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Abstract

The effect of bolt stripping failure on the ductility of steel end plate beam-column connec-

tions has received relatively little investigation to date. Stripping failure is a brittle failure

modes which results in the premature failure of a connection without developing its ultimate

rotational capacity. This paper proposes a novel finite element (FE) methodology for end

plate connections at both ambient and elevated temperatures which predicts the mechanical

behaviour and failure modes observed in experimental tests including bolt stripping failure.

Furthermore, the validated FE model was used to investigate the effect of stripping failure

on both the rotational and load-bearing capacity of end plate connections. It is concluded

that thick end plates can prevent stripping failure which significantly improves the rotational

capacity of the connection. The rotational capacity of a connection can be 5.0 times higher

if stripping failure is avoided, particularly at elevated temperatures. Eurocode 3 part 1.8

does not consider the possibility of stripping failure when discussing the requirements for

plastic analysis, however the stripping failure can result in premature failure of the connec-

tion preventing the end plate achieving its plastic capacity.

Keywords: End plate connection; Stripping failure; Ductility; Rotational capacity; Fire;

Material damage
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1. Introduction

Brittle failure modes result in the premature failure of a connection without developing its

ultimate rotational capacity, which is fundamental in mitigating progressive collapse [1–3].

Selecting proper connection parameters that avoid brittle failure modes allows for load re-

distribution and ultimately improves the integrity of steel frames under extreme loads such

as fire. An example of a brittle failure mode of a connection is stripping the nut off the

bolt shank [4]. Fig. 1 compares the necking and stripping failure of bolt assemblies [5].

Bolt stripping is essentially a shear failure and exhibits little or no plastic deformation [6].

Comparing the rotational capacity of a flush-end plate connection that failed in stripping

with the other failure modes revealed that it can be increased by roughly 4.67 times when

stripping was avoided [7]. Despite the detrimental effect of stripping failure on the end plate

connection capacity, it remains uninvestigated to date. Furthermore, international specifi-

cations and guidelines (e.g. EC 3 part 1-8 [8] and GSA [2]) do not mention bolt stripping

when discussing the required rotation capacity of connections to develop plastic hinges.

Several researchers reported a stripping failure mode for connections tested in fire [7, 9–11].

However, the stripping failure took place accidentally in these tests, and therefore the results

cannot be used to derive reliable conclusions. In addition, in the aforementioned works, the

exact cause of failure remained uncertain due to limitations in viewing the specimens during

testing. FE is an attractive means of investigating the connection behaviour with numerous

parameters in more detail than the experimental tests would usually provide. Nevertheless,

the available FE methodologies in the open literature [7, 12–18] tend to overlook the strip-

ping failure mode because of the associated numerical difficulties, the necessity to model

material damage and the need for a fine mesh at the thread locations, which accordingly

increases the computation time. Shaheen et al. [4] numerically investigated the stripping

failure of bolt assemblies at ambient and elevated temperatures. It was concluded that finite

element (FE) models can accurately capture the stripping failure mode and that the strip-

ping failure is affected by the temperature level, the fitting between the mating threads, and
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the number of threads in the grip. However, bolt assemblies in in the aforementioned study

were analysed under pure tension. The presence of combined forces, which are regularly

found in engineering practice, and the flexibility of plates may impose a non-symmetric load

onto the mating threads, which may further increase the possibility of stripping failure mode.

It should be noted that stripping failure is conceivable during the catenary phase when the

fire-induced axial force on the connection is changed from compression to tension. Whilst, the

limiting temperature of a steel beam is not expected to increase by avoiding the stripping

failure mode, it can prevent a more serious failure mode associated with the detachment

of the beam, which can lead to progressive collapse. Researchers have adopted different

methods to avoid bolt stripping failure during the experimental tests in order to achieve

the required rotational and load-bearing capacity. Examples of these methods are double

nuts [7], high strength friction grip nuts [19], and over-designed bolts [11]. However, such

precautions are not followed in engineering practice and not mentioned in the codes of prac-

tice, which may threaten the rotational capacity of connections by premature failure of bolts.

Figure 1: Bolt failures under tensile force: (a) terminology; (b) necking failure (c) stripping failure.

