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Abstract

A detailed finite element (FE) study is presented investigating the factors affecting the fail-
ure modes of high strength and stainless steel bolt assemblies under tensile force at ambient
and elevated temperatures. Axisymmetric FE models incorporating key behavioural aspects
including surface interaction and damage modelling of steel at elevated temperatures were
developed. In practice, stripping failure is generally undesired because it results in prema-
ture failure of the bolt which can deteriorate rotational capacity of connections and hence
compromise the robustness of steel frames. Yet, stripping failure has not been previously
investigated in the open literature. In this study, the examined stainless steel bolt assemblies
displayed an outstanding ductile response even when stripping failure was observed. Param-
eters that can govern the failure modes of bolt assemblies at elevated temperatures include
the thread length in the grip (L), and the relative strength and friction between the mating
threads. At ambient temperature, stripping was observed at certain L; lengths depending
on the nut dimension deviation from the basic profile. The L, stripping failure threshold re-
duces with temperature for high strength bolt assemblies while the value fluctuates without
a discernible pattern for stainless steel types. Increasing the relative strength and friction

coefficient can reduce the L; length threshold, with the former having the greatest influence.
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It was also found that larger bolt sizes are more vulnerable to thread stripping failure.
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1. Introduction

Bolted connections are ubiquitous in steel frame construction. The characteristic behaviour
of bolt assemblies, consisting of the bolt itself and the nut, has a major effect on the ductil-
ity and response of the overall structural system. Ultimately, there are primarily two failure
modes associated with steel bolt assemblies under tensile force [1]: necking failure and strip-
ping failure. The former is a ductile failure involving substantial plastic deformation in the
bolt threads. Stripping failure is a shear failure of the engaged threads in either the nut or
bolt. Both failure modes are illustrated in Fig. 1. Experimental work carried out on moment
resisting steel beam-column connections during fire events showed that bolt stripping dras-
tically deteriorates the rotational capacity of connections and accordingly the robustness of

steel frames [2-4].
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Figure 1: Bolt failures under tensile force: (a) terminology; (b) necking failure (¢) stripping failure.

Experimental tests conducted on steel bolt assemblies concluded that stripping failure re-
duces the bolt capacity [5-7] and severely deteriorates its ductility [8]; using a close-fitting
nut and bolt is necessary to achieve the full capacity of high strength bolts [5]. Hu et al. [6]
carried out tests on M20 grade 8.8 bolts with different nut property classes (8 and 10) and

concluded that nuts of one property class higher (e.g. using bolt Gr 8.8 with nut property
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class 10) is more likely to cause failure with ductile necking. There are numerous parame-
ters that affect the ductility and failure modes of bolt assemblies during fire events such as
relative strength and friction between the mating threads, fitting between threads and the
number of threads in the grip. These and other parameters have been extensively studied at
ambient temperature and well documented in the international regulations [9, 10]. However,

these parameters have not been re-evaluated at elevated temperatures.

Alexander [11] has theoretically discussed the effect of thread length in the grip, L, (see
Fig. 1a) on the failure mode of bolt assemblies, but there are no publications in the open
literature that experimentally investigate how the L, affects the failure mode of bolt assem-
blies [8]. It was concluded that stripping failure can be prevented at ambient temperature
when the L, is larger than 17mm for M16 Gr 8.8 bolts mated with nut property class 8
and tolerance class 6g6H. It has been documented that increasing the nut strength does not
prevent stripping failure, however, it enhances the failure displacement [8]. Chen et al. [12]
numerically investigated the effect of friction coefficient ¢ on the load distribution on threads
at ambient temperature concluding that the helical effect of the threads does not influence
the load distribution. Hu et al. [7] numerically investigate the effect of nut tolerance class on
the failure mode of bolt assemblies at ambient temperature concluding that a loose tolerance

class results in stripping failure.

