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 Fire poses a major threat to structures worldwide, particularly to steel structures, due to the well-known deterioration of steel 

strength at elevated temperatures. Among structural components, connections play a crucial role in transferring forces between 

load-bearing members, and their failure during fire can compromise the entire structural system. Despite this critical role, the 

high-temperature behavior of connections under fire conditions has been relatively underexplored. This paper presents a 

comprehensive numerical study on the thermo-mechanical response of bolted end-plate moment connections in steel frames 

subjected to fire. Nonlinear three-dimensional finite element models were developed and validated against experimental data 

to examine connection failure modes, mid-span beam deflection, and axial forces under elevated temperatures. The validated 

models were then used to perform parametric analyses to investigate the effects of beam length and end-plate thickness on the 

connection performance. The findings reveal that longer beam spans lead to failure at lower temperatures, with axial forces 

peaking and diminishing more rapidly as the temperature increases. Additionally, thicker end plates reduce bolt tensile forces 

and shift the dominant failure mechanism from the connection region to the beam itself. 

Keywords: Steel moment frame, Bolted connection with endplate, Fire, High temperature, Finite Element Method. 

 

1. Introduction 

Fire safety in structures is a critical issue that has attracted considerable attention from researchers and engineers worldwide, particularly regarding steel structures. 

During a fire, the loss of strength and stiffness in structural materials, especially steel, combined with the development of thermal forces and deformations, 
significantly compromises the load-bearing capacity, stiffness, and overall stability of the structure. Consequently, fire protection has traditionally been provided 

through the use of insulating systems such as spray-applied fire-resistive materials (SFRMs) and gypsum boards, among other protective systems. 

  Determining the required amount of insulation against fire is generally done through a prescriptive method based on codes and standards published by reputable 
organizations. Most of these methods use the concept of fire resistance rating, which indicates the time required for a member under standard fire test conditions to 

lose its structural adequacy, integrity, and insulation. The required fire resistance rating depends on the building's occupancy, area, and height, the presence or absence 

of automatic sprinklers, the type of materials (combustible or non-combustible), access for firefighting, distance from adjacent buildings, etc. 
  Despite the widespread use of prescriptive methods, several limitations remain. For example, structural elements are typically assessed in isolation under fire 

exposure, while the thermal stresses and forces induced in the structure, as well as the interaction between members, are often neglected. To address these 

shortcomings, performance-based design approaches have been developed to simulate the actual structural behavior under fire, explicitly accounting for member 
interactions and force redistribution. Among the various structural components, connections play a particularly critical role in capturing these interactions. 

  Connections play a critical role in maintaining the overall stability of steel structures by ensuring efficient load transfer between structural elements. Beam-end 

connections in particular are subjected to substantial rotational demands. Under fire conditions, connection components experience a significant loss of strength and 
stiffness. Moreover, thermal expansion restraint generates large axial forces in both beams and connections [1-4]. 

  Bolted connections are widely employed in steel structures to provide either fixed or pinned end conditions. Among these, endplate connections are one of the 

most commonly used options in steel buildings in Iran for Resistance against bending moment. To fully exploit the capacity of these moment connections while 
satisfying fire design requirements, it is essential to gain a comprehensive understanding of the force and deformation demands on endplate moment connections 
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under fire conditions and to evaluate their resistance and deformation capacity at elevated temperatures. This need is further underscored by the experimental findings 
of Wang et al. [4], who demonstrated the susceptibility of these connections to large axial forces and bending demands induced by fire. 

  The necessity of investigating the behavior of connections under fire conditions has been demonstrated in numerous experimental and numerical studies. One of 

the most notable experimental programs was carried out by the Building Research Establishment (BRE) in Cardington, UK, where a series of full-scale fire tests were 
performed on an eight-story steel-framed building. The findings revealed that conventional design approaches for steel frames, which are primarily based on the 

behavior of individual members, fail to accurately capture the realistic local behavior and the overall structural response of steel frames exposed to fire [24]. 