To the authors’ knowledge, the stripping failure mode and its effect on the connection’s duc-
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tility has not been a topic of investigation in the readily available previously published stud-

ies. The present work proposes a FE methodology for modelling of end plate connections at

both ambient and elevated temperatures, which predicts the mechanical behaviour and fail-

ure modes observed in the experimental tests including bolt stripping failure. The material

was modelled considering ductile damage initiation and evolution featured in ABAQUS/-

Standard [20]. Furthermore, the validated FE model was used to investigate the effect of

stripping failure on both the rotational and load-bearing capacity of end plate connections.

The number of threads in the grip can be controlled by the end plate thickness. Thus,

connections of various end plate thickness were analysed. This study ends with a discussion

on the potential implications of neglecting the stripping failure mode when adhering to Eu-

rocode 3.

2. FE model development and validation

2.1. FE model

A numerical model of the connection shown in Fig. 2 is developed using the ABAQUS/Stan-

dard implicit solver. The FE model was discretised using eight-node linear brick elements

with reduced integration (C3D8R) to avoid shear locking; the loading plate was modelled

as a rigid body. A fine mesh was assigned for parts that were likely to develop high stress

concentrations such as the threads and the end plate; a coarse mesh was assigned for parts

away from the critical zones such as the beam and column. A mesh convergence study was

conducted to define the appropriate mesh size and the final results are illustrated in Fig. 3.

The mesh size for the end plate and bolt’s shank was 3.5mm and 2mm, respectively. A finer

mesh size of 0.9mm was adopted for the threads.

Surface-to-surface interaction with small-sliding formulation and a 0.2 co-efficient of friction

were selected to model tangential behaviour between contact surfaces that may be separated

or experience relative slip during the analysis (e.g. end plate and column flange; bolt head
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Figure 2: Geometry of the connection.

or nut and plate; mating threads). The normal behaviour was modelled using a hard contact

interaction which constrains the nodes on one surface to penetrate the other surface, allowing

any contact pressure to be transmitted between the surfaces when they are in contact. The

time increment and convergence rate are very sensitive to the mesh alignment between the

paired surfaces in contact; these are the bolt head and the column flange; the bolt nut and

the end plate.

2.2. Material constitutive model

For mild steel, the stress-strain relation as proposed by EC3: part 1.2 was followed up to the

ultimate strain of 0.15. The yield stress fy = 356 MPa and ultimate stress fu = 502 MPa at

ambient temperature were defined based on the tensile tests carried out on coupon specimens

[7]. For high strength steel, the nominal material properties of grade 8.8 bolts were used (

fy = 640 MPa and fu = 800 MPa). The ultimate strain for the bolts was limited to 0.05 for

all temperature ranges. The bolt’s strength reduction factors proposed by Shaheen et al. [6]

were considered in this study. The true stress σT and true strain εT were obtained based on
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Column (5 to 20 mm)

Bolt and nut (2 mm)

Threads (0.9 mm)

End plate (3.5 mm)

Beam (3.5 to 20 mm)

Bolt and nut (2 mm)

Top bolt Middle and 

bottom bolts

Figure 3: FE model mesh arrangement.

the well-known relations εT = ln(1 + εn) and σT = σn(1 + εn) where σn is the engineering

stress and εn is the engineering strain. These relations are valid only up to the ultimate

stress [21]. After the onset of necking, strains localize in the necking region, leaving other

parts of the specimen at the same strain as they were at the onset of necking. To account

for strain localization, the gauge length should be modified from the initial value to a length

representing average necking zone length. Figs. 4 and 5 depict the stress-strain relation for

mild steel and the load-displacement curves for the bolt assemblies, respectively.

Ductile damage models featured in ABAQUS/Standard [22] were used to account for ma-
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Figure 5: Load-displacement curves for bolt assemblies.

terial damage and fracture of the end plate and bolts. The column and the beam were not

assigned to the material damage criteria as they did not record any damages during the tests

[7]. For a complete description of the ductile damage, two characteristics need to be defined.

First, damage initiation, which is represented by the equivalent plastic strain at the onset
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Figure 6: Damage evolution for bolt at different temperatures.