At elevated temperatures the picture is substantially less complete and generally lacking in
consistency. Despite the available coupled thermal modelling capabilities of modern finite
element (FE) codes, only one publication was reported for FE analysis of bolts at elevated
temperatures [13], which discusses high strength bolt strength reduction factors. An elasto-
plastic material constitutive law was considered, however, the damage modelling and failure

modes of the bolt assemblies were overlooked.



The current paper presents a numerical study that investigates the parameters affecting the
ductility and failure modes of structural bolt assemblies at elevated temperatures. In keeping
with common practice, high strength Gr 8.8 [14] was considered in this study. Stainless steel
bolts of grade A2-80[15] , which have an equivalent strength of Gr 8.8, were also considered
to provide comparison of behaviour at elevated temperature. The FE models were developed
using ABAQUS [16] and were carefully validated against experimental test data in the liter-
ature, focusing in particular on capturing the post beak behaviour and local failure modes
(stripping and necking). The bolt material was modelled considering damage initiation and
evolution, which was calibrated against coupon tests found in the literature. Heat transfer

analysis and thermal expansion were not considered in this study.

2. FE modelling approach

2.1. Geometry and boundary conditions of bolt assemblies and element types

The overall dimensions of the bolts (bolt head, shank and thread length) and nuts (wall
thickness and height) were selected based on BS EN 4014 [17] and BS EN ISO 4032 [18],
respectively. An axisymmetric model was exploited in order to reduce the computational
time. Despite the axisymmetric model being unable to simulate the lead angle due to the
helical effect, the results reported by [8, 12, 19] showed that it has a minor influence on the

bolt assembly’s response.

As previously stated the behaviour of the bolt assembly is affected by various geometrical
parameters particularly the fitting between mating threads, which is determined by the tol-
erance class, combining tolerance position and tolerance grade. The tolerance position is

the basic clearance between the external (bolt) and internal (nut) threads and is identified



based on BS EN 965-1 [20] . Tables 1 and 2 summarise the basic dimensions and upper and
lower dimension deviations for tolerance class 6g6H [20], which is considered in this study

(see Fig. 2 for the definition of nomenclature used in the tables).
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Figure 2: Tolerance position a) position g b) position H Based on [20].

To account for the nut dilation, the upper surface of the nut was assigned to have fixed
boundary conditions in the y—direction (parallel to the bolt axis) and was free to move in
the x—direction (perpendicular to the bolt axis). The load was applied to the bottom surface
of the bolt head parallel to the y—direction. A displacement control approach was adopted
as it is numerically more stable and it is capable of capturing the post peak behaviour. Fig.
3 illustrates the mesh topology and boundary conditions of the bolt assemblies. The mate-
rial damage parameters are mesh-dependent [21, 22] , thus, the same mesh size and type as
described in section 2.2 were followed herein. A 4-node bilinear axisymmetric quadrilateral,
reduced integration element type CAX4R was assigned to the bolt and the nut. A very
fine mesh of 0.18mm was considered at locations of high stress concentrations (boundary

conditions and engaged threads) while lmm was used elsewhere.
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Figure 3: Boundary conditions and mesh topology.

Table 1: Dimension details of bolt threads based on BS EN 965-1 [20]

Basic dimensions for Dimension deviation of

M16 (pitch =2 mm tolerance class 6g

d (mm) | dl (mm) | d2 (mm) | Deviation | d (mm) | dl (mm) | d2 (mm)
Upper -0.318 -0.327 -0.198

16 13.835 14.701 Lower -0.038 -0.327 -0.038

2.2. Material parameter identification and validation

Isotropic metal plasticity was used to define the material model parameters for high strength
and stainless steel bolts at elevated temperature. Progressive damage models featured in
ABAQUS/Standard [16] were also used to account for failure modes and element removal.
The damage initiation and evolution parameters defined in this article followed the descrip-

tion provided by Pavlovic et al. [22] for bolts at ambient temperature. However, the damage

Table 2: Dimension details of nut threads based on BS EN 965-1 [20]

Basic dimensions for Dimension deviation of

M16 (pitch =2 mm) tolerance class 6H

D (mm) | D1 (mm) | D2 (mm) | Deviation | D (mm) | D1 (mm) | D2 (mm)
Upper 0.0 0.375 0.212

16 13.835 14.701 T ower 00 00 00




parameters were re-evaluated to suit the elevated temperature behaviour and summarised

in Table 3 and 4 for high strength and stainless steel, respectively.