  Wang [5–8], through a series of parametric studies, demonstrated that maintaining connection performance during significant beam bending deformations at 
elevated temperatures allows the beam to sustain fire exposure for considerably longer durations. In a separate investigation, Memari et al. [25,26] analyzed the 

behavior of a single-span steel moment frame with Reduced Beam Section (RBS) connections under fire conditions. They employed the inter-story drift ratio as a 

key parameter to assess the overall stability of the analyzed frames under various fire scenarios. Their findings revealed that the progression of fire across floor levels 
does not substantially influence inter-story drift values, potentially explaining the lack of global structural collapse observed in single-compartment fire incidents in 

previous fire events [25,26]. Furthermore, Morovat et al. examined the influence of thermal creep on the response of shear tab connections. Their numerical model 

was validated against Wang's experimental results, followed by an extensive parametric investigation considering factors such as heating rate, cooling duration, initial 
cooling temperature, column size, beam geometry, and shear tab location, to evaluate the time-dependent behavior of frames during both the heating and cooling 

phases of fire [9,17–21]. 
  Despite the aforementioned research efforts, substantial gaps persist in understanding the global response of endplate moment connections under fire exposure. 

For instance, the dominant failure mechanisms of these connections at elevated temperatures have not been thoroughly investigated. Moreover, the axial force 

demands induced by fire on beams and connections remain insufficiently quantified. Finally, current design practices often treat connections independently from the 
beam. While this approach may be adequate at ambient temperatures, it fails to capture the actual stiffness of connections at elevated temperatures, which critically 

affects the forces and deformations developed during fire conditions. 

  The objective of this study is to investigate the factors influencing the behavior of endplate connections under fire, with the aim of improving the design of these 
components to enhance beam performance at elevated temperatures. Finite element models of endplate connections at ambient and elevated temperatures are 

developed and validated against the experimental results reported by Wang et al. [4]. The validated models are then employed in a parametric study to identify the 

key parameters governing the behavior of endplate connections during the heating phase of a fire. 

2. Numerical Modeling of End-Plate Moment Connections at Elevated Temperatures 

2.1. Geometry of the Tested Connection Components (Flexural Connection) 

To validate the proposed modeling approach, the experimental investigations conducted by Wang et al. [4] were adopted. This section outlines the geometry, 
material properties, and meshing of the structural components, as well as the analysis procedure involving applied loads, boundary conditions, and temperature 

distribution. 

  

(a) (b) 

  

(c) (d) 

 

Fig. 1. Frame used in this study: (a) Components of the endplate moment connection [4]; (b) Schematic of the frame tested by Wang et al. [4]; (c) Half-frame finite element model in 

ABAQUS [16]; (d) Finite element model of the end-plate moment connection in ABAQUS [16]. 
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2.2. Geometry of the Second Tested Connection Components (Shear Connection) 

The second connection (shear connection) tested by Wang et al. [4] is shown in Figure 2. This sub-structure, similar to the moment connection in Figure 1, consists 

of a 2-meter-long I-section beam connected to two I-section columns, each 3715 mm long, through a shear plate measuring 150 × 130 mm with a thickness of 8 mm. 

The shear plate is welded to the column flange and bolted to the beam web using four M20 tension bolts with standard 20 mm diameter holes. 

  

(a) (b) 

Fig. 2. Frame investigated in this study: (a) Components of the shear connection [4]; (b) Model of half of the frame in Abaqus software [16]. 

2.3. Mechanical Properties 

The specifications of different steel types used in the experimental specimens are presented in Table 1. The beam and end plate were fabricated from nominal 

S275 grade steel, while the columns were made of nominal S355 grade steel. Tensile tests, however, indicated that the actual mechanical properties of these 

components were slightly higher than the specified nominal values [4]. In the present study, an ideal bilinear (elastic–perfectly plastic) stress–strain relationship was 
adopted for all steel types. Bolt threads were not explicitly modeled; instead, a 25% reduction in bolt material strength was applied to account for potential thread 

stripping and yielding effects. Grade 10.9 bolts and nuts were used in the moment connection, whereas Grade 8.8 bolts were used for the shear connection [4,15]. 

Poisson’s ratio was assumed to be 0.3 for all steel grades across all temperatures. The reduction in mechanical properties at elevated temperatures was incorporated 
in the numerical model based on Table 2, using retention factors from Li et al. [9] for structural steel and data from Hu et al. [14] for bolts. 

 

Table 1. Mechanical properties of steel in the experiment by Wang et al. [4]. 

