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Abstract. The robustness of steel frames during fire events is primarily controlled by
the rotational capacity of beam to column connections. Higher values of rotational
capacity allow the beam to develop catenary action which enhances the survivability
of the steel frame. The present study proposes a novel device to increase rotational
capacity of steel end plate beam-column connections at elevated temperatures. By
inserting a steel sleeve with a designated length, thickness and wall curvature between
the end plate and the washer, the load path between the end plate and the bolts can
be interrupted, promoting a more ductile response. An analytical solution predicting
the sleeve design parameters is also presented. It is concluded that the proposed
device can significantly increase the rotational capacity of the end plate connection at
elevated temperatures. Furthermore, a detailed numerical investigation on end plate
connections with various failure modes concluded that the proposed sleeve device
does not have any negative effect on the connection performance at elevated tempera-
tures.
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Over the last two decades several inroads have been made to increase the rota-
tional capacity of beam to column connections subject to fire to allow the devel-
opment of catenary action and hence improve the robustness of steel frames. Ding
and Wang [1] tested various connection configurations including fin plate, end
plate, reverse channel (see Fig. 1a) and T-stubs and concluded that the reverse
channel connection has the best structural performance since it possesses high
ductility and flexibility. Experimental tests carried out on reverse channels subject
to significant tying forces and large rotations in fire situations conclude that they
have high ductility which is required to reduce the possibility of connection frac-
ture and to improve the robustness of buildings in fire [2—4]. Analytical investiga-
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Figure 1. Existing methods to increase the ductility of connections
during fire.

tions on reverse channel connections were carried out by Elsawaf and Wang [5] to
study the rotational capacity of the connection type under different design param-
eters and concluded that the best performance was achieved when thick channels
connected with fire resistant bolts were used. Liu et al. [6] proposed a novel bolted
cylindrical connection (see Fig. 1b) to accommodate high ductility demand of
beams in fire and concluded that the proposed connection can survive at a higher
temperature than the standard connections because of its higher ductility and flex-
ibility. Wang and Wang [7] presented a novel spaced end plate connection (see
Fig. 1¢) to improve the connection’s fire performance and its behaviour was com-
pared with that of reduced beam section (see Fig. 1d), reverse channel, flush end
plate, and flexible end plate connections. It was concluded that connections with a
higher flexible response such as reduced beam section, reverse channel and spaced
end plate connections can increase the rotational capacity allowing the connection
to survive over 100 °C higher than the critical temperature.

It is clear from the discussion above that the rotational capacity is improved
when the connection has a flexible response, however this flexibility may degrade
the structural performance at ambient temperature particularly under lateral
loads. Furthermore, the load path shown in Fig. le reveals that the commonly
adopted methods to improve rotational capacity are either to change the stiffness
of the beam, or the stiffness of the end plate. However, the rotational capacity of
the connection is mainly controlled by the least ductile elements in the load path
which are the bolts [8, 9]. The end plate connection is commonly analysed and
designed using an equivalent T-stub [10], in which the bolts are the boundary con-
ditions. The higher the bolt elongation, the higher the rotational capacity that can
be achieved [11]. However, the most common bolts in engineering practice are fre-
quently manufactured from high strength steel grades of 8.8 and 10.9 [12] which
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achieve their ultimate strength at a strain of approximately 0.05 followed by a
sudden fracture [13]; by contrast mild steel, typically used in the section and plate
components, can achieve a strain of 0.2 without failure [10]. Considering the small
length of the bolt, the contribution of the bolt to rotational capacity due to its
elongation is generally minimal when compared with the end plate.

The authors have recently proposed a novel method to improve the ductility of
end plate connections incorporating sleeve components around the bolt [14-16].
Figure 2 schematically illustrates the proposed system. A sleeve with designated
dimensions including length, thickness and wall curvature is inserted between the
end plate and the washer. The sleeve is a shell of revolution that resists the
applied load by a combination of membrane and bending stress, with the latter
becoming more significant as the ratio between the sleeve thickness and radius of
curvature is increased [17]. A curvature in the sleeve wall is introduced to promote
failure by bending rather than instantaneous buckling. This curvature is defined
based on the amplitude at the mid-length of the sleeve and the corresponding geo-
metrical equation of the wave form.

