp.2) 

consists of top and seat angles L4×4×7/16 in. (L100×100×10 mm). The third and fourth 

specimens (Exp.1-w and Exp.2-w respectively) are similar to the first and second 

specimens having double web angles, 2L4×4×5/8 in. (2L100×100×15 mm). The angles are 

connected to W12×26 (IPE300) column and to W8×15 (IPE220) beam with 5/8 in. (16 mm) 

diameter bolts (M16) used for both tension and shear bolts. Details of the connection 

configuration can be found in the literature [6]. 
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(a) 

 

 

 

(b)  

 

 

 

 

Figure. 1. Connection details in FE model: (a) Top and seat angle with web angles, (b) Top 

and seat angle without web angles
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2. Geometric and force boundary conditions 

 All specimens are loaded in two steps. In the first step, tension and shear bolts are 

subjected to a pretension force. The pre-tensioning is modeled by applying a pressure on the nuts 

of the bolts equivalent to the minimum required pretension force specified in the AISC 

Specification [17].  In the second step, a concentrated load is applied at the tip of the beam.  The 

loading is applied as a pressure on the beam at a distance of 79 in. (200 cm) away from the 

connection in accordance with the experiment [6]. 

Boundary conditions are applied on the system throughout the analysis as shown in   

Figs. 1(a) and 1(b).  During all steps of the analysis, the beam is restrained from moving in the 

horizontal direction to prevent lateral torsional buckling. All nodes at the column bottom flange 

are assumed to be restrained against any translation and rotation and all nodes at the column top 

flange are free to move reflecting the experimental test set up [6, 8]. Note that, half the 

connection was modeled and symmetry was applied all along the length of the column to model 

the symmetry of the connection as shown in Figs. 1(a) and 1(b).   

3. Material Properties 

An idealized bilinear model is used for all steel materials. The mechanical properties of 

the beam, angles and column at ambient temperature used in the FE model are: the yield stress  

Fy = 34 ksi (235 MPa), and the ultimate stress Fu = 61 ksi (420 MPa).  All bolts have a yield 

stress Fy of 107 ksi (740 MPa) and an ultimate stress Fu of 125 ksi (866 MPa). The mechanical 

properties of all structural material at elevated temperatures can be calculated using the retention 

factors proposed by Eurocode3 [19]. Note that the mechanical properties of all materials are in 

conformity with those specified in [5]. 
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4. Model discretization 

Discretization of all the components of the connection model in ABAQUS is performed 

using C3D8-R (eight-node brick elements with reduced integration). The element type used in 

the simulations is chosen to accurately model the real behavior of the connection with reasonable 

accuracy and preventing shear locking problems. The mesh configuration is shown in Fig. 1. As 

noticed, at regions where failure is expected to occur (at the proximity of the connection), and at 

regions where stress is likely to concentrate (around bolt holes and at the point of application of 

the load) a finer mesh and a mapped mesh are adopted respectively in order to advance the 

accuracy of interpolations.  

Surface-to-surface contact with a finite sliding coefficient is used to reproduce contact 

surfaces between the bolt shank, the angles, the beam and the column. This finite sliding is used 

to represent a friction coefficient of 0.25 as per Saedi and Yahyai [8]. The finite sliding allows 

separation, sliding, and rotation of the contact surfaces. 

5. Analysis procedure 

 In order to predict the strength and behavior of top and seat angle connections with and 

without web angles exposed to fire, a transient temperature analysis is assumed in all ABAQUS 

models of the connection in compliance with the experiment [6]. The connection models are 

subjected to a concentrated gravity load applied at the tip of the beam. While keeping this load 

constant, the connection, as well as part of the column and beam at the proximity of the 

connection, is heated up until failure. Note that since material fracture is not considered in the 

analysis of the connection, post-ultimate response cannot be obtained. The objective is to 

identify the limit states in the loaded connection under fire loading. 
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B. Comparison of FE predictions with experiments 

 The capability of the ABAQUS model to predict the strength of top and seat angle with 

and without web angles under fire loading is validated against full scale tests [6]. Plots of 

temperature versus rotation of connection for both experimental and ABAQUS models are 

shown in Fig. 2. It can be seen that in all four specimens, the FE results are in good agreement 

with the experimental results. The FE models predict well the connection rotation at yield and 

plastic states, the connection behavior and failure modes. Both FE and experimental results show 

that for the same angle size, adding web angles will slightly delay failure of the connection as 

shown in Fig. 2. In both FE and experimental specimens, failure is governed by tension bolt 

failure (Exp.1 and Exp.1-w) and top angle leg failure (Exp.2 and Exp.2-w). Also, FE and 

experimental results show that using thinner angles reduces the capacity of the connection and 

the governing failure mode is top angle leg failure as shown in Fig. 3(a) and 3(b). The FE models 

of top and seat angle connections with and without web angles have been proven to be accurate 

in predicting the strength, failure mode, and rotation of such connections in fire. Thus, FE 

models can be used for developing the parametric study. 

 

 

 

 

 

 

 

 



9 

 

(a)                (b) 

        

 (c)               (d) 

        

 

Figure. 2. FE vs. Experiment: Temperature vs. rotation of connection: (a) Exp.1, (b) Exp.1-w, 

(c) Exp.2, (d) Exp.2-w. 
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(a)   

        

(b)  

      

Figure. 3. Von Mises stress contours vs. experimental results: (a) Tension bolt failure (Exp.1 and 

Exp.1-w), (b) Top angle failure (Exp.2 and Exp.2-w). 
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CHAPTER III 

TOP AND SEAT ANGLE CONNECTION ASSEMBLY: 

EVALUATIONS OF DEMAND 
 

Top and seat angle connections are usually designed to resist gravity loading only at 

ambient temperature.  When exposed to fire, demands on the connection increase because large 

axial forces develop in the beam and connection. Therefore, FE models of top and seat angle 

connection assemblies are developed in ABAQUS and used to conduct parametric studies on the 

behavior of beam-to-column top and seat angle connections subjected to fire. The main objective 

of these studies is to gain additional understanding of the key parameters that influence the 

performance of top and seat angles exposed fire. FE analysis is used since it is costly, time 

consuming and ineffective to perform experimental parametric studies. Note that the study has 

three main limitations: the connection performance after first fracture is not considered, the 

composite concrete floor system is not included in the models, and no creep effect is included in 

the analysis. 

