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Multi-scale bolt connection model for thermo-

mechanical simulations 
Qingfeng Xu, Hèrm Hofmeyer, Johan Maljaars 

1 Introduction 

Both the fire resistance and fire spread characteristics of structures 

are important aspects during a building fire. For example, it may 

happen that the growth of a fire is promoted by the behaviour of 

exterior claddings and façades. This behaviour under fire may 

include pyrolysis, buckling, and disintegration. With respect to the 

latter aspect, previous research has shown that to fully understand 

the fire resistance of façades and other structures, the behaviour of 

the connections and especially the screw fasteners is important [1]. 

Many research projects focus on the mechanical behaviour of 

connections at ambient temperature, involving e.g. strength and 

stiffness, and fatigue behaviour [2, 3], but research on the modelling 

of fasteners under fire is seldom carried out. 

The fire and the components of a façade, including the connections, 

act together as a system, possibly different from the sum of the 

behaviour of the individual components. System behaviour was 

taken into account in several research projects, e.g. [1, 4]. In a study 

by Feenstra et al, a two-way coupling method "FDS-2-ABAQUS" was 

proposed, which coupled CFD fire simulations and FE 

thermomechanical simulations [4]: Firstly, a FDS fire simulation 

(fuel-controlled) was used to obtain the temperature load 

distributions on the structure, which were then taken as boundary 

conditions in the later heat transfer analysis. Secondly, the 

structural behaviour of the façades, including buckling and 

deformation, was calculated by a structural analysis. Finally, 

structural failure was checked for certain failure modes, and the 

mechanical response, e.g. the opening of a part of the facade, was 

taken into account in a next step of the fire simulation, figure [1]. 

This so-called two-way coupled approach was compared with a one-

way coupled approach (the latter not taking into account the effect 

of the mechanical response on the fire). Results showed that two-

way coupled analyses may be needed to correctly predict façade 

behaviour. 

Figure 1 The main process of a two-way coupled method 

In a follow-up study by De Boer et al, the above approach was 

improved by a more detailed thermal and structural model, 

including spring elements for the connections [1]. From the start a 

ventilation-controlled fire was used, which represented a more 

realistic fire behaviour for compartment fires. Connection failure 

was predicted via Eurocode design rules, and failure of all 
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connections of one panel resulted in the removal of this panel in the 

fire simulation, see figure 2. It was shown that under fire conditions, 

panels quickly fall off due to the failure of the connection screws 

under shear, caused by the thermal expansion of the panels. As a 

result, the fire scenario of the compartment system was 

automatically changing from ventilation-controlled to fuel-

controlled. Thus the compartment temperature increased rapidly, 

and connection failures happened much sooner than was predicted 

previously. Interestingly, thermal bowing or buckling of the panels 

reduced the thermal expansion and thus the load on the screws, 

which kept a thinner panel (which can bow more easily) longer in 

place than a thicker panel. 

In the previous two projects, connection and insulation behaviour 

was temperature independent and modelled in a linear elastic 

fashion. However, when a certain façade system is exposed to fire: 

(a) the mechanical properties of connections like stiffness and 

strength will change significantly [5, 6], and (b) the insulation 

material may be subject to pyrolysis and other types of degradation. 

Both aspects should be taken into account during the simulation of 

structures like façades under fire. In this paper, a modelling 

approach for the first aspect (a) will be discussed. 

To simulate the thermomechanical behaviour of connections under 

fire, here an extension of the models presented in [1, 4] is proposed 

as follows. A detailed finite element model of the connection, 

including a part of the surrounding plates and parts, is used to 

predict the stiffness of the connection for all degrees of freedom, for 

a certain temperature and loading condition, these latter two 

coming from the two-way coupled CFD-FEM system model. The 

detailed model will take temperature dependent properties, 

plasticity, and damage into account. In a next iteration of the system 

model, these stiffness properties are used for the (linear elastic) 

spring that represents the connection. The stiffness properties may 

influence the loading conditions (but not the temperatures), which 

requires a new run of the detailed finite element model, until 

convergence is achieved for a certain step in time. Note the 

resemblance with multi-scale mechanics, where the constitutive 

properties of an integration point on a higher scale are given by a 

detailed FEM model on a lower scale. In this paper, a detailed finite 

element model for a bolt connection is presented, which has been 

verified (i) for its temperature dependent behaviour by 

experimental results from Sheffield [7], and (ii) for its description of 

different failure modes, under ambient conditions, by Eurocode 3 

part 1-8 [8]. Then using a parameter study, all modelled failure 

modes are studied for elevated temperatures. 

