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Column-to-column bolted end-plate connections with stiffeners welded on the end plates and column side faces
for steel modular buildings were investigated, to understand the effect of stiffener configurations on tensile
capacity and stiffness. The connection performance was experimentally examined in tension, focusing on the
flexure behaviour responses of the end plates, especially the yield lines on the end plates. Detailed finite element
analyses (FEA) were also conducted to model the connection behaviours, considering bolt pretensions, contact
behaviours and detailed bolt geometry, showing good comparison with experiments. The experimental and FE
studies indicated that stiffeners at locations such as the corners of the steel tube could improve the tensile ca
pacity by about 60%. On the basis of the FE modelling, a comparative study was subsequently performed to
clarify the effects of stiffener configurations, end-plate thickness, and number of bolts on the tensile capacities
and stiffness of such bolted end-plate connections. The effects of stiffener configuration on tensile capacity were
also described in detail, based on yield-line theory.

1. Introduction
Bolted end-plate connections are commonly used in steel structures
for beam-to-column or column-to-column scenarios, because of their
convenience for on-site installation [1,2]. In such configurations, an end
plate is welded to the end of each structural member and several
high-strength bolts pass through the bolt holes of the end plates,
clamping them together. Typical beam-to-column connections include
flush end-plate connections [3,4] and extended end-plate connections
[4]. To improve the strength and stiffness of the connections, stiffeners
can be welded to end plates [5], and such bolted connections with steel
end-plate have also been used to join tubular fibre-reinforced polymer
members [6]. To facilitate the installation of bolts, blind bolts can be
used to fasten the end plate to the column side face [7–9].
Column-to-column bolted end-plate connections are not often used in
conventional buildings, but have become more commonly used in pre
fabricated modular buildings because they eliminate the need for on-site
welding at the column splices. These connections may consist of steel
circular tubes with circular end plates [10] or rectangular tubes with
rectangular end plates [11,12]. The latter are preferred in steel modular

buildings [1]. Bolted beam-to-column or column-to-column end-plate
connections can be classified into thick-plate or thin-plate connections
[13,14]. Failure of a thick end plate occurs after bolts reach their tensile
capacity (i.e. the end plate is rigid); whereas failure of a thin plate occurs
prior to bolt tensile failure (i.e. the end plate is flexible). Thin end plates
often experience greater flexural deformation than thick ones. There
fore, the effects between two thin end plates are much more significant
than those between two thick end plates, making the design of thin-plate
connections more complex. However, thin plates are often used in
connection design because of their more efficient use of steel and better
ductility [14].
Detailed studies of the bending capacity of bolted end-plate con
nections have been conducted in the past. For example, early attempts
[15] to predict the bending capacities of connections were based on
T-stub model. The T-stub model considers the prying forces and the
yielding of end plates. More recently, yield-line theory was extensively
used to predict the bending capacity of such connections. Such theo
retical methods were used to estimate the bending capacities of thin
plates [16], and could be further used to determine the capacities of
connections with their end plates as the most critical components, for
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were mainly affected by the thickness of end plates, when that thickness
was less than 20 mm in reference to the end-plate width of 310 mm.
Moreover, a guideline for the design of bolted end-plate colum
n-to-column connections considering bending capacity and stiffness was
proposed [39], where it was concluded that the bending capacity of the
connection was about 20% higher than the bending moment at yield
initiation. Bolted end-plate connections were also used to join tubular
fibre-reinforced polymer columns [40]. Experimental investigation and
FE modelling revealed that such column connections using eight bolts
increased rotational stiffness by 64% and yield moment by 75%
respectively compared to such connections using four bolts.
Aside from bending behaviours, several studies have reported on the
tensile capacities of bolted end-plate connections, limited to those
without stiffeners. For example, the prying forces of bolted beam-tocolumn connections with thick or thin circular end plates were deter
mined in Ref. [41] based on a T-stub model with verification of FE
modelling. It was also found that for thin end-plate connections, the
prying force was proportional to the external forces applied to the
connection. The yield-line method and the T-stub model were used to
predict the tensile capacities of column-to-column bolted end-plate
connections [11,12], where different failure mechanisms were consid
ered, showing differences between the estimations and experimental
results within 30%. The tensile behaviours of bolted end-plate connec
tions for tubular fibre-reinforced polymer columns were also evaluated
experimentally and by FE modelling [42]. It was found that failure of
such connections could occur after well-developed yielding of the steel
connectors. In the present study, the tensile behaviours of bolted
end-plate connections for steel square hollow sections with different
stiffener configurations were examined under static loading. The out
comes may help understanding the effects of stiffeners on the
improvement of tensile performance of the bolted flanged connections,
in order for such steel connections to meet the requirement of tensile
stiffness and capacity when used in steel modular building assemblies.
The flexural behaviours of the end plates, especially the patterns of yield
lines, were also studied in detail. Attention was focused on clarifying the
effects of stiffener configurations on tensile capacity and stiffness, based
on yield-line theory. Furthermore, detailed finite element analyses
(FEA) were conducted to model the connection behaviours, showing
good agreement with experiments.