The authors previously conducted a numerical investigation using a validated
finite element model to prove the concept of the proposed method at ambient
temperature [14]. Figure 3 compares the axial deformation in the bolt and the
sleeve when various amplitude values are used with an //d ratio of 1.25, where / is
the sleeve length and d is the bolt diameter. The specimen identifier in the legend
represents the parameters of the sleeve, for example SSW-1.25dx5x1 is for a sleeve
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d: end diameter of the sleeve.
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Figure 2. The proposed sleeve device.
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Figure 3. Axial deformation and plastic strain of the bolt and sleeve
under the applied load.

with sinusoidal wave form with a length 1.25d, thickness of 5.0 mm and amplitude
of 1.0 mm.

There are three distinct combinations of connection behaviour, depending upon
the sleeve amplitude as shown in Fig. 3a. When a small amplitude value (e.g.
1 mm) is used (Fig. 3b), the sleeve undergoes limited deformation causing the
bolts to fail without achieving any significant enhancements to rotational capacity.
Increasing the amplitude value (e.g. 5 mm) reduces the capacity of the sleeve and
thus limited plastic deformation is observed before failure the bolt (Fig. 3c). For
the optimal or plastic amplitude (e.g. 6 mm in this example), the sleeves exhibit
significant plastic deformation eventually crushing between the end plate and the
washer before bolt failure as shown in Fig. 3d. The previous analysis concludes
that the proposed system substantially enhances the rotational capacity of connec-
tions, which is imperative for survival of the beam at elevated temperatures, with-



A Novel Method to Improve Robustness of End Plate Connections 1651

1.2
—— Mild steel
==="High strength bolt

-
(=)
L

1

o
o0
!

=
~
L

Strength reduction factor
=)
=N
!

o
o
)

0.0

0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature (°C)
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out degrading either the initial stiffness of the standard configuration or the load-
bearing capacity.

However, the strength of the bolt material (high strength steel) degrades with
temperature at a higher rate than the sleeve material (mild steel) as shown in
Fig. 4. This results in the bolt capacity being lower than the sleeve capacity at ele-
vated temperature, thus the bolt would fail without the sleeve developing any
plastic deformation. The performance of the sleeved connection at elevated tem-
perature has not yet been investigated.

The aims of the present work are twofold. First, identification of the plastic
amplitude, the amplitude value that allows the sleeve to develop plastic deforma-
tion and eventually crushing between the end plate and the washer before failure
of any component in the connection, for sleeves with circular waveforms at ele-
vated temperature. The analytical solution at ambient temperature is presented in
a previous publication [20]. Second, to conduct a parametric study on the sleeved
connection to give an insight into the effect of sleeve length and the amplitude
value on the connection behaviour at elevated temperatures. This study focuses on
connections with thick end plates, such that the failure is controlled by necking of
the bolt, which frequently provides the least ductile connection response [21]. The
numerical analysis was carried out using a finite element (FE) model validated
against experimental test data from the literature.

2. Analytical solution of the proposed sleeve system

Figure 5 shows a schematic illustration of the proposed sleeve under the bolt load.
The capacity of the sleeve at a specific temperature corresponding to the forma-
tion of the plastic hinge is termed the sleeve collapse load Pr. Because the sleeve
rise (L) to the shorter side 2r, is larger than 0.2, the sleeve is classified as a deep
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Figure 5. Plastic collapse of the proposed sleeve centrally loaded
through the bolt.

shell of revolution[17]. In this shell type, the bending stress is high near to the
edges resulting in formation of a plastic hinge at an angle «. As we are rather
more interested in the plastic capacity of the sleeve and the corresponding defor-
mation than predicting the full load-deflection curve, the problem is analysed
using the two-moment limited interaction yield condition, which involves two sep-
arate yield hexagons, one for the direct forces and the other for the bending
moments [22]. In addition, an idealized rigid-perfectly plastic material response is
adopted. Thus, when the load is less than the collapse load, the shell will remain
rigid and the strain will be zero everywhere. It should be noted that the friction
between the end plate or washer and the sleeve edges is ignored in the mathemati-
cal solution, hence the sleeve edges are free to move laterally. Whilst this assump-
tion underestimates the sleeve capacity, it will reduce the complexity of the
mathematical operations.

