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Abstract

This study documents important aspects of bolt assembly performance in structural steel

connections at elevated temperatures that have not been the subject of detailed investigation

to date. The codified strength reduction factors listed in the European and US standards

are evaluated against experimental results obtained from the literature. It is concluded that

the codified reduction factors should be updated as they are in many cases found to be

non-conservative, particularly in the high temperature ranges. The effect of fire on the mi-

crostructure of steel bolts is also discussed, providing an insight into the roles that phase

transformation and metallurgical failure play in the performance of high strength and stain-

less steel bolt assemblies at elevated temperatures. The study concludes by proposing a new

reduction factor equation, based upon experimental results found in the literature.
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1. Introduction

This study reviews important aspects of bolt assembly performance in structural steel con-

nections at elevated temperatures that have not been the subject of detailed investigation to

date. These are summarized in Table 1. Bolt assemblies are defined as a load bearing system

comprising both the nut and the bolt. Prior to 1995, EN 1993 1-2 [1] deemed it unnecessary

to assess the behaviour of steel joints under fire conditions due to increased thermal mass of

the joint area relative to that of incoming structural members, which heat faster because they

have a relatively large exposed area compared with the cross-section. However, observations

from full-scale fire tests have subsequently shown that steel connections occasionally fail at

elevated temperatures, particularly their tensile components [2, 3]. At ambient tempera-

tures, there exists a substantial body of research, with studies focusing on specific aspects

of bolt assembly performance (e.g. friction between mating threads, nut tolerance class,

number of threads in the grip, pretension force, etc.), leading to accepted and broadly con-

sistent provisions in international design regulations. At elevated temperatures the picture is

substantially less complete and generally lacking in consistency, with many of these parame-

ters remaining unevaluated, particular as far as the behaviour of bolt assemblies is concerned.

Bolts are critical components in structural steel connections that effectively govern their

performance, particularly at elevated temperatures where robustness becomes an important

factor. In such conditions, selecting an appropriate bolt is not an easy task as factors such as

the degree of corrosion, the influence of fatigue and initial pre-load all contribute towards the

temperature-dependent mechanical deterioration of the bolt assembly in a complex manner

[4–6]. Design codes attempt to encapsulate the deterioration of bolt assemblies at elevated

temperatures by means of so-called reduction factors, which give the ratio of the shear or

tensile strength of the bolt assembly at elevated temperatures to their respective values at

ambient temperatures. These are principally based upon experimental results and a limited

number of numerical investigations [7–16]. At present however, there is no consensus on

the exact conditions of the testing methods, nor the particularities of the numerical models
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employed and hence the reliability of the available reduction factors. A rational basis for the

development of reliable reduction factors is particularly important in fire conditions where

the connection must achieve the requisite strength and rotational capacity as well as per-

mitting the development of secondary catenary forces in the incoming members.

Stainless steel is increasingly being used in routine structural design, aided in particular by

the availability of supplementary design rules [21]. Bolts fabricated from stainless steel have

many desirable characteristics that enable them to be exploited in a wide range of construc-

tion applications. Specifically, they posses inherent corrosion resistance and their ductility

and fire performance, depending on the grade, can be superior to high strength bolts [15],

providing a more robust structural connection in the accidental limit state. Notwithstanding

these advantages, international regulations [22, 23] overlook the use of stainless steel bolts

at elevated temperatures with the strength reduction factors for bolt assemblies being ab-

sent in their latest publications. Concurrently, stainless steel bolt assemblies have received

very limited attention from the research community [15, 16, 24]; a similar narrative is also

applicable to high-strength bolt assemblies at elevated temperatures.

To the authors’ knowledge, no prior studies are available in the open literature regarding

state-of-the-art of behaviour of stainless and high strength steel bolt assemblies exposed to

fire. In the present study, particular consideration is given to bolt assembly mechanical

properties, failure modes and their importance in defining the strength and ductility of

structural connections. Particular attention will be given to high strength and austenitic

stainless steel bolts, owing to their inherent mechanical advantages and the current absence

of comprehensive incorporation into design codes. Table 2 summaries the major testing

programmes conducted to date for bolt assemblies for various test parameters, which will be

frequently referenced across this article. It is noted that international regulations use different

designations for steel bolts. European designations will be used hereafter, however, when a

specific reference is being discussed, the designation of the reference will be adopted. Table
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Table 1: Comparison between selected test parameters at ambient and elevated temperatures.

Tested parameter at ambient tem-

perature during the last century

Re-evaluation at elevated temperature during the

last two decades

Bolt grade 10.9 [8, 12–14, 17–19]

Bolt grade 8.8 [7, 10–12, 14, 17, 20]

Bolt grade 5.6 No studies were reported

Bolt grade 4.6 No studies were reported

Stainless steel bolts Only austenitic types were studied [15, 16]

Fully-threaded bolts [7]

Type of thread: coarse and fine All reported studies considered coarse types only

Nut styles: thin nuts, regular nuts and

high nuts

All reported studies considered regular nuts only

Nut tolerance class 6g6AZ by [7, 13] 6g6H by [10] 8g7H by [11] 8g7H by [10]

Nut dilation Implicitly included in the reported studies but there is no

clear conclusion

Number of threads in the grip No studies reported

Relative strength between mating threads [7, 10]

Friction between mating threads Implicitly included in the reported studies but there is no

clear conclusion

Galvanization [7, 13, 18]

Lubrication No studies reported

Pretension Fan et al. [8]

Effect of washers No studies reported

Applied load (static or dynamic) All reported studies adopted low strain rate except [7] ex-

ploited high strain rate of 0.02min−1.

