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Abstract

The behaviour of steel and composite beam-column joints was investigated in this paper.
A test programme on typical beam-column joints subjected to quasi-static and impact loads

was presented. A comparison of different connections was conducted and composite slab
effect was investigated. Based on the test results, a component-based modelling approach
was proposed and validated. Basic nonlinear springs of beam-column joint models were
developed. Mechanical properties of the nonlinear springs were defined based on either
current design codes or models proposed by previous researchers. Good agreement with

test results was achieved by the component-based models.

Keywords: Beam-column joint; impact load,; column removal; progressive collpase

1. Introduction

Beam-column joints play an import role in
the robustness of building structures when
structures are subjected to progressive collapse
scenarios. Currently, many tests have been
conducted on both fin plate (FP) [1-5] and
welded unreinforced flange with bolted web
(WUF-B) [6-12] connections. However, most of
the previous tests focused on the behaviour of
bare steel joints. The potential benefit of
composite slab has not been fully investigated so
far. Moreover, progressive collapse is a dynamic
process in nature. Therefore, it is urgent to study
the dynamic behaviour of beam-column joints.
To meet the technical gaps, a test programme
and a component-based modelling approach for
beam-column joints subjected to quasi-static and
impact loads are presented in this paper.

2. Experimental study

2.1. Test programme

A total of twelve half-scale beam-column
joints with FP and WUF-B connections were
designed based on Eurocode 3 Part 1-1,
Eurocode 4 Part 1-1 [13, 14], AISC 360 [15] and
AISC 325 [16] and their detailed information is
provided in Table 1. Recommendations in

FEMA 350 [17] were also considered. To
identify each specimen, they are named based on
the concrete slab thickness and connection
detailing, such as C75 stands for 75 mm thick
composite slab, FP for fin plate connection, W
for WUF-B connection, M for the middle joint
while S for the side joint, R for reduced number
of shear studs, slot for slotted holes and rbs for
reduced beam section. For instance, specimen
C75FP-Mslot was a middle joint with 75 mm
thick composite slab, fin plate connection and
slotted bolt holes were used in the fin plates. For
all the specimens, Grade S355 universal beams
(UB  203x133x30) and columns (UC
203x133x71) were used and connected by Grade
S275 fin plates and Grade 10.9 M20 bolts. A pre-
torque of 280 kNm was applied to the bolts.

Eleven half-scale beam-column joints with
FP and WUF-B connections were tested under
impact loads and the details are shown in Table
2. The nomenclature is as follows: C stands for
composite slab, FP for fin plate, W for WUF-B,
M for mass, and H for height. For instance,
specimen C75FP-M530H3 had a 75 mm thick
composite slab and fin plate connections. It was
subjected to an impact load from a 530 kg mass
hammer dropping from 3 m height.
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Table 1. Summary of quasi-static test specimens.

ID Slab Joint location Shear studs
(mm)
FP-static / / /

CTSFP-M 75 Middle ~ 2[OWS@
90 mm

C75FP-S 75 Side 2 rows @
90 mm

C100FP-M 100 Middle  2oWs@
90 mm

C75FP-MR 75 Middle LoV @
180 mm

C7SFP-Mslot 75 Middle 21O @
90 mm

W-static / / /

CTSW-M 75 Middle ~ 2[OWs@
90 mm

C75W-S 75 Side 2 rows @
90 mm

CLO0W-M 100 Middle ~ 2[OWs@
90 mm

CTSW-MR 75 Middle 1OV @
180 mm

CTSW-Mrbs 75 Middle 2OV @
90 mm

Nomenclature: C - Composite; FP - Fin plate; W - WUF-

B; M - Middle joint; S - Side joint; R - Reduced number of

shear studs; slot - slotted holes; rbs - reduced beam section
Table 2. Summary of impact test specimens.

Drop- . Impact
ID weight Hfrlng)ht velocity
(kg) (m/s)

FP6-M530H3 530 3.015 7.389
FP10-M530H3 530 3.015 7.305

C75FP-M530H3 530 3 7518
C75FP-
M770H1.425 770 1425 5.020

C75FP-M530H3-S 530 2.994 7.388
CI00FP-M530H3 530 2.995 7.469
W-MS830H3 830 2.993 7.235
C75W-M770H3 770 2.998 7.619
C75W-M770H2 770 2.005 6.230
C75W-M770H3-S 770 2.997 7.357
C100W-M770H3 770 2.996 7.357

Nomenclature: C - Composite; FP - Fin plate; M -
Mass, kg; H - Drop-height, m; S - Side joint

Based on standard 150 mm diameter by 300
mm length cylinder tests, concrete compressive
strength and the corresponding standard
derivation are shown in Table 3.
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Table 3. Concrete material properties.