2 Detailed bolt connection model and verification 

To develop the detailed bolt connection model, Abaqus 6.14-1 has 

been used [9].  And an explicit solver has been selected, as the failure 

progression of connections performed using an implicit solver is less 

efficient and may see convergence problems. The stable time 

increment ∆𝑡 in an explicit analysis is given by the time for which a 

stress wave with speed 𝑐𝑑 moves across the smallest element in the 

model, and can be expressed as [9]: 

∆𝑡 =
𝐿𝑒

𝑐𝑑

= 𝐿𝑒√
𝜌

𝜆 + 2𝜇
 (1) 

in which 𝐿𝑒  is the characteristic length of the element, 𝜌 is material 

density, and constants 𝜆  and 𝜇  depend on the material’s Young’s 

modulus 𝐸 and Poisson’s ratio 𝜈 as follows:  

𝜆 =
𝐸𝜈

(1 + 𝜈)(1 − 2𝜈)
 (2) 

𝜇 =
𝐸

2(1 + 𝜈)
 (3) 

The inevitable dynamical description of the problem when using an 

explicit solver needs not to be a problem: According to [10], an 

explicit method agrees well with an implicit static method when 

solving connection problems. Loading times longer than 0.1 s are 

shown to give smooth results that are very close to those from static 

analyses. 

2.1 Geometry and properties 

The geometry of the detailed bolt connection model consists of a 

solid cylindrical shank, without a thread, and a larger cylindrical part 

to model the bolt head, with its diameter equal to the washer under 

Figure  1 Two-way coupled CFD-FEM analysis in which one panel fails [1] 
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the head. The model is illustrated in figure 3 on the right, there being 

part of a geometrical model for simulating existing experiments 

from Sheffield [7]. These experiments involved two S275 T-studs, 

connected by four grade 8.8 M20 bolts of 22 mm diameter as shown 

in figure 3 on the left. These experiments will be used later in this 

paper to verify the bolt connection model for temperature 

dependent behaviour. As mentioned earlier, the diameter of the 

washer (36 mm) is used as the size of bolt head. According to the 

symmetry of the experiment, only an eighth part is considered in the 

model, indicated by the dotted lines. Symmetry conditions are 

applied on the cut plane of the bolt shank (uy=0, rx=rz=0). A rigid 

plate is modelled at the back of the vertical T-stub plate, with 

contact elements in between, to provide further compliance with 

the symmetry conditions. Also, symmetry conditions are applied at 

the bottom side of the horizontal part of the T-stud (ux=0, ry=rz=0), 

and the cut surface of the vertical T-stud part (uz=0, rx=ry=0). For 

loading, displacement control is used on the edge of the T-stud.  

2.2 Mesh and interactions 

The bolt is modelled by 8-node 3D deformable hexahedral elements 

C3D8R [9], see figure 4. A convergence study was carried out (using 

the verification study in section 2.3), which indicated that for the 

bolt, elements about 3×3×3 mm yielded satisfactory results. Figure 

4 shows the bolt connection model within the larger simulation 

model of the previously mentioned experiments [7]. The T-stud is 

modelled by the same element type as the bolt, and its mesh size 

depends on the location: the 50×50 mm contact part near the bolt 

hole has an 8×8 mesh of 5 layers, and the L-shaped part subjected to 

high stress gradients in the corner has a refined mesh, as illustrated 

in figure 4. 

Figure 4 Mesh used for the bolt connection model, as part of a simulation model for 

existing experiments [7] 

Two interactions are defined for the bolt connection model, both 

using Abaqus specific "surface to surface" contacts with a "finite 

sliding" option: interaction between (a) the bolt head and the 

surface below, and (b) the bolt hole and the bolt shank. Both use the 

"hard contact" condition as normal behaviour, and a friction 

coefficient of 0.3 in the tangential direction. For the interaction 

between the back of the T-stud and the rigid body, a frictionless 

“hard contact” condition is applied. 

