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ABSTRACT: This paper experimentally studies the seismic behavior of high strength bolted connections with
slot bolt holes at ambient and elevated temperatures. A total of 6 specimens varying in bolt diameters,
pretensions, temperatures are designed and tested. The results show that the connections with slot holes at both
ambient and elevated temperatures have good energy dissipation capacity. It is found that connections with
M30 bolts have better energy dissipation capacity and load-bearing capacity than those with M20 bolts, due to
the larger friction force and sliding distance in M30 bolts since they have a larger pretention and wider slot
hole. The sliding forces of the connections decrease with the increase of the number of loops. The sliding force
decrease by about 50% after 60 loops at elevated temperatures, compared with 35% at ambient temperature.
While the ultimate bearing capacity of the connections does not decrease much. The friction coefficient and
area of hysteresis curves decrease in a similar trend by about 40% after the first 30 loops. After 60 loops, they
are reduced to 40% and 50% of their initial values for the connections with M20 bolts and M30 bolts,
respectively. The experimental results indicate the potential application of the connections with slot bolt holes
for a dual-function component in a structure to simultaneously provide stiffness and energy dissipation capacity.

Keywords: Experiment, bolted connection, slot hole, seismic behavior, elevated temperature, sliding force,
energy dissipation capacity
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1. INTRODUCTION

Historically, most major structural failures of steel structures in earthquake have been due to some
form of connection failure [1]. A large amount of brittle failures of connections were observed in
the Northridge earthquake in 1994 [2] which was due to their limited plastic deformation capacity.
In the Kobe earthquake in 1995, a total of 988 steel constructions were damaged most of which
were due to the brittle failure of beam-column joints. In addition, connections account for more
than half the cost of structural steelwork, and their design and detailing are therefore of primary
importance for the safety and economy of structures.

It is found to be difficult to generate sufficient ductility of welded connections even if the welding
quality is ensured by removing beam column welding lining board [3-5]. As an alternative,
connections with high strength bolts are a preferred method of connecting members on the site [6].
The standard circular bolt holes would become elliptical holes under cyclic loads, leading to a
reduction in their energy consumption capacity [7]. To address the issues for connections with
standard holes such as demand of high installation accuracy, limited energy dissipation capacity,
decreased load-bearing capacity when deforming to an elliptical shape, slot bolt holes have been
applied. Astaneh-Asl [8] proposed to allow high-strength bolting joints to slip under strong
earthquake. The friction between the interfaces and the extrusion of hole wall consumed the
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earthquake energy to avoid the brittle failure or collapse of structures. Grigorian [9] designed the
long elliptical slot bolt holes. The slot was parallel to the force direction of members. When the
tensile force in a connection was more than the static friction force between the friction surfaces,
the connection would slide to consume energy. This kind of connections could also be used for a
single support or beam-column connections in steel frames [10-12] to improve the ductility of the
joints and avoid brittle failure at the joints. Peng et al. [13] explored the relationship between the
opening area of the high strength bolt connection and the pretension loss, the friction coefficient,
respectively, and gave the suggested value of the hole shape coefficient. ANSI/AISC360-10 [14]
and European standard (EC3)[15] also provide the hole shape coefficient according to different
hole shape. The length of the short axis of slot holes equals to the diameter of the corresponding
standard hole, while the long axis is 1.7 times as long as the short axis. They also provide
corresponding provisions in the case of different bolt hole spacing and margins. Compared to
standard-hole connections, the installation of slot-hole connections is more convenient and
cost-effective since it requires less machining precision [16].

While steel structures are not inherently fire resistant because much of the strength of steel will be
lost when its temperature reaches 600°C or above during a fire. In addition, the large thermal
conductivity of steel leads to a quick temperature rise in unprotected steel members of 600°C in
15min [17]. As an essential component of steel structures, the behavior of connections under fire
conditions plays a key role in the global stability of structures against collapse. Yang et al. [18] and
Yu [19] investigated the anti-sliding capacity of high strength bolts at elevated temperatures. They
found that the anti-sliding capacity of the connection increased as the temperature increased for
temperatures below 400°C.

The seismic or fire behaviour of steel connections have been investigated extensively but separately.
The coupled effect of seismic and fire loads on the performance of steel connections is not well
studied and understood. Recently, many efforts have been made for investigating the behaviour of
structures subjected to post-earthquake fire [20-24]. The earthquake-induced damage in the
structural members are considered in the following structural analysis of structures exposed to fire.
However, there is few research on steel beam-to-column connections with slot bolt holes subjected
to extreme hazards.