Table 3: Damage parameters for high strength bolt at elevated temperatures.

Damage initiation | Element type | Element size | Localization
Temp. °C Enpl ap Type Ag | Lp (mm) | s | Lige ar,
20-300 0.024509 1.3 CAX4R | 4 0.18 1|75 0.3
400 0.020484 1.8 CAX4R 7 0.18 1| 18 1
500 0.00847 2 CAX4R | 12 0.18 1| 18
600 0.005676 2 CAX4R | 12 0.18 1| 24 2
For definition of parameters see Pavlovic et al. [22]

Table 4: Damage parameters for stainless steel bolt at elevated temperatures.

Damage initiation | Element type | Element size | Localization
Temp. °C Enpl ap Type Ag | Lp (mm) | A; | Lo ar,
20 0.194059 1.5 CAX4R 7 0.18 1] 3.6 0.3
100 0.073815 1.2 CAX4R 4 0.18 1] 36 0.3
200 0.042838 1 CAX4R 3 0.18 1] 36 0.3
300 0.065842 1 CAX4R 7 0.18 1] 36 0.3
400 0.106881 1.5 CAX4R 5) 0.18 1] 36 0.3
500 0.098803 1.1 CAX4R | 4 0.18 1|54 0.3
600 0.099514 1 CAX4R 6 0.18 1172 0.3
For definition of parameters see Pavlovic et al. [22]

Parameters for ductile damage initiation criterion and damage evolution laws were calculated
based on tensile test coupons carried out by Kand [23] for high strength bolts grade A325 and
Hu et al. [24] for stainless steel bolts grade A2-80. Despite the fact that high strength grade
8.8 was considered in the present study, the material was calibrated against an equivalent
material grade A325 due to availability of the material tests at elevated temperature in the
open literature. Studies carried out on high strength bolts at elevated temperature concluded
that the material does not degrade with temperature until 300°C [5, 6, 25]. Therefore, the
FE results of the high strength bolts at ambient temperature were considered to represent

the bolt behaviour up to 300°C. Fig. 4a and Fig. 4b compare the stress-strain curves of the
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experimental test and FE for the high strength and stainless steel coupon tests, respectively.
There is an excellent agreement between the test data and the simulations up to the peak
stress, with differences being less than 1%. The FE model was also able to capture the
post peak behaviour, as shown by the qualitative agreement between the experimental and

numerical results in Figs. 4a and 4b
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Figure 4: Comparison between numerical material modelling and experimental tests.

In order to calibrate the shear damage parameters, a FE model of a bolt under pure shear
was analysed and the results was compared with the analytical model proposed by Sarraj
[26]. Both the shear stress ratio and equivalent plastic strain at the onset of damage &7
are required to define the damage initiation criterion. Table 5 summarises the required &
for high strength and stainless steel bolts at various temperatures. Although the analyt-
ical model proposed by Sarraj was calibrated against high strength bolts, it was used to
predict the shear behaviour of stainless steel bolts due to the absence of load-displacement
responses of stainless steel bolts under shear in the open literature. This assumption repre-
sents the worst case scenario as the stainless steel bolt possess significantly higher ductility

than high strength types which require larger values of &”!. In relation to this, a special



Table 5: Equivalent plastic strain at the onset of shear damage £?' with temperature

Temp. °C 20 | 100 | 200 | 300 | 400 | 500 | 600
HS bolt 0.7510.75 [ 0.75 1075 ] 1.4 | 1.3 | 0.8
SS bolt 08 | 14 | 1.0 | 1.1 | 1.0 | 1.0 | 08

investigation monitoring plastic strain at the damaged zone has been undertaken to check
the consequences of this decision. The shear stress ratio was considered as 1.67 and 1.29 for
high strength and stainless steel bolts respectively. The damage evolution parameters were
defined using exponential softening with the exponential law parameter set to 0.7 and failure

at a displacement of 0.2 mm as recommended by Pavlovic et al. [22].