The equilibrium equations for a shell of revolution subjected to axisymmetric
loading are [23]:

% (rNg) —riNgcos(¢p) —rQ +rirPy =0 (1)
% (rQ) + riNgsin(¢) +rNgy +rirP, =0 (2)
d M. M, =0 3
%(V ) — riMpcos(¢) —rnrQ = (3)

where Ny and Ny are meridional and circumferential membrane forces; Q is the
shearing force; M, and M, are the meridional and circumferential bending
moments; P, and P, are the applied load per unit length in the directions of the
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tangent and normal to the meridian area; | is the meridional radius of curvature
of the middle surface; r and r, are shown in Fig. 5.

The loads applied on the sleeve are edge loads only, thus terms including Py
and P, are eliminated. A comparison of Egs.(1) and (2) shows that the Ny can be
eliminated by multiplying the first equation by sin(¢) and the second equation by
cos(¢), then adding the resulting expression:

(rNg sin($)) + - (rQ cos(¢)) = 0 4)

d
d¢ d¢

Integrating Eq. (4) with respect to ¢ gives:

F(Nysin(6) + Qcos(¢)) = C (5)
where C is the constant of integration and can be calculated from the equilibrium
of forces in the vertical direction, C = _2—’:3, where Pr is the collapse load at ele-

vated temperature. If the two-moment limited interaction yield condition is con-
sidered, the yield conditions are:

Ny =—Nor, My=DMyr (6)

where Ny r is the axial capacity of the sleeve at elevated temperature (£, rt), My r
is the bending capacity of the sleeve at elevated temperature (F, rt*/4), and ¢ is
the sleeve wall thickness. The ultimate strength at elevated temperature F, r is
used instead of the yield strength F,r to get the ultimate capacity of the sleeve
rather than the yield capacity. Substituting the value of Ny and C in Eq. (5)
results in

0= (NO,T - %;(d’)) tan(¢) (7)

Substituting Eq. (7) into Eq. (3) and applying the second yield condition in
Eq. (6), results in

a (rMy) = riMyr cos(p) + F1V<N0,T - tan(¢) (8)

Pr
do 2mr sin(qb))

Integrating the above equation between [ and o results in distribution of the
moment My. Here, the main interest is the capacity of the sleeve rather than the
bending moment distribution. Considering that M, must be zero at f§, the above
equation therefore gives the relation

Pr = 2ntMy 1 cos*(B) + 21Ny 77, sin() ©)
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from which the plastic capacity of the sleeve can be determined for any value of f§
and the end radius r;.

Replacing the parameters in Eq. (9) with basic geometrical terms L, ¢ and a,
normalising the collapse load to the bolt capacity based on the Eurocode 3 Part
1-8 [10] recommendation without the partial safety factor, and replacing Pr = Pk,
results in

Ph, _2”;”?/& Luﬁz(l +db) (1 +0_255)\/( +025Lz) z

0.9 Ap0puks 0.92,(1+0.25%)

(10)

where P is the sleeve capacity at ambient temperature; 4, is the bolt area, gy, is
the ultimate strength of the bolt material at ambient temperature, dj is the nomi-
nal bolt diameter, o, is the ratio between nominal area and stressed area of the
bolt, and o, is the strength of the sleeve material at ambient temperature. k; and
kp are the strength reduction factors for mild and high strength steel with temper-
ature, respectively. Assuming the collapse load parameters at elevated temperature

— Phy _ _ L2 _ 1t ks
qr = 09054, 05 41 Oy = ﬁ’ o = e oy = A and Otemp = T results in:

22200, Olgenp < ; )
=————— 5 (uu+2(1 +ou)(1 4 0.25« 14+0.250) > —0; |o
" op(1 + 0.250;) 1o+ 2( 2 L)\/( L) o | o
(1)

The presence of combined axial and shear stress and secondary stress in the bolt
that is generated at high deformation affects the required amplitude. These result
in the failure of the bolt at a lower axial stress level, thus a higher amplitude

value than that which is calculated using Eq. (11) may be required. Thus, Eq. (11)

0.905.ukp
o)

must be multiplied by a factor og; = , where ¢, is the bolt axial stress at

failure.