example for bolted end-plate beam-column connections [17] and bolted
end-plate column-column connections [18,19]. In this way, plastic
hinges are formed in the thin plate when the plate is subjected to a large
bending moment, and these plastic hinges can be referred to as yield
lines. In the yield line theory, yield lines divide a plate into several
sections [20], and those sections can rotate plastically about one another
along these hinges. It is assumed that the sections are rigid because the
elastic bending deformation within the sections is much less than the
plastic rotation along the hinges. Apart from the assessment of the
bending capacities of the thin plates, yield-line methods can also be used
to estimate buckling load [21], post-collapse behaviours, ductility, and
rotation capacities of thin-walled members [22]. Yield-line methods
used in cold-formed steel members were further reviewed in Ref. [23]
where the challenges of application in cold-formed steel members were
discussed. Another application of yield-line methods was to estimate the
strength of stiffened plates with openings [24], yielding satisfactory
agreement with experimental results. Two kinds of yield-line methods
were compared and discussed in Ref. [25]. In the method used by
Ingerslev [26], the yield lines were straight and divided the plate in such
a way as to form a mechanism; the other method [27] allowed curved
yield lines. As yield lines are assumed to be subjected to pure bending
without torsion, they are always perpendicular to the direction of the
principal bending moment [25] and therefore they must sometimes be
curved. Nevertheless, straight yield lines as a simplification were used in
many studies [27–29] because of the uncomplicated yield patterns and
calculations. Calculation of the plastic-moment capacity of a straight
yield line is more complex [30] because it may be subjected to torque.
Both the yield-line methods have been used for studies of
beam-to-column bolted end-plate connections. Design methods for
beam-to-column bolted end-plate connections based on yield-line theory
were proposed considering all straight yield lines [31]. Recently, the use
of curved yield lines to predict the capacity of four-bolt end-plate con
nections was further developed [32], where eight different failure
mechanisms were considered.
Finite element (FE) approaches have often been used for modelling
bolted end-plate beam-to-column connections. An early study [33]
investigated such connections based on a 2-dimensional FE model.
Although such modelling may not be sufficiently accurate, a factor of 1.4
was used to correlate the resulting displacements and a factor of 1.2 for
the average stresses. Another early study of FE modelling for
beam-to-column connections employed a 3-dimensional approach in
which the column was modelled by a rigid plane [34] and all the bolts
were cut in half at the middle of the bolt shanks. Pretensions of bolts
were then applied by tensile loads at the cutting surfaces of the bolt
shanks. This modelling approach presented satisfactory accuracy. In a
more recent study, the mechanical properties of a welded connection, a
flush end-plate connection and an extended end-plate connection with
stiffeners were studied and compared using both FE modelling and
experimental investigations [35]. All the components, including beams,
columns, end plates and bolts were modelled by 3-dimensional solid
elements. It was found that the steel material in the extended end-plate
connection with stiffeners was not prone to fracture because of the local
buckling of the stiffeners. Although many studies have focused on the
failure modes and load capacities of bolted end-plate connections, a
study [36] using the FE method provided a method for predicting the
stiffness of the beam-to-column bolted end-plate connection at both the
elastic stage and the hardening stage, demonstrating that the ratio of
stiffnesses between the hardening stage and the elastic stage was be
tween 0.1 and 0.12. Apart from FE methods, boundary element methods
have also been used to model bolted connections considering contact
behaviours between end plates, as reported in Ref. [37].
Column-to-column bolted end-plate connections have attracted in
terest for investigations including experimental, yield line and FE
modelling approaches. The bending capacities of such connections were
studied in Ref. [38], using FE modelling and experimental invetigation.
It was found that the stiffness and strength of an end-plate connection