A. Description of the connection assembly model 

A typical beam-to-column connection is designed to conduct the parametric study in 

conformity with the procedure proposed by Schippers [19]. A W16x36 is connected to a 10 ft. 

(3.05 m) long W14x90 column using bolted top and seat angles as shown in Fig. 4. Material 

properties of all steel components of the connection at ambient temperature used in the 

ABAQUS models are similar to the ones used by Hu and Engelhardt [20] in a previous study on 

shear tab connections. The structural bolts used in the FE model are ASTM A490. For elevated 
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temperature material, the retention factors proposed by Eurocode3 [18] are used to define the 

material properties of these bolts.  As for the steel material of all other components of the top and 

seat angle connection, the retention factors proposed by Lee et al. [21] are used to define the 

elevated temperature material properties of this base material. The column is assumed to be 

pinned at both the top and bottom ends. The connection is designed to sustain a gravity load that 

produces a moment equal to the plastic moment capacity of the beam. While keeping the load 

constant, a temperature gradient is applied to the connection making the analysis transient. The 

beam, the top and seat angle, the web angles if present, and part of the column which is in 

contact with the connection were heated. The remaining part of the column is assumed to be 

insulated. The temperature is assumed to increase linearly with time and to be uniformly 

distributed in the heated parts of the structure [22]. The temperature is increased to 650 °C and 

then cooled down to 20 °C.  Due to perfect symmetry of connection assembly, symmetry is 

applied to the beam flange and web at mid span section. 
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Figure. 4. Layout of connection assemblies used in parametric study. 
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B. Effect of key parameters and connection details 

Several key parameters including load ratio, beam length, top and seat angle thickness, 

and gap distance are examined. All cases analyzed in this parametric study are listed in Table 1. 

 

Table 1. Parametric study cases using FE modeling. 

Case 
Column 

section 

Beam 

section 

Beam length 

(ft.) 
Load ratio 

Angle 

thickness (in.) 

Gap 

distance 
Web angles 

1 

W 14×90 W 16×36 

30 0.25Mp 7/8 0.50 No 

2 30 0.25Mp 7/8 0.50 Yes 

3 30 0.50Mp 7/8 0.50 No 

4 30 0.50Mp 7/8 0.50 Yes 

5 30 1.00Mp 7/8 0.50 No 

6 30 1.00Mp 7/8 0.50 Yes 

7 20 0.33Mp 7/8 0.50 No 

8 20 0.33Mp 7/8 0.50 Yes 

9 30 0.33Mp 7/8 0.50 No 

10 30 0.33Mp 7/8 0.50 Yes 

11 40 0.33Mp 7/8 0.50 No 

12 40 0.33Mp 7/8 0.50 Yes 

13 30 0.50Mp 1 0.50 No 

14 30 0.50Mp 1 0.50 Yes 

15 30 0.50Mp 7/8 1.00 No 

16 30 0.50Mp 7/8 1.00 Yes 

1. Load ratio 

The load ratio is the maximum moment developed at the beam mid-span divided by the 

nominal plastic moment capacity of the beam section. For the load ratio parameter, the length of 

the beam was taken to be 30 ft. (9.15 m). Three load ratios are analyzed: 0.25, 0.50, and 1.00. 

Figure 5(a) shows that when the load ratio is increased, the maximum compressive axial force on 

the connection is reduced. The beam starts yielding and cannot develop additional thermally 

induced compressive axial forces. For the three load ratios, failure of shear bolts, indicated by 

von Mises stress distribution, occurred around 570
o
C. Figure 5(b) shows that as the load ratio 

increases, the beam rotation increases. This is due to the plastic hinge that starts developing in 
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the beam. For the same load ratio, adding web angles slightly increases the maximum 

compressive axial force and the initial connection stiffness (Fig. 5(c)). 

(a)        (b) 

        

(c) 

 

Figure. 5. (a) Axial force for varying load ratio, (b) Connection Rotation for varying load ratio, 

(c) Axial force comparison with and without web angles (case 1 vs. case 2). 

2. Beam length 

Beam length effect on the connection behavior is analyzed. Three typical beam lengths 

are selected for analysis: 20 ft (6.10 m), 30 ft (9.15 m), and 40 ft (12.20 m).  In all cases, the load 

is chosen to be 1/3 of the full beam plastic moment capacity. Figure 6(a) shows that the 

maximum axial compressive force on the connection for longer beams occurs at a lower 
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temperature. The maximum compressive axial force increases when the beam length increases 

from 20ft to 30ft, as the beam length is proportional to the axial force, but decreases when the 

beam length increases to 40 ft. This is due to the fact that the column flange buckles and then 

yields early in the heating stage when a 40 ft. beam is used. From Fig. 6(b), it is found that the 

longest beam has the lowest rotational stiffness producing the highest connection rotation. 

Adding double web angles increases the maximum compressive axial force and initial 

connection stiffness (Fig. 6(c)). 