Steel components Grade Yield Stress (MPa) Ultimate Stress (MPa) 
Modulus of Elasticity 

(GPa) 

Bolts and nuts 
G10.9 900 1000 210 

G8.8 640 800 210 

Column S355 350 510 194 

Beam S275 250 450 233 

Endplate S275 350 500 167 

 

Table 2. Steel strength retention factors in the numerical model.       

Retention Factors for Frame Elements [9]. Retention Factors for Bolts & Nuts [14]. 

Temperature (°C) Modulus of 

Elasticity 

Yield Stress 

20 1 1 

200 0.909 0.928 

300 0.843 0.769 

400 0.83 0.688 

500 0.771 0.611 

600 0.492 0.427 

700 0.274 0.21 

800 0.176 0.084 

900 0.163 0.069 

 

Temperature 

(°C) 

Modulus of Elasticity Yield Stress 

20 1 1 

100 0.9818 0.9818 

200 0.95905 0.95905 

300 0.9363 0.9363 

400 0.6963 0.6963 

500 0.4563 0.4563 

600 0.2163 0.2163 

700 0.16221 0.16221 

800 0.10814 0.10814 
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2.4. Meshing Specifications and Contact Definitions in the Numerical Model 

Figures 1c, 1d, and 2b show the overall views of the two three-dimensional numerical models developed using ABAQUS. All structural members were modeled 

with reduced-integration eight-node solid elements (C3D8R). A mesh sensitivity analysis was conducted based on preliminary studies. Accordingly, for the endplate 

moment connection, beam element sizes ranged from 10 to 17 mm, with a finer mesh (10 mm) applied in the plastic hinge regions at both beam ends and at the 

location of the concentrated load. For the columns, considering only global buckling, mesh sizes of 16 mm in the transverse direction and 32 mm in the longitudinal 
direction were used. At the connection regions and heat-exposed areas, a uniform mesh of 16 mm was applied in both directions. A finer mesh was adopted in the 

endplate, particularly around the bolt holes. Along the plate thickness, 4 elements were used in the endplate, while 2 elements were used in the remaining areas. 

For the shear connection, the mesh sizes for the beam, column, and shear plate were selected similarly to those of the moment connection. Bolt heads were 
idealized as cylindrical elements. A finer mesh was applied in the connection region, where failure is anticipated, to accurately capture stress distribution. The mapped 

meshing technique was employed around bolt holes to prevent stress concentration. Surface-to-surface contact with the finite sliding formulation was used in Abaqus. 

Tangential behavior was defined with a friction coefficient of 0.25, and normal behavior was modeled as hard contact, allowing separation, sliding, and rotation at 
the contact surfaces [20]. A tie constraint was applied to simulate the weld between the beam and the endplate. 

2.5. Loading and Boundary Conditions 

Considering the geometric and loading symmetry, only half of the steel frame was modeled in the Abaqus environment, and a symmetry boundary condition was 

applied at the mid-span of the beam to reduce computational time. Two distinct loading steps were defined in the numerical analysis: 
   Step 1: Application of bolt pretension by imposing an equivalent compressive force along the bolt axis to simulate the initial tensile stress, replicating actual 

installation conditions. 

   Step 2: Application of a concentrated vertical load of 40 kN on the top surface of the beam, corresponding to half of the plastic moment capacity of the beam 
section at ambient temperature, based on the experimental results by Wang et al. [4]. To prevent stress concentration, the load was distributed over a rectangular area 

measuring 150 × 101.2 mm. 

   After applying the mechanical load, the system temperature was gradually increased while maintaining the mechanical load constant. The boundary conditions 
were defined by the experimental setup as follows: 

• The bottom support of the column was fixed, restraining all degrees of freedom. 

• The top support of the column was free in the vertical direction and restrained in the horizontal direction. 

• The top flange of the beam was restrained horizontally to simulate the lateral restraint effect provided by the reinforced concrete slab (which was not 

modeled).It is noteworthy that in Wang et al.'s experiment [4], this restraint was applied using a steel truss, as the composite interaction between the beam 

and slab was not considered, and the slab functioned solely as thermal insulation. 

• During the bolt pretensioning step, bolts were restrained against displacement to ensure effective contact between the nut face, bolt head, and steel member. 