In contrast to the extensive studies on the behavior of structures under post-earthquake fire, there is
a lack of research on the post-fire seismic behavior of structures. This is a realistic event for the
successive earthquakes or secondary earthquakes, considering that the previous earthquake may
cause the ignition of fire. This paper experimentally studied the seismic behavior of high strength
bolted connections with slot holes at ambient and elevated temperatures. A total of six specimens
with M20 and M30 bolts were designed and tested. The results of force-displacement curves and
energy dissipation capacity were output and compared.

2. TEST LAYOUT
2.1 Design of Specimens

For traditional bolted connections between steel beams and columns, the bottom flange of the beam
is bolted connected to the corbel which is welded to the flange of the column, as shown in Figure 1.
To avoid the local buckling of the corbel and beam web, the key part of the bolted connection was
selected to be tested in this study. A total of 6 specimens with sandblasting surfaces were designed,
as listed in Table 1 and Figure 2. They were tested at ambient temperature (20°C) and elevated
temperature (130°C) temperatures, respectively. The low temperature of the heated specimens was
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to consider the fire protection of steel beam-to-column connections as well as the thermal shielding
effect at the connections (where many components in a relatively small space). The tested
specimens were divided into two groups (S1 and S2) by varying the diameter of bolts and
pretension forces. The diameters of M20 and M30 bolts are 20mm and 30mm, respectively. The
grade 10.9 high strength bolts were used with a tensile strength of 1000MPa and yield to tensile
strength ratio of 0.9. The Young’s modulus of the bolts was 200GPa. The measured elongation of
bolts was 15%. The slot bolt holes were used for the corbel plate and their dimensions are shown in
Figure 3. The holes were parallel to the axis of the beam. The maximum slip of the M20 and M30
bolt holes were 8.5mm and 12.5mm, respectively. Figure 4 shows a specimen in the test. In order to
prevent the local buckling of the specimen under compression, stiffening ribs were added on the
corbel plate and part of the web of the beam was kept.
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Figure 1. Schematic of Steel Beam-column Connection

Table 1. List of the Tested Specimens

Temperature of Type of Pretension
Test No. | Type of Bolts spe(c;(r:r;ens holes (kN)
S1-1 M20 20 or 130 slot 143
S1-2 M20 20 or 130 slot 140
S1-3 M20 20 or 130 slot 152
S2-1 M30 20 or 130 slot 337
S2-2 M30 20 or 130 slot 316
S2-3 M30 20 or 130 slot 354
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Figure 2. Dimensions of the Specimens
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Figure 3. Dimensions of the Slot Bolt Holes on the Corbel Plate
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Figure 4. A specimen in the Test

2.2 Pretension

All the bolts were tightened before the tests by applying pretensions based on JGJ82-2011 and
GB50205-2001.There are two means to impose tensile forces in the bolt: torque method and angle
method. The former tightens the bolt by applying a torsion on the nut and the latter is to apply a
relative angle between the nut and shank of the bolt. The torque method was used in the tests as it
was simple and convenient to use. The pretension process was divided into initial and final twists
based on a Chinese code (JGJ82-2011). An initial torque of half the ultimate torque was applied in
the initial twist. The initial and final twists were completed within 24 hours. The ultimate torque of

high strength bolts can be calculated by Eq. 1.

T.=kxP,xd
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where Tcis the ultimate torque, in N-m; K is the average value of the torque coefficient of the bolt
connecting pair which is determined by experiments; Pcis the pretension in the high strength bolt,
in kN, which can be determined by Table 3.2.5 of the design code JGJ82-2011. The design
pretensions of M20 and M30 bolts were calculated as 155kN and 355kN, respectively, according to
the grade (10.9) and diameter of the bolts; d is the diameter of the bolt screw, in mm.

It is required that the applied pretension of bolts in practice should fall in the range of 0.95~1.05P.
During the twist, the bolt pretension was measured by the strain gauge, as shown in Figure 5. High
temperature strain gauges were used and arranged in the two grooves made on the symmetrical
positons of the shank below the nut. The data wires of the strain gauges passed through the holes
predrilled in the nut. The measured pretensions of bolts satisfied the requirement of maximum error
of 5%Pec.
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Figure 5. Arrangement of Strain Gauges on the Bolt
2.3 Measurement

An electric furnace was used to heat the specimens up to 200°C, as shown in Figure 6. The furnace
has a heating capacity of 20°C~1200°C and a maximum heating rate of 15kW. It consisted of two
heating panels and concrete insulation panels at the two ends. The temperature inside the furnace
was monitored by 2 K-type thermocouples and the average temperature of these two measurements
was calculated and used as the gas temperature in the furnace. Four K type thermocouples were
arranged at the upper part, the middle part and the lower part of the specimens, respectively, to
monitor its temperature, as shown in Figure 7. The deformation of the connections was measured
by two symmetrically placed extensometers (Figure 8).
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Figure 6. Specimens in the Electronic Furnace (All Units are mm)
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Figure 8. Layout of Displacement Measurements

24 Loading

The specimens were firstly heated in the furnace (Figure 6) with a heating rate of 4~5°C/min until
reaching the target temperature of 130°C. When the target temperature was reached, it remained for
at least 30min to guarantee the temperature of the component was constant and stable.