Combined stress Only one study [18]

Temper temperature level Implicitly included in the reported studies but there is no

clear conclusion

Chemical compositions Implicitly included in the reported studies but there is no

clear conclusion
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3 summarizes the equivalent bolt designation according to European and US specifications.
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Table 3: Steel bolt designations and mechanical properties.

Standarad High strength bolt Austenitic Stainless steel bolt

Europe [29, 30] Gr 8.8 Gr 10.9 A1 A2 A3 A4 A5

US [31–33] A325 A490 303 304 321 316 316Ti

Ultimate strength (MPa) 800-830 1040 500-800

Yield strength (MPa) 640-660 940 210-600

Minimum elongation 12% 9% 0.6-0.3 of diameter

2. Bolt standards

Since the publication of the current design guidance [22, 23], a wide range of additional

experimental studies have been conducted on bolt assemblies, with a particular focus on

new chemical compositions and observed failure modes. Thus, it is becoming important to

consider these developments as part of a review of the current codes of practice. Carbon and

alloy bolts in Europe and UK are delivered based on BS EN ISO 898-1 and BS EN ISO 4014

[26, 30] and additionally BS 4190 [25] in the UK only. These specifications cover the full

range of bolt grades from 4.6 to 10.9 for non-preloaded carbon and alloy bolts. Stainless steel

bolts are manufactured to BS EN ISO 3506-1 [29] which covers the chemical and mechanical

properties of austenitic, martensitic and ferritic types. In the US, specifications for chemical

and mechanical properties of high strength bolts are covered by ASTM A325 and ASTM

A490 [31, 32] while stainless steel bolts are covered by ASTM F593 [33].

Specifications covering chemical composition and mechancial properties at elevated tempera-

tures for semi-finished bars and rods are provided by European Standard BS EN 10269 [34].

The requirements of this standard may be applied to finished bolts, however, subsequent

treatments must also be considered before extrapolating values. For example, the specifi-

cation lists the tensile strength of annealed stainless steel rods at elevated temperatures,

however, cold-working is used for increasing tensile strength of some types of stainless steel

bolts resulting in a change in microstructure that will inevitably affect their response to fire.
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In the US, ASTM A-193 [35] provides similar information for stainless steel bolts for high

temperature services. Also, BS EN 1515-1 [36] is intended for bolting of pressurised pipe

flanges (not beam or column flanges) and their joints, however it provides useful information

for selection of bolts at elevated temperatures.

European and US standards [22, 23] employ temperature-dependent strength reduction fac-

tors for high strength bolts derived from a curve fitted to experimental data from tests carried

out by Kirby [11]. However, there is some debate on the reliability of the codified reduction

factors as some publications report that the current reduction values in the codes are not

always conservative when used for other bolt types [12, 37]. The curve fitting method is

therefore only strictly valid for bolts similar to those used to produce the curve and thus, a

wide range of tests considering various parameters and failure modes is necessarily required

before extrapolating to other bolts. Table 4 compares the codified strength reduction factor

deviations from the lowest value recorded in the literature, based on experimental studies

presented in Table 2, concluding that the codified values are not conservative at high tem-

peratures.
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Table 4: Deviation of codified reduction values from the tests for high strength bolts.

Deviation from tests %

Temp. ◦C EN 1993-1-2 [22] AISC [23] Ref. for the lowest value

20 -2 -2 Hu et al. 2007 [10]

100 -5.38 -5.16 Kirby 1995 [11]

200 -2.68 -3.23 Kirby 1995 [11]

300 -6.32 -7.87 Wang 2005 [38]

400 +1.93 -0.93 Hu et al. 2007 [10]

500 +25.45 +23.5 Kodur et al. [12]

600 +31.81 +45.45 Kodur et al. [12]

700 +30 +41.42 Kodur et al. [12]

800 +25.37 +21.13 Kodur et al. [12]

where: (-) On the safe side and (+) On the unsafe side.

3. Bolt assembly failure modes

The ability of flexural structural elements to develop cateneray action is important for their

survivability at elevated temperatures and is governed by the rotational capacity and strength

of the connections [39–42]. Investigations carried out on different connection configurations

[43–45] showed that the connection failure temperature can be increased by avoiding the

premature failure of the bolts. The main bolt failure modes are necking, stripping, shear

and metallurgical, an overview of which is described hereafter.

3.1. Failure modes due to applied tension forces

Fig. 1 illustrates the different failure modes of a bolt assembly under tension. There are

primarily two tensile failure modes at elevated temperatures: necking failure and stripping

failure. The former is a ductile failure mode due to substantial plastic deformation in the

bolt shank typically in the threaded part. Stripping failure occurs when the engaged threads

experience large shear deformations that eventually result in the nut disengaging. Stripping

9



failure is essentially a shear failure and often occurs in a brittle mode [46]. Necking failure is

preferred in engineering practice and recommended by [47] as it provides a ductile connection

with appreciable rotational capacity.

Figure 1: Bolt failures under tensile force: (a) terminology; (b) high ductility; (c) moderate ductility; (d)

brittle fracture; (e) stripping failure.