The shear area of the nut thread is about 43% larger than the bolt thread area [11]. There-
fore, the nut material was modelled using a bilinear stress-strain curve without considering
material damage. For high strength nuts, the average Brinell hardness (HB) value of the
range recommended by BS EN 898-2 [27] was selected for the analysis. The ultimate tensile
stress (TS) of the nut was calculated as TS= 3.45xHB [28]. For stainless steel nuts, BS
EN 3506-2 [29] provides the proof stress of the A2-80 nut as 800MPa, thus it was directly

implemented.

3. Validation of the bolt assembly models

The failure modes observed by the FE model were validated against the experimental tests
carried out by Grimsmo et al. [8] on seven partially-threaded galvanised M16 bolts with a
different number of threads in the grip length L;. Table 6 compares the results obtained
from the FE model and the experimental test. The FE model can accurately predict the
failure mode of the bolt assemblies at different nut locations albeit with slight mismatches
for the stripping zone which may come from material modelling limitations and dimension

differences between the tests and the simulated bolt assemblies. Fig. ba depicts the load-
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displacement response of necking (when L; = 8 x pitch distance) and stripping failure (when
L, =7 z pitch distance) modes. Stripping failure results in a sudden drop in the load when

the bolt capacity is reached while necking failure has a more ductile response.

Fig. 5b illustrates the damage location of the steel when the two failures were considered.
The scalar stiffness degradation variable (SDEG) in ABAQUS was used to visualise the dam-
aged parts. SDEG measures the residual stiffness of an element and takes a value from zero
(undamaged material) to one (fully damaged material). The residual stiffness of an element
is calculated based on the damage variable D = 1 — 0/ where /G is the ratio between
the undamaged and damaged stress value of the material. The element is removed from the
mesh if D reaches unity, however, the lowest practical D value considered during the analysis
was 0.8 to avoid numerical instabilities. The plastic strain at the damaged parts was lower
than the equivalent plastic strain at the onset of damage for the shear criterion &, which

reveals that damage was initiated and propagated following the ductile criterion.

Table 6: Failure mode comparison with Grimsmo tests.

L; in terms of number of threads

Failure mode

Grimsmo tests

FE simulation

Stripping zone <4 <3
Transition zone 4-8 3-8
Necking zone >8 >8

11
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Figure 5: Behaviour of bolt assemblies with different failure modes.
4. Parametric study

This study investigates three major parameters that affect the failure modes of bolt assem-

blies at elevated temperature.

1. The first parameter is the effect of thread length in the grip L; on the failure modes
of the bolt assemblies. Three different nut locations are possible (see Fig. 6): (i) the
stripping zone (SZ) at which the stripping can occur regardless of the nut tolerance
class or dimension deviation; (ii) the transition zone (TZ) at which stripping or necking
are possible to occur depending on the nut dimension deviation; and (iii) the necking
zone (NZ) at which the stripping failure is prevented. The primary objective of this
parametric study is to ultimately define the L; boundaries between the three failure
zones at different temperatures: L;; is the minimum L, distance to define the TZ and
Ly5 is the minimum L; distance to define the NZ. Tolerance class 6g6H was considered
in this study owing to its ubiquitous use in engineering practice [17, 18]. Table 1
and 2 summarise the upper and lower deviation for bolts and nuts, respectively. The

minimum deviation of the nut and the bolt was used within the SZ while the upper
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dimension deviation was used in the TZ and the NZ.