0 0.1 0.2 0.3 0.4 0.5

Plastic displacement

0

0.2

0.4

0.6

0.8

1

D
am

ag
 v

ar
ia

b
le

 (
D

)

Damge evolution T20

Damge evolution T450

Damge evolution T550

Damge evolution T650

Figure 7: Damage evolution for end plate at different temperatures.

of damage εpl0 . The value of εpl0 can be defined as the true plastic strain corresponding to

the ultimate stress and is summarised in Table 1 at different temperature values. Second,

evolution of the damage variable D with the relative plastic displacement upl. Perfectly plas-

tic behaviour after the onset of necking was assumed for the undamaged material response
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Table 1: εpl0 for bolt and plate at various temperatures.

Temperature ◦C εpl0 for bolt εpl0 for plate

20 0.04574 0.13807

450 0.04594 0.13874

550 0.04673 0.13876

650 0.04722 0.13876

[23]. With the absence of coupon tests, defining the damage evolution parameters required a

set of trial analyses with different upl until the post-peak behaviour was captured [24]. The

D value considered during the analysis was 0.9 to avoid a sudden drop in the stress at the

material point, which can cause dynamic instability and convergence problems. The final

damage variable-plastic displacement responses for the bolt and plate are shown in Fig. 6

and 7, respectively.

The first experimental test of a connection at 550oC with α = 45◦ failed by bolt stripping [7].

The authors [7] decided to use double nuts in order to avoid stripping failure for the subse-

quent experimental tests. To account for this behaviour during FE simulations, the mating

thread parts were assigned elastic material properties. Furthermore, the nuts were mod-

elled using a bilinear material model without considering material damage, as the shear area

of the nut thread is higher than the bolt thread area [4]; this limits failure to the bolt threads.

2.3. Determination of material damage parameters for the thread

Investigations carried out on bolt assemblies concluded that stripping failure depends on the

number of threads in the grip (Lt) [25]. With the absence of experimental tests, a sepa-

rate FE analysis for the bolt assemblies was carried out to determine the damage evolution

parameters of threads at various temperatures. The threaded regions were discretized with

a finer mesh size than the bolt shank, thus requiring different values of damage evolution.

The damage parameters were calibrated to capture thread stripping at the same Lt values
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Table 2: Minimum number of threads required to avoid stripping failure.

Temperature ◦C 20 450 550 650

No. of threads in the grip 8 7 6 6

defined in Shaheen et al. [4]. Table 2 illustrates the minimum required number of threads

in the grip to avoid stripping failure. Fig. 5 depicts the load-displacement behaviour of bolt

assemblies when stripping failure modes were captured.

2.4. Solutions to avoid numerical instability

Mesh viscosity was employed to avoid the sudden drop of the stress at the material point due

to material damage that can cause dynamic instability and convergence problems. It causes

the tangent stiffness matrix of the softening material to be positive for sufficiently small time

increments. However, a large value of mesh viscosity can cancel the stripping failure and the

bolt will eventually fail by necking. A sensitivity study was carried out to define the proper

value that can avoid temporary numerical instability without affecting model accuracy. The

ratio of dissipated energy by viscosity to the total strain energy was compared to assess

whether the value is appropriate (the ratio should be less than 5% to damp out the dynamic

effect). Eventually, a mesh viscosity of 0.01 was considered appropriate for further use which

provided a ratio of less than 1%.

2.5. Limitation of proposed FE model

Welds were modelled using tie constraints, the translational and rotational motion was equal

for tied surfaces and no separation is allowed during the analysis. Thus, the failure is as-

sumed to be outside the weld regions. This is conceivable in practice by applying stringent

requirements on weld quality control.
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Due to the absence of triaxial test data for the current steel materials in the openly available

literature, the stress triaxility could not be captured by the current damage criteria. Several

researchers have shown that the ductility of steel can be influenced by the stress triaxiality

[26, 27]. Thus, the ductile damage parameters that have been calibrated to a particular

experiment cannot be considered as material properties and may not be able to accurately

simulate ductile fracture in situations which differ largely from the original experiment used

for model calibration [28]. It should also be highlighted that this fracture criterion is depen-

dent on mesh size [22].