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. Stripping failure results

in the complete loss of bolt tensile strength [11, 16], thus certain precautions should be

considered to reduce the likelihood of this mode of failure. For partially-threaded bolts this

can be achieved by using a nut with tighter tolerance class [11] or a nut with higher class

property [10]. Additionally, the strengths of the bolt and the nut threads should be similar

as it is shown that differences can result in the stripping of low strength threads [46]. For

fully-threaded bolts, stripping failure is highly likely to occur even with these precautions [7].

Further studies are required to investigate why fully-threaded bolts seem to fail by stripping

at elevated temperatures.
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The effect of thread length on both bolt strength and failure mode at ambient temperatures

was investigated by Fransplass et al. [48] and Grimsmo et al. [49, 50]. They conclude that

the number of threads within the grip length (see Fig. 1a) has a pronounced effect on the

ductility of the response whilst the tensile strength was only slightly changed. By reducing

the number of threads within the grip, necking may occur at the engaged threads, which

reduces the thread overlap and hence increases the probability of stripping failure. The cor-

relation between number of threads in the grip and the stripping failure is still likely to be

valid for the bolt behaviour at elevated temperature, but remains uninvestigated.

The use of coatings, such as zinc, are essential for protecting high strength bolts in corrosive

environments, such as offshore installations. Such coatings and finishes can lower the coeffi-

cient of friction between mating threads at elevated temperatures, increasing the propensity

of a stripping failure [46]. Experiments conducted on high strength bolt assemblies with

galvanized and non galvanised finishes are summarised in Table 5, with stripping failure

occurring for galvanised specimens. This is due to the protective coatings having a lower

melting point than the parent material of the bolts. A common coating is zinc which melts

completely at 420◦C. As such, the use of coated bolts at temperatures exceeding half the

melting point of the coating is not recommended [35]. It is also noted that molten coatings

are a primary cause of liquid metal embrittlement (see section 3.3). One feasible solution is

to use material that has inherent-corrosion resistant characteristics such as stainless steel.

3.2. Failure modes due to applied shearing forces

Failure of shear connections at elevated temperatures can occur in various ways including

the shear failure of the bolts, bearing failure of the plate against the bolts, and rupture of

the plates. Whilst the details of plate bearing and rupture failures at elevated temperatures

are reported in many studies [51–53], this paper will focus on the shear failure of bolts

rather than plate failures. Shearing forces typically result in brittle failure modes at ambient

11



Table 5: Effect of nut coatings on observed failure modes.

References Bolt finish Nut finish Property

class

Tolerance

class

Failure

Kirby [11]
- - 8 Loose Necking

- G 8 Loose Stripping

Bull et al. [7] G G 10 Tight Stripping

Hu et al. [37]
- - 10 Loose Necking

- - 10 Tight Necking*

Hu et al. [37] (RT)
- G 8 Loose Stripping

- G 8 Tight Stripping

Where: (-) not galvanised, (G) galvanised, and (RT) test carried at room temperature

only.

*Two tests out of 36 failed by stripping. However, they achieved similar strength for

specimens which experienced necking failure.
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temperatures, however in tests it has been observed that the ductility of shear connections

increases at elevated temperatures [14]. Stripping failure is not commonly applicable in

bolts subject to shear force due to the absence of tension. However in some shear tests

[11], tension forces due to plate prying action have been observed. Thus, bolts under shear

may experience considerable tensile forces depending on the connection configuration and

flexibility of the connected plates, which can reduce the shear capacity of the bolt due to a

combined stress effect.

3.3. Metallurgical failure modes

There are numerous metallurgical failure modes including corrosion (general, pitting and

crevice), stress corrosion cracking, galvanic corrosion, liquid metal embrittlement, temper

embrittlement, and hydrogen embrittlement. The latter three types are particularly affected

by elevated temperatures and will be discussed in further detail.

Liquid metal embrittlement (LME) failure, as observed in a limited number of tests on high

strength bolts by [7, 13, 18], is due to the instability of platings and coatings at high tem-

peratures. LME of galvanized steel bolts occurs when there is a simultaneous application of

stress and high temperature. In this scenario, a surface layer of liquid zinc (Zn) is present.

When a tensile stress sufficient to cause surface cracks is applied to a galvanised steel bolt,

the liquid zinc flows into the crack tips, weakening the cohesion of grain boundaries, en-

abling the cracks to propagate easily into the steel matrix [54]. Accordingly, the bolt then

fails instantly in a brittle manner [55].

Temper embrittlement (TE) is an intergranular failure caused by the reduction of the cohe-

sion along grain boundaries, ultimately leading to a brittle failure mode (see Fig. 2b). It is a

characteristic failure for alloy steels that are tempered or heated in the range of 375− 575◦C

and then continuously cooled at a slow cooling rate. The susceptibility of bolts to fail by TE

is also affected by the alloying elements. In particular, the most widely used alloying elements

such as nickel, manganese, and chromium, enhance TE failure [55]. When bolts containing
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these alloying elements are exposed to elevated temperatures in this range and then contin-

uously cooled, they may still be susceptible to brittle failure even if the bolt strength has

not been affected. Thus despite it being well-documented in the literature that the ductility

of the bolt increases with increasing temperature, TE shifts the ductile-to-brittle transition

temperature to a significantly higher temperature [56], which can result in a brittle failure

during a fire event.