Loads were imposed based on Chinese codes GB50205-2001 and JGJ 101-96, as shown in Figure
9. At the beginning of the tests, force control was adopted until the load increased up to 10% of the
slip load. The loading was held for 1 min, after which it was applied smoothly in a speed of
3~5kN/s until the occurrence of sliding of the connection. The displacement control was then
adopted in an interval of Imm until the bolt was in contact with the hole. For each displacement
level, three cyclic loadings were conducted. Once the bolt shank contacted against the hole wall, a
cyclic loading of 60 loops was conducted to study the low cycle fatigue performance and energy
dissipation capacity of the bolted connections with slot bolt holes.

Figure 9. Loading of the Specimens



Seismic Behavior of Bolted Connections with Slot Bolt Holes at Ambient and Elevated Temperature 657

3. TEST RESULTS

In the initial stage of loading, the specimens were in elastic stage. The relative displacement of the
connections increased with the increase of the load, and the connections did not make a sound.
When the load reached the sliding load, there was a loud noise, and the members experienced a first
slide. A further loading on the connections led to gradual sliding accompanied by successive noises.
For the latter cyclic loading stage, the connections in the first half of the loading process, issued a
continuous ringing sound. The sound gradually declined until the loading was completed.

3.1 Load vs Relative Displacement Curves of Specimens

A comparison of force-displacement curves of the specimens S1 and S2 at 20°C and 130°C is
shown in Figures 10 and 11, respectively. In general, the hysteresis loops of experiments at 130°C
were similar to them at normal temperature. The seismic behaviour specimens at different
temperatures shows the following common features as:

(1) The force-displacement curves were linear before the occurrence of bolt sliding in each loop.
After the sliding, the stiffness of the connections degenerated rapidly, leading to a large increment
of displacement as the force kept stable. The hysteresis curves were stretched as the loops of
loading increased, and the area of the hysteresis loops increased greatly.

(2) As the number of loops increased, the sliding force decreased and the hysteresis curves had a
slight tendency of pinching. This tendency occurred for both M20 and M30 bolts.

(3) The ultimate load-bearing capacity of the connections did not decrease much with the
increasing loops of hysteresis loops.

(4) The hysteresis curves were symmetrical, and the middle part of the sliding section were
rectangular and full. This indicated the significant energy dissipation capacity of bolted connections
with slot bolt holes.

(5) Compared with the hysteresis loops of M20 bolts, those of M30 bolts were more full and the
pinch phenomena were less obvious. This is due to the larger pretention and wider slot hole for
M30 bolts compared to M20 bolts, leading to larger friction forces and sliding distances. This
indicated that the slot holes of M30 bolts had a better seismic performance.
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Figure 11. Comparison of Force-slip Displacement Curves of
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There was no obvious deformation of bolts at ambient and elevated temperatures. The deformation
of holes for the specimens S1 (M20 bolts) and S2 (M30 bolts) after test was shown in Figures 12
and 13, respectively. It was found that the holes for M20 bolts deformed due to the contact between
the bolt and hole. This deformation effect was less significant in the holes for M30 bolts. Both
specimens showed obvious sliding distances which is helpful for dissipating seismic energy.

(a) at ambent tempertures (b) ;t elevated temperatures
Figure 12. Deformation of Holes for M20 Bolts after Test
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(a) at ambient temperatures (b) at elevatedtemperatures
Figure 13. Deformation of Holes for M30 Bolts after Test

