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- SUMMARY

THE BEHAVIOUR OF HIGH STRENGTH 8.8 BOLTS IN FIRE
B.R. Kirby

The behaviour of high strength grade 8.8 bolts in fire has been investigated.

Full component tests on M20 size bolts in tension and double shear at temperatures up to 800°C, have
shown the present guidelines for designing at the Fire Limit State - BS5950:Part 8 are for the most part,
conservative and there is some justification for increasing the design capacity.

The tests in tension in combination with grade 8.8 nuts have highlighted the possible premature failure
due to stripping of the threads. This mechanism was found to be controlled by the degree of fit between the
two components. Practical measures are suggested to enable the full capacity of the bolts to be utilised.

Hot tensile tests were carried out using machined specimens from bolts produced by different
manufacturing processes. These were found to exhibit similar values of 0.2% proof stress over the
temperature region where the normal design stresses coincide with the onset of plastic deformation.

The influence of temperature on residual hardness has highlighted the sensitivity of high strength bolts to
overheating. Use has been made of the metallurgical changes to develop a technique for identifying the
maximum temperature bolts may have achieved in a fire. This information can assist in the investigation
of fire damaged buildings.
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THE BEHAVIOUR OF HIGH STRENGTH GRADE 8.8 BOLTS IN FIRE

1. INTRODUCTION

High strength grade 8.8 structural engineering bolts(1) are widely used in the building industry and
although they are generally intended for applications in normal ambient temperature environments,
under accidental fire conditions, they may achieve high temperatures.

Little is known about the strength characteristics of bolts in fire, yet the behaviour of these components is
of paramount importance in maintaining the integrity of steel frameworks. This gap in knowledge is
highlighted in the recently published code of practice on fire limit state design, BS5950:Part 8(2). At the
time of drafting the standard, no suitable experimental data existed, consequently, the capacity of bolts at
elevated temperatures was described as 80% of the strength reduction factor for structural steel which
corresponds to 0.5% strain, Table 1. The purpose of this investigation has therefore been conducted to
endorse the present guidelines and if necessary, provide the basis for a future revision by evaluating the

“~ behaviour of grade 8.8 bolts at elevated temperatures both as a material and single components, used in

combination with grade 8.8 nuts.

The integrity of bolts after fire is also an area of concern often expressed by engineers involved in the
reinstatement of fire damaged structures however, only limited data is presently available(3.4).
Information on post fire residual properties is extended, with details of an evaluation procedure
specifically developed to assist in establishing the temperatures attained by bolts during the fire process.

2. COMPONENTS SUPPLIED

M20 nuts and bolts were used throughout the investigation having mechanical properties meeting the
requirements of BS3692:Grade 8.8, Tables 2 and 3. This particular size was chosen as it features in several
of the fire resistant design methods developed by British Steel such as shelf angle floor beams and moment
resisting beam to column connections. Since grade 8.8 bolts for structural applications are generally used
in clearance holes, then in keeping with common practice, the components were supplied to the more
relaxed dimensional tolerances given in BS4190(5,

High strength grade 8.8 bolts are manufactured by either a hot or cold forging operation followed by a
quench and temper heat treatment to develop the required mechanical properties. The choice of process
route varies between manufacturers and is controlled by the chemical composition of the feedstock, the
size range and demand for a particular bolt, all of which are a function of producing a competitively priced
product. It is therefore inevitable, that while the bolts will meet the specification for their intended use at
ambient temperatures, their performance both during and after a fire will vary depending upon how they
have been manufactured.

In the test programme three sets of bolts were supplied. To provide a consistent basis for establishing their
behaviour under fire, within each set the bolts were manufactured in a single production run, using the
same bar feedstock, forging operation and subsequent heat treatment conditions.

Bolts sets A and B were 100 mm and 60 mm long with thread lengths of 2d + 6 (mm) and 14 d (mm)
respectively. These were produced by cold forging steel bar supplied to BS3111:Part 1:Type 9(6) followed
by quenching from an austenising temperature of 850°C and subsequently tempered between 450 - 500°C.

Bolts in Set C were also 100 mm long with a thread length of 2d + 6 (mm). In contrast, these had been hot
forged from steel bar supplied to BS970:Part 1:Grade 150M36(7) (previously En15), quenched from 900°C
and tempered at 600 - 620°C.

Details of the chemical compositions for the three sets of bolts are given in Table 4.