2.3 Verification 

To verify the bolt connection model, experiments carried out at the 

University of Sheffield have been simulated [7], as also illustrated in 

figure 3. For the specification of the material in the simulations, 

Eurocode 3 part 1-2, table D.1 provides strength reduction factors 

for bolts under different temperatures [11], which are used here for 

the M20 bolts. The required mechanical properties of the bolt at 

ambient temperature can be found in figure 3. For the experiments, 

it was specified that for the T-studs S275 steel was used, with 

Young’s modulus E=209550 N/mm2, and yield stress fy =275 N/mm2. 

Also for this case, the Eurocode provides numerical values for the 

steel properties at increased temperatures. However, a series of 

material tests performed at the University of Sheffield showed that 

the S275 steel behaviour did not correspond well with the EC3 

recommendations for elevated temperatures, especially in the 

lower temperature range as shown in figure 5 [12]. Therefore, in the 

simulations here, the experimental material properties for S275 in 

[12] are used. Both strain-stress curves from EC3 and curves from 

the experiments in [12] are expressed in engineering strains and 

stresses, which were converted into true strains and stresses as 

needed by Abaqus. The calculations of true stress and strain can be 

carried out as follows: 

𝜎𝑡𝑟𝑢𝑒 =  𝜎𝑛𝑜𝑚(1 + 𝜀𝑛𝑜𝑚)    (4) 

𝜀𝑡𝑟𝑢𝑒 = ln(1 + 𝜀𝑛𝑜𝑚)        (5) 

Figure 5 Experiments vs. Eurocode for engineering stress-strain behaviour of S275 

at elevated temperatures [12] 

To simulate failure, Abaqus was set to simulate ductile damage 

evolution, and to delete an element when the failure strain was 

reached. Note that to reduce mesh dependency, the implementation 

of damage evolution is based Hillerborg's proposal: The fracture 

energy 𝐺𝑓 as calculated via yield stress 𝜎𝑦 and the plastic strain can 

also be regarded as being from plastic displacements, found by 

multiplication of the strains with a characteristic length 𝐿 across the 

integration point, so: 

𝐺𝑓 = ∫ 𝐿𝜎𝑦𝑑𝜀
𝑝𝑙

𝜀𝑓
𝑝𝑙

𝜀0
𝑝𝑙

= ∫ 𝜎𝑦𝑑𝑢
𝑝𝑙

𝑢𝑓
𝑝𝑙

0
 (6) 

with 𝜀0
𝑝𝑙

 the plastic strain at the initiation of damage, 𝜀𝑓
𝑝𝑙

 the plastic 

strain at failure, and 𝑢
𝑝𝑙

 the plastic displacement. With this 

expression, in the simulations plastic strains are recalculated as 

plastic displacements. For ductile damage evolution, Abaqus 

reduces the stiffness via a scalar damage variable D. Subsequently, 

here the damage D is defined as a linearly increasing function of the 

plastic displacement: 

Figure 2 On the left an experiment [7]; on the right dimensions and properties 
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𝐷 =
𝐿𝜀

𝑝𝑙

𝑢𝑓
𝑝𝑙 =

𝑢
𝑝𝑙

𝑢𝑓
𝑝𝑙  (7) 

Finally, the actual stress tensor 𝜎 is reduced via D from the original 

stress tensor 𝜎 , the latter belonging to an assumed undamaged 

situation (see figure 6 [9]): 

𝜎 = (1 − 𝐷)𝜎    (8) 

When the equivalent strain reaches the strain at failure, D = 1, and 

Abaqus deletes the element. 

The Sheffield experiments as presented by Spyrou [7] were steady-

state, i.e. the specimens were first heated up to a constant 

temperature in a furnace and were then kept at this temperature. 

Shear failure of the bolt: 

𝐹𝑉;𝑅𝑑 =
𝛼𝑣𝑓𝑢𝑏 𝐴𝑠

𝛾𝑚2
= 

0.6 × 886 × 𝜋 × 112

1.25
= 161.6 kN 

Tension failure of the bolt: 

𝐹𝑡 ;𝑅𝑑 =
𝑘2𝑓𝑢𝑏 𝐴𝑠

𝛾𝑚2
= 

0.9 × 886 × 𝜋 × 112

1.25
= 242.37 kN 

Bearing failure of the T-stud (single lap): 

𝐹𝑏 ;𝑅𝑑 =
1.5𝑓𝑢 𝑑𝑡

𝛾𝑚2
= 

1.5 × 586.8 × 22 × 9.6
1.25

= 148.2 kN 

Punching shear failure of the T-stud: 

𝐹𝑡 ;𝑅𝑑 =
0.6𝜋𝑑𝑡𝑓𝑢

𝛾𝑚2
= 

0.6 × 𝜋 × 22 × 9.6 × 586.8
1.25

= 186.8 kN 

Table 1 Eurocode failure modes compared to bolt connection model. 
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Hereafter the load was gradually applied to the specimen at a 

constant displacement rate (3.1 mm/min) until failure. The results of 

the simulations presented in this paper are compared with the 

experimental results in [7], see figure 7. 