Figure 6 shows the graphical representation of the proposed solution (Eq. (11))
at ambient temperature (i.e. o, =1.0). The collapse load parameter gr has to be
less than unity so that the sleeve can develop sufficient plastic deformation before
connection failure. For a sleeve with a specific «, and o, the required amplitude
(a) can be defined based on the o, parameter.

Initially, the sleeve should be designed at ambient temperature so that the sleeve
fails before the bolt i.e. g7 <1.0. Furthermore, g7 must be maintained less than
unity at the failure temperature to avoid premature failure of the bolt. However,
the strength of the high strength steel (bolt) &, degrades with the temperature at a
higher rate than the mild steel (sleeve) &, resulting in g7 > 1.0 at elevated tempera-
ture. Thus, the bolt capacity should be increased with a value 5 to eliminate the
higher degradation rate of the capacity at failure temperature, which can be
expressed as
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Pk
——<1.0 (12)
0.9110CbAbO'b_ukb
Considering that the sleeve capacity equals the bolt capacity at ambient tempera-
ture and oy = ,f—;, Eq. (12) leads to

n Z O‘temp (13)

It should be also noted that the sleeve temperature exceeds that of the bolt since
the former is directly exposed to the fire. Thus, the difference in temperature (AT)
between the sleeve 7; and the bolt shank 7, (AT = T, — T}) is a prerequisite before
the design stage to accurately predict on,. The available analytical methods that
predict the connection temperature consider perfect conduction between the vari-
ous connection components and provide average connection temperature rather
than full temperature distribution through the elements [18, 24]. Experimental
observations from the literature show that the peak temperature of the exposed
part of the bolt (e.g. the nut) is 50-150 °C higher than the non-exposed part (e.g.
the shank), depending on the bolt location [25]. However, this range is deemed to
be case dependent since the temperature distribution within the connection com-
ponents depends on various factors such as connection configuration, thermal
mass and the heating phase leading to high complexity in the analytical prediction
of AT. Instead, AT can be estimated based on experimental testing or heat trans-
fer analysis.
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Oemp With various AT is calculated and illustrated graphically in Fig. 7. oemp
must be less than unity at the failure temperature so that the sleeve capacity
designed at ambient temperature is lower than the bolt capacity, otherwise the
bolt capacity must be increased by #n.The failure temperature of steel connections
typically ranges between 500 °C and 900 °C [26, 27], thus AT of 200 °C insures
that at elevated temperature, the sleeve designed at ambient temperature fails
before bolt necking. However, it is expected that bolt necking dominates the con-
nection failure for all temperatures when A7 > 100 °C. With reference to the fig-
ure, it is clear that for sleeve temperature 7, =600 °C, it is required to over-design
the bolts by 71% when AT =50 °C, 14% when AT =100 °C, and increase in
strength is not required when AT > 150 °C.

3. Exploration of Proposed Sleeve Device Performance

3.1. Finite element modelling and validation

Figure 8(a) depicts the geometry of the connection that was numerically developed
using ABAQUS/Standard [28]. The model was discretised using eight-node linear
brick elements with reduced integration (C3DS8R), except for the loading plate
which is assigned as a rigid body. A fine mesh was adopted in regions of high
stress localisation such as the bolt and the end plate. Surface-to-surface interac-
tion with small-sliding formulation and a friction coefficient of 0.2 [29] was selec-
ted to model tangential behaviour between contact surfaces that are excepted to
separate or experience relative slip during the analysis (e.g. the end plate and col-
umn flange or the bolt head and plate). The normal behaviour was modelled using
a hard contact interaction, which constrains the nodes on one surface from pene-
trating the other surface. A mesh convergence study was conducted to define the
optimum mesh size and the final results are illustrated in Fig. 8b.
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Figure 8. Geometry and discretisation of the FE model.