2. Experimental program
2.1. Specimens
To investigate the tensile behaviours of bolted end-plate connec
tions, experiments considering two variables were performed. The first
variable was the number of bolts: two or four bolts were used to connect
the two end plates. The second variable was the location of the stiffeners:
either welded to the end plate and at the middle of the column steel tube
or at the corner of the column steel tube. Therefore, six different con
figurations of bolted end-plate connections were investigated. The three
configurations (B4S0T6, B4S4mT6, B4S4cT6) on the left of Fig. 1 had
four bolt holes for each end plate, whereas the other three configurations
(B8S0T6, B8S4mT6, B8S4cT6) on the right had eight bolt holes for each
end plate. B4S0T6 and B8S0T6 configurations had no stiffener between
the tube on the end plate whereas the other configurations each had four
stiffeners. The specimens were named to include information about the
number of bolts, the number and position of stiffeners and the thickness
of the end plates in millimetres. For example, the name B4S4mT6 in
dicates that the specimen has four bolts, four stiffeners at the middle of
the tube, and 6 mm-thick end plates; B4S4cT6 indicates that the spec
imen has four bolts, four stiffeners adjacent to the four corners of the
tube, and 6 mm-thick end plates. All the configurations shown in Fig. 1
are doubly symmetric. The tube corners had a radius of 8 mm, and the
aforementioned corner stiffeners were actually welded to the flat side
surfaces adjacent to the tube corners, instead of welded to the curved
2
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Fig. 1. Different stiffener configurations in bolted end-plate connections.

surfaces of the corner (except the stiffeners in specimen B8S4cT6). As all
the specimens were designed to be subjected to static loading in tension,
fatigue behaviours were not the research intention of the experiments.
Two specimens were prepared for each configuration; therefore in
total 12 specimens were examined. The complete specimen shown in
Fig. 2 includes two column steel tubes and two end plates connected by
bolts. All the end plates in the specimens were square, with 190 mm side
lengths. All the end plates were 6 mm thick and the stiffeners were 5 mm
thick. Fillet welds approximately 6 mm joined the steel tubes to the end
plates. The end plates were designed in such a way that they would fail

before bolt failure, as in Ref. [14]. The steel tubes had hollow square
sections with side lengths of 80 mm and thickness of 6 mm. For con
figurations B4S0T6, B4S4mT6 and B4S4cT6, the distance from the
centre of the bolt hole to the edge of the end plate was 35 mm. For
configurations B8S0T6, B8S4mT6 and B8S4cT6, the distance from the
centre of the bolt hole to the edge of the end plate was 25 mm and the
distance between the two adjacent bolts on the same side of the tube was
54 mm. These bolt configurations were consistent with AS4100-1998
[43]. For the specimen to be clamped by the testing machine, a 12
mm-thick steel tongue plate was slotted into and welded to the free end

Fig. 2. Experimental setup.
3
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of the steel tube. All the bolt holes had diameters of 13 mm.

hardening ratio of 1% [44]. The von Mises yield criterion was used.
The end of the lower column was fixed, and the symmetric surface
where the model was cut in half was constrained from movement
perpendicular to the symmetric surface. Geometric nonlinearity was
considered in the FE analysis. During the loading process, bolt pre
tensions were applied first by decreasing the temperature of the bolt
shanks. Subsequently, a displacement was applied to the top of the
upper column, providing a tensile load to the FE model.