SL/HED/R/S1792/1/92/D

Two sets of M20 nuts were used in the test programme. One set was supplied black and had been hot
forged from steel bar meeting BS970 : Part 1 : 080M30 (previously EN5) quenched from 870°C and
tempered at around 540°C. The second set of nuts was supplied with a bright finish and these were
produced by cold forging steel bar meeting BS3111: Part 1: Type O.

Chemical compositions for the two sets of nuts are also given in Table 4.

3. ELEVATED TEMPERATURE TEST METHODS
3.1 Component Tests
3.1.1 Tension

Figure 1 shows the loading arrangement in which Nimonic couplings were used to pull nut and bolt
assemblies in axial tension. In tests using the long threaded bolts, the length of free thread under tension
was 20 mm (d). However, for testing the shorter bolts, this dimension was reduced to 10 mm (1 d) to ensure
that the threads in the nuts were fully utilised. Each set of bolts was evaluated over the temperature
range 20 - 800°C in combination with the nuts as summarised below:

Bolt Set Black Nut Bright Nut
A / v/
B V4 Ve
C v4 X

Although no standard speciﬁéally covers the testing of structural bolts at elevated temperatures, where
appropriate, the methods described in BS3688:Part 1(8) were followed.

Each bolt assembly was heated to the desired temperature at a rate of 5 - 10°C/min and stabilised for a
period of 15 min to establish a uniform temperature distribution. Since it was impractical to use
extensometers, the tests were carried out under displacement control in which a nominal strain rate of
between 0.001 - 0.003/min measured in the elastic region, was adopted. Beyond the elastic limit, this rate
of straining was maintained until the ultimate capacity was exceeded.

In order to assess whether strength is dependent upon the heating conditions, the programme included
several tests in which the bolts were heated at a slower rate of 2 - 2.5°C/min followed by a soaking period at
temperature, for a minimum of 60 min.

3.1.2. Double Shear

Tests in double shear were also conducted over the temperature range 20 - 800°C using the general
arrangement shown in Fig. 2. '

Each joint comprised a 25 mm plate sandwiched between two 12 mm plates and held together by the test
bolt and a finger tightened nut. The plates were machined from material supplied to the steel quality
BSEN10025:Grade 510B(® and sized so that they exceeded the minimum requlrements of BS5950:Part
1(10) as well as providing sufficient capacity to rupture the bolts.
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In the programme, bolts were tested with both shear planes acting across the shank as well as across the
shank and thread. This second arrangement was achieved by placing a spacer between the bolt head and
plate so that the position of the thread run-out into the shank was located at mid-thickness of the 25 mm
plate. A summary of the test configurations is given below:

Bolt Set Shear Planes
A Shank + Shank | Shank + Thread
C Shank + Shank -

The joints were heated as before and held constant at the required temperature for 15 min prior to loading.
Testing was conducted under displacement control at a strain rate of 0,001 - 0.003/min measured during
the elastic deformation, and was maintained until failure occurred. A new set of plates was used for each
test.

3.2 Material Tests

Elevated temperature tensile tests were carried out in accordance with BS3688:Part 1 on round turned
specimens machined from the 100 mm long bolts in sets A and C. These were conducted over the
temperature range 20 - 800°C at increments of 50°C and for the majority of temperatures, the tests were
duplicated. The specimens were strained at a rate of 0.002/min to provide proof stress values up to 5%
beyond which, the strain rate was raised to nominally 0.1/min until rupture,

4. POST FIRE EVALUATION

One of the test methods employed to assist in establishing the residual strength of steelwork after fire is to
determine its hardness on a finely ground or polished surface.

Following the components tests, each belt was sectioned through the shank and a hardness profile
established by conducting a series of nine Vickers hardness indents (HV30) across the diameter. To extend
the data beyond 800°C, additional bolts were heated at temperatures up to 900°C for 30 min (i.e.
approximately equivalent to the time spent at temperature prior to and during the component tests).
These were slowly cooled back to ambient temperature and evaluated in the same manner.

5. RESULTS AND DISCUSSION
8.1 Tension Tests

Figures 3 - 5 illustrate the influence of temperature on the strength behaviour for each nut and bolt
combination acting in tension. A similar pattern of behaviour is observed for all the curves which show a
marked loss in strength between 300°C and 700°C. Figure 3 also demonstrates the slower heating rate and
the prolonged soaking period had little influence on ultimate capacity.