. Standard
Test series Compressive derivation
strength (MPa) (MPa)
FP quasi-static 36.7 2.8
WUF-B quasi-static 37.4 1.4
FP impact 37.0 3.6
WUF-B impact 50.6 5.4

A hydraulic actuator with displacement
control at 6 mm/min was employed to apply a
quasi-static load to beam-column specimens as
shown in Fig. 1. The actuator has a capacity of
500 kN. The quasi-static load was monotonically
applied on the middle column joint for a vertical
‘push-down’ test to find the maximum capacity.
On the left side, a strong A-frame was used to
simulate a pinned support while on the right side
the specimens were connected to a pinned
support reacting against a strong wall. The two
pinned supports were used to simulate the
inflexion points located roughly at the one-third
span of each beam after the middle column was
removed. The beam span was 3668 mm, smaller
than a typical full-scale steel frame, to fit within
the limited space in the laboratory. The test set-
up was validated by tests conducted previously
by Yang and Tan [18].

- see

Fig. 1. Front view of quasi-static test set-up.

Fig. 2 shows the impact test set-up. An MTS
drop-weight test machine was used to apply
impact loads in the test programme. The basic
drop-weight of the hammer system was 530 kg
including a load cell system (60 kg). The drop-
weight could be increased to 830 kg by adding
10 pieces of steel plates each weighing 30 kg.
The impact hammer was centred to the axis of
the middle column joint.
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Vertical
tracks

Fig. 2. Front view of impact test set-up.

2.2. Test results

Fig. 3 shows the development of static load
versus displacement of four typical middle
beam-column joints subjected to quasi-static
loads. Bare steel joint FP-static was unable to
sustain applied load at the initial stage (Fig. 3(a))
due to free rotation of its pin connection. The
peak load was obtained at 82.9 mm and after
that, fracture of fin plates occurred so that the
applied load decreased dramatically. In contrast,
C75FP-M was able to sustain 45 kN of applied
load at the initial stage until crushing of concrete
occurred due to the composite slab effect (Fig.
3(b)). However, due to greater demand on
deformation capacity of the fin plates at the
initial stage, fracture of the fin plate in C75FP-
M occurred at a smaller displacement than FP-
static (42 mm versus 82.9 mm). Since W-static
had a stronger beam-column connection
compared to FP-static, a greater load (Fig. 3(c))
could be resisted. W-static was more ductile
when comparing final displacement at failure
(400 mm versus 300 mm for FP-static). Due to
the composite slab effect, a greater load could be
resisted by C75W-M (Fig. 3(d)) at the initial
stage. However, due to greater demand on
deformation capacity of beam flanges, both the
bottom and top beam flanges fractured at a
smaller displacement compared with W-static.
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Fig. 3. Load versus displacement curves of typical
quasi-static test specimens: (a) FP-static; (b) C75FP-
M; (c) W-static; (d) C75FP-M

Fig. 4 shows the structural response of four
typical beam-column joints subjected to impact
loads. Specimen FP6-M530H3 had a 6 mm thick
fin plate (bare steel connection) and the impact
force development is shown in Fig. 4(a). Each
collision consisting of three spikes in Fig. 4(a)
represented one visible impact between the
hammer head and the specimen. The first spike
occurred when the hammer came in contact with
the joint. Then the joint rebounded quickly due
to horizontal restraint provided by the pinned
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supports. In the test conducted by Grimsmo el al.
[19], horizontal restraint was not applied so that
only one spike was observed for each collision.
C75FP-M530H3 was a composite FP joint and
had a greater inertia compared to FP6-M530H3.
Therefore, a greater peak impact force was
observed (1067.8 kN versus 912 kN for FP6-
M530H3) as shown in Fig. 4(b) while the
velocity in terms of the slope of displacement
versus time curve (Fig. 4(c)) was smaller.
Specimen W-M830H3 had a welded connection
to the column flange and thus it was much stiffer
and stronger than fin plate specimen FP6-
MS530H3. A greater drop-weight of 830 kg was
employed compared to  FP6-MS530H3.
Therefore, a greater peak impact load (999.1 kN)
was observed as shown in Fig. 4 (d). A stable
period was observed between 15 ms and 50 ms
for W-M830H3, which was also found in the
impact test conducted by Fujikake el al. [20]. A
similar phenomenon was observed for C75W-
M770H3. Due to greater inertia compared to the
bare steel joint, C75W-M770H3 had a greater
peak impact force (1188.9 kN versus 999.1 kN
for W-M830H3) as shown in Fig. 4(e). Complete
fracture of the connection was not observed in
the WUF-B joints. The respective residual
displacements caused by plastic deformation
were 112.8 mm for W-M830H3 and 50.3 mm for
C75W-M770H3 (Fig. 4(f)).
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Fig. 4. Structural responses of typical impact test
specimens: (a) Impact force development of FP6-
M530H3; (b) Impact force development of C75FP-
MS530H3; (c) Displacement development of FP
specimens; (d) Impact force development of W-
M830H3; (e) Impact force development of C75W-
M770H3; (f) Displacement development of WUF-B
specimens.