A constitutive model based on that of EC3: part 1.2 for mild steel was used.
Yield (Fy, = 356 MPa) and ultimate (F, = 502 MPa) stress are defined based on
tensile tests carried out on coupon specimens [21]. For high strength steel, the
nominal material properties of grade 8.8 bolts was used (/y = 640 MPa and F, =
800 MPa). The strength reduction factors with temperature for mild steel is con-
sidered based on Eurocode [10] while proposed values by Shaheen et al. [19] were
considered for the bolt. The true stress o7 and true strain ¢y were obtained based
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on the well-known relations ¢r = In(l +¢,) and o7 = 0,(1 +¢,) where g, is the
engineering stress and ¢, is the engineering strain.

3.1.1. Model Validation The FE model in this study is validated against the speci-
mens tested at ambient (M1) and clevated (M2) temperature by Yu et al. these
comprised flush end plate connections [21], see Fig. 8a. During the experimental
tests Yu et al. [21], a special loading system was adopted to allow very high rota-
tion of the connection and to apply tension force, this represented the combina-
tion of forces developed during the catenary stage. The tensile force was applied
to the end of the beam at various angle between the force and the beam’s axis. To
represent the boundary conditions of the test, displacements at the column ends
were restrained in all directions and the applied force was inclined by an angle
o=55° with respect to the beam’s axis to produce different combinations of shear
and tying force. Due to symmetry, only half of the connection is modelled, with
symmetric boundary conditions assigned at the plane of symmetry, which passes
through the beam’s web. The bolt diameter was modelled based on the effective
stress area rather than the full diameter. Figure 9 depicts a comparison of the
total force-rotation behaviour for the FE and experimental test. It is clear from
the figure that the initial stiffness, ultimate capacity and post peak behaviour of
the tested connection are captured by the FE model with satisfactory accuracy.
Furthermore, the FE predicted failure by bolt necking as exhibited in the experi-
mental test.

3.2. Design of Sleeved Connection at Ambient Temperature

The FE model (M1) is used to evaluate the proposed analytical solution at ambi-
ent temperature. However, the thickness of the end plate is increased to 15 mm so
that the dominant failure mode is bolt necking. Equation (11) is used to calculate
the plastic amplitude for the sleeve mated with the M20 Gr 8.8 bolt. At this stage
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Figure 9. Validation of the FE models.
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Oemp 18 et to unity since the evaluation is at ambient temperature. Calibration of
osy requires quantifying the reduction in bolt axial capacity in the presence of
bending and shear stress, which results in cumbersome calculations. Instead, the
bolt capacity o, is limited to the code-prescribed bolt strength (0.9g;,/1.25 based
on Eurocode 3 part 1.8 [10]) when exploiting the analytical equations. Therefore,
sz is equal to the partial safety factor of the bolts, which according to Eurocode
3 Part 1.8 is 1.25.

Figure 10 shows the predicted plastic amplitude as calculated from Eq. (11)
compared with the FE results for sleeve thickness of 4 mm and 5 mm. It is dis-
cernible that the proposed analytical equation predicts the plastic amplitude with
acceptable accuracy, the difference is ranging between 0.2 mm and 0.9 mm (i.e.
about 10% to 20%).

3.3. Design oF sleeved Connection at Elevated Temperature

It was discussed in Sect. 2 that the failure mode of the connection at elevated tem-
perature is controlled by oemp. Initially, FE models with various AT were anal-
ysed to investigate the failure mode of the connection at elevated temperatures
with respect to o, and the results are summarised in Table 1, the values in
parentheses are for oy,,. The amplitude values for the modeled sleeves were calcu-
lated based on Eq. (11) for sleeve length of 1.5d and thickness of 5 mm, where d
is the bolt diameter. Despite the fact that the sleeve failure was observed at ambi-
ent temperature, the failure mode changed to bolt necking at elevated tempera-
tures, particularly for small values of AT. Fig 11(a) depicts the plastic strain of
connections with «=35° and A7 =50 °C in which the plastic strain concentrates
in the bolt shank resulting in failure of the connections by bolt necking while the
plastic deformation was absent in the sleeve. Although the proposed solution con-
siders the failure mode altering to bolt necking at elevated temperature when e,

g T 6f .
E3f - H
< < o

2t . 41

1 1 27 1

Analytical prediction Analytical prediction
" FE results = FE results
0 . . . N N 0 . . . N N
0.75 1 1.25 1.5 1.75 2 225 0.75 1 1.25 1.5 1.75 2 2.25
L/db L/db
(a) t = 4mm. (b) t = 5mm.