 

2.6. Thermal Loading 

Similar to the experimental studies by Wang et al. [4], the ISO 834 curve was used to impose elevated temperatures. In the experimental setup, the furnace 
dimensions were 900 × 1600 × 3000 mm; therefore, only a 900 mm segment of the column was positioned inside the furnace and exposed to high temperatures in 

the heat transfer analysis. Furthermore, the top flange of the beam was covered with a ceramic fiber insulation layer to replicate the thermal effect of a concrete slab. 

Notably, the concrete slab was not modeled due to the absence of interaction between the beam and the slab. 
  In the heat transfer analysis, the Specific Heat Capacity (Cp), Thermal Conductivity (K), and Convection Coefficient (hc) were derived from Eurocode 3 [10]. 

To apply radiation effects, the Stefan-Boltzmann constant (σ = 5.67 x 10⁻⁸ W/m²K⁴) was used, and for the emissivity coefficient (ε), recommendations from the 

Swedish Steel Institute were adopted, with εres = 0.7 for elements exposed to fire and εres = 0.3 for elements not exposed to fire. 
  Heat transfer from hot gases during a fire occurs through convection and radiation at the exposed surfaces of the structural member, followed by conduction 

through the member thickness. A three-dimensional transient heat transfer analysis was performed in Abaqus using the following formulation: 

 

𝜕𝑇

𝜕𝑡
=

𝑘

𝜌𝑐
(

𝜕²𝑇

𝜕𝑥²
+

𝜕²𝑇

𝜕𝑦² 
+

𝜕²𝑇

𝜕𝑧²)
) (1) 

 

Where: 

• T is the temperature 

• t is time 

• k is the thermal conductivity 

• ρ is the density 

• c is the specific heat capacity 

• x, y, z are the spatial coordinates      

2.7. Numerical Analysis Procedure   
   In the numerical simulation of the steel frame, transient thermal analysis was performed to account for the time-dependent variation of connection temperatures 

observed in the experiment [4]. Initially, the transient heat transfer analysis was carried out in Abaqus using the ISO 834 standard fire curve, and the resulting 

temperature distribution was subsequently applied as the thermal load in the structural mechanical analysis.  

  For the mechanical analysis of both moment and shear connections, the Static-General solver is used. In the models where creep effects are not considered, the 
static analysis is conducted using the Newton–Raphson algorithm. To address numerical convergence issues, a numerical stabilization scheme is applied using 

artificial damping. To maintain solution accuracy, the ratio of viscous dissipation energy (ALLSD) to total internal strain energy (ALLIE) is set to approximately 

10⁻⁵. Additionally, to ensure the reliability of the analysis, the summation of reaction forces is compared with the total applied loads to confirm equilibrium [20]. 
 

3. Comparison of Finite Element Predictions with Experimental Results 

  For the studied structures, including a beam with axial restraint and an endplate moment connection, as well as a beam with a shear connection, the predictions 

of the finite element models are compared with experimental results in Figures 3, 4, and 6. The comparisons demonstrate good agreement, confirming the accuracy 
and reliability of the finite element modeling approach. 

  As shown in Figure 3a, axial force develops in the steel beam due to restrained thermal expansion. At the initial stages of heating, the beam exhibits a linear 

increase in axial force and a slight rise in mid-span deflection, as the material properties remain largely unaffected at low temperatures. As the temperature rises 
further, the reduction in material strength and stiffness leads to a non-linear increase in both axial force and deflection. 
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  From the results presented in Figures 3a and 3b, it is evident that although the axial force in the beam increases significantly during heating, it drops to zero at a 
temperature of 754 °C, while the mid-span deflection reaches 82 mm. At 767 °C, the beam deflection increases to 101 mm, which, according to BS 5950, is considered 

indicative of structural failure (as the deflection reaches one-twentieth of the span) [4]. Figure 4 indicates that the ductility of the endplate moment connection is 

primarily governed by endplate deformation. Figure 5 illustrates the beam deformation at the end of the analysis, corresponding to a temperature of 818 °C. 
 

  
(b) (a) 

Fig. 3. Comparison of deformation between the present finite element model and the reference experimental results [4]: (a) axial force in the beam; (b) mid-span 

deflection of the beam.  