3. Numerical study

Component-based models have been
proposed for bolted angle and end plate
connections subjected to column removal
scenarios [21, 22]. In this paper, they are used to
simulate beam-column joints with FP and WUF-
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B connections. Nonlinear springs in the
component-based models include the concrete
slab, reinforcing bar, profiled sheeting, steel
beam flange and bolted connection.

3.1 Concrete slab

Concrete properties can be obtained from
either codified models or concrete material tests.
For instance, concrete stress-strain relationship
in uniaxial compression and tension can be
adopted from the fib Model Code [23]. In this
work, the contribution of concrete tension force
is neglected.

In the experimental tests, failure of concrete
was observed in a region at a distance roughly
equal to one beam depth (h;) from the column
flange. Therefore, gauge length (hy) of the
concrete spring is set as the beam depth plus half
the column depth, which is calculated from the
column centreline. The peak compression force
(F.;m) of concrete spring is equal to the tension
force provided by the steel components
including the beam flange, bolt rows, and
profiled sheeting. Therefore, for each connection
type, individual concrete spring property must be
defined. It should be noted that F.,;, should not
exceed the maximum compressive resistance of
the concrete slab, equal to the area of concrete
(A.) multiply by cylinder compressive strength

(fem)-

3.2. Reinforcing bar

Under compression, crushing and spalling of
concrete surface can accelerate buckling of
reinforcing bars, which was observed in the test.
Therefore, compressive strength of reinforcing
bars may be negligible. A bilinear curve of a
tensile spring representing the reinforcing bars
based on the yield strength g, , ultimate strength
oy, elastic modulus E and nominal area of the
bars is used. Only continuous reinforcing bars
are considered while discontinuous bars are
ignored. Gauge length (h) of the reinforcing bar
spring is the same as that of the concrete spring.

3.3. Profiled sheeting

Since the thickness of the steel profiled
sheeting is 1 mm, local buckling can
substantially weaken its compressive resistance.
Therefore, profiled sheeting in compression is
negligible. Profiled sheeting in tension is
simplified as a bilinear curve [21] based on
coupon tests.

3.4. Beam flange

For fin plate connections, gaps exist between
the beam flange and the column flange. The
stiffness and resistance of the beam flange and
the column flange in compression are much
greater than those of a bolt row. Therefore, it is
assumed that the stiffness and resistance of the
beam flange and the column flange are infinite
when the gap between them closes up.

For WUF-B connections, top and bottom
beam flanges are welded to the column flange.
Beam flange spring can be simplified as a
simply-supported column element with a gauge
length equal to one beam depth. The column
element has the same rectangular cross-section
as the beam flange.

3.5. Bolted connection

The behaviour of bolted connections in both
compression and tension has to be considered.

a) Bolts in bearing between fin plate and beam
web

Several methods have been proposed to
predict the ultimate strength R, p,- of bolts in
bearing and they are included in national design
codes such as Eurocode 3 Part 1-8 [13], AISC
360-10 [15] and CSA S16-09 [24]. The equation
in Eurocode 3 Part 1-8 [13] gave a more
conservative strength prediction compared to the
AISC and CSA codes. Therefore, for more
accurate predictions of the joint behaviour, the
equation in AISC 360-10 is adopted as follows:

Rupr = 1.5(Le — Dto, < 3tdyoy, (1)

where L, is the end distance from the centre of a
bolt hole to the edge of the fin plate measured in
the direction of load transfer (horizontal
direction), d;, is the nominal diameter of the bolt,
t is the thickness of the plate, and o, is the
ultimate strength of the steel plate.