Figure 10. Comparison of plastic amplitude values obtained from
analytical and FE results at ambient temperature.
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Table 1

Failure Mode of Connections with Various Values of AT {« = 35°,45° and

55°)

AT 0 50 100 150

T
20 Sleeve (1.00) - - -
500 Bolt (1.89) Bolt (1.42) Sleeve (1.13) Sleeve (0.94)
600 Bolt (3.44) Bolt (1.71) Sleeve (1.14) Sleeve (0.85)
700 Bolt (3.07) Bolt (2.27) Bolt (1.68) Sleeve (0.84)
800 Bolt (2.67) Bolt (1.98) Bolt (1.47) Sleeve (1.09)

Where: « is the load angle with respect to the beam axis, and AT is the difference in temperature between the sleeve
T, and the bolt shank

is higher than unity, sleeve failure is observed for connections with o, up to
1.14 due to the over-estimation in the plastic amplitude, see Table 1 and Fig. 11b.

Figure 12 shows the specimen identifier used in the following investigations.
Each model is refereed by two cells reflecting the model characteristics. For exam-
ple F600B550-35deg represents sleeved connection with a sleeve temperature of
600 °C, bolt temperature of 550 °C, and the load angle of 35 ° while P600B550-
35deg represents the standard connection without a sleeve and with the same
parameters.

If sleeve failure is required at elevated temperature when a high value of AT is
considered, the bolt capacity must be increased by # so that failure is initiated in
the sleeve before the bolts. Figure 13(a) compares the behaviour of sleeved and
standard connections for AT =50 °C and Gr 8.8 bolt at 7,=600 °C. It is clear
form Fig. 13a that the sleeved connection failed by bolt necking before developing
significant plastic deformation in the sleeve since the increase in ductility is mar-
ginal when the sleeve was used. Figure 7 shows that the bolt capacity should be
increased by n=1.71 for AT =50 °C. The simplest way is to increase the bolt
capacity without altering the connection configuration by adopting a higher bolt
grade of Gr 10.9. However, the increase in bolt grade provides #=1.25, which is
not sufficient to alter the failure mode from bolt necking to sleeve crushing, thus
the bolt diameter must be also increased to 24 mm. Figure 13(b) shows that sleeve
crushing is achieved when the M24 Gr 10.9 replaces M20 Gr 8.8. It should be
considered that the sleeve capacity must be limited to the original bolt capacity.
However, the increase in bolt diameter requires changing the sleeve dimensions so
that it can be mated with the M24 bolt. Thus, the amplitude of the new sleeve
must be defined so that the collapse load parameter (g7) is limited to the ratio
between the capacity of the M20 Gr 8.8 and M24 Gr 10.9 rather than unity. With
reference to Fig. 13 the sleeve amplitude is increased from 7 mm to 10 mm since
the diameter of the new sleeve is higher than the original one which provides
higher sleeve capacity.



A Novel Method to Improve Robustness of End Plate Connections 1661

0.000 0.050 0.100 0.150 0.1750.200 0.225 0.250 0.300 >0.300

F500B500-35deg ~ F600B600-35deg F700B700-35deg F800B800-35deg

(a) Plastic deformation for connections with A7'= 0.0 at end of analysis.

F500B350-35deg ~ F600B450-35deg F700B550-35deg F800B650-35deg

(b) Plastic deformation for connections with A7 = 150 at ultimate capacity.

Figure 11. Failure mode at various AT for connection with «=35° (for
specimen identifier, see Fig. 12).