2. The second parameter is the relative strength between the mating threads. Experimen-
tal tests on bolt assemblies showed that the strength reduction factors are sensitive to
the manufacturing process and chemical composition [5, 6, 25]. Bolts and nuts have dif-
ferent chemical compositions and pass through different heat treating processes which
can eventually lead to uncertainties regarding the degradation rate of their mechanical
properties with temperature. Thus, nuts with different Brinell hardness (HB) values
mating with bolts that possessed similar material properties were analysed to pro-
vide a conservative scenario. The HB values were selected based on the recommended
range proposed by BS EN ISO 898-2 [27] for high strength bolts and BS EN 3506-2
[29] for stainless steel bolts. The HB values recommended by BS EN ISO 898-2 [27]
are 190-287 for nut property class 8 and 259-336 for nut property class 10. BS EN
3506-2 [29] provides only proof stress F,o¢ for austenitic steel nuts of grade A2-80 (no
hardness ranges are provided), the minimum value recommended is 800MPa. Table 7
summaries the nut strength and HB at ambient temperature; the nut strength at a
specific temperature was calculated based on the same strength reduction factors as
the bolts.

3. The third parameter is the friction u between the mating threads, where 0.05 < p <
0.2, depending upon the surface treatment used [30, 31]. In this study, two different p
values were considered. In the absence of studies discussing the change in u when zinc
is melted a value of 0.05 was used at the temperature above melting point of the zinc
(425°C). The second p value was 0.2 which represents friction at ambient temperature
for high strength non-galvanised bolts at elevated temperature and stainless steel bolts

at ambient and elevated temperature.

The above parameters were investigated across the temperature range of 20°C to 600°C. The

range of temperature was defined based on two considerations. Firstly, the availability of
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Table 7: Relative strength values used in the numerical models.

FE model Bolt type | F, at 20°C | R; | Equivalent HB
(MPa) property class

SS-Rs = 0.79 Stainless 720 0.790 | NA 208.70
SS-Rs = 0.965 Stainless 880 0.965 | NA 255.07
*SS-Rs = 1.096 Stainless 1000 1.096 | NA 289.86
SS-Rs = 1.2 Stainless 1094 1.200 | NA 317.10
SS-Rs =1.4 Stainless 1276 1.400 | NA 369.85
HS-Rs = 0.79 High strength | 655 0.790 | 8 189.90
*HS-Rs = 0.965 | High strength | 800 0.965 | 8 231.88
HS-Rs = 1.2 High strength | 1000 1.200 | 10 289.86
HS-Rs =14 High strength | 1160 1.400 | 10 336.20
Where: F, = ultimate strength, Ry = relative strength, F, = 3.45xHB and Yield
strength = 0.8F,,, NA= not applicable.

*Reference FE models.

material coupon test data: Kand [23] tested high strength bolts of grade A325 at elevated
temperatures ranging between 20°C and 800°C, however, the recorded stress-strain curve
beyond 600°C experienced a severe distortion which may have resulted from a spurious dis-
placement of the test rig. Thus it was decided to use the data up to 600°C only. Secondly,
it is well documented that the bolt temperature is lower than the bottom flange of the host
beam by roughly 150°C [32]. Thus, if the bolt is heated up to 600°C, the flange temperature
is expected to be 750°C which exceeds the limiting values of 540°C for columns and 620°C

for beams [33].

Two types of bolts are available in engineering practice: partially-threaded and fully-threaded.
The former type has a grip length below the bolt head free of threads while the latter has
threads that run from just under the head all the way to the tip. Partially-threaded M16
bolts were primarily considered throughout this study, with minor consideration given to
fully threaded bolts in section 10. The effect of bolt diameter on nut critical distances was

also investigated in Section 9.
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Specimens were identified by a specific four field identifier as illustrated in Fig. 7. The first
identifier represents the temperature, the second identifier represents the material type and

the diameter of the bolt, the third identifier indicates the nut property class and the fourth

Grip

Bolt shank |

length

Nut

Li

-

Threads

L2

L

SZ | TZ |[NZ

Figure 6: Critical nut locations.

identifier indicates the L; in terms of the thread pitch distance.