High strength bolts are susceptible to failure by hydrogen embrittlement (HE). A source of

hydrogen is required for HE to occur, which can be secured during the zinc electroplating

process for galvanised high strength bolts or exposure to elevated temperatures in hydrogen-

containing environments [56]. The tensile capacity and ductility of the high strength bolts

significantly deteriorates due to the pressure exerted by the hydrogen bubbles that form on

the metal grains (see Fig. 2c). The bubbles result in the formation of microcracks that grow

and propagate with or without externally applied loads [57]. Eventually, the failure may be

catastrophic and unpredictable, occuring anywhere between hours or years after the bolt was

first fabricated [55]. HE failure was observed for grade 10.9 bolts in a petroleum structure

[58], with the hydrogen being sourced to the galvanizing process.

Figure 2: Metallurgical failures: (a) intergranular failure (brittle fracture); (b) crack propagation along grain

boundaries for intergranular fracture; (c) hydrogen bubbles along grain boundaries.
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It is clear from the discussion above that metallurgical failures of bolts occur due to the

manufacturing processes of high strength bolts such as tempering and galvanization. Gal-

vanization is not required for stainless steel bolts due to their inherent-corrosion resistance.

Thus, stainless steel bolts, particularly austenitic types that are unaffected by heat treating

processes, can be superior during a fire event.

4. Fire effects on bolted connections

4.1. Fire models and thermal loading

The damage to a steel bolted connection is largely controlled by how much heat is absorbed

by its components. Predicting the extent of this thermal loading is challenging due to both

the relative complexity of connection assemblies and the difficulties arising from modelling

the heat source. The high thermal conductivity of steel ensures a high degree of heat trans-

fer from the fire to the connection components. However, due to the relatively high mass

concentration at the joint and the presences of gaps between plates, connection assemblies

typically exhibit an uneven temperature distribution. Moreover, the fire location with re-

spect to the connection is important for accurate thermal analysis, considering that the heat

transfer is mainly radiative when the fire reaches its peak value [59].

The forces that develop in bolts during a fire depend on the type of connection and the fire

phase (heating or cooling). Fig. 3 illustrates the typical forces on bolts during the heating

and cooling phases for moment and shear beam-to-column connections. For moment con-

nections, the tensile force in the bolts tends to reduce with increasing temperature due to

the incoming beam undergoing expansion and exerting an opposing compressive force on the

connection. For shear connections on the other hand, the force on the bolts tends to increase

with the temperature [60], providing that the gap between the beam and the column flange

is larger than the beam elongation during fire. Thus, the bolts in connections designed to

carry only shear are more vulnerable to failure during the heating phase and before develop-

ing catenary action. In some scenarios, other factors such as the elongation of the bolt holes
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within the beam web [3] and an increase of the bolt ductility with temperature (section 3.2)

may improve the connection shear behaviour.

If the fire is extinguished prior to any connection failure, the contraction of the steel beam

during the cooling phase results in considerable tensile forces developing in the connection

and the bolt [60, 61]. It may argued that the full bolt strength is restored as the temperature

decreases, based upon the incorrect assumption that the residual strength of high strength

bolts is reversible as a result of cooling. However, the residual strength of high strength

bolts depends upon various factors including the maximum attained temperature, the dura-

tion of the fire, and the cooling rate, all of which ultimately control the metallurgical phase

transformation (see section 4.3). This frequently results in a significant reduction in bolt

capacity even after the fire is extinguished. Thus, stable materials such as stainless steel are

preferable in fire conditions and may eventually increase the beam survivability during the

cooling phase (see section 4.3.2).

Figure 3: Bolt forces at elevated temperatures for moment and shear connections.
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4.2. Effect of bolt failure on connection performance

Experimental work carried out on moment-resisting beam-to-column connections showed

that bolt stripping results in a premature failure of the connection, which significantly com-

promises its rotational capacity [45, 62]. The rotational capacity of such connections can be

improved by using a double nut configuration. In tests conducted by Yu et al.[63] a prema-

ture failure of the connection by bolt stripping failure was observed at a rotation of 1.5◦.

Using a double nut bolt configuration increased the rotation capacity to approximately 7◦.

For shear connections, researchers [60, 64, 65] observed that the failure mode transitioned

from plate bearing at ambient temperatures to bolt shear at elevated temperatures (beyond

500◦C). Santiago et al. [61] experimentally investigated six steel sub-frames with different

connection configurations under natural fire conditions, using M20 Gr 8.8 and 10.9 bolts. It

was reported that the failure mode changed from plate yielding during the heating phase to

bolt stripping failure during the cooling phase.

4.3. Effect of elevated temperatures on bolt strength from a material science prospective

The mechanical properties of high strength steel bolts exposed to cycles of heating and cool-

ing depend on the attained temperature and the cooling rate [66]. A schematic illustration of

the phase transformation of high strength steel bolts when exposed to fire is depicted in Fig.

4, based on [56]. Once the austenitic temperature (' 725◦C) has been attained, the cooling

rate is of primary importance as this affects the final microstructure of the material. When

heating does not reach the austenitic temperature, tempered martensite results, causing an

increase in the bolt ductility at the expense of its ultimate strength.

4.3.1. Phase transformation of high strength bolts at elevated temperatures

The microstructure of low alloy carbon steel at ambient temperature is pearlite, bainite

or martensite, depending upon the rate of cooling of austenite steel. Bainite and pearlite

transformations are competitive with each other and are stable phases. Thus whenever some

portion of steel is transformed to either bainite or pearlite, it is not possible to transform
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Figure 4: Effect of heating on steel bolt microstructure.

to other micro-constituents without reheating to form austenite. Martensite is formed when

the austenite is rapidly cooled, or quenched, to a relatively low temperature in order to

prevent carbon diffusion and hence the formation of pearlite or bainite. Martensite is not

an equilibrium phase because the quenching process prevents diffusion of carbon out of the

austenite structure. Thus it tends to transform to another structure when it is heated to a

temperature (higher than 250◦C) that initiates diffusion of trapped carbon in the lattice [67].