4. Effect of the Sleeve on the Strength and Rotational
Capacity of Connections

With the absence of simple analytical methods to predict the temperature distribu-
tion in the individual components, together with the associated difficulties and
high uncertainty, further analyses were conducted with different values of AT pro-
viding an insight into the effect of the sleeve designed at ambient temperature on
the behaviour of the connection during fire. Thus, the purpose of this section is
not to provide design guidelines for sleeves subject to fire but to insure that the
sleeve designed at ambient temperature does not have any adverse effect on the
behaviour of the whole connection system during fire. Various values of AT are
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‘ F600B550 ‘ - ‘ 35 deg }—> Angle between the applied load and the
beam’s longitudinal axis.

Temperature value for either the sleeve, the
end plate or the bolt:

F - used for connections with the sleeve
followed by the temperature of the sleeve.

”| P = used for connections without the sleeve
followed by the end plate temperature.

B - used for the bolt followed by the bolt
temperature.

Figure 12. Specimen identifier.
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Figure 13. Use of higher bolt grade and diameter to avoid
premature failure of the bolt (T,=600°C).

considered including zero, 50 °C, 100 °C, and 150 °C, where zero indicates the
bolt and the sleeve have the same temperature while 150 °C means the sleeve tem-
perature 7y is 150 °C higher than that of the bolt 7.

Figure 14 compares the force-rotation behaviour of sleeved connections with
the standard configurations when various load angles o were used. The sleeve
parameters were defined based on Eq.(11) at ambient temperature. The rotational
capacity of sleeved connections is on average 2.23 times higher than the standard
configurations for all «. Ultimate capacity is also increased by about 16% as the
sleeve enables the lower bolts to more effectively contribute to resisting the
applied load, eliminating the unzipping failure mode regularly associated with
thick end plates. Furthermore, the initial stiffness of the sleeved connections is
consistent with the standard configuration indicating the proposed sleeve system is
compatible with the current design specifications such as Eurocode [10] and AISC
[30] without modification.

Figure 15 shows force-rotation behaviour of sleeved and standard connections
with various AT when the sleeve temperature was 800 °C. For AT ranging
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Figure 14. Comparison of force-rotation behaviour for sleeved and
standard connections at ambient temperature.
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Figure 16. Safety of the sleeved connection designed for ambient
temperature and subject to fire (sleeve 1.5d x5x7).
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Figure 17. Safety of the sleeved connection designed for ambient
temperature and subject to fire (sleeve 1.5dx5x7).

between zero and 100 °C (see Figs. 15(a-c)), the sleeve capacity was higher than
the bolt which results from a higher degradation rate for high strength material
with temperature resulting in failure of the connection by bolt necking. However,
the sleeved connections recorded 21% rotational capacity and 5% strength higher
than the standard configuration. This increase in ductility comes from elastic and
partial-plastic deformation of the sleeve before bolt necking. When AT =150 °C,
the sleeve failed before the bolt resulting in a significant improvement in both
rotational capacity (90%) and strength (16%) compared with the standard config-
urations. It should be pointed out that the increase in connection strength with
AT results from the increase in the bolt capacity since the bolt temperature is
reduced.

The ratio of strength and rotational capacity of the sleeved connections to that
of the standard configurations is calculated for all FE models and plotted in
Fig. 16 and 17, respectively, to investigate the safety of sleeved connection
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designed for ambient temperature during fire. It should be pointed out that AT
represents the difference of temperature between the sleeve and the bolt i.e. mod-
els having the same temperature difference are plotted at the same AT. For exam-
ple the model with 7,=500 °C and 7,=350 °C is plotted at the same AT for
model with 7,=600 °C and 7, =450 °C; which results in several data points for
the same angle o at a specific AT. It is clear that the strength of the sleeved con-
nections is higher than the standard configuration irrespective of the failure mode
or the AT value. The strength of the sleeved connections is 3% to 7% higher than
the standard configuration when the failure mode is bolt necking while it is 13%
to 22% when the sleeve failed before the bolt. Similarly, all FE models of the
sleeved connections recorded higher rotational capacity than the standard configu-
rations for all AT values, however, the increase in the rotational capacity is signif-
icant when sleeve failure was observed as shown in Fig. 17. This concludes that
the proposed sleeve device does not have any negative effect on the connection
performance at ambient and elevated temperature even if the failure mode chan-
ged to bolt necking at high temperatures.