Fin plates may fail in block tearing mode
prior to bolt bearing failure when the end
distance is not adequate [25]. In this instance,
bolt in bearing resistance in Eq. (1) cannot be
achieved and block tearing resistance is used
instead. Eurocode 3 Part 1-8 [13] provides block
tearing resistance as follows:

Rn,bs = oy Ane + (1/\/§)JyAnv (2

where A, is net area subjected to tension and
Ay, is net area subjected to shear.
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The stiffness of bolt in bearing k; is
determined from Eq. (3) proposed by Rex and
Easterling [26]:

k; = — (3)

+
Kpr kp Ky

where kp,-, k;, and k,, are the stiffness values of
bolt bearing, edge steel plate bending and

shearing, respectively. They are specified by Egs.

(4) to (6).
kpr = 120ta,d® (4)
k, = 32Et(2—2 -3 (5)
ky = (20/3)Gt(zE ~3) (6)

where gy, is the yield strength, E and G are the
respective moduli of elasticity and shear of the
steel plate.

Rex and Easterling [27] proposed force-
displacement relationship of bolts in bearing
based on experimental tests. The relationship is
capable of predicting the behaviour of steel
joints with reasonable accuracy [28-31].
Therefore, the method is used to represent the
constitutive relationship for bolts in bearing, as
expressed in Eq. (7).

1.74A =
Fpr = Rnpr[ 70572 — 0-0094] (7)

. ~ Ak
where F,,. is the resultant force, A = = :

is the
n,br

normalised displacement, and A is the

displacement.

The main difference between the bolt rows in
compression and tension arises from the bearing
resistance at the bolt holes. In compression, the
resistance of bolts in bearing can be calculated
from Eq. (8).

Rn,br = Stdbo'u (8)

The stiffness of bolt rows in compression can
be determined by Eq. (3).

b) Bolts in shear

When shear failure of bolt shank governs
failure mode of bolted connections, properties of
bolts in shear should be used.

The ultimate strength of bolts in single shear
is determined by Eq. (9).

dZ
Ruppott = 0.6 =L oy ©)

where g, is the ultimate strength of the bolt.
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¢) Influence of oversized bolt hole and friction

Typically, an oversized bolt hole is used in
construction practice to facilitate the installation
of bolts. It can be predicted that the bolt shank
moves towards the gap before contacting the
steel plate, as shown in Fig. 5. Movement of the
bolt shank may vary from 0 to twice the gap
distance. In simulations, it can be assumed that
the axis of bolt shank is concentric with the
centroid of plate holes for simplification.

Clearance Clearance

hole hole

i I i I
i i i i

Gap Gap
Omni- Mono-
direction direction
Gap (@) Gap (b)

Fig. 5. Direction of bolt movement: (a) Oversized
hole; (b) Slotted hole (Taib [28]).

During the movement of bolt shank, only
friction force exists and its magnitude depends
on the surface treatment of the plate and the bolt
type. Friction force Fs ggq given by Eurocode 3
Part 1-8 [13] is expressed as follows:

Fsra = 0.7ksnuoypAg (10)

where k; is a coefficient to account for the effect
of the type of bolt holes, n is the number of
friction surface, u is the coefficient of slip, A; is
the stressed area of bolt, usually taken as 75% of
bolt gross area calculated using the nominal
diameter.

A constant value equal to Fgr; can be
assumed as a threshold force before the bolt
starts to sustain bearing stress.

d) Failure criteria

Failure of bolted connection is governed by
its weakest component. Test results on fin plate
connections subjected to catenary action [29, 32]
indicate two possible failure modes, namely,
shear failure of bolts and tear-out failure of steel
plates, depending on the relative resistance
between the bolts and the steel plates.

In component-based models, deformation
capacity of each bolt row is defined in tension
and compression respectively. Oosterhoof [31]
provided the ultimate deformations of bolt rows
in tension. The value is about 0.8 to 1.0 time of
end distance. Since there are not sufficient test
data on the ultimate deformations of bolt rows, it
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is recommended that 70% of end distance can be
used. For bolt rows in compression, shear failure
of bolts is dominant over tear-out failure of fin
plates, and the ultimate deformation is around
0.23 times of bolt diameter.

3.6. Vertical shear

An elastic spring can be used to model
behaviour of joints subjected to shear force. In
the vertical direction, bolts function in parallel.
Therefore, stiffness of the elastic spring can be
assumed to be the stiffness of bolts in bearing
(k;) multiplied by the number of bolts.