2.2. Material properties
The steel end plates and stiffeners were made of Grade 250 mild
steel. The steel tubes were cold-formed tubes made of Grade 355 steel.
Tensile coupon tests were conducted to measure the material properties
of the steel plates in accordance with the standard AS1391-1991 [44],
and the results are summarized in Table 1. The high-strength bolts were
of Grade 8.8 for configurations B4S0T6, B4S4mT6 and B4S4cT6, and of
Grade 10.9 for configurations B8S0T6, B8S4mT6 and B8S4cT6, because
the latter three configurations were estimated to have greater tensile
capacity. The nominal yield strength of the Grade 8.8 bolts was 640 MPa
and that of the Grade 10.9 bolts was 990 MPa [44]. In accordance with
Eurocode 3 [45], the bolts were pre-tensioned to 43 kN for the Grade 8.8
bolts and 54 kN for the Grade 10.9 bolts.

4. Experimental results and discussion
4.1. Deformation and yield mechanism
During the loading process of each specimen, the end plates exhibi
ted large flexural deformations (Fig. 5), accounting for about 95% of the
total axial displacement of the specimen, while the deformations of the
tube and stiffeners accounted for only about 5% of the total axial
displacement of the specimen. This finding was attributed to the
different stiffnesses of the components. i.e., the small deformations of
the steel tubes were due to their large axial tensile stiffness, and were
subjected to mainly axial tensile force in the experiments. The de
formations of the stiffeners were also small because they had large inplane shear stiffness, and were mainly subject to in-plane shear force
in the experiments. However, the end plates were associated with low
out-of-plane bending stiffness, being mainly subject to bending, result
ing large bending deformations. Therefore, large yielding regions were
developed in the end plates while few were identified in the steel tubes
or stiffeners. Despite the large deformations and yielding regions, none
of the end plates was fractured, due to the high ductility of the steel
material.
The deformed shapes of the specimens agreed well with corre
sponding FE results. For example, the FE and experimental results of the
deformed shapes for specimen B8S4cT6 are shown in Fig. 5 and are very
comparable to each other. Moreover, the gaps between two pairs of end
plates were nearly identical at 2.64 mm at the load level of 340 kN.

2.3. Experimental setup and instrumentation
The specimens were tensioned by a 500 kN Baldwin testing machine
(Fig. 2). For load application, the slot-welded plates at two ends of the
specimen were clamped by the testing machine while a monotonic
tensile displacement was applied. The load was transferred by stiffeners
and end plates where the stiffeners were subjected mainly to shear forces
and the end plates were subjected mainly to bending forces. The appli
cation of the tensile loading was under displacement control at a loading
rate of 0.5 mm/min. A video recorder was placed beside the loading
machine to record the experiments. A laser extensometer was placed in
front of the specimens to measure the relative displacement between the
two end plates in the specimen. Strain gauges were installed on the endplate surfaces as shown in Fig. 3. Most of the gauges were installed in
positions at which yield lines were likely to form according to trial FE
analyses. Actual yield lines were generally curved lines; the straight
lines shown in Fig. 3 are only approximate indications. More reliable
yield lines can be obtained from the more accurate FE analysis described
in Section 3 and discussed in Section 5.4.