(a)       (b) 

        

(c) 

 

Figure. 6. (a) Axial force for varying beam length, (b) Connection Rotation for varying beam 

length, (c) Axial force comparison with and without web angles (case 7 vs. case 8). 
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3. Top and Seat Angle thickness 

Angles thicknesses of 7/8 in. (22 mm) and 1.0 in. (25 mm) are considered to investigate 

the effect of the angle thickness on the behavior of the connection.  A 30 ft (9.15 m) beam is 

used in the analysis with a load ratio of 0.50. The beam axial force decreases as the angle 

thickness increases (Fig. 7(a)). The failure temperature increases from 570
o
C to 600

o
C as the 

angle thickness increases. However, the connection stiffness remains unchanged (Fig. 7(b)). For 

the same angle thickness, adding web angles increases the compressive axial force and initial 

connection stiffness (Fig. 7(c)). 

(a)       (b) 

      

(c) 

 

Figure. 7. (a) Axial force for varying angle thickness, (b) Rotation for varying angle thickness, 

(c) Axial force comparison with and without web angles (case 13 vs. case 14). 
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4. Gap distance 

Gap distance is defined as the distance between column and beam flanges. When the 

connection rotates significantly, the beam bottom flange may come into contact with the column 

changing the response of the connection to fire. Two cases are considered: 1/2 in. (12.25 mm) 

gap distance and 1.0 in. (25.4 mm) gap distance.  A 30 ft (9.15 m) beam is used with a load ratio 

of 0.50. The compressive axial force decreases as the gap distance increases (Fig. 8(a)). The 

moment applied at the face of the column is proportional to the gap distance. The bottom beam 

flange yields earlier, thus the maximum compressive axial force decreases. The connection 

rotation and failure temperature remain unchanged when the gap increases (Fig. 8(b)). For the 

same gap distance, adding web angles increases the connection initial stiffness and maximum 

compressive axial force (Fig. 8(c)). 
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(a)       (b) 

        

(c) 

 

Figure. 8. (a) Axial force for varying gap distance, (b) Rotation for varying gap distance, (c) 

Axial force comparison with and without web angles (case 15 vs. case 16). 

 

A summary of all FE results of this parametric study can be found in Table 2. The failure 

mode of all cases studied is shown to be shear bolt failure. Table 2 shows the temperature at 
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with respect to top and seat angle connection with web angles. As shown in Table 2, web angles 

increase the maximum compressive axial force in cases 11, 13, and 15 and decrease the 

maximum rotation in cases 13, and 15, and has no significant effect on the failure temperature. 
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Table 2. FE results comparison of top and seat angle connection with and without web angles. 

Case 
Failure 

mode 

Temperature at failure (oC) 
Maximum compressive axial force 

(kips) 
Maximum rotation (mrad) 

Temperature 

(
o
C) 

% difference 

(without vs. 

with web 

angle) 

Axial force 

(kips) 

% difference 

(without vs. 

with web 

angle) 

Rotation 

(mrad) 

% 

difference 

(without 

vs. with 

web 

angle) 

2 

Top and 

seat shear 

bolt 

562 - 382.00 - 41.00 - 

1 576 2.49% 366.00 -4.19% 45.00 9.76% 

4 546 - 375.00 - 51.00 - 

3 574 5.13% 341.00 20.92% 53.00 3.92% 

6 537 - 282.00 - 76.00 - 

5 557 3.72% 282.00 0.00% 83.00 9.21% 

8 552 - 372.00 - 24.00 - 

7 572 3.62% 336.00 -9.68% 24.00 0.00% 

10 577 - 382.00 - 47.00 - 

9 583 1.04% 357.00 -6.54% 49.00 4.49% 

12 556 - 384.00 - 63.00 - 

11 586 5.40% 342.00 -10.94% 69.00 9.52% 

14 547 - 378.00 - 49.00 - 

13 596 8.96% 309.00 -18.25% 60.00 22.45% 

16 542 - 375.00 - 49.00 - 

15 581 7.20% 338.00 -10.95% 55.00 12.24% 
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CHAPTER IV 

MECHANICAL MODEL 

 A mechanical model is developed to predict the axial force-temperature and           

rotation of top and seat angle connections with and without web angles at elevated temperatures.  

The proposed model consists of multi-linear and nonlinear springs that predict each 

component stiffness, strength and rotation. The proposed model, unlike previous ones available 

in literature [5,9] is able to predict both the elastic and plastic states of the connection including 

all components contribution. Also, the proposed model includes the effect of thermal axial 

restraint forces in the connection response of typical steel frames. It is important to note that 

prying effect on top and seat angles was not included in the formulation, and that the model is 

applicable only for slender beam flanges as defined in Selamet and Garlock [23].  

The connection contribution includes column web and flange stiffnesses, top angle 

horizontal and vertical legs stiffnesses, tension and shear bolts stiffnesses, and web angle 

stiffness as shown in Fig. 7(a). Each component of the connection is modeled using a spring 

stiffness based on its behavioral characteristics. 

2 5
6

6

1- Column Web Stiffness

2- Column Flange Stiffness

3- Tension Bolt Stiffness

4- Angle Flange Stiffness

5- Angle Stem Stiffness

6- Shear  Bolt Stiffness

1 7

7- Equivalent Angle and Bolts Stiffness

8- Web Angle Stiffness

9- Equivalent Web Angle and Bolts Stiffness

K- Equivalent Connection linear  Stiffness

8 3

3

6

6

9

7 9 K

3 4

 

 Figure. 9. Mechanical model: Components stiffnesses. 
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A. Component stiffness 

1. Column web  

The column web stiffness,
cwK , acting in tension can be computed as per Eurocode 3 part 1.8 [3] 

and is defined as: 

0.7 eff cw cw

cw

cw

b t
K E

d

-
=            (1) 

where cwt  is the thickness of column web, cwd  is the effective depth of column web                       

( 2cw c desd d k= - , where cd  is the depth of the column, and desk  is the design fillet size of the 

column), 
eff cwb -

 is the effective length of column web and is assumed to be the effective length of 

an equivalent T-stub representing the column flange ( 4 1.25eff cwb m e- = + , where m  is the clear 

distance between the angle fillet and the bolt centerline, and e is the distance between the bolt 

centerline and the upper edge of the angle as shown in Fig. 10(a)), and E  is the modulus of 

elasticity of the component. 