5. Limitations

The connections investigated in the present study are analysed under combina-
tions of bending and axial force to simulate the behaviour of the connection
within the catenary stage. Despite the large tension force applied on the connec-
tion, the bottom bolts at the compression flange remained within limited plastic
strain indicating that they were fully effective to resist the applied shear on the
connection. Typically, in connections subjected to combinations of load, the verti-
cal shear is assumed to be resisted by the bolts adjacent to the compression flange
[31]. However, if the axial force on the bottom bolts is expected to be higher than
the plastic capacity of the sleeves (e.g. during the cooling stage), a lever arm is
generated from shortening of the sleeves and movement of the end plate away
from the column flange. Eventually, bending stress can develop in the bolts which
may result in premature failure of the connection attributable to the negligible
flexural strength of bolts. One possible solution is to resist the applied shear force
by a different system to the bolts (e.g. a seat angle with the flush end plate con-
nection).

Nominal material properties are used for the sleeve. However, the strength of
the supplied material is frequently higher than the nominal value. If the sleeve
thickness is defined based on the nominal value, its ultimate capacity would be
higher than the bolt capacity leading to the bolt failing without developing suffi-
cient plastic deformation in the sleeve. The higher the material strength, the lower
the rotational stiffness of the connection. A feasible solution is to apply stringent
control on the sleeve material properties. However, further analysis is required to
define the margin for the increase in the material strength and a possible factor of
safety.

The primary objective of this study is to prove the concept of the proposed
sleeve device and to ensure that the sleeve does not have detremintal effects on the
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connection at elevated temperatures. This leaves various parameters for future
investigation: (i) the behaviour of the sleeved connection when additional failure
modes such as end plate, web-panel zone and weld cracking, are expected; (ii) the
effect of bolt pre-loading on the sleeve response; (iii) the effect of friction between
the sleeve and the steel plates on the sleeve capacity and the overall response of
the connection. Subsequent work will include experimental investigations, so that
the metallurgical failure modes that can arise from microscopic defects can be
taken into account. This will inform the development of analytical models and
design methodologies for practical applications.

6. Conclusions

This study presents a novel device for enhancing the rotational capacity of beam-
column end plate connections at elevated temperatures. The proposed system con-
stitutes a sleeve with designated dimensions including length, thickness and wall
curvature that is inserted between the end plate and the washer. For sleeves with a
constant length and wall thickness, the capacity is controlled primarily by the
plastic amplitude value. On the condition that the ultimate capacity of the sleeve
is lower than the bolt capacity, for thick end plate connections, the sleeve devel-
ops a severe bending deformation before the failure of any connection compo-
nents, which can be initially satisfied at ambient temperature. However, the bolt
material (high strength steel) degrades with increasing temperature at a higher rate
than the sleeve material (mild steel), resulting in the bolt capacity being lower
than the sleeve capacity at elevated temperature, particularly when the the sleeve
temperature is significantly higher than that of the bolt. In order to achieve failure
of the sleeve before the bolt at elevated temperature, the bolt capacity should be
increased by a value of # while the sleeve capacity must be limited to the original
bolt capacity.

A proposed analytical solution was developed to predict the plastic amplitude
for the sleeve with a circular waveform at elevated temperatures. The sleeve is
analytically represented using the shell of revolution theory subjected to axisym-
metric loading. To simplify the mathematical operations, the sleeve is analysed
using the two-moment limited interaction yield condition and follows an idealized
rigid-perfectly plastic material response. The proposed analytical solution is com-
pared against validated FE models for sleeved end plate connections. The results
show that the proposed analytical solution can accurately predict the plastic
amplitude value at ambient and elevated temperatures.

Furthermore, fire performance of the end plate connections with various sleeve
parameters were numerically investigated to study the effect of the sleeve on the
connection performance with different failure modes. It is concluded that the pro-
posed sleeve device does not have any negative effect on the connection perfor-
mance at elevated temperatures even if the failure mode changed to bolt necking
at high temperatures.
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