4.2. Load-displacement curves

3. FE modelling

The load-displacement curves of these specimens are shown in Fig. 6,
in which two main stages can be found for each specimen. The first stage
is elastic with a large load-displacement stiffness, while the second stage
is elasto-plastic with reduced load-displacement stiffness. After the
specimens are tensioned to 4 mm, the load-displacement stiffnesses
decrease towards zero as the specimens approach their ultimate tensile
strengths. Comparison of the results from four-bolt configurations
shown in Fig. 6a, it can be found that the tensile capacity of specimen
B4S4mT6 with four stiffeners at the middle of the steel tube is 8%
greater than that of B4S0T6 without stiffeners. The tensile capacity of
B4S4cT6 with four stiffeners adjacent to the corners is 40% greater than
that of B4S0T6 without stiffeners. Comparison of the results from eightbolt configurations in Fig. 6b, shows that the tensile capacity of
B8S4mT6 with four middle stiffeners is 80% higher than that of B8S0T6
without stiffeners; and this increase becomes 58% for B8S4cT6 with four
corner stiffeners. Such results indicated that stiffeners adjacent to the
corners of the steel tube were more effective in improving the tensile
capacity than those at the middle for the four-bolt configurations. On the
other hand, for the eight-bolt configurations, stiffeners adjacent to the
middle were more effective in improving the tensile capacity. This
interesting difference is further discussed in Section 5.4 on the basis of
yield-line theory.
The curves in Fig. 6 represent the stiffness of the connection speci
mens. The initial stiffness of the four-bolt connection without stiffeners
(B4S0T6) is 110.0 kN/mm, and that with eight bolts (B8S0T6) is 238.8
kN/mm. All the stiffener configurations significantly improve the tensile
stiffness. For the four-bolt specimens (Fig. 6a), the four stiffeners in the
middle in specimen B4S4mT6 improve the tensile stiffness by 22%,

FE modelling of the specimens under axial loadings were performed
using commercial software ABAQUS 2017. Fig. 4 shows a representative
meshed model. Because of symmetry, only a half of a specimen was
modelled. All the components in the specimens were meshed with
C3D10HS quadratic tetrahedron elements, as also used to model steel
plates in the literature [45]. The contact surfaces of flange plates were
modelled by frictional contact pairs, in which contacting plates had
infinite compressive stiffness when they were squeezed against each
other but had zero tensile stiffness when they were separate from each
other. The frictional coefficient of all the steel-to-steel contact surfaces
was 0.3 [46], including the contact surfaces between two end plates and
those between bolts and end plates. Pretension was applied to bolts by
adjusting the temperature of the bolt shank [47]. The constitutional
relationships for materials of the steel plates, including the end plates
and stiffeners, were modelled based on the results of coupon tests
(Table 1). In this way, each material model in the FE analysis included
three stages: an elastic stage, a yield plateau, and a curve for the hard
ening stage until ultimate stress was reached. For the bolt material a
bilinear model was used based on its nominal yield capacity and the
Table 1
Material properties.
Yield strength (MPa)
Ultimate tensile strength (MPa)
a

End plates

Stiffeners

Steel tubesa

333
453

258
371

420
602

Coupons were cut from walls of the tubes.
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Fig. 3. Positions of strain gauges (a) Connection B4S0T6; (b) Connection B4S4mT6; (c) Connection B4S4cT6; (d) Connection B8S0T6; (e) Connection B8S4mT6; (f)
Connection B8S4cT6.