2. Column flange 

The flexural stiffness of the column flange, 
cfK , is defined as per [3]: 

3

3

0.9eff cf cf

cf

l t
K E

m

-
=            (2) 

where 
cft  is the thickness of column flange, and 

eff cfl -
  is the effective length of column flange 

defined to be equal to the effective length of equivalent T-stub representing the column flange     

( 4 1.25eff cfl m e- = + ) (Fig. 10(a)).  
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(b)        (c) 
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Figure. 10. Mechanical model: (a) Connection, (b) Top and seat angle, web angle. 

3. Top angle vertical leg  

 The stiffness of top angle vertical leg, tavK , in bending is defined as per Pirmoz et al. [5]: 

3

3

( )

a
tav

ta

I
K E

g t
=
-

          (3) 

where tat  is the thickness of top angle, g  is the gage distance, and aI   is the moment of inertia of 

the angle leg ( 3 /12a ta taI b t= , and tab  is the width of top angle (Fig. 10(b)). 
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4. Top angle horizontal leg  

The top angle horizontal leg stiffness, 
tahK , acting in tension can be written as per Pietrapertoza 

and Jaspart [15]: 

ta ta
tah

b t
K E

g
=            (4) 

5. Tension bolts 

The tension bolt stiffness, tbK , is defined as per [5]: 

3

tb bolt
tb

b

n I
K E

L
=            (5) 

where boltI  is the moment of inertia of tension bolt ( 4 / 32bolt bI dp= , and bd  is the diameter of 

bolt), tbn  is the number of tension bolts, and bL  is the tension bolt shank length. 

6. Shear bolts 

The shear bolt stiffness, sbK , can be written as follows: 

232 (0.6 )( )
4

sb sb ub bK n F d
p

=   (US)       (6a) 

21.26 (0.6 )( )
4

sb sb ub bK n F d
p

=   (SI)       (6b) 

where ubF  is the ultimate strength of bolts, and sbn  is the number of shear bolts.  

Note that Eq. 6(a) is for US system (ubF  in ksi and bd  in inches), and Eq. 6(b) is for metric 

system ( ubF  in MPa and bd   in mm). 
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7. Web angles  

The web angles stiffness, 
waK , is defined as per Yahyai et al. [9]: 

3

3

0.5 4
( )
7

eff wa wa

wa

wa

b t
K E

m
f

-
=          (7) 

where wat  is the thickness of web angle, wam  is the clear distance between the angle fillet and the 

bolt centerline (Fig. 10(b)), and 
eff wab -  and f are the effective length of web angles and geometry 

dependent factor, respectively as defined in [9]. 

B. Equivalent connection stiffness 

An equivalent spring stiffness, ,K  is defined for the connection and can be determined by 

assembling stiffnesses of the connection components as shown in Fig. 9.  

To compute the connection rotation, an equivalent rotational stiffness, rotK , is needed to 

be determined as per [9]:  

2

rotK Kh=            (8) 

where h  is the distance between the equivalent spring, ,K  and the connection center of rotation 

(beam bottom flange) as shown in Fig. 11 and can be computed as follows: 

 

2

i i

i i

K h
h

K h
=
ä
ä

           (9) 

where iK  is the stiffness of each component, and ih  is the distance from the component under 

consideration to the beam bottom flange (center of rotation) (Fig. 11) (i.e. ih  is cwh : the distance 

from column web center to beam bottom flange, and ih  is cfh : the distance from column flange 
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center to beam bottom flange, etcé). The subscript i  represents connection components 

contributing to the connection equivalent spring (see Fig. 11). 

 

hcw: distance from column web to center of rotation

hcf: distance from column flange to center of rotation

havl: distance from angle vertical leg to center of rotation

htb: distance from tension bolt to center of rotation

K

h

havl= htb

hahl hsb

hcw= hcf

hwa

hwa: distance from web angle to center of rotation

hhal: distance from horizontal angle leg to center of rotation

hsb: distance from shear bolt to center of rotation

h: distance from equivalent spring to center of rotation

Center of rotation

 

 Figure. 11. Connection detailing. 

C. Connection rotation  

The yielding and plastic moment capacities (
yM  and 

pM , respectively)  are needed to 

be determined in order to predict the connection temperature-rotation response. The connection 

plastic moment capacity, 
pM , can be written as a function of the top angle plastic moment 

capacity, 
p angleM -  [5]: 

p angle

p b

M
M h

g

b -
=           (10) 

where ɓ is defined as a parameter depending on the geometry and material and can be found in 

[9], and bh  is the beam depth. 

 The connection yielding moment capacity, 
yM , can be written as a function of 

pM  [5]: 
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1.5

p

y

M
M =            (11) 

The connection temperature-rotation at every temperature increment, 
( )Tq , is 

determined by assembling a stiffness matrix for the system shown in Fig. 12. Using direct 

stiffness method the connection-beam rotation, at node 2, in function of the temperature T, can 

be calculated as follows: 

( )

( ) 4

T

T
b b

rot

M

E I
K

L

q =

+

          (12)  

where bE  is the modulus of elasticity of the beam, L  is the beam length, bI  is the moment of 

inertia of the beam, and 
( )TM  is the applied moment on the connection in function of T . 