Test involving bolt sets A and B in combination with the black nuts, failed by ductile necking in the thread
at all temperatures, Fig. 6. In contrast, failure of the same bolts using the bright nuts occurred entirely by
stripping of the threads, Fig, 7. While the latter resulted in a significant loss in capacity at the low
temperatures of up to 20%, above 400°C the effect was far less pronounced and represents a reduction in
strength equivalent to a shift in temperature of less than 25°C.




SL/HED/R/S1792/1/92/D

This behaviour suggests a weakness in the thread of the bright nuts yet hardness checks confirmed that
not only were they well within specification, but gave similar-values to the black heat treated nuts. In
addition, tests using the bolts in Set C with only the black nuts, Fig. 5, resulted in both modes of failure.

Metallographic sections were prepared from selected test pleces to examine the failures in more detail.

Figures 8 and 9 are typical sections through the threads in the black nuts and bolts which failed by ductile
necking. The contact areas between the two components and the resulting plastic deformation in the
threads, are clearly evident.

Figures 10 and 11 are similar sections prepared from the bright finished nuts and bolts which failed by the
threads being stripped. These show the extent of plastic deformation was so severe that the threads in
both components had in effect, sheared.

The observations described indicate neither the nuts nor the bolts were solely responsible for causing
premature failure in the threads but their behaviour was controlled by the overall interaction between the
two components. Clearly a close fitting nut and bolt provides a greater surface contact area between the
threads thereby spreading the load and effectively reducing the stresses. '

In BS5950:Part 1, the capacity of bolts in tension (Py) is given by the relationship:

Py  =pA¢

where A; = tensile stress area (M20 bolts = 245 mm?2)
pt = 0.58 Ugbut < 0.83 Yy

and Us = specified ultimate tensile strength

Yr = specified yield or 0.2% proof stress

For grade 8.8 bolts in which Uy = 785 N/mm2 and Yy = 628 N/mm?2, the ultimate tensile strength controls -
and therefore, the tension eapacity of M20 bolts at ambient temperature = 111.6 kN. At the fire limit
state, Py can be multiplied by 80% of the strength reduction factor corresponding to 0.5% strain for
structural steel (Table 1) to derive the design curve. The resulting relationship is illustrated in Fig. 12 as
a function of temperature and is compared with the best fit lines for the measured ultimate capacities from
Figs. 3 - 5. To provide a realistic comparison with the likely response of bolts supplled with minimum
specified properties, the test data have also been normalised with respect to:

785 N/mm?2
245 mm?2

ultimate tensile strength
net cross-sectiorr area

With the exception of tests carried out at temperatures in the region of 700°C, the capacity of the black
nuts and bolts indicate a considerable redundancy at the fire limit state and there appears to be a case for
raising the design curve at low to intermediate temperatures. The smallest margin of safety of ~35%
occurred at 680°C and although this is not unsatisfactory, there is little Justxﬁcatmn for raising the design
curve at the higher temperatures evaluated.

In tests involving the bright finished nuts, there is also considerable redundancy for the majority of the
temperature range despite the threads between the two components stripping. However, other
combinations of nuts and bolts may fail prematurely at lower loads and while these appear unlikely to fall
below the design curve, some uncertainty concerning their integrity will remain, particularly if the design
curve is raised to a higher level. '

Since it would be unrealistic to evaluate the entire market of grade 8.8 nuts and bolts there is a practical
solution to improving the integrity of the threads. This may be achieved by specifying the nut and bolt
dimensional properties to the tighter tolerance classes of BS3692 (i.e. 6H/6g - BS3643:Part 2(11)),
Alternatively, further surety is obtained by using nuts supplied to the higher strength grade-BS4395:Part
1(12), These also provide a greater thread length to withstand the high torquing loads normally applied in
service.
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3.2 Shear Tests

The influence of temperature on the behaviour of grade 8.8 bolts in double shear is illustrated in Figs. 13
and 14, A similar pattern of behaviour to the tension tests is observed in which a marked loss in capacity
is experienced over the temperature range 300 - 700°C.

During the tests considerable prying action occurred, Fig, 15, which often resulted in part of the bolt flying
out at high velocity. Precautions therefore had to be taken to protect the furnace elements.

For the test configurations in which both shear planes acted through the shank, either one or both planes
fractured, Fig. 16. However, in tests involving shear across the thread, despite this shear path initially
having a lower capacity, failure also often occurred in the shank, Fig, 17. This was due to the tensile
stresses generated by the prying action causing the bolt thread to extend thereby forcing the connecting
plys out of alignment. The resulting effect of the reduced section across the thread was only a marginal
reduction in capacity at temperatures above 350°C and is a reflection of the increased ductility of the bolt
material.