  

Fig. 4. Comparison between finite element model results and experimental results [4, 16]. 

 

Fig. 5. Deformation of the finite element model at high temperature. 

  
(a) (b) 

 

Fig. 6. (a) Deformed shape of the finite element model at 708 °C ; (b) Comparison of beam deformation between the present finite element model and Wang’s 

experimental model [4]. 
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Figure 6a shows that the beam deflection remains negligible up to approximately 200 °C. Beyond this temperature, the deflection gradually increases due to the 
restrained thermal expansion of the beam, showing good agreement with the experimental results reported by Wang et al. [4]. 

 

4. Parametric Studies 

To identify the key parameters influencing the behavior of endplate moment connections at elevated temperatures, a series of three-dimensional finite element 
models of the connection were developed and analyzed under high-temperature conditions. In this parametric study, the ISO 834 standard fire curve was employed 

as the temperature–time history. The composite concrete slab was not modeled; however, its effects in terms of heat transfer and lateral restraint were considered. 

Additionally, the influence of thermal creep in steel on the connection performance was not included in the analysis. 
The steel frame was modeled in accordance with the validated study. The frame consists of a beam with an overall depth of 178 mm, a flange width of 102 mm, 

and a flange thickness of 19 mm, connected to two columns with an overall depth of 254.6 mm, a flange width of 254.6 mm, and a flange thickness of 14.2 mm via 

an endplate measuring 150 × 250 mm. The variable parameters considered in this parametric study were the beam lengths (2, 4, and 6 m) and the endplate thickness 
(8, 12, and 16 mm). 

The endplate, following the experimental configuration by Wang et al. [4], was assumed to be bolted to the column flange using six M20 tension bolts with 20 

mm diameter holes and welded to the beam. To facilitate numerical modeling and prevent convergence issues, the bolt threads were not explicitly modeled; instead, 
the ultimate strength of the bolts was taken as 0.75 of the nominal material strength [15]. The material properties of the bolts and steel components at both ambient 

and elevated temperatures were consistent with those used in the validation study. For each M20 bolt, a pre-tensioning force of 103.67 kN was applied, reflecting the 

25% reduction in strength due to simplified thread modeling. The pre-tensioning was applied prior to beam loading to ensure stable contact and proper tightening of 
the connection. Additionally, a supplementary analysis was conducted with a minimal pre-tensioning force, applied only to close the connection, to investigate the 

influence of bolt pre-tensioning on the tensile and axial response of the connection. 

Concentrated loads of 40 kN were applied to the beam at locations corresponding to 0.3 times the beam length from each end. The columns were free to move 
vertically but restrained in the horizontal direction. As the primary focus of this study is to examine the effects of connection details on the structural response at 

elevated temperatures, no vertical loads were applied to the columns, and out-of-plane displacements and torsional deformations were prevented. Additionally, the 

top flange of the beam was laterally restrained to simulate the stabilizing effect of the concrete slab as lateral bracing. 

 
5. Effect of Key Parameters 

Following validation of the finite element model, a parametric study was carried out to examine the influence of key parameters on the behavior of the endplate 
moment connection under fire conditions. The parameters considered were the beam span and the endplate thickness. The baseline model for this investigation was 

the validated model described in Section 2. 

5.1. Effect of Beam Length 

Three different beam spans were considered: 2 m (baseline), 4 m, and 6 m. The resulting axial force and mid-span deflection as functions of temperature are 

presented in Figures 7 and 8, respectively. 
As shown in Figures 7a and 7b, the maximum axial compressive force occurs at 548 °C, 245 °C, and 344 °C for beam spans of 2 m, 4 m, and 6 m, respectively. 