2.6. Validation of connection behaviour with the experimental tests

The FE model was validated against the experimental tests carried out by Yu et al. [7] on

the flush-end plate connections shown in Fig. 2. The main purpose of the experimental work

was to investigate the fire performance of connections under the tying force, developed by

catenary action at high temperatures. The applied force was inclined by an angle α with

respect to the beam’s axis to produce different combinations of shear and tying force, see Fig.

2. Due to symmetry, only half of the connection was modelled, with symmetric boundary

conditions assigned at the plane of symmetry. Several models simulating the experimental

tests with fully-threaded bolts M20 Gr 8.8 and various end plate thicknesses were considered.

The threads of the bolts and the nuts were modelled for the top bolt only in order to reduce

the computational time. The behaviour of bolt assemblies is affected by the fitting between

the mating threads [4]; the higher the clearance between the mating thread, the higher the

possibility of thread stripping failure. The degree of fitting between threads is determined by

the tolerance class, which can be identified based on BS EN 965-1 [29]. Tolerance class 6g6H

with average dimension deviation from the basic profile was considered in this study. There

was no pretension force in the bolts during the experimental tests [7] and subsequently inf

the FE model.

Figs. 8 and 9 depict a comparison of the total force-rotation behaviour of the connection
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for FE and experimental tests. The FE simulations carried out by Yu et al. [7] and Qiang

et al. [30] are also included, but do not feature damage modelling of the material and de-

tailed modelling of the thread part. It is clear from the figures that FE simulation including

modelling of the material damage represents the connection behaviour more accurately, par-

ticularly the post-peak response of the connection. More importanttly, comparing the failure

modes obtained from different FE methodologies demonstrates that the qualitative nature of

the failure modes can be captured more efficiency when the material damage is considered.

Table 2 compares between the failure modes obtained from different FE methodologies and

the experimental tests. The FE models developed in previous studies [7, 30] capture only

the bolt necking failure mode.
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Figure 8: Force-rotation comparison between FE and experimental tests with 10 mm end plate thickness.

FE model accounts for material damage.

Stripping failure of the bolt assemblies was typically not modelled by previous researchers in

order to reduce the computational time. However, in the present study the bolt assemblies

were numerically represented to capture the stripping failure without significant increase in

the total time required to complete the analysis. Fig. 13 depicts a comparison between the
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Table 3: Comparison of failure modes between FE simulations with different methodologies and the experi-

mental tests.

Test

identifier∗

Failure modes

Experimental test FE Yu et al. [7] and

Qiang et al. [30]

FE of this study

T20-55-10 Crack of the end plate

at weld location.

Bolt necking . Cracks developed at welds

but punching of bolt head

into the end plate was the

ultimate failure mode, see

Fig. 10.

T450-35-10 Failure was balanced

between bolt necking

and plate cracking at

weld location.

Bolt necking . Minor cracks developed in

the end plate but bolt

necking was the ultimate

failure mode, see Fig. 11.

T550-35-10 Bolt necking. Bolt necking. Bolt necking.

T550-45-10 Nut stripping. Not modelled. Nut stripping, see Fig. 12.

T650-35-10 Bolt necking. Bolt necking. Bolt necking.

T20-35-8 Cracks developed at

welds but punching of

bolt head into the end

plate was the ultimate

failure mode.

Bolt necking. Cracks developed at welds

but punching of bolt head

into the end plate was the

ultimate failure mode, see

Fig. 10.

T550-35-8 Bolt necking. Bolt necking. Bolt necking.

∗The test is represented by three field identifier which reflect the tested parameters. The first

identifier represents the temperature range, the second illustrates the angle of the applied load

with the beam axis, the third presents the end plate thickness. For example T20-55-10 is for

the test carried out at 20◦C with 55◦ load angle and 10 mm end plate thickness.
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of this study includes material damage modelling.

Figure 10: End plate failure mode of connection T20-55-10 and T20-35-8.

behaviour of the FE and experimental tests when stripping failure took place. The FE model

can capture the elastic behaviour and failure mode of the test, with an approximate error

of 7% higher capacity. This may result from the calibrated material damage parameters.