In BS5950:Part 1, the capacity of bolts in shear (Py) is given by the relationship:

Py = psAg
where A, = shear area (M20 bolts = 245 mm2 and 288 mm?2 for thread and shank
respectively)
Ps = 048 Usbut =0.69 Yy

Substituting values of Uy = 785 N/mm2 and Yy = 628 N/mm?2 for grade 8.8 bolts, the ultimate tensile
strength controls and therefore the capacity of M20 bolts in double shear = 200.8 kN or 217.0 kN for the
shear conditions: shank + thread and shank + shank respectively,

At the fire limit state, the capacity of bolts is again derived from 80% of the strength reduction factor
corresponding to 0.5% strain for structural steel, The resulting curves are illustrated in Fig. 18 and are
compared with the test results normalised with respect to bolts supplied with minimum dimensional and
strength properties. At low to intermediate temperatures, the experimental data given illustrate the
conservative nature of the present guidelines. With premature failure in the threads not being important,
there is a stronger case for designing to a greater capacity over the majority of the temperature range. In
the case of the higher temperatures i.e. at 685°C in particular, the present design curves offer a minimum
safety margin of 25%.

5.3 Material Tests

The results of the elevated temperature test on the machined test pieces are presented in Figs. 19 and 20
for holt Sets A and C respectively. Ineach case, curves corresponding to proof stress values 0of0.2%, 1%, 2%
and 5% are given. These illustrate a low rate of net hardening at temperatures above 400°C with the
result there is little difference between the 0.2% proof stress and those values corresponding to higher
strains. In fact by using a strain rate of 0.002/min above 400°C the ultimate tensile strength was achieved
prior to 5% being attained.

Both sets of bolts were supplied with properties well above the specified minima and therefore the curves
for 0.2% proof stress have been normalised with respect to the minimum ambient temperature
requirement, Fig. 21. Despite the different processing and heat treatment conditions used in manufacture,
the two sets of boits show similar behaviour at temperatures above 400°C where their performance under
fire conditions can be more critical,

For comparison, the maximum allowable stress is tension under the old BS449:Part 2(13} design rules is
indicated as well as that which could be imposed using BS5950:Part 1 with a load factor of 1.4. At
maximum working loads the critical temperature for the onset of plastic deformation is in the region of
500°C.
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5.4 Post Fire Residual Properties

Figure 22 illustrate the residual hardness as a function of temperature measured using the components
tests from bolt Set A. The results emphasise the sensitivity of the mechanical properties in quench and
tempered steels to overheating. In contrast, hot rolled structural steels are relatively unaffected by fire
until 600°C is exceeded(3) and even then, the changes are far less dramatic.

Heating bolts to below their tempering temperature will have little effect on their properties over a short
period of time. Between the tempering temperature (i.e. >500°C for bolt Set A) and transformation there
will be a loss in hardness and consequently strength which is associated with the further formation and
continued growth of carbides (spheroidisation/Oswald ripening). At the higher temperatures viz
~800/900°C the benefits of the hardening process have been lost and the properties are more akin to a hot
rolled structural steel. Figures 23(a), (b) and (c) show some of the changes in microstructure.

Relationships between time and temperature in the heat treatment of steels are well established based
largely on work originally reported by Hollomon and Jaffe(14), These are used by manufacturers in the
choice of composition and processing conditions to obtain the desired properties in steel components. Since
the residual hardness and strength of heat treated bolts are sensitive to temperature, use can be made of
the metallurgical changes to establish the temperatures attained at connections during the fire process.
The information can also be used in assessing the behaviour of steel structures during post fire
investigation and reinstatement.

6. POST FIRE EVALUATION OF BOLTS

Simply comparing the hardness profile of one bolt to another to determine whether a fire has had an affect
upon the properties would not provide an answer; it assumes the bolts were manufactured under identical
conditions. Even bolts supplied from the same batch as used in this investigation, show a large scatter in
results, Fig. 22, and without prior knowledge of their tempering temperature, they could be heated up to
nearly 600°C before a change in hardness would appear significant.

With the difficulties highlighted above, a technique has been established whereby the highest
temperature achieved by a bolt either during the tempering process-or in a fire, can be determined. The
procedure makes use of the fact that changes in hardness are far more sensitive to temperature rather
than time, :

Three bolts from Set A were sectioned into a series of slices and heated at various temperatures up to
750°C for 30 min. Once cooled back to ambient temperature a hardness profile was established as before.