T20

Hle

C8

5p

Representing thread length in the grip, in terms of
pitch distance. For instance 5p means 5*pitch.

Indicating nut class property (C8 = HS nut class
property 8 and S8 = SS nut with Fpror =800MPa).

Indicating bolt diameter and material type
(H=high strength and S=Stainless steel).

Figure 7:

Indicating temperature. For instance T20 means
temperature is 20 °C.

Specimen identifier.

5. Ductility and failure mechanism of the bolt assemblies

At elevated temperature, the catenary deformations of the beam transmit forces to the

columns, placing significant ductility demands upon the bolt assemblies. The FE results
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shown in Fig. 8 compare the load-displacement response of the high strength and stainless
steel bolt assemblies at 20°C and 600°C. Two models were selected for each temperature
based on the failure type, the first model failing by necking (dotted curves) and the second
model failing by stripping (solid curves). Generally, stainless steel bolts recorded signifi-
cantly higher ductility than the high strength bolts, exhibiting substantial elongation before
failure. When the bolt assemblies failed in stripping, the high strength bolt experienced a
severe reduction in ductility while the stainless steel bolt maintained a ductile response. This
can be attributed to the differences in stripping failure mechanisms between high strength
and stainless steel bolts. Stripping of high strength bolts result from the shear failure of
the bolt threads without any flexural deformation; the threads of stainless steel bolts were

severely deformed and stripping took place by sliding of the nut threads over the bolt threads

(see Fig.9).
160 160
140t 140t

5 K
3 8

Applied load (kN)
S &

S

——T20-S16-S8-9p | |
— — ~T20-S16-S8-10p

5 R
3 8

Applied load (kN)
S &

S

———T20-H16-C8-7p
— —-T20-H16-C8-8p | |
———T600-H16-C8-4p

20 ~ T600-516-S8-6p| | o ~ - T600-H16-C8-5p| |
— — ~T600-S16-S8-7p IS -
0 I I I I I 0 I I I
0 2 4 6 8 10 12 0 1 2 3 4

Displacement (mm) Displacement (mm)

(a) Stainless steel bolt assemblies. (b) High strength bolt assemblies.

Figure 8: Bolt ductility at elevated temperature considering different failure modes, necking failure (dashed
line) and stripping failure (solid line).

The stripping failure was initiated when contact surfaces between the mating threads were
reduced due to the lateral outward displacement of the nut (nut dilation) or lateral inward

displacement of the bolt (bolt contraction) due to necking. Fig. 10 illustrates the nut dilation
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SS bolt assemblies HS bolt assemblies

Figure 9: Comparison of stripping failure mechanism for high strength and stainless steel bolt assemblies.

and bolt contraction for both high strength and stainless steel bolt assemblies. It is clear
that the stripping failure of the high strength bolt was mainly attributed to nut dilation and
bolt contraction. For the stainless steel bolt, the reduction in the bolt area was much higher
due to the more ductile response, resulting in a significant lateral contraction of the bolt.
Fig. 11 shows the nut dilation and bolt contraction when different L, values were used. The
nut dilation increased with the reduction in L;. Despite the bolt thread contraction peaking
at L; of five-times the pitch distance, the observed failure mode was necking. Ultimately,
stripping occurred when the sum of the absolute lateral displacement of the nut and bolt

peaked, corresponding to an L, value of four-times the pitch distance.
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Figure 11: Effect of grip length on the nut dilation for T500-H16-C8-(see the legend).
6. Failure mode with respect to the nut location