Comparing current FE modelling (in Fig. 13) with the methodology proposed by Qiang et al.

[30] it is clear that not capturing the stripping failure mode can substantially overestimate

the rotational capacity and strength of the connection.
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Figure 11: Bolt necking failure associated with minor cracking at weld location for connection T450-35-10.

Figure 12: Failure mode of connection T550-45-10.
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FE model accounts for material damage.
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3. Comparative study

The validated FE model developed in the present study was used to numerically investigate

the effects of stripping failure on the strength and rotational capacity of flush end plate

connections. Furthermore interaction between the end plate thickness and the bolt fail-

ure mode was also explored. A discussion on the consequence of eliminating the stripping

failure mode, when designing the connection based on the Eurocode calculations, is provided.

The relative ductility index [1] of the connection was calculated based on the rotation at

connection failure divided by the rotation at yield as shown in Fig. 14. Stripping failure

results in a sudden drop of the load when the capacity of the connection is reached, thus

the ultimate rotation was considered corresponding to the connection strength. When bolt

necking or plate cracking was the failure mode, the ultimate rotation was considered when

the strength of the connection degraded by 20% from its capacity, as recommended by ASCE

41 [1]. This acceptance criteria was derived for seismic applications, however the US General

Services Administration (GSA) guidelines for progressive collapse [31] indicate that it can

be used with accidental events such as fire, to avoid progressive collapse of steel structures.

3.1. Effect of stripping failure on strength and rotational capacity of connections

In the experimental tests carried out by Yu et al. [7], stripping failure was eliminated by

using double nuts in order to achieve the full plate strength. The same series of the experi-

mental tests were re-analysed considering i) stripping is not possible by using elastic material

for the mated threads, which can be satisfied in practical applications by using two nuts,

and ii) stripping is possible by using the calibrated material damage properties of the thread

parts, which replicates using a single nut as in common practice. Provided that stripping is

possible, all FE models failed by stripping. Table 4 presents the ratio between the strength

of connections that failed by necking and stripping (Pn/Ps). It is clear that stripping failure

has a minor effect on connection strength as the ratio of Pn/Ps is less than 8% for all mod-

els, except when a thin end plate was used at elevated temperatures (i.e. model T550-35-8).

17



Rotation

Applied
load

Necking
failure

Stripping
failure

Ps

Pn

θs θn

0.8Pn

Relative ductility index for necking failure = θn/θy
Relative ductility index for stripping failure = θs/θy

θy

Py

Figure 14: Definition of relative ductility index.

0 2 4 6 8 10 12

Rotation (deg.)

0

50

100

150

200

250

300

T
ot

al
 fo

rc
e 

(k
N

)

T20-35-8 (stripping not possible)
T20-35-8 (stripping possible)
T550-35-8 (stripping not possible)
T550-35-8 (stripping possible)

Figure 15: Effect of stripping failure on rotational capacity and strength of connection.

Furthermore, Table 4 illustrates the ratio between the rotational capacity of the connections

that failed by necking and stripping θn/θs. Stripping failure has a detrimental effect on the
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Table 4: Effect of stripping failure on ductility of the connection.

Specimen

identifier∗

Stripping is NOT possible

(e.g. using double nuts)

Stripping is possible (e.g.

using single nut)

Pn (kN) θn (deg) Pn/Ps θn/θs

T20-35-8 265 6.2 1.048 1.415

T20-55-10 259 7.8 1.071 1.911

T450-35-10 193 7.1 1.066 2.166

T550-35-10 107 7.0 1.073 4.517

T550-45-10 93 7.0 1.024 3.151

T550-35-8 101 10.4 1.250 5.261

T650-35-10 44 8.8 1.000∗∗ 1.000∗∗

Where Pn = strength of connections when stripping failure is not

possible (e.g. double nut was used); Ps = strength of connections

when stripping failure is possible; for θn and θs see Fig. 14.

∗ Specimens identifier is explained in Table 3.