Figure 24 illustrates the change in average hardness across each slice as a function of temperature. By
careful selection, the actual tempering temperature can be identified from the intersection of the two lines,
A - B, when a further rise in temperature would cause a loss in hardness. Had these bolts been in a fire and
attained a higher temperature than that used in tempering during manufacture, there would be no further
change in hardness until it was exceeded by the subsequent heat treatment.

Having determined the maximum temperature for which there is no change in hardness, it would then be
a case of identifying from the composition, the normal range of tempering temperatures. This would
establish either the temperature attained by the bolt during the fire process or if lower than the tempering
temperature, an upper limit,

Confirmation that softening of heat treated bolts is relatively insensitive to time for the periods of heating
normally experienced in a fire, a further series of slices from two bolts were heated at various times both
above and below their tempering temperature viz §50°C and 430°C. The results given in Table 5 show only
small changes do occur with time.
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7. CONCLUSIONS

The behaviour of high strength Grade 8.8 bolts at elevated temperatures has been investigated to provide
data for designing at the fire 11m1t state.

Tests in double shear and tensmn using M20 size nuts and bolts have highlighted a marked loss in
ultimate capacity between 300°C and 700°C. :

When the results are normalised with respect to the specified minimum strength and dimensional
tolerances, they show that the present design curves based upon BS5950:Part 8 are conservative,
particularly at the low to intermediate temperatures. There is a case for amending these to a higher level
should the Standard be revised at a later date. In addition, by analysing the data in this manner, it is
‘shown for temperatures above 300°C the different processing conditions used in manufacturing the bolts
had little influence on their ultimate capacity.

Tests in tension have highlighted the problems of premature failure by thread stripping. This was found
to be controlled by the interaction of the threads between the nut and bolt rather than the fault of an
individual component. The effect on capacity is difficult to quantify and therefore where the full capacity
of the bolts in tension is required it is recommended the components are supplied to at least the
dimensional tolerances given in BS3692 and preferably, with the nuts supplied to the higher strength
Grade BS4395:Part 1.

Elevated temperature proof stress data is provided from tensile tests using machined specimens. For the
maximum design stresses used in construction and with bolts supplied with minimum properties, the
onset of plastic deformation will be expected to occur at temperatures around 500°C. In this region the
different manufacturing processing conditions again have only small influence on the results.

The residual hardness of bolts subjected to heating have been examined in detail for post fire investigation
purposes. Where the temperature in fire exceeds the tempering temperature used in manufacture,
further softening of the bolt occurs. A technique is introduced whereby it is possible to establish the actual
temperature a bolt may have achieved in a fire or if this is lower than the tempering temperature, then an
upper limit based upon known manufacturing processes.

All the tests have been conducted using M20 size components. While other sizes are used it is
recommended for the time being the strength data be used for nut and bolt sizes up to M30. For larger bolt
diameters it would be prudent for some limited further testing.

B.R. Kirby
Senior Investigator
D.J. Price
Research Manager
General Steel Products
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TABLE 1
STRENGTH REDUCTION FACTORS FOR GRADE 8.8 BOLTS.
AT THE FIRE LIMIT STATE, BS5950: PART 82

Temperature Strength Reduction

°C Factor

20 0.800
100 0.776
150 0.767
200 0.757
250 0.707
300 0.683
350 0.661
400 0.638
450 | 0.577
500 0.498
550 0.394
600 0.302
650 0.215
700 0.149
750 0.102
800 0.057
850 0.036
900 0.024
950 0.019

11
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TABLE 2
MECHANICAL PROPERTIES OF NUTS SUPPLIED TO BS3692:GRADE 8.8(1)
Mechanical Property Requirement
Proof Load 785 N/mm?2
Stress
Brinell max. 302
Hardness -
HB
Rockwell max. 30
Hardness
HRC
Vickers max. 310
Hardness
HV30
TABLE 3
MECHANICAL PROPERTIES OF BOLTS SUPPLIED TO BS3692:GRADE 8.8(1)
Mechanical Property Requirement
Tensile min. 785 N/mm?2
Strength max. 981 N/mm2
Rm
0.2% Proof min. 628 N/mm2
Stress
Ro.2
Stress Under 571 N/mm?2
Proof Load
Sp
Elongation min. 12%
after Fracture .
Brinell min. 225
Hardness max. 300
HB
Rockwell min. 18
Hardness max. 31
HRC
Vickers min. 225
Hardness max. 300
HV30
Charpy min. 304J
Impact
Strength

12
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