Beam rotational stiffnessConnection equivalent rotational spring

1 2 3

Krot 4EbI/L

 

 

Figure. 12. Equivalent rotational system 

 

The temperature-rotation response of the connection is determined using an incremental 

analysis technique. rotK , 
yM , and 

pM  are computed at every temperature increment step, iTD .  

The pre-yielding incremental connection rotation, iqD , at every iTD , can be calculated as 

follows: 

4

y

i
app b b

rot

y

M

M E I
K

M L

qD =

+

         (13) 

where 
appM  is the constant applied moment on the beam due to gravity load. 
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 The total connection rotation, iq at the thi  step can be calculated by adding the 

incremental connection rotation to the previous step: 

( 1)i i iq q q-= +D           (14) 

where 1iq-   is the total connection rotation at the ( 1)thi-  step.  

 When the connection reaches its yielding capacity, 
yM , the post-yielding incremental 

connection rotation, iqD   becomes: 

4

p

i y
app b b

rot

p

M

M E I
K

M L

q qD =D +

+

        (15) 

where 
yqD  is the incremental connection rotation at connection yielding capacity, and can be 

calculated using Eq.(13) by replacing 
appM  by 

yM . 

1. Connection failure modes 

 The proposed model is able to predict the following failure modes: top angle leg failure, 

tension bolt and shear bolt failure. The applied force on each component is determined and 

compared with its corresponding capacity (angle gross section yielding, tension bolt failure and 

shear bolt failure). 

The applied force on top angle, taP , can be calculated as follows: 

app

ta

b ta

M
P

h t
=
+

           (16) 

Assuming no prying effect, the applied force on the tension bolt, tbP : 

2

app

tb

b

M
P

h g
=
+

           (17) 
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The applied force on the shear bolt, 
sbP : 

app

sb

b

M
P

h
=            (18) 

The governing failure mode is the minimum of Eqs. (16), (17), and (18).  

2. Model performance 

 The performance of the proposed mechanical model is validated by comparing the model 

predictions with the experimental results [5] and FE simulations. Figure 13 shows the 

temperature-rotation response of four top and seat angle connections. The results show 

acceptable agreement when compared with experimental and FE results. The model is able to 

predict both the elastic and plastic stiffnesses of the connection. Also, it predicts the connection 

failure mode which is tension bolt failure for both Exp.1 and Exp.1-w (Fig. 3(a)), and top angle 

leg failure for both Exp.2 and Exp.2-w (Fig.3(b)). Table 3 shows a comparison of the 

temperature at failure and the maximum rotation between experimental, FE and mechanical 

model results for the four cases studied. It can be seen from Table 3 that the percentage 

difference between the proposed model and FE and experimental results is considered 

acceptable. 
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(a)                (b) 

        

 (c)               (d) 

        

 

Figure. 13. Proposed model vs. FE vs. Experiment: Temperature vs. rotation of connection:       

(a) Exp.1, (b) Exp.1-w, (c) Exp.2, (d) Exp.2-w. 
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Table. 3. Experiment vs. FE vs. proposed model results of top and seat angle connection. 

  

Failure mode 

Temperature at failure (oC) Maximum rotation (mrad) 

 

 

Temperature 

(oC) 

% difference 

(model and FE 

vs. experiment) 

Rotation 

(mrad) 

% difference 

(model and FE 

vs. experiment) 

Exp.1 

Experimental Tension bolt 694 - 201.00 - 

FE Tension bolt 691 -0.43% 191.00 -4.98% 

Mechanical 

model 
Tension bolt 690 -0.58% 189.00 -5.97% 

Exp.1-w 

Experimental Tension bolt 680 - 207.00 - 

FE Tension bolt 690 1.47% 207.00 0.00% 

Mechanical 

model 
Tension bolt 680 0.00% 198.00 -4.35% 

Exp.2 

Experimental Top angle 615 - 108.00 - 

FE Top angle  612 -0.49% 107.00 -0.93% 

Mechanical 

model 
Top angle  620 0.81% 102.00 -5.56% 

Exp.2-w 

Experimental Top angle  640 - 102.00 - 

FE Top angle  650 1.56% 103.00 0.98% 

Mechanical 

model 
Top angle  650 1.56% 104.00 1.96% 

 

D. Beam-column connection thermal axial force 

 The proposed model includes the effect of the beam to predict axial force demand at 

elevated temperatures.  

Beams undergo restrained expansions resulting in compressive axial forces in the 

connection during the heating phase of a fire. Later in the heating phase, tensile axial forces start 

to develop. The proposed model predicts the thermally induced compressive and tensile axial 

forces. A stiffness matrix is assembled for the system shown in Fig. 14 to determine the axial 

forces developed. Using direct stiffness method, the incremental axial forces at every increase in 

temperature TD can be calculated as follows:  
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where bA  is the beam area contributing to the thermal induced axial force, D is the beam axial 

deformation, a is the coefficient of thermal expansion, and TD  is the temperature increment at 

every 10oC . 

 The total axial force at every temperature increment can be calculated by adding the 

incremental axial force to the previous step axial force: 

( 1)i i iP P P-= +D           (20) 

where iP  is the total axial force at the thi   step and 1iP-   is the total axial force at the ( 1)thi-   step.  

Beam stiffnessConnection equivalent spring

1 2 3

K EbA/L

 
 

Figure. 14. Equivalent linear system. 

1. Behavioral characteristics of top and seat angle connections 

The proposed model is divided into ten stages. Different limit states indicate the end of 

one stage and the beginning of the next one until failure occurs. 

a. Initial stage 

The restrained top and bottom flanges of the beam develop compressive axial forces. 