Fig. 12 summarises the critical locations of high strength and stainless steel nuts with tem-
perature. The two curves in each figure represent the boundaries between the three failure
zones: stripping zone (SZ), transition zone (TZ) and necking zone (NZ) when different nut

dimension deviations were used. It is clear that L;; and L;» depend on the nut dimension
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deviation and the temperature level. In the SZ, stripping failure occurred regardless of the
nut dimension deviation. In the TZ, bounded between the solid and dotted curves, the strip-
ping failure depended on the dimension deviation of the thread from the basic profile. The
bolt failed by necking in the NZ, regardless of the nut dimensions when the nut was located
away from the bolt shank with a distance following the solid curves. For example, stripping
failure is avoided at 500°C when the nut is located away from the bolt shank with L; equal
to or larger than 5 times the pitch distance (=10mm) for the high strength M16 bolt and 7
times the pitch distance (=14mm) for stainless steel M16 bolt. The required L, distance can
be satisfied in practice by using a proper bolt length and diameter with appropriate plate

thickness. Additionally, washers and shims can be inserted to achieve this distance.

The required L;; reduced with temperature for high strength bolts while the value fluctuated
between 6 and 10 times the pitch distance for the stainless steel bolts without a discernible
pattern. Bolt stripping is essentially shear failure which is affected by the shear capacity
of the threads. Both tensile and shear strength are reduced with temperature at different
rates. The shear-to-tension ratios across the temperature range of the simulated bolts were
calculated from the experimental data and illustrated in Fig. 13. For the high strength bolts,
the shear-to-tension ratio increased with temperature, with a sudden rise beyond 400°C. Ac-
cordingly, the stripping strength increased, which is reflected in Fig. 12 by reducing L;; and
L. Contrary to this, the shear-to-tension ratio of the stainless steel bolt remained almost

unchanged with temperature, ranging between 0.58 and 0.72.
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Figure 13: Shear-to-tension ratio as tested by Kand [23] for high strength bolts and Hu et al. [24] for stainless
steel bolts.

7. Effect of relative strength

Fig. 14 compares L;; with the relative strength between the mating threads (Rs), the ratio

of the nut strength to the bolt strength. L;; is neglected hereafter as it provides impracti-

cally small distances requiring very thin plates. It is clear that the L; distances reduced

with the increase in the relative strength and that the L; distance of stainless steel bolt

assemblies were higher than high strength bolt assemblies with the same relative strength.
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The missing data for stainless steel bolts when Rs = 0.965 indicates that stripping failure

occurred throughout the full thread range of the bolt.

The relative strength of 0.79, which is equivalent to the minimum Brinell hardness (HB)
value recommended by BS EN ISO 898-2 [27], resulted in stripping failure across the full
thread range of the bolt. Thus, a specific HB range for high strength class 8 nuts for fire
applications should be included in the specifications to avoid premature failure of the bolt.
Otherwise, it is recommended to select class 10 nuts when bolts of grade 8.8 are used. The
FE results showed that a relative strength of 1.2 provided minimum L, distances and any
further increase in the relative strength did not affect the L;; distances. Similarly the Ly
distances for stainless steel bolt assemblies were not significantly affected by the increase
in the relative strength beyond 1.096, however, the stainless steel bolt assembly is sensitive
to the reduction in the relative strength as it requires larger L distances. Adopting a nut
with strength higher than the bolt strength reduces the nut dilation, which secures a larger
thread shear area and a higher contact surface between the mating threads; accordingly

higher resistance to stripping failure was achieved and ultimately the bolt failed in necking.
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Figure 14: Effect of relative strength on Lys.

8. Effect of friction

The friction coefficient p can vary with temperature for galvanised steel bolts and reaches
its minimum value (0.05) when the zinc melts at 425°C. In contrast, a stainless steel bolt
is an inherently corrosion resistant material that does not require any protective layer, thus
it was assumed that p value (0.2) between its mating thread remained constant across the
considered temperature range (20°C-600°C). Fig. 15 depicts the effect of u on the NZ range
for various relative strengths (Rs). As before, missing data corresponding to a specific
temperature indicates that stripping failure occurred throughout the full thread range of the
bolt. The reduction in p allowed the nut to dilate more easily. Thus, lowering the stripping

resistance and necessitating larger Lys.
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Figure 15: Effect of friction on the necking zone (NZ).