Figure 5: Schematic representation of the mechanical behaviour of different carbon steel microstructures.
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Fig. 5 schematically illustrates the mechanical behaviour of different carbon steel microstruc-

tures. Martensite is the hardest and strongest microstructure and the most brittle, thus it

cannot be used for most structural engineering applications. However, heat treating marten-

site between 250◦C and 650◦C results in the formation of tempered martensite which pos-

sesses substantially enhanced ductility and formability without any significant compromises

in strength. The increase in ductility in tempered martensite is attributed to the transforma-

tion of the single phase martensitic structure to stable ferrite and cementite phases [56]. This

transformation takes place at temperatures exceeding aproximately 300◦C [67]. Thus, when

high strength bolts are heated below 300◦C, the tensile strength would theoretically remain

unchanged. This has been confirmed by previous research [9, 11, 13, 37], all reporting that

the reduction factor for high strength bolts is unity for temperatures below 300◦C. Above

350◦C, the cementite transformation is fully developed and growing with increasing temper-

ature. Thus, the bolt strength reduction factor is controlled by the amount of developed

cementite which is primarily a function of attained temperature and holding time. Other

contributing parameters to the rate of cementite transformation include carbon weight and

the presence of other additives.

4.3.2. Phase transformation of austenitic stainless steel at elevated temperatures

Austenite stainless steel bolts do not respond to quench-hardening treatment as their mi-

crostructure does not change with temperature [68]. This is one of the basic reasons for the

stable microstructure of stainless steel at high temperatures; this is not observed for high

strength steels. However, exposing austenitic stainless steel to fire at temperatures between

500◦C and 850◦C leads to formation of chromium-rich carbide C23C6 [67]. This precipitate

has adverse effect on the mechanical properties, increasing the susceptibility of the material

to intergranular corrosive attack. However, this can be ameliorated by reducing the carbon

content or using strong carbide-formation elements such as titanium (as in austenitic A5

types) which react with carbon and form a carbide much more stable than C23C6.
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4.3.3. Chemical composition of high strength bolt material

Additives is added to the steel to retard ferrite formation during quenching process as

well as secure transformations to martensite throughout the steel part even at lower cooling

rates, which reduces residual stress and distortion during heat treatment. The degree of

hardenability of carbon varies with the level of carbon and alloying elements. Treatment

with boron has become quite popular with fabricators as it results in greater hardenability

without using more expensive alloy steels [69]. Europe and US specifications provide three

alternatives chemical composition requirements for a specific bolt grade, based on the addi-

tives used in the matrix. Chemical composition of boron treated carbon steels are listed in

Table 6 comparing with the chemical composition of bolts tested in the literature, stainless

steel bolt is not included in the table because of the limited available tests in the open liter-

ature. It is clear that the chemical composition significantly varies with the regulations and

the suppliers which can result in high scatter of mechanical properties of bolts at elevated

temperature. Further studies are required to investigate the effect of different element alloys

on the bolt respond during fire.
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5. Experimental studies

The absence of standard testing procedures for steel bolts is one of the main reasons behind

the scattered results currently found in the literature. Fire testing includes many variables

which may eventually have a profound effect on the results including the heating rate, soaking

or holding time, cooling rate, type of fluid used for cooling, target or attained temperature,

and the strain rate of the test. Table 7 summarises the test parameters investigated by

different researchers. Each test parameter included in the table has a significant effect on

the mechanical and material properties of the bolt. In particular, strain rate affects the ul-

timate strength and ductility of the bolt [7, 70], whilst the heating and holding times affect

the material phase transformation [69, 71]. The heating rate has a significant influence on

the initiation of cementite. As illustrated by Fig. 7, the temperature at which this occurs

increases with the heating rate [72]. A consequence of this is a higher nucleation rate and

finer dispersion of cementite, leading to a reduction in bolt strength but higher ductility.

The lack of consensus in testing methods is also apparent for arguably similar tests. This is

apparent in Table 7 where for example Kirby [11] and Hu et al. [10] adopted a similar strain

rate and holding time whilst the former used a smaller heating rate. This had a significant

effect on the overall results of these studies, manifest in lower reduction factors as shown in

Fig. 6. However, when the specimen is held at a higher temperature for a longer time, the

effect of heating rate becomes smaller.

5.1. Testing procedures

There are primarily three types of fire testing procedures: steady state, transient state and

natural fire (Fig. 8). The steady state method is a strain rate controlled procedure where the

specimen is heated to a predetermined temperature at a specific heating rate and then loaded

until failure. In this type of test, the obtained strain during the test is derived primarily

from the applied stress. A holding phase is included to eliminate thermal strain; the creep

strain can be neglected due to the short duration of the applied load. Steady state testing
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Table 7: Summary of test parameters and their ranges used in the literature.