Therefore, only the beam top and bottom flanges are included in the formulation of the 

incremental compressive axial force: 

( )

2

2
( )

compression

b f f

i
b f f

KE b t T
P

E b t
K

L

aD
D =

+

         (21) 
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where 
fb  is the beam flange width and 

ft  is the beam flange thickness.  

b. Stage 1: slip 

As the temperature increases, compressive axial forces in the connection and beam 

increase until slip occurs. The axial deformation, iD, can be calculated as follows:  

i
i

P

K
D =            (22) 

During slip, the top angle develops tensile axial forces counteracting the compressive 

axial forces and therefore the incremental compressive axial force, 
( )compressioniPD  becomes: 

( )

2

2
( )( )

compression

b f f b a a
i

b f f b a a

KE b t T KE t g T
P

E b t E t g
KK

LL

a aD D
D = -

++

       (23) 

where ag  is the gage distance between bolt holes in angle shown in Fig. 10(b). 

As temperature increases, the thermal compressive axial force in the angle ( / 2)ca iP P=  

exceeds the external applied tensile force due to gravity loads (Eq. (16)). Thus, the angle cannot 

develop additional tensile axial forces and does not contribute to 
( )compressioniPD and 

( )compressioniPD is 

calculated using Eq. (21). 

c. Stage 2: top beam flange yielding 

The restrained beam flanges develop compressive axial forces until the top beam flange 

yields. The beam flange yielding capacity, 
bfyP :  

bfy y f fP F b t=            (24) 

where 
yF  is the beam flange yield stress. 
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The total thermal axial force,
iP , is the result of equal contribution of the top and bottom 

beam flanges. Thus, half the total thermal axial forces, / 2iP , and the external applied loads, 

acting in compression, are contributing to the applied force on the top beam flange, 
atfP : 

2

appi
atf

b f

MP
P

h t
= +

-
          (25) 

When 
atfP  reaches 

bfyP , yielding occurs in the top beam flange. Note that the bottom 

beam flange is still in the elastic state and 
( )compressioniPD can be calculated as a result of the bottom 

beam flange area (in elastic state) and the top beam flange area (in plastic state) contributions: 

( )

( ) ( )
compression

b f f T f f

i
b f f T f f

KE b t T KE b t T
P

E b t E b t
K K

L L

a aD D
D = +

+ +

       (26) 

where TE  is the tangent modulus of elasticity.  

A ratio of (1/ )iq  is multiplied by the elastic modulus of elasticity E  to determine the 

tangent modulus of elasticity TE . Note that 
iq  is the ratio of the plastic strain to the elastic strain 

at each temperature increment, iTD , which is obtained from the FE results of the parametric 

study presented in this paper. It is observed from the FE results that the beam plastification 

occurs at 470oC  and iq   can be written as follows: 

50 30 (500 )iq T= -    for 470oT C¢      (27) 

50iq =     for 470oT C>       (28) 
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d. Stage 3: top beam flange local buckling 

Local buckling occurs after yielding of the top beam flange. The critical beam flange 

local buckling force, crbP :  

crb avg f fP b ts=            (29) 

where 
avgs   is the average buckling stress found in [23]. 

Local flange buckling occurs when 
atfP  reaches crbP . Only half the top beam flange area 

is assumed to be effective and contribute to the compressive axial force as per [24]. Note that the 

bottom beam flange is still in the elastic state and the incremental compressive axial force can be 

written as follows: 

( )

0.5

0.5
( ) ( )

compression

b f f T f f

i
b f f T f f

KE b t T KE b t T
P

E b t E b t
K K

L L

a aD D
D = +

+ +

       (30) 

e. Stage 4: bottom beam flange local buckling 

Local buckling of the bottom beam flange occurs after the top beam flange buckles. 

And the applied force on bottom beam flange, 
abfP , can be written as a function of the thermal 

induced axial forces acting in compression and the external applied loads acting in tension: 

2

appi
abf

b f

MP
P

h t
= -

-
           (31) 

Local buckling of the bottom beam flange occurs when 
abfP   reaches crbP . Also, it is 

assumed that half the bottom beam flange area is effective and contribute to the compressive 

axial force as per [24]. And the incremental compressive axial force can be calculated as follows: 

( )

0.5 0.5

0.5 0.5
( ) ( )

compression

b f f T f f

i
b f f T f f

KE b t T KE b t T
P

E b t E b t
K K

L L

a aD D
D = +

+ +

      (32) 
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f. Stage 5: bottom beam flange yielding 

The onset of yielding of the bottom beam flange occurs right after the onset of buckling                           

(when 
abfP   reaches 

bfyP ). The incremental compressive axial force can be written as a function of 

an equivalent of one beam flange area (half the top beam flange area and half the bottom beam 

flange area):  

( )

( )
compression

T f f

i
T f f

KE b t T
P

E b t
K

L

aD
D =

+

         (33) 

g. Stage 6: column flange and web yielding 

The column flange yielding capacity, 
cfyP , can be written as a function of the column 

flange effective length, 
eff cwl -

, and column flange thickness, 
cft :   

cfy yc eff cf cfP F l t-=           (34) 

where 
ycF   is the column yield stress. 

The applied force on column flange, 
acfP , can be written as a function of the thermal 

induced axial forces the external applied loads: 

2 2

fi
acf

b

MP
P

h g
= +

+
             (35) 

where 
fM  is the moment applied at the face of the column (

f pr h hM M V S= + , where prM  is the 

maximum expected moment at plastic hinge in beam, hV  is the shear force at the plastic hinge in 

beam, and hS   is the location of the plastic hinge [19]). When 
acfP   reaches 

cfyP , yielding of the 

column flange occurs. 

The column web yielding capacity, 
cwyP , can be written as a function of the column 

web effective depth, cwd , and column web thickness, cwt :   
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cfy yc cw cwP F d t=            (36) 

The applied force on column web, acwP   is written as:  

2

fi
acw

eff cw

MP
P

b -

= +           (37) 

When acwP   reaches 
cwyP , column web yielding occurs.  