The comparisons in figure 7 show that the bolt connection model as 

presented in this paper, when included in a larger simulation model, 

yields a good agreement with test results for different 

temperatures. Note however that in the experiments, final failure of 

the system was due to yielding of the T-stud flange, for the strength 

of the M20 bolts was much higher than that of the T-stud.  

In figure 7, first element deletion of the T-stud flange elements is 

indicated by the red crosses, and these are close to the experimental 

failure, indicated by the slightly backwards directed vertical part of 

the curve, equivalent to the sudden loss of load bearing capacity. 

3 Parameter study 

3.1 Eurocode 3 failure modes 

Eurocode 3 part 1-8 [8] lists the possible failure modes for bolt 

connections at ambient temperature, see also table 1. First, the bolt 

connection model will be verified for being able to predict these 

failure modes correctly. All material properties are equal to the 

previous simulation. With respect to the setup, in most cases the 

bolt connection model has been used in combination with a system 

very similar to the Sheffield experiments [7]. 

In table 1, the left column lists the failure modes, the corresponding 

Eurocode design rule, and the resulting design resistance of the bolt 

connection at ambient temperature. In table 1, 𝐹𝑉;𝑅𝑑, 𝐹𝑏;𝑅𝑑 , and 𝐹𝑡;𝑅𝑑  

[N] are the shear force, bearing resistance, and tension force, 

respectively. Variables 𝛼𝑣  and 𝑘2 are factors for different types of 

bolts and steel plates, as defined in EC3 1-8, table 3.4 [8]. Strengths 

𝑓𝑢 and 𝑓𝑢𝑏  [N/mm2] are the ultimate strength of the steel plate and 

bolt, respectively. The variable 𝑡 stands for the thickness of the steel 

plate. The cross-sectional area of the bolt is given by 𝐴𝑠 [mm2]; the 

diameter of the bolt is given by 𝑑; and 𝛾𝑚2 is the partial safety factor 

for connections, which is set to 1.25 as recommended. 

In the right column, the detailed bolt model is shown, with the 

resulting load-deformation diagram and the characteristic 

resistance (without safety factors 𝛾𝑚2). The bolt connection model 

predictions are for all failure modes within 5% of the characteristic 

resistance values as predicted by the Eurocode. 

3.2 Bolt connection behaviour for both different failure 

modes and different temperatures 

In section 2.3 it was shown that the behaviour of a single failure 

mode can change significantly for elevated temperatures. On the 

other hand, in the previous section it became also clear that for an 

ambient temperature, very different failure modes can occur, 

depending on the boundary conditions and the load type. The 

detailed bolt connection model should predict the correct behaviour 

Figure 4 All failure modes of the bolt connection for elevated temperatures 

Figure 3 Stress-strain curve with progressive damage degradation [9]

Figure 5 Comparison of FEM results with experimental results in [7] 
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for all possible combinations of temperature, boundary conditions, 

and load types. As such, during a simulation of the overall system, 

changing conditions (e.g. temperatures) correctly cause the bolt 

connection model to change behaviour from one mode to another. 

To investigate this further, figure 8 shows additional simulations, 

where for each failure mode the behaviour has been studied for 

elevated temperatures. The temperature dependent material 

properties have been taken from section 2. 

From the results, it can be seen that as the temperature increases, 

both the strength of bolts and plates will decrease, and the 

displacements at failure increase. When the temperature is higher 

than 400 oC, strength will decrease rapidly due to the specific 

material properties. When these bolts are at elevated temperatures, 

the numerical results show that shearing failure occurs when the 

displacement is in the range of 1.0±0.2 mm, whereas tension failure 

occurs for displacements in the range of 1.7±0.5 mm. The strength 

of the connected plate will also decrease as the temperature 

increase, but its resistance for punching is higher than that for 

bearing. Finally, deformations at failure are not very sensitive to 

temperature for punching: For bearing failure, the displacement at 

failure equals 4.8 mm for the ambient case, and 6.8 mm for the 

highest temperature. However, for punching, displacements are 

always in a small range of 20±2 mm, regardless the temperature. 