The highest peak compressive forces are observed for the 2 m and 4 m beams. Moreover, at temperatures exceeding 400 °C, the maximum compressive and tensile 

forces in the 4 m and 6 m beams show only minor differences. Figure 7a indicates that increasing the beam span results in failure due to deformation at lower 

temperatures. Specifically, for the 2 m span beam, failure occurs at 767 °C with a mid-span deflection of 101 mm, according to BS 5950 criteria. For the 4 m beam, 

failure is observed at 663 °C with a deflection of 207 mm, representing a 205% increase relative to the 2 m beam. Similarly, the 6 m beam fails at 649 °C with a 

deflection of 304 mm, corresponding to a 300% increase compared to the 2 m span beam. 
This behavior is attributed to a shift in the location of the governing failure mechanism. For the 2 m beam, failure occurs primarily in the endplate. In the 4 m 

beam, the mechanism involves both the beam element and the endplate. For the 6 m beam, failure occurs predominantly within the beam itself, leading to larger 

deflections. As observed in Figure 7, with increasing beam span, the axial force reaches its peak and subsequently reduces to zero at lower temperatures. 

  

                                       (b)                 (a)    

  
(d) (c) 
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According to Figure 7m, due to the applied heat, the elastic modulus and yield stress of the bolts are reduced according to Table 2. In the pre-yield range, this 

leads to a reduction in bolt force at a relatively constant axial bolt deformation. 
The variations in beam axial force under different endplate thicknesses are presented in Figure 8. As shown, increasing the endplate thickness affects the 

connection’s response under elevated temperatures; however, this effect is less pronounced compared to the influence of beam span. Figure 7 demonstrates that 

changing the beam length, while keeping the endplate thickness constant, leads to a noticeable variation in the beam axial force and the temperature at which the 
axial force drops to zero. In contrast, Figure 8 shows that varying the endplate thickness for a constant beam span does not significantly alter the temperature at which 

the axial force reaches zero. For all three endplate thicknesses considered, the axial force approaches zero within a similar temperature range. Additionally, the 

differences in axial force among the three plate thicknesses are relatively minor at a given temperature. Similar to the effect of beam span, as the beam length 
increases, the axial force attains its peak at lower temperatures and subsequently decreases to zero earlier. 

 

 
 

(b) (a) 

 

(c) 

Fig. 8. Comparison between numerical model results for different beam lengths (L) and endplate thicknesses (t):(a)  Beam axial force with L=2m; (b)  Beam axial 

force with L=4m; (c) Beam axial force with L=6m. 
 
Figure 9 illustrates the effect of beam length, at a constant endplate thickness, on endplate deformation. As shown, increasing the beam length from 2 m to 4 m 

results in a significant reduction in plate deformation, from 6.3 mm for the 2 m span beam to 4.18 mm for the 4 m span beam, representing approximately a 66.34% 

decrease. With further increases in beam length, the failure mechanism shifts away from the connection and into the beam, leading to smaller changes in endplate 
deformation. For the 6 m span beam, the deformation decreases to 1.97 mm, corresponding to an approximately 47.8% reduction compared to the 4 m span beam. 

This reduction in endplate deformation at elevated temperatures with increasing beam span is attributed to the relocation of the governing failure mechanism. As 

illustrated in Figure 11, when the beam span increases, the failure mechanism moves away from the endplate, resulting in lower tensile forces being transferred to 
the endplate through the bolts and the beam. 

During the phase of restrained thermal expansion induced by fire, the investigated structure experiences high compressive forces, resulting in a substantial axial 

force in the beam during the heating stage. This axial force increases with temperature until it reaches its maximum, as illustrated in Figures 7 and 8. Subsequently, 
the mid-span deflection of the beam accelerates, as shown in Figure 7a, due to the reduction in stiffness and strength caused by elevated temperatures. At peak 

temperatures, failure occurs in the beam due to web buckling and the formation of plastic hinges. The thermal bending deflection of the beam can be calculated using 

the following equation: 
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(m) 
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𝛿𝑡ℎ =
𝛼𝑇 ∙ ∆𝑇 ∙ 𝐿2

ℎ
 (2) 

 

Where αT is the thermal expansion coefficient [10], ΔT is the temperature difference between the upper and lower flanges of the beam, L is the beam length, 

and h is the beam depth, equal to 177.8 millimeters (mm). 

 

  
(b) (a) 

Fig. 9. (a) Deformation diagram of the endplate; (b) Deformed finite element model of the end bending plate. 