References Test type Heating

rate

◦C/min

Holding

time

(mins)

Strain or loading rate

Kirby [11] Steady state 5-10 15 0.001-0.003 min−1

Hu et al. [10] Steady state 2.5 15 0.001-0.003 min−1

Kodur et al. [12] Steady state 5 15 150 kN/min

Hu et al. [15] Steady state 50-80 15

0.03 mm/min until Fproof

0.75 mm/min after Fproof

Bull et al. [7] Steady state 1.5-3.8 No holding time 0.002-0.02 min−1

Lange et al. [13] Steady state 10 30
0.001 min−1 until 2% Fproof

0.025 min−1 after 2% Fproof

Fan et al. [8] Steady state 10 20

0.5 mm/min before 0.7 Fu

2 mm/min after 0.7 Fu

Lou et al. [17] Natural 20 60 0.0015 min−1

Hanus et al. [20] Natural 10-30 15 Not mentioned

Kodur et al. [73] Natural 10 15 0.02 mm/s

Where: Fproof = proof stress, Fu =Ultimate stress
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Figure 6: Effect of test parameters on bolt tensile strength reduction factors.

is commonly used as it directly provides the stress strain response at a specific temperature.

In the transient testing method, the specimen is positioned in the furnace and subjected to

a predefined constant applied load while the temperature is linearly increased at a specific

rate until failure. The transient state test attempts to simulate the real conditions of a

tested component during a fire and can usually provide more realistic results. It should be

noted that the final strain of the specimen tested in this type of test includes thermal strain,

creep strain and stress related strain. As such, this type of test is commonly used when it is

desired to study the creep of metal under temperature variation.

Lange and Gonzalez [13] conducted a comparative study of high strength grade 10.9 bolts

subjected to transient and steady state testing conditions. It was found that the strains

obtained by transient state tests were significantly higher than the steady state tests due to

the creep strain. More generally, Qiang et al.[74] and Chen et al.[75] compared the results

of the two test types by investigating high strength structural steel at elevated temperatures.
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In natural fire tests, both heating and cooling phases are considered (see Fig. 8). This test

method can be used to evaluate the bolt residual strength during the cooling phase. There

are many tests on high strength bolts found in the literature subjected to natural fire con-

ditions [17, 20, 73].

Figure 7: Schematic time-temperature-precipitation digram illustrating the effect of heating rate on cementite

precipitation.
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Figure 8: Types of fire testing methods.

6. Bolt strength reduction factors

Generally, there are two analytical methods for predicting the capacity of structural compo-

nents: the component-based method and the curve fitting method. The former method is

widely used for predicting steel and steel-concrete composite connection behaviour [76, 77].

The latter method is used by researchers to predict bolt strength reduction factors at a

specific temperature. The most widely used mathematical representations are trilinear or

multilinear forms at different temperature intervals as shown in Fig. 9.

It is clear that the proposed fitted curves are somewhat different. As previously discussed,

the response of the bolts and hence the strength reduction values are significantly influ-

enced by the testing method, manufacturing process and chemical composition. These are

all shown to vary between the studies in the open literature. It is therefore important to

emphasise that the curves produced from this method should be limited to the bolts from

26



0 200 400 600 800 1000 1200

Temperature oC

0

0.2

0.4

0.6

0.8

1

1.2

R
ed

uc
tio

n 
fa

ct
or

EN1993-1-2 Annex D (bolts)
AISC 360-16 Appendix 4 (bolts)
Kirby 1995 Gr8.8
Hu 2007 Gr8.8
Kodur 2012 A325
Kodur 2012 A490

Figure 9: Plot of current tensile strength reduction factor equations in the literature.

which they are derived. For more general applications, a wide range of tests considering var-

ious parameters and failure modes is necessarily required before extrapolating to other bolts.

The behaviour of bolts at ambient temperatures has been thoroughly investigated for various

parameters over the past century. However, connection behaviour at elevated temperatures

only started to receive the attention of researchers from the mid-1990s. Table 1 summarises

the investigated parameters that affect the bolt assemblies at ambient and elevated tempera-

tures. It can clearly be seen that there are various parameters that have not been investigated

at elevated temperatures, such as the number of threads in the grip and the use of wash-

ers. Other factors are implicitly included in tests at ambient temperatures such as friction

between mating threads, chemical composition and tempering temperature level. However,

there are no clear conclusions regarding their effect on bolt assembly behaviour at elevated

temperatures. Also, fewer tests are observed that take into account the effects of combined
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stresses and pretension, which frequently occur in engineering practice. Accordingly, such

parameters may cause real-world deviations from the codified values listed in international

regulations[22, 23] that may not be on the safe side.

6.1. Tensile strength of high strength bolts at elevated temperatures

Published values for ultimate tensile strength of high-strength bolts at elevated temperatures

normalised to the tension resistance based on EN 1993-1-8 [78] at ambient temperatures are

presented in Fig. 10 as reduction factors, with all factors of safety set to unity. With ref-

erence to this figure, gradual losses in strength can be observed up to 300◦C, followed by a

significant decrease in strength over the range 300◦C to 600◦C. Beyond 600◦C, the austenitic

phase transformation temperature, the strength becomes roughly independent of the man-

ufacturing process and the testing methods. At approximately 500◦C, or at least slightly

beyond the tempering temperature of 425◦C, the obtained test results show a very high de-

gree of scatter, implying that strength reductions are influenced significantly by the testing

methods, manufacturing processes and chemical composition.

To evaluate the conservatism of current reduction values in EN 1993-1-2 and AISC 360-16

[22, 23] for bolts, the codified reduction factors are plotted against experimental results col-

lected from the literature in Fig. 10. The EN 1993-1-2 reduction factors for the ultimate

tensile strength of mild steel is also depicted for purpose of comparison. Some experimental

results report a lower strength than the codified reduction values for a given temperature,

with the extent of the deviation depending upon parameters as diverse as the tolerance class

of the nuts [37] or the supplier [12].