Being able to accurately predict the deformation at failure of the 

connection is very relevant for an accurate model of the façade 

panels exposed to fire, since the fasteners are then loaded by an 

imposed deformation [1]. 

3.3 Multi-scale bolt connection model  

As a bolt connection clearly shows different failure behaviour for 

different temperatures, the simulation of an overall structure 

comprising bolts may requires a detailed overall FE model to obtain 

accurate results. However, this approach is computationally 

expensive and requires a large memory space. A way to solve this 

problem is to develop a multi-scale model: The bolts in the overall 

structure model are modelled by three spring elements (for normal 

action and two directions in shear), and the stiffness of each spring 

element is found by the detailed bolt connection model. In this way, 

for each increment the CPU time and memory extensive simulations 

(for each bolt) can be distributed in parallel to different threads or 

computers. The results can be used in a next increment to describe 

the stiffness of the springs in the overall structural model, which 

then fits a regular workstation.  

Table 2 illustrates the principle of such a multi-scale bolt connection 

model. In the table, 𝑑𝑖  is the displacement and 𝑘𝑖  is the spring 

stiffness in either the 𝑖 =  1, 2, or 3 direction. Tension failure and 

punching failure are both related to direction 2, and so one spring is 

used for these failure modes.  For both shearing and bearing failure, 

behaviour takes places in the directions 1 and/or 3, and so two 

spring elements are used, one for each direction. Currently, 

research is carried out to derive the spring stiffnesses from the 

behaviour of the detailed bolt model for (a) single failure modes; (b) 

combined failure modes (and their path-dependency); and (c) 

combined failure modes under constant elevated or even variable 

temperatures.  

4 Conclusions 

5 Outlook 

Now that the force-displacement relationships of bolt connections 

can be obtained, for elevated temperatures and including all 

possible failure modes, a similar study will be carried out for screw 

connections. Then a strategy has to be developed to include the 

detailed models in the overall system simulations. This requires (a) 

an investigation in the (size of the) parts around the connection that 

1302 |

The research here illustrates that the bolt connection model is valid 

for different temperatures, and properties at each temperature 

point can be used for interpolation, which enables the model to be 

feasible for non-uniform fire conditions. These non-uniform fire 

condition can be modelled by e.g. CFD software FDS, and the exist-

ing FDS-2-Abaqus model can then provide two-way coupled fire-

structure simulations: fire is modelled by CFD, and its effects on the 

structure are found by a thermodynamical model. Then a thermo-

mechanical model predicts the mechanical behaviour, and this 

structural response may change the fire scenario in turn.  

The proposed multi-scale approach enables the results from the de-

tailed bolt connection model to be included in an overall structure. 

For this existing model, a more detailed simulation method is pro-

posed: Linear elastic springs will be used in the overall structure 

model instead of bolt connections. For each load increment, the 

stiffness of these springs is found by a detailed bolt connection 

model, which for a certain temperature, boundary conditions, and 

load type, predicts the connection behaviour, including geometric 

and material non-linearities and failure.  

In the paper, the detailed bolt connection model was presented. It 

simulates existing experiments for elevated temperatures well, and 

is also able to predict the failure modes as listed in the Eurocode for 

ambient temperatures. It was demonstrated that the model can also 

be used for all failure modes for elevated temperatures, although 

these results could not be verified with existing experiments. In gen-

eral, the strength of connections decreases as the temperature in-

creases, especially when the temperature is higher than 400 ℃. Af-

ter reaching the ultimate load, the strength of the connections for 

higher temperatures decreases slower than for lower temperatures. 



should be taken into account in the detailed model to be 

representative for the system; (b) the locations in the detailed model 

where to probe the forces and displacements, to be used to 

determine the connection stiffness; (c) the selection of relevant 

DOF's; (d) the actual implementation of the connection models in 

the overall structural model. Once implemented, the temperature 

dependent detailed connection models will not only provide 

stiffness information for the springs in the system, but will also 

indicate failure (see table 1) and as such will supersede the currently 

used Eurocode based design rules in FDS-2-Abaqus. In this way, 

multi-scale two-way coupled fire-thermomechanical simulations 

can be carried out. 
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