∗∗ necking failure was observed when stripping was possible.

rotational capacity of the connection, in particular when the thin end plate was used at ele-

vated temperatures. Connections with the thin end plate at elevated temperature exhibited

a very ductile response when the stripping was not possible as shown in Fig. 15 for model

T550-35-8, due to the flexibility of the plate. Had the stripping failure been allowed, the

connection would have failed at a significantly lower rotation and strength, without devel-

oping any plastic deformation in the plate. Overall, stripping failure has a significant and

detrimental impact on the rotational capacity of connections, becoming more severe on those

connections that are presumed to have a ductile response when stripping is not possible, e.g.

connections with a thin end plate.
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3.2. Effect of end plate thickness on the failure mode of connections

Due to the fact that stripping is feasible under tensile force and that the top bolt is the most

vulnerable to stripping, the FE models in this section were analysed under bending moment

only i.e. the force was applied perpendicular to the cantilever tip rather than inclined with

the beam axis. This resulted in fewer combinations of parameters, reducing the number of

FE models.

Figure 16: Effect of using of thin and thick end plate on the bolt failure.

Increasing the end plate thickness engages a higher number of threads in the grip, which in

turn can reduce the potential for stripping failure. In order to investigate the interaction

20



between the plate thickness and the bolt failure, two series of FE analysis, similar to that

in section 3.1, were considered. Combinations of three end plate thicknesses (8, 10 and 15

mm) for each temperature value (20, 450, 550, and 650 ◦C) were considered as summarised

in Table 5. It is clear that adopting a thick end plate of 15 mm shifted the failure mode from

stripping to necking attributable to two primary factors: (i) the number of threads in the

grip is larger when a thick end plate is used; and (ii) the thick end plate distributes the load

on the mating threads evenly. Fig. 16 shows the deformed shape and the initial damaged

parts of the bolt assemblies for connections with thin and thick end plates. The surface

between the thick plate and the nut remains in contact during the analysis whilst a gap

was formed in the contact surface between the thin end plate and the nut. Accordingly, the

thin end plate presents an uneven load distribution on the nut, which results in progressive

failure of the matting threads as shown in Fig. 16a.
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Figure 17: Effect of plate thickness on rotational capacity.

Fig. 17 depicts the effect of plate thickness on the rotational capacity. The vertical axis rep-

resents the rotation capacity of the connection scaled by the capacity of a connection with an
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Table 5: Effect of plate thickness on the failure mode and ductility.

Model∗
Stripping is possible (e.g.

using single nut)

Stripping is

NOT possible

(e.g. using

double nuts)

Comparison with

Eurocode 3 part 1.8

[8]

FE Ps

(kN)

FE θs

(deg)

FE Failure

mode

Pn/Ps θn/θs PEC/Ps Eurocode fail-

ure mode

T20-90-8 165.12 4.89 End plate 1.00 1.00 0.57 Plate (mode 1)

T20-90-10 212.51 4.34 Stripping 1.04 1.72 0.69 Plate (mode 1)

T20-90-15 266.05 4.91 Necking 1.00 1.00 0.87 Plate (mode 2)

T450-90-8 101.45 3.85 Stripping 1.09 2.03 0.83 Plate (mode 1)

T450-90-10 120.15 3.36 Stripping 1.05 2.20 0.93 Plate (mode 2)

T450-90-15 142.19 4.61 Necking 1.00 1.00 0.98 Plate (mode 2)

T550-90-8 56.12 1.98 Stripping 1.19 5.0 0.99 Plate (mode 2)

T550-90-10 69.26 1.60 Stripping 1.06 4.13 0.89 Plate (mode 2)

T550-90-15 82.76 4.08 Necking 1.00 1.00 0.94 Bolt (mode 3)

T650-90-8 27.07 2.34 Stripping 1.07 4.38 0.83 Plate (mode 2)

T650-90-10 30.61 7.97 Necking 1.00 1.00 0.85 Plate (mode 2)

T650-90-15 32.16 6.75 Necking 1.00 1.00 0.89 Bolt (mode 3)

Where Pn = strength of connections when stripping failure is not possible (e.g. double nut

was used); Ps = strength of connections when stripping failure is possible; for θn and θs see

Fig. 14.