whereas the four stiffeners adjacent to the corners in specimen B4S4cT6
enhance the tensile stiffness by 65%. Comparison of the results from the
eight-bolt configurations in Fig. 6b shows that the tensile stiffness of
B8S4mT6 with four middle stiffeners is 55% greater than that of B8S0T6
without stiffeners, and this increase becomes 58% for B8S4cT6 with four
corner stiffeners. These results suggest that corner stiffeners always
improved tensile stiffness more significantly than those in the middle.
4.3. Load-strain curves
According to Table 1, the strain value of 0.16% is the material elastic
limit for the end plates. All the strain gauges except G3 and G11 show
values greater than the elastic limit (Fig. 7), indicating that they are at
critical points with yielding. Strain gauges G3 and G11 have relatively
low strain values because the yield lines at those two gauges (Fig. 3a and
d) were too close to the steel tube, and these gauges could only be
installed near the yield lines (e.g., the location of G3 in Fig. 3a) instead
of across the yield lines (e.g., the location of G2 in Fig. 3a) due to space
limitation. Strain gauges G1, G5, G7, G8, G14 are associated with tensile
strains (Fig. 7), indicating the yield lines at these locations are subjected
to hogging moments. The other strain gauges are associated with
compressive strains, revealing that the yield lines at these locations are
subject to sagging moments. It can be seen from Fig. 3 that the hogging
yield lines are mainly located near the column steel tube or stiffeners,
whereas the sagging yield lines mainly pass through the bolt holes. The
sequence of yielding occurrence (when the strain reached 0.16%) can be
identified from the strain results. For example, strain gauges G5 (Fig. 3b)
and G8 (Fig. 3c) are on the end plates near the corners of the steel tubes
in specimens B4S4mT6 and B4S4cT6, respectively. However, the loca
tion of strain gauge G5 yields when the load level is 109.4 kN (Fig. 7c),
prior to the location of strain gauge G8 which yields at 123.1 kN
(Fig. 7d), indicating that in specimen B4S4cT6 the stiffeners which are
adjacent to the steel tube corners can delay yielding and effectively
distribute the stress at the corner of the steel tube.

Fig. 4. Detailed FE modelling with column steel tube, stiffeners, bolts and
end plates.
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Fig. 5. Deformation comparison between experiment and FEA for specimen B8S4cT6 (a) FEA result; (b) experiment result.

Fig. 6. Axial force – axial extension curves (a) models with four bolts; (b) models with eight bolts.

5. Parametrical study

B8S4mT8, B8S4cT8 and B8S8T8 were not further considered.
The new stiffener configurations shown in Fig. 8 have two, six or
eight stiffeners. It should also be noted that fewer stiffeners may be
preferred for installation because more space is available on the end
plates for the application of torque, although it also means less tensile
capacity. Connection B4S2T6 has only two stiffeners located at the
middle of the tube, identical to the stiffeners in specimen B4S4mT6.
Connection B4S6T6 has six stiffeners, two located at the middle and the
other four adjacent to the corners of the steel tube, as a combination of
configurations B4S2T6 and B4S4cT6. Connection B4S8T6 has eight
stiffeners, all of which are located adjacent to the corners of the tube,
identical to the stiffener locations in specimen B4S4cT6. Connection
B8S8T6 also has eight stiffeners, combining the stiffeners in B8S4mT6
and B8S4cT6, i.e. four at the corners and the other four at the middle of
the steel tube.

To further understand the effect of key design parameters on the
mechanical performance of bolted end-plate connections, more config
urations for the such connections were studied numerically, using the
validated modelling method described in Section 3, and the results were
compared with the aforementioned experimental and modelling results.
5.1. Numerical scenarios
The parametrical study was an investigation of the effects of stiffener
configurations and the effects of end-plate thickness on the tensile be
haviours of the bolted end-plate connections. As well as the existing
stiffener configurations (Fig. 1), four new stiffener configurations
(Fig. 8) were incorporated into the study, to understand the effects of
stiffener configuration. All the stiffener configurations were doubly
symmetric. To understand the effects of end-plate thickness, for each
configuration shown in Figs. 1 and 8, two FE models, one with a 6 mmthick end plate and the other with an 8 mm-thick end plate were ana
lysed. The names of FE models with 8 mm end plates end with T8. The
FE results for connections B8S4mT8, B8S4cT8 and B8S8T8 (i.e. with 8
bolts and 8 mm-thick end plates) indicated that those three connections
were associated with bolt failure in tension before the end plates,
because their 8 mm thick end plates with the stiffeners offered capacities
larger than that of the bolts. Therefore, the FE results for connections

5.2. Tensile capacity
From the FE analyses, the tensile capacities of all the bolted end-plate
connections with 6 mm end plates are shown in Fig. 9a, and those with 8
mm end plates are shown in Fig. 9b. From comparison of the tensile
capacities of the connections with the same stiffener configuration but
differing end-plate thickness, it is evident that the connections with 8
mm end plates always offer about 55% greater tensile capacity than the
corresponding connections with 6 mm end plates. It can also be found
6
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Fig. 7. Load-strain curves of the six specimens (a) strains of the connection B4S0T6; (b) strains of connection B8S0T6; (c) strains of connection B4S4mT6; (d) strains
of connection B4S4cT6; (e) strains of connection B8S4mT6; (f) strains of connection B8S4cT6.