 

 

5.2. Effect of End-Plate Thickness 

  Three different endplate thicknesses were considered: 8 mm (baseline), 12 mm, and 16 mm. The influence of endplate thickness on the beam’s axial force and 

mid-span deflection is presented in Figures 9 and 10. 
  Increasing the endplate thickness is expected to enhance its load-bearing capacity while reducing the tensile forces in the bolts. As shown in Figure 10, increasing 

the endplate thickness from 8 mm to 12 mm leads to a substantial decrease in bolt tensile forces, whereas further increases beyond 12 mm result in only marginal 

reductions. 
  Figures 7 and 10 indicate that increasing the beam span from 2 m to 4 m significantly amplifies the sensitivity of bolt tensile forces to the endplate thickness. 

For longer beam spans, the tensile forces in the bolts decrease due to a shift in the load transfer mechanism from the endplate to the beam, as illustrated in Figure 9. 

 

 
 

(b) (a) 

 
(c) 

Fig. 10. Axial forces versus bolt temperature for various beam length: (a) 2 meters, (b) 4 meters, and (c) 6 meters. 

   

Figure 11 illustrates the connection behavior of the beam for three different endplate thicknesses. As observed from Figures 11 and 7a, increasing the beam span 
shifts the governing failure mechanism away from the endplate toward the beam, resulting in larger beam deflections (Figure 7a) and reduced axial forces in the bolts 

(Figure 7m). Furthermore, Figure 7a indicates that for longer beams, a plastic hinge forms at lower temperatures, further amplifying the beam deflection. Figure 9 

shows that, for beams with a constant endplate thickness, the axial force in the bolts decreases as the span length increases, reaching its maximum at lower 
temperatures. At the same time, the deformation of the endplate associated with the potential failure mechanism is reduced. 
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(a) (b) 

 

(c) 

Fig. 11. Comparison of failure mechanisms for a 6 m beam connection with varying endplate thicknesses(t):(a): Endplate thickness: t = 8 mm; (b): Endplate 

thickness: t = 12 mm; (c): Endplate thickness: t = 16 mm. 

5.3. Effect of Bolt Pre-tensioning Force 
  Figure 12 shows that applying a minimal preload to the bolts results in considerable joint deformation and pronounced bolt elongation. In this case, the preload 

was applied solely to ensure closure of the connection. As a consequence, substantial elongation occurs in the bolts, particularly in the upper row, emphasizing the 

critical influence of the bolt pre-tension magnitude on the structural behavior of the connection. Under this condition, the axial tensile force in the bolts is equivalent 

to the externally applied load. 
 

 
(a) 

 
(b) 

Fig. 12. (a) Bolt elongation under minimal pre-tensioning force; (b) Joint deformation under minimal pre-tensioning force. 

 

  

6.  Conclusions 

This study investigated the behavior of bolted steel moment frame connections with end-plates under elevated temperatures induced by fire using finite element 
analysis. The numerical models were validated against experimental data, and a parametric study was subsequently conducted. Based on the results, the following 

conclusions can be drawn: 

1. The developed 3D finite element models accurately predict axial force development, mid-span deflection, and failure modes of end-plate moment connections 

under fire conditions, showing good agreement with experimental results. 

2. Significant axial compressive forces develop in beams with restrained ends due to thermal expansion during fire. These forces increase with temperature 

initially but then decrease as steel properties degrade. 

3. Increasing the beam span length leads to lower maximum axial forces but significantly larger mid-span deflections. Failure (large deflection) occurs at lower 

temperatures for longer beams. 

4. Increasing the end-plate thickness enhances the rotational stiffness of the connection, leading to reduced mid-span beam deflection and lower tensile forces 

in the bolts. 
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5. Increasing the endplate thickness can shift the governing failure mode at high temperatures from bolt fracture and end plate yielding towards yielding and 

local buckling in the beam adjacent to the connection. This suggests that strengthening the endplate can improve the connection's fire performance but may 

make the beam the weaker link. 

6. The findings highlight the importance of considering the connection behavior and its interaction with the beam in the fire safety design of steel structures. 

Performance-based approaches incorporating realistic connection modeling are crucial for accurate assessment. 
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    𝜕 T  𝜕 t =   k  𝜌 c  (   𝜕 ² T  𝜕 x ² +   𝜕 ² T  𝜕 y ²   +   𝜕 ² T  𝜕 z ² ) )


    𝛿  t h =     𝛼  T ∙ ∆ T ∙   L 2 h