9. Effect of bolt diameter

Table 8 illustrates the critical locations of high strength and stainless steel nuts with tem-
perature for an M20 bolt. By comparing the values of M20 and M16 bolts (as it is shown in
Fig. 12), it is clear that the required L;; and Ly increases with the bolt diameter, indicat-
ing that the larger bolt diameter is more vulnerable to stripping failure attributing to the
lower shear capacity of its threads comparing with its tensile capacity. Also, the effect of
the nut dimension deviation was more detrimental for larger diameters, particularly for high
strength bolts. Adopting the upper dimension deviation of high strength M20 nuts resulted
in stripping failure for all locations except when the temperature was 600°C, however, the L;
distances were slightly increased for stainless steel types. The average dimension deviation
was thus considered for the M20 bolt. With the reduction in dimension deviation from the
basic profile, the likelihood of stripping failure can be reduced as it is shown in the table for

the values corresponding to Ls.
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Table 8: Effect of bolt diameter on L; distances (u = 0.2), the values in the table are for the number of
threads in the grip.

Temp. SS bolt Rs = 1.096 HS bolt Rs = 0.965
°C Ly Ly Ly3 Ly Ly Ly3

20 6 13 7 4 x 8

100 5 9 7 4 x 8

200 6 13 11 4 x 8

300 4 8 7 4 x 8

400 5 10 8 4 x 8

500 5 10 8 3 x 6

600 5 10 7 3 10 6

*L5 has the same definition of L; with the nut dimension deviation
changed from the upper value to the average value between the upper
and the lower deviations.

x = stripping occurred for all nut locations.

Rs = relative strength.

10. Fully-threaded bolts

Fully-threaded bolts were analysed with different nut dimension deviation and various tem-
peratures. The analysis showed that the failure modes of fully-threaded and partially-
threaded bolts were identical when the number of threads in the grip are similar. In other
words, the failure modes can be defined by the number of threads in the grip irrespective of

the bolt type.

11. Conclusions

A comprehensive numerical study was carried out to investigate factors affecting the failure
modes of bolt assemblies at elevated temperatures. Both stainless and high strength steel
bolt assemblies were considered and their behaviour at ambient and elevated temperatures
was compared. The FE model used in the parametric analysis was initially validated against
experimental tests found in the literature. The material damage parameters for stainless and
high strength steel at elevated temperature are presented. The FE simulation can accurately

capture the key element failure modes of necking and stripping observed in the experimental
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tests. The paper discusses the major factors affecting the ductility and failure modes of
bolt assemblies including (i) the number of threads in the grip L;; (ii) the relative strength
between the mating threads; (iii) the friction coefficient  between the mating threads; (iv)

the diameter of the bolt; and (v) the bolt type (partially- or fully- threaded).

Stripping failure was found to be controlled by the combined stiffness of both the nut and
bolt rather than the individual components. When stripping took place, it deteriorated the
ductility of the high strength bolts while stainless steel bolts continued to display a ductile
response. At ambient temperature, stripping failure occurs at a certain length L;. This
length tends to reduce with the temperature for the high strength bolts while the value

fluctuated without a discernible pattern for the stainless steel bolts examined here.

The increase in the relative strength between the mating threads resulted in reduction of L,
for both bolt types. The minimum Brinell hardness (HB) value for grade 8 nuts suggested
by BS EN 898-2 resulted in stripping failure across the full thread length of the bolt. Thus,
further studies are required to define nut HB range for fire applications to avoid premature
failure of the bolt. Otherwise, nuts of one property class higher can be used (i.e. nut prop-

erty class 10 mating with bolt grade 8.8).

Larger bolt sizes are more vulnerable to thread stripping failure. For example, to avoid
stripping failure for a high strength M20 bolt at 600°C, the number of threads in the grip
should be larger than 10 compared with 5 for an M16 bolt at the same temperature. This
study suggested that the failure mode of partially- and fully-threaded bolt types is identical
providing that the number of threads in the grip are similar. Therefore, the failure modes

can be defined based on the number of threads in the grip, irrespective of the bolt type.
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