Fig. 8. Different configurations of bolted end-plate connections.

that the yield-line pattern of the end plate is not affected by the endplate thickness, being related only to the stiffener configuration.
Therefore, given the same stiffener configuration, the length of the yield
lines on the end plate may be constant and the bending capacity of the
end plate with a given yield-line pattern is proportional to the moment
capacity per unit length (mp) of the plate, in accordance with Eq. (1),
1
mp ¼ tp 2 fy
4

where tp is the end-plate thickness and fy is the steel yield strength. On
the basis of Eq. (1), the bending capacity of the 8 mm end plate is 78%
greater than that of the 6 mm end plate. This difference value is close but
is greater than the improvement of 55% from FE modelling, because of
the effects of bolt length considered in the FE modelling and the different
prying forces for 6 mm and 8 mm endplates. Yield-line patterns are
discussed in detail in Section 5.4.
The configuration of stiffeners showed an obvious effect on the

(1)
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Fig. 9. Tensile capacities of connections with different stiffener configurations from FE results (a) connections with four bolts; and (b) connections with eight bolts.

tensile capacities of the connections. Compared with the connection
B4S0T6 without any stiffener, connection B4S2T6 with two stiffeners at
the middle provided only slightly higher (4%) tensile capacity, whereas
connection B4S6T6 with six stiffeners provided 44% higher tensile ca
pacity and connection B4S8T6 with eight stiffeners provided 77%
greater tensile capacity. For the connection B4S0T8 without stiffeners,
connection B4S2T8 with two stiffeners at the middle again showed only
a slight increase (5%) in tensile capacity, whereas connection B4S6T8
with six stiffeners provided 42% and connection B4S8T8 with eight
stiffeners provided 74% greater tensile capacity. Among configurations
with eight bolts, connection B8S4mT6 containing 6 mm endplates and
four stiffeners at the middle of the steel tube provided 80% greater
tensile capacity than connection B8S0T without stiffeners. Also,
connection B8S4cT6 containing four stiffeners at the corner of the tube
provided 58% greater tensile capacity than connection B8S0T6 without
stiffeners. The connection with eight stiffeners (B8S8T6) provided 139%
greater tensile capacity than connection B8S0T6 without stiffeners.
It is also evident from Fig. 9 that a specific configuration of stiffeners
could induce a similar increase in tensile capacity regardless of end-plate
thickness. For example, the presence of four stiffeners at the middle of
the steel tube (B4S4mT6 in Fig. 1) increased the tensile capacity by 8%
for the connection with 6 mm end plates and by 10% for the connection
with 8 mm end plates; four stiffeners adjacent to the corner increased the
tensile capacity by 50% or 37%, for connections with 6 mm or 8 mm end
plates respectively. Such results were also evident from the configura
tions in Fig. 8. For example, the stiffener configuration of B4S6T6 (i.e.
two stiffeners at the middle and four adjacent to the corners) improved
the tensile capacity by 44% for the connection with 6 mm end plates and
by 42% for the connection with 8 mm end plates.