∗ Model identifier is explained in Table 3.

end plate thickness of t = 8 mm. In the temperature range of 20oC to 550oC, stripping failure

was observed for connections with plate thickness of 8 and 10 mm, with the former recording

higher rotation (about 17%) than the latter due to the plate flexibility. Increasing the plate

thickness to 15 mm eliminates the stripping failure and the bolt failed by necking which

results in a more ductile response, especially at higher temperatures. The rotation capacity
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of the connection with plate thickness of 15 mm is roughly double that of the connection

with an 8 mm plate at a temperature of 550oC. For connections at 650oC, necking failure was

observed with a plate thickness of 10 mm, with the connection attaining a rotation capacity

of 3.5 times that of a connection with 8 mm plate thickness. It is well documented in the

open literature that the thin end plate is preferred over the thick plate to achieve higher

rotational capacity, which increases the survivability of the steel beam at elevated temper-

atures [7, 14], however these studies do not include the possibility of the stripping failure

mode. The current study concludes that thick end plates can provide a significantly more

ductile response by eliminating the stripping failure mode, particularly at high temperatures.

3.3. Comparison with Eurocode 3

Table 5 compares the FE results and the strength predictions of connections based on Eu-

rocode 3 part 1.8 [8]. It should be noted that Eurocode does not consider the possibility of

the stripping failure mode. The strength reduction factors for high strength bolts proposed

by Eurocode 3 part 1-2 [32] were used during the calculations. It is clear from Table 5

that stripping failure has a minor effect on the connection’s strength. The ratio between

the connection’s capacity when stripping is not possible to that when stripping is possible

(i.e. Pn/Ps) is on average 5%. The Eurocode capacity (PEC) is less than that observed from

the FE model (Ps), however it is less conservative at elevated temperatures. This may be

attributed to the fact that the strength reduction factors adopted in this study as discussed

in [6] are less than that specified by the Eurocode [32].

More importantly, the failure mode predicted by the Eurocode differs from that observed

from the FE models, with the former not mentioning stripping failure modes. The end plate

failure is the dominant failure mode based on the Eurocode calculations. It should be noted

that Eurocode 3 considers the connection has sufficient rotation capacity for plastic analysis

if the plate failure controls the behaviour. However, introducing the possibility of stripping

failure results in the connection failing at a significantly lower rotational capacity. This may
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result in overestimation of the plastic capacity of the connection, which is critical for avoid-

ing progressive collapse of the structure during a fire event.

4. Conclusions

This paper presents a method for numerical modelling of end plate connections taking into

consideration material damage and the possibility of stripping failure. Comparing the FE

results of the proposed method with other methods in the literature showed that the method

discussed in this paper captures the behaviour of tested connections with a high degree of

accuracy. Accordingly, the validated FE models were used to investigate the effect of strip-

ping failure on both the rotational and load-bearing capacity of end plate connections.

The connection capacity is slightly affected by the failure mode of the bolt assembly while the

rotational capacity is significantly curtailed when the bolt fails by stripping. The connections

that failed by necking recorded a capacity of 5% to 25% higher than that of those failing

by stripping. However, the rotational capacity of a connection can be 5.0 times higher if

stripping failure is avoided, particularly at elevated temperatures. Because previous studies

do not include the possibility of stripping failure, it is well documented in the open liter-

ature that a thin end plate is preferred over thick end plates to achieve higher connection

ductility at ambient and elevated temperatures. However, this study shows that a thick end

plate can prevent stripping failure which significantly improves the rotational capacity of the

connection.

Eurocode 3 part 1.8 considers connections to have sufficient rotation capacity for plastic

analysis if the end plate failure controls the behaviour, without mentioning the possibility of

a stripping failure mode. However, introducing the possibility of stripping failure may trans-

fer the mode of failure from end plate to bolt stripping, reducing the connection’s rotational

capacity significantly.
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The analysis carried out in the present work is for M20 Gr 8.8 bolts, however, the plate

thickness required to prevent stripping failure can differ with the bolt diameter and grade,

this requires further investigation. Further, variation in the spatial layout of the bolts may

affect the required plate thickness, this was not covered in the present study.
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