Fig. 10 shows that the EN 1993-1-2 mild steel reduction factors are higher than those

measured for high strength steel bolts throughout the full temperature range, particularly

beyond 400◦C. This because of mild steels attain their strength by forming pearlite, which

is a stable structure that retains its strength at high temperatures, but overall these steels

are characterized by low to moderate strength. On the other hand, high strength bolts
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Figure 10: Reduction factors for the tensile strength of mild steel and high strength steel bolt assemblies at

elevated temperatures.

attain their strength by cooling austenite very rapidly (see section 4.3) which results in a

metastable and single-phase structure [56]. Thus it is potentially non-conservative to adopt

the mild-steel steel reduction factors for high-strength bolts.

In general, bolt strength reduction factors are independent of the component diameter. With

reference to Fig. 10, the results obtained by [20, 38] for M16 and M12 bolt diameters lie

between the results of M20 bolts carried out by [11]. Along similar lines, the grade of the

bolt is found to have a minor effect on the reduction factor.
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6.2. Shear strength of high strength bolts at elevated temperatures

Fig. 11 plots the reduction factors for bolt shear strength, derived by different researchers

against the codified reduction factors in [22, 79]. In constructing this figure, the test mea-

sured bolt shear capacities at elevated temperature are normalised by their respective shear

resistances at ambient temperature calculated according to EN 1993-1-8 (Table 3.4) [78]. It

is noted that the shear failure plane may pass through either the shank or the thread of the

bolt. For the purposes of calculating the shear capacity, the net section was used for the shear

area when the shear plane passes through either the shank or the thread of the bolt. Along

similar lines to the tensile test results, published data for high strength bolts failing in shear

at elevated temperatures exhibits a high degree of scatter, again a reflection of the absence

of a consensus surrounding testing procedures under fire conditions. In general, the shear

strength of the bolt deteriorates with increases in temperature. By comparing Fig. 10 and

Fig. 11, it is clear that the codified shear strength reduction factors are more conservative

when compared with the codified tensile strength, particularly in the low temperature range.

6.3. High strength bolts subject to both combined stress and elevated temperatures

A very limited number of tests have been conducted on bolts subject to combined tension and

shear at elevated temperatures, with only one dataset currently available [18]. In the work

by [18], the resulting combined stress reduction values lie between the test results for pure

tension and pure shear. Notwithstanding these results, the number of the tests conducted

is not enough to drive a reliable conclusion about the effect of combined stress on the bolt

reduction factor during a fire.

6.4. Post-fire capacity of high strength bolts

The post-fire strength reduction factors for high strength steel bolts are summarised graph-

ically in Fig. 12. The tensile strengths of the tested bolts reported in this figure were

collected from the literature and normalised by the tension resistance at ambient tempera-

ture that calculated according to EN 1993-1-8 [78]. These results exhibit a very high degree
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Figure 11: Shear strength reduction factors for high strength steel bolts at elevated temperatures.

of scatter over the reported temperature range, showing particular sensitivity to the cooling

method. It is clear that the bolts retain much of their strength after cooling from an attained

temperature not exceeding 300◦C. When the attained temperature exceeds 300◦C, the bolt

generally loses a significant amount of its ultimate strength. However, using water to cool

the bolt rapidly results in a strength higher than the bolt strength at ambient temperature,

similar to the quenching process. For bolts heated beyond the austenite temperature (about

725◦C), the increased strength attained by rapid cooling comes at the expense of ductility.

Currently there are no post-fire reduction factors provided by either the Eurocodes or the

AISC code; these reduction factors are solely based upon tests carried out on high strength

steel bolts at elevated temperatures without considering the cooling phase. For comparison,

Fig. 12 plots these codified reduction factor curves against the results obtained for post-fire

residual strength tests. The normalised residual strength collected from experimental tests
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Figure 12: Post-fire strength reduction factors for high strength steel bolts in shear and tension.

lies above the codified curves indicating that the strength of the bolt during heating phase

is more critical than the strength of the bolts after cooling.

6.5. Strength reduction factors for stainless steel bolt assemblies at elevated temperatures

Very few publications report on the behaviour of stainless steel bolt assemblies at elevated

temperatures. Hu et al. [15] conducted a series of experimental tests on 60 stainless steel

bolts (A4-70 and A4-80) at elevated temperatures (20− 900◦C). The tests were carried out

on coupon specimens prepared from the stainless steel bolts rather then full bolt assemblies.

This approach neglects important bolt-nut interactions, including failure modes and friction

between mating threads. Baddoo et al. [16] conducted tensile tests on stainless steel bolt

types A2-70 and A4-80 over the temperature range 20◦C to 900◦C. Unlike the Hu et al. tests,

these tests were carried out on the bolt assemblies which account for different failure modes

under tension.
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Figure 13: Tensile and shear strength reduction factors for stainless steel bolt assemblies at elevated tem-

peratures.