To quantitatively investigate the variation of hysteresis loops against number of loops, the
hysteresis curves for the 1st, 30th and 60th loops were compared, as shown in Figures 14 and 15.
There are some common features that the sliding load decreased more in the first 30 loops
compared with the latter 30 loops. The decrease of sliding load may be due to that the friction
surface tended to be smooth and the coefficient of friction decreased. After the first 30 loops of
sliding, the smoothness of the friction surface became stable and thus there was no significant
reduction in the sliding force for the latter 30 loops. This explanation was consistent with the
continuous sound in first 30 loops and less sound in the latter 30 loops. During the experiments, the
screw constantly impacted the hole wall causing the hole wall deformation which was more
obvious in the first 30 loops. The effect of temperature lies in the rate of decay of friction. It was
found in Figures 14 and 15 that the drop of sliding force at elevated temperatures was much smaller
than that at ambient temperature. This means the elevated temperature increases the stability of the
friction coefficient.
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Tables 2 and 3 list the sliding forces of specimens at ambient and elevated temperature,
respectively. The average results of the three specimens for S1 and S2 were calculated, respectively.
Table 2 showed that, after the first 30 loops, the sliding force decreased by more than 50% for both
M20 and M30 bolts, while it decreased by more than 65% after 60 loops. The reduction of sliding
forces for the M20 bolts was greater than that for the M30 bolts. This indicates that the M30 bolts
have a better load-bearing capacity under cyclic loads. For the connections at elevated temperature
(Table 3), the reduction of sliding forces was smaller than that at ambient temperature. This may be
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due to the fact that the pretension in the bolts increased as the temperature increased.

Table 2. Sliding Force of the Specimens against Number of Loops at Ambient Temperatures (20°C)

Design Measured value (kN)
Specimen | Bolt | Value
kN) Fsl | Fs30 | (Fs1-Fs30)/Fsl | Fs60 | (Fsl1-Fs60)/Fsl
S1 M20 372 418 198 53% 120 71%
S2 M30 852 1074 | 567 47% 377 65%
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Table 3. Sliding Forces of the Specimens against Number of Loops at
Elevated Temperatures (130°C)

Design Measured value (kN)
Specimen | Bolt | Value
kN) Fsl | Fs30 | (Fs1-Fs30)/Fsl | Fs60 | (Fs1-Fs60)/Fsl
S1 M20 372 225 132 41% 106 53%
S2 M30 852 586 | 368 37% 264 55%

3.2 Fatigue Property

To clearly reflect the energy dissipation capacity and friction coefficients of the tested connections,
the relationship between them and the number of cyclic loading loops were expressed in Figures 16
and 17. The "force ratio" represents the ratio of the external force to the sliding force when the
displacement became zero. Similarly, the "area ratio" represents the ratio of the hysteresis loop area
enclosed by each loop to that of the first loop. The force ratios for the pushing and pulling loading
process were presented. As shown in Figures 16 and 17, the hysteretic curve area and surface
friction coefficient decreased with the increase of loading loops in a similar trend. The similar trend
may be due to the fact that the energy consumption of high strength bolt connections with slot holes
mainly depended on the friction of the surfaces.

The friction coefficient and the area of the hysteresis curve decreased by about 40% after the first
30 loops. After 60 loops, the reduction ratio of M20 bolt connections and M30 bolts connections
dropped to 40% and 50% of the initial values, respectively. Therefore, the connection with M30
bolts had a better energy dissipation capacity and fatigue performance.
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(c) S1-2 (20°C)
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Compared with the experiments results at ambient temperature, the energy consumption of high
strength bolt connections at 130°C increased by about 10% of its initial value, which was consistent
with the conclusion that the friction coefficient increased as the temperature increased, which
determined the capacity of dissipating earthquake energy.

4. CONCLUSIONS

This paper experimentally studied the seismic behavior of high strength bolted connections with
slot holes at ambient and elevated temperatures. The following conclusions can be drawn:

(1) High strength bolt connections with slot holes had full hysteretic loops and thus good energy
dissipation capacity at both ambient and elevated temperatures.

(2) It was found that connections with M30 bolts had better energy dissipation capacity and
load-bearing capacity than those with M20 bolts. This is because that the M30 bolts had a larger
pretention and wider slot hole compared to M20 bolts, which lead to larger friction forces and
sliding distances.

(3) The sliding forces of the connections decreased with the increase of the number of loops, and
the hysteresis curves had a slight tendency of pinching. The sliding force reduced by about 50%
after 60 loops at elevated temperature, compared with 35% at ambient temperature.

(4) The ultimate bearing capacity of the connections did not decrease much with the increase of the
number of loading loops.

(5) The friction coefficient and the area of the hysteresis curve decreased by 40% after the first 30
loops. After 60 loops, the reduction ratio of connections with M20 bolts and M30 bolts dropped to
40% and 50% of their initial values, respectively.

The experimental results showed that the bolted connections with slot holes had good energy
dissipation capacity at both ambient and elevated temperatures. They can be used as a friction
damper by dissipating energy through the friction of plate surfaces. This type of connections can
also provide both bearing capacity and stiffness before sliding. This means the connection with slot
holes can be used as a dual-function component in a structure to provide stiffness and energy
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dissipation at the same time. However, the large decrease of bearing capacity along with sliding
should be avoided by improving the property of friction surfaces. The use of paint on the contact
surface may be an effective method to enhance the sliding resistance which needs further
investigations.
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