After the onset of yielding, beam starts to sag and thermal tensile axial forces start to 

develop. These thermal tensile axial forces act as unloading forces on the beam and connection 

[2]. Thus, TE is replaced by bE  and the incremental thermal tensile axial force at every 

temperature increment, iTD , is: 

( )

( )
tension

b f f

i
b f f

KE b t T
P

E b t
K

L

aD
D =

+

         (38) 

The total compressive axial force developed at every step i  is calculated as follows: 

( ) ( )maxcompression tensioni iP P P= -D           (39) 

where 
( )max compression

P  is the maximum compressive axial force computed as the cumulative of all 

( )compressioniPD . 

h. Stage 7: bottom shear bolts failure 

Bottom shear bolts failure occurs at the onset of column flange and web yielding. Shear 

bolts capacity, sbP ,  is a function of shear bolt ultimate strength, ubF , and shear bolt area, boltA : 

0.6sb ub boltP F A=           (40) 

The applied force on bottom shear bolts, abbP , can be written as a function of the 

thermal induced axial tensile forces and external applied loads: 
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( )max

2

compressioni f

abb

b

P P M
P

h

-
= +           (41) 

Note that bottom shear bolts failure occurs when abbP  reaches sbP . 

At the bottom shear bolt failure, the beam bottom flange has no contribution to the 

thermal tensile axial forces, and 
( )tensioniPD   can be written as function of half the beam top flange 

area:  

( )

0.5

0.5
( )

tension

b f f

i
b f f

KE b t T
P

E b t
K

L

aD
D =

+

         (42) 

i. Stage 8: beam-column contact 

Contact between beam bottom flange and web, and column flange occurs when the 

connection rotation, q, reaches the geometric angle between column flange and beam bottom 

flange, 
geomq :  

1tan ( )geom

b

SB

h
q -=           (43) 

where SB is the gap distance between the column and beam as shown in Fig. 7(b). 

When contact occurs, beam web contributes to the thermal tensile axial forces and 

( )tensioniPD  can be calculated as follows: 

( )

(0.5 )

(0.5 )
( )

tension

b f f bw

i
b f f bw

KE b t A T
P

E b t A
K

L

a+ D
D =

+
+

        (44) 

where bwA  is the area of the beam web ( ( 2 )bw bw b bfA t h t= - , and bwt  is the thickness of the beam 

web). 
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j. Final stage: top shear bolts failure 

For all cases presented in this paper, failure of top shear bolts occurs after the 

occurrence of the beam-column contact.  

The applied force on top shear bolts, atbP  can be written as a function of the thermal 

induced tensile axial forces and the external applied loads: 

( )max

2

compressioni f

atb

b

P P M
P

h

-
= -          (45) 

2. Effect of web angles 

The proposed model is modified to include the effect of the web angles, the 

modification includes part of beam web area connected to web angles as shown in Fig. 15. The 

beam area included in the proposed model becomes: bwa b wa wA A w t= +  (where waw  is the web 

angles width).  

Also, another modification is introduced to account for beam web yielding observed from 

FE results. This modification is introduced right after stage 4 (section 1.e). And the capacity, 

bwyP , where beam web yielding occurs, can be written as a function of web angles width, waw , 

and beam web thickness, wt :  

bwy y wa wP F w t=            (46) 

 The applied force on beam web, abwP  can be calculated by multiplying the thermal 

induced compressive axial forces, iP , by the ratio of the beam web area to the total area 

contributing to 
( )compressioniPD : 

( )
2

wa w
abw i

wa w f f

w t
P P

w t b t
=

+
           (47) 
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 Yielding of the beam web area in contact with web angles occurs when 
abwP  reaches 

bwyP , 

and the incremental compressive axial forces, 
( )compressioniPD , can be written as follows: 

( )

(0.5 ) (0.5 )

(0.5 ) (0.5 )
( ) ( )

compression

b f f T f f wa w

i
b f f T f f wa w

KE b t T KE b t w t T
P

E b t E b t w t
K K

L L

a aD + D
D = +

+
+ +

     (48) 

 After modifying the area of beam by including the contribution of the beam web area (bA   

is replaced by bwaA ), Equations 19 to 45 can be used in predicting the thermal induced axial 

forces, iP , at each limit state till shear bolt failure occurs. 

tf

bf

wwa

tw

 
Figure. 15. Beam areabwaA . 

3. Proposed model performance 

A comparison of the proposed model with FE results of typical cases of the parametric 

study is presented. Figures 9 and 10 show the axial force-temperature and temperature-rotation 

responses of the connection with and without web angles, respectively. It can be seen that the 

proposed model predicts the axial force and the rotation with excellent agreement when 

compared with FE results for all presented cases. The model predicts all possible limit states, 

failure modes, and failure temperatures.  
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(a)       (b) 

      

Figure. 16. FE vs. proposed model for case 1: (a) Axial Force, (b) Connection rotation. 

(a)       (b) 

      

Figure. 17. FE vs. proposed model for case 2: (a) Axial Force, (b) Connection rotation. 
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(a)       (b) 

      

Figure. 18. FE vs. proposed model for case 3: (a) Axial Force, (b) Connection rotation. 

(a)       (b) 

     

Figure. 19. FE vs. proposed model for case 4: (a) Axial Force, (b) Connection rotation. 
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(a)       (b) 

      

Figure. 20. FE vs. proposed model for case 5: (a) Axial Force, (b) Connection rotation. 

(a)       (b) 

        

Figure. 21. FE vs. proposed model for case 6: (a) Axial Force, (b) Connection rotation. 
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(a)       (b) 

     

Figure. 22. FE vs. proposed model for case 7: (a) Axial Force, (b) Connection rotation. 