3.7. Strain rate effect

Material properties of steel and concrete can
be affected by high strain rate, which leads to
different behaviour of basic components under
impact load. To consider the strain rate effect of
steel and concrete materials, dynamic increase
factors (DIFs) are used based on previous
research studies [23, 33].

For concrete material, DIFs at strain rate &,
from the fib Model Code [23] can be adopted.

For steel material, the Cowper and Symonds
model is employed as follows:

MF=1+éﬁ (11)

where 6844 and 3.91 are adopted for constants
C and p [33]; € is the strain rate.

Under impact loading scenario, the respective
yield and ultimate strengths (o, and ay,) of steel
are modified by DIF obtained from Eq. (11).

The relationship between strain rate € and
displacement of each component A can be
obtained from Egs. (12) to (14), which are
modified from the method by Stoddart et al. [34,
35].

£=y (12)
5 =5 (13)
§=12v (14)

where v is the velocity and §; is the time to
reach displacement A.

3.8. Model validation

To validate the modelling approach in
Section 3.1, finite element (FE) package
ABAQUS was chosen and the springs were

simulated by CONNECTOR elements [36]. After
determination of the spring properties, nonlinear
springs were assembled in the beam-column
joint. In the component-based model, beam
element was used to simulate linear members
including the column, beam, shear stud, circular
hollow section (CHS) and bracket support. Shell
element was used to simulate two dimensional
members including the concrete slab and steel
profiled sheeting. Rigid elements were used to
connect the springs. Boundary conditions and
loads were applied based on the test procedure.

Fig. 6(a) shows a comparison of load-versus-
displacement curves from component-based
model and experimental tests for specimen FP-
static. Load applied to FP-static could be
captured well by the simulation. When
incorporating mechanical properties of beam
flanges, load applied to W-static could also be
captured well by simulations as shown in Fig.
6(b). Composite joints C75FP-M and C75W-M
are shown in Figs. 6(c) and (d), respectively.
Although the absolute values of applied load
from models and test results have slight
differences, each failure including fractures of
fin plate, profiled sheeting, beam flanges and
reinforcing bars could be captured well by the
simulations.

Fig. 7(a) compares predicted displacements
from the component-based model and the impact
test for bare steel joint FP6-M530H3. Good
agreement with the test result was achieved by
simulations. In comparison, displacement from
the component-based model for W-M830H3
(Fig. 7(b)) was slightly greater than that from the
test result, indicating either the applied load was
greater or stiffness of the model was smaller. The
difference was small so that the component-
based model was acceptable. For composite joint
C75FP-M530H3 (Fig. 7(c)), displacement from
the component-based model was only slightly
smaller than that from the test result. Composite
joint C75W-M770H3 had welded connections so
that it was sufficient to withstand the impact
load. Therefore, after attaining the peak
displacement, = C75W-M770H3  recovered
partially as shown in Fig. 7(d). It is clear that
good agreement with the test result was achieved
although the peak displacement was slightly
smaller, probably due to a stronger boundary
condition. In the test, the A-frames and
connected pinned supports acted as an elastic
spring in the horizontal direction but due to gaps,
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Fig. 7. Comparison of displacement-versus-time
curves from component-based models and test
results: (a) FP6-M530H3; (b) W-M830H3; (¢)

C75FP-M530H3; (d) C75W-M770H3.

4. Conclusions

Composite slab effect was beneficial to the
initial load-resisting capacity of both FP and
WUF-B joints subjected to quasi-static load.
However, it induced a decrease of the load-
resisting capacity of both types of joints at large
deformation stage. Early loss of load-resisting
capacity was induced as well due to demand of
deformation  capacity of  beam-column
connection at the initial stage.
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Composite slab increased the mass and
inertia of beam-column joints so that greater
impact forces were observed in both FP and
WUF-B joints compared to bare steel joints.
Smaller displacements were observed due to the
composite slab effect compared to bare steel
joints.

A component-based modelling approach was
proposed for steel and composite beam-column
joints in this study. In the proposed component-
based models, beam-column joints were
discretised into individual springs, including the
concrete slab, reinforcing bar, profiled sheeting,
beam flange and bolted connection. Mechanical
property of each spring was determined by
material and geometry of individual component.
Failure criteria were determined accordingly.
Strain rate effect was considered through
transforming strain rate to velocity of movement
of each spring when applying the models to
impact loading scenarios. The models were
validated against typical quasi-static joint tests
and impact joint tests. Good agreement was
obtained.
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