Fig. 13 presents the tensile and shear tests results of [15, 16] normalised by the tension

resistance at ambient temperature that calculated based on EN 1993-1-8 [78]. Additionally,

the parent structural material reduction factors proposed by the Eurocodes for stainless steel

types 1.4301 (equivalent to A2) and 1.4401 (equivalent to A4), in addition to high strength

steel bolts are plotted in the figure for comparison. It is clear from the figure that stainless

steel bolts possess better strength retention than high strength bolts at temperatures beyond

400◦C. At temperatures between 20◦C and 400◦C, the tensile strength reduction factors for

both bolt types are comparable while the shear strength of stainless steel types (A2 and

A4) is inferior to the high strength bolts. Reduction factors for the stainless steel bolts and

the equivalent parent material show a similar trend, however, the bolts exhibit a slightly
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higher reduction with the increase in temperature. Further, stainless steel bolts in shear

are more sensitive to elevated temperatures than they are under tension. Overall, it must

always be recognised that the reduction factors provided in all codes and standards are

currently based upon very specific tests. A wide range of experimental tests encompassing

the important parameters and failure modes discussed in this review is necessarily required

before extrapolating to other bolts.

7. Proposed strength reduction factor equation for bolt assemblies

This study showed that the strength reduction factor for non-galvanised high strength bolts is

primarily controlled by the attained temperature and the holding time at that temperature.

This can be represented mathematically by:

FT (T, t) = FAηT (T, t) (1)

in which FT (T, t) is the tensile or shear capacity of the bolt at a certain temperature, T ,

and after specific time, t, FA is the design tension or shear resistance of the bolt at ambient

temperature, and ηT (T, t) is the bolt strength reduction value at a certain temperature,T ,

and after specific time, t.

Most studies in the literature adopt a similar holding time ranging between 15 and 20

minutes. Due to the limited availablity of data featuring the effect of holding time on the

strength reduction factor, it is assumed that the reduction factors are independent of the

holding time, similar to what is currently adopted by the international regulations [22, 23],

thus:

FT (T ) = FAηT (T ) (2)
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The experimental data was partitioned into three intervals based on temperature (325◦C,

600◦C and 900◦C). The strength reduction values for the temperature ranges were derived by

applying a suitable geometrical equation for the lowest recorded values within these intervals

as follows:

ηT = −34.64x10−5T + 1.0069 20◦C ≤ T ≤ 325◦C

ηT = −275.53x10−5T + 1.7898 325◦C ≤ T ≤ 600◦C

ηT = 5e−0.006T 600◦C ≤ T ≤ 900◦C

ηT = −22.583x10−5T + 0.22583 900◦C ≤ T ≤ 1000◦C

Fig. 10 compares the proposed and codified reduction factors for high strength bolts. The

proposed equations can be used to obtain reduced values of tensile and shear strength for

high strength bolts at elevated temperatures. They also provide a conservative estimate the

residual strength of high strength bolts after a fire (see section 6.4). Parameters affecting

stripping failure are not defined explicitly in the literature, but as indicated in this study,

warrant detailed investigation.

Hu et al. [15] provide curve fitting equations to predict the strength reduction factors for

stainless steel bolts at elevated temperature. These equations are suitable for the current

published experimental work. However, The authors believe that further tests are required

to consider different modes of failure before exploiting these equations.

8. Conclusions

The behaviour of high strength and stainless steel bolt assemblies at elevated temperatures

has been reviewed and presented. Whilst the behaviour and strength of these bolt assemblies

at ambient temperatures now constitute a substantial body of research with most key param-
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eters and phenomena identified and understood, this study has shown that insufficient work

has been conducted to develop reliable design guidance at elevated temperatures. The ab-

sence of consistent testing procedures for bolt assemblies at elevated temperatures, combined

with the significant differences noted in the test parameters used by different researchers has

resulted in a high degree of scatter in the experimental results and correspondingly, the

strength reduction factors.

The conservatism of the codified strength reduction factors in European and the US stan-

dards during and after a fire has been discussed and compared with the experimental tests

found in the literature. It is concluded that the codified reduction factors require updat-

ing as they may be non-conservative for high strength and stainless steel bolt assemblies,

particularly in the highest temperature ranges. Accordingly, a preliminary equation for high-

strength steel bolts was derived based on the existing experimental data using curve fitting

methods.

In order to explain some of the observations of high strength and stainless steel bolt as-

semblies at elevated temperatures, basic insights into the role of phase transformation and

metallurgical failure have been presented. Compared with stainless steel bolt assemblies,

high strength bolts are more susceptible to failures that result from temperature-induced

metallurgical transformations at the microstructure level. The fire performance of stainless

steel bolt assemblies is superior to that of high strength bolt assemblies. This is due to the

stability of its microstructure across the full practical temperature range of a fire. Despite

this, very few published studies considering stainless steel bolts at elevated temperature exist

in the literature.
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[9] F. González and J. Lange, “Behaviour of galvanized high strength grade 10.9 bolts under

fire conditions,” in Sixth International Conference Structure in Fire (SiF ‘10), 2009.

[10] Y. Hu, J. B. Davison, I. W. Burgess, and R. J. Plank, “Comparative study of the

behaviour of BS 4190 and BS EN ISO 4014 bolts in fire,” Proceedings of the 3rd Inter-

37



national Conference on Steel and Composite Structures, ICSCS07 - Steel and Composite

Structures, pp. 587–592, 2007.

[11] B. R. Kirby, “The Behaviour of High-strength Grade 8.8,” Journal of Constructional

Steel Research, vol. 33, pp. 3–38, 1995.

[12] V. Kodur, S. Kand, and Wasim Khali, “Effect of temperature on thermal and mechanical

properties of high strength steel A325 and A490 bolts,” Journal of Materials in Civil

Engineering, vol. 24, no. June, pp. 765–774, 2012.
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