(a)       (b) 

      

Figure. 23. FE vs. proposed model for case 8: (a) Axial Force, (b) Connection rotation. 
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(a)       (b) 

      

Figure. 24. FE vs. proposed model for case 9: (a) Axial Force, (b) Connection rotation. 

(a)       (b) 

      

Figure. 25. FE vs. proposed model for case 10: (a) Axial Force, (b) Connection rotation. 
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(a)       (b) 

      

Figure. 26. FE vs. proposed model for case 11: (a) Axial Force, (b) Connection rotation. 

(a)       (b) 

      

Figure. 27. FE vs. proposed model for case 12: (a) Axial Force, (b) Connection rotation. 
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(a)       (b) 

     

Figure. 28. FE vs. proposed model for case 13: (a) Axial Force, (b) Connection rotation. 

(a)       (b) 

      

Figure. 29. FE vs. proposed model for case 14: (a) Axial Force, (b) Connection rotation. 
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(a)       (b) 

      

Figure. 30. FE vs. proposed model for case 15: (a) Axial Force, (b) Connection rotation. 

(a)       (b) 

             

Figure. 31. FE vs. proposed model for case 16: (a) Axial Force, (b) Connection rotation. 

 

Table 4 shows a comparison between the proposed model and FE results. The 

temperature at failure, maximum compressive axial force, and maximum rotation are presented 

in Table 4 for both mechanical model and FE results. The percentage differences between the 

mechanical model and the FE results are shown to be acceptable. Note that shear bolt failure is 

the governing failure mode for all cases. 
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Table 4. FE vs. proposed model results of top and seat angle connection assembly. 

Case Model 
Failure 

mode 

Temperature at failure (oC) 
Maximum compressive axial 

force (kips) 

Maximum rotation 

(mrad) 

Temperature 

(oC) 

% 

difference 

(model vs. 

FE) 

Axial force 

(kips) 

% difference 

(model vs. 

FE) 

Rotation 

(mrad) 

% 

difference 

(model 

vs. FE) 

1 FE 

Top and 

seat shear 

bolts 

576 - 366.00 - 45.00 - 

1 Mechanical 570 -1.04% 364.00 -0.55% 48.00 6.67% 

2 FE 562 - 382.00 - 41.00 - 

2 Mechanical 560 -0.36% 386.00 1.05% 42.00 2.44% 

3 FE 574 - 341.00 - 53.00 - 

3 Mechanical 570 -0.70% 338.00 -0.88% 52.00 -1.89% 

4 FE 546 - 375.00 - 51.00 - 

4 Mechanical 540 -1.10% 382.00 1.87% 54.00 5.88% 

5 FE 557 - 282.00 - 83.00 - 

5 Mechanical 560 0.54% 283.00 0.35% 81.00 -2.41% 

6 FE 537 - 282.00 - 76.00 - 

6 Mechanical 530 -1.30% 283.00 0.35% 80.00 5.26% 

7 FE 572 - 336.00 - 24.00 - 

7 Mechanical 570 -0.35% 332.00 -1.19% 24.00 0.00% 

8 FE 552 - 372.00 - 24.00 - 

8 Mechanical 550 -0.36% 332.00 -10.75% 27.00 12.50% 

9 FE 583 - 357.00 - 49.00 - 

9 Mechanical 580 -0.51% 361.00 1.12% 53.00 8.16% 

10 FE 577 - 382.00 - 47.00 - 

10 Mechanical 580 0.52% 388.00 1.57% 47.00 0.00% 

11 FE 586 - 342.00 - 69.00 - 

11 Mechanical 580 -1.02% 342.00 0.00% 69.00 0.00% 

12 FE 556 - 384.00 - 63.00 - 

12 Mechanical 560 0.72% 387.00 0.78% 67.00 6.35% 

13 FE 596 - 309.00 - 60.00 - 

13 Mechanical 600 0.67% 311.00 0.65% 66.00 10.00% 

14 FE 547 - 378.00 - 49.00 - 

14 Mechanical 550 0.55% 377.00 -0.26% 50.00 2.04% 

15 FE 581 - 338.00 - 55.00 - 

15 Mechanical 580 -0.17% 336.00 -0.60% 57.00 3.64% 

16 FE 542 - 375.00 - 49.00 - 

16 Mechanical 540 -0.37% 375.00 0.00% 54.00 10.20% 

  

 

 Two additional top and seat angle connections, were designed using W18x46 and            

W21x68 beam section for validation purposes. The designed models were developed in 

ABAQUS and validated against the proposed model. Results of axial force-temperature and 
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temperature-rotation of the FE and mechanical models show that the proposed model is able to 

predict, with acceptable agreement, the behavior of top and seat angle connections under varied 

geometric and loading conditions (see Figs. 31 and 32). 

(a)       (b) 

      

Figure. 32. FE vs. proposed model for W18x46 beam: (a) Axial Force, (b) Connection rotation. 

(a)                           (b) 

      

Figure. 33. FE vs. proposed model for W21x68 beam: (a) Axial Force, (b) Connection rotation. 
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E. Automated procedure 

The mechanical model is developed to be applied in an incremental computer 

automated iterative solution as shown in Fig. 34. An engineer would start by determining the 

stiffness of the different components of the connection. Next, the equivalent stiffness, K , is 

computed.  The engineer refers to Fig. 34(a) to predict the temperature-rotation response, and 

Fig. 34(b) to predict the axial force-temperature response of top and seat angle connections. At 

each temperature increment, the total, rotation and thermal axial force are calculated. The 

process is repeated again until the following limit state is reached. At each limit state, 

corresponding equations of incremental rotation and thermal axial force are used, and the process 

is repeated until connection failure occurs.   
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Figure. 34. Flowchart of the incremental mechanical model: (a) rotation, (b) axial force. 

(a)  
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