Fig. 10. Tensile stiffnesses of connections with different stiffener configura
tions from FE results.

than B4S0T8; and B8S8T6 with eight bolts and eight stiffeners and 6 mm
end plates provided 119% greater stiffness than B8S0T6. Although the
initial tensile stiffness increased with the number of stiffeners, as dis
cussed in Section 5.1, too many stiffeners could create difficulty for
specimen installation, especially bolt tightening.
5.4. Yield-line patterns
The tensile capacities of bolted end-plate connections were associ
ated with their yield-line patterns. Figs. 11 and 12 show the distributions
of principal stresses and the resulting yield lines on the end plates from
the FE modelling results for four-bolt connections and eight-bolt con
nections respectively. Due to structural symmetry, only a half of each
end plate is shown. Clusters of thin blue lines or thin red lines in Figs. 11
and 12 are indications of regions subjected to large stresses where plastic
hinges are likely to form. The blue lines are at the points with a
component of in-plane principal stresses greater than 300 MPa in ten
sion, and the red lines are at points with a component of in-plane
principal stresses greater than 300 MPa in compression. Further, the
directions and lengths of such lines indicate the directions and magni
tudes of principal stresses respectively. The yield-line patterns are thus
formed by thick red lines for sagging yield lines and thick blue lines for
hogging yield lines in Figs. 11 and 12. They are within the clusters of
large principal stress regions, perpendicular to the thin lines and along
the locations where the principal stresses are the greatest. It can be
found from Figs. 11 and 12 that most of the hogging yield lines are near
the tube or the stiffeners, whereas most of the sagging yield lines are
near the bolt holes. As the plastic moment per unit length (mp) is a

5.3. Tensile stiffness
The initial tensile stiffness of all the connections is shown in Fig. 10.
As well as the connections with four stiffeners described in Section 4.2,
those with six stiffeners also showed obvious increase in the initial
tensile stiffness. For example, B4S6T6 with six stiffeners and 6 mm end
plates showed 75% greater stiffness than B4S0T6 without stiffeners;
B4S6T8 with six stiffeners and 8 mm end plates showed 73% greater
stiffness than B4S0T8 without stiffener. Furthermore, connections with
eight stiffeners increased the initial tensile stiffness by at least 100%
compared to those without stiffener. For example, B4S8T6 consisting of
eight stiffeners and 6 mm end plates provided 140% greater tensile
stiffness than B4S0T6 with no stiffeners; B4S8T8 consisting of eight
stiffeners and 8 mm end plates provided 123% higher tensile stiffness
8
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Fig. 11. In-plane principal stresses and yield-line patterns for connections with four bolts.

Fig. 12. In-plane principal stresses and yield-line patterns for connections with eight bolts.
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constant and can be calculated by Eq. (1), the total moment to which the
yield line is subjected is the multiplication of mp and the length of the
yield line.
Examples of deformation shapes of end plates are shown in Figs. 5
and 13. The two end plates in a specimen are partially separate from and
partially in contact with each other. To be more specific, around the
steel tubes and stiffeners, the end plates are farthest apart from each
other, whereas around the bolt holes they are in contact with each other.
Because the larger stiffnesses of the stiffeners and their associated de
formations in shear are much smaller than the bending deformations of
the end plates, the hogging yield lines near the stiffeners and tubes (e.g.
the blue lines shown in Fig. 13a) may display similar bending defor
mation. On the other hand, because the sagging yield lines near the bolt
holes (e.g. the red lines shown in Fig. 13a) are very close to regions
where the two end plates are in contact, according to the FE results, the
displacements of these yield lines are close to those of the contact re
gions. In this way, the sagging yield lines are at a consistent height and
the hogging yield lines are also at a consistent height (Fig. 13a), but the
sagging yield lines and hogging yield lines are at different heights
(Fig. 13b) because of the bending deformation of the end plates. As the
opening of the two end plates in a specimen is approximately equal to
the tensile deformation of the specimen, when the tensile deformation of
each specimen reaches a specific value (e.g. 4 mm) at which all the yield
lines in the end plates are fully developed, the openings between the two
end plates of different connections are all approximately the same (equal
to 4 mm), and the height differences between sagging and hogging yield
lines are also about the same. In this case, the closer the distance be
tween the sagging yield line and the hogging yield line, the greater the
rotational angles of the plastic hinges in the end plates, and potentially,
the greater the bending moment offered by the end plates.
The tensile capacity of a bolted end-plate connection can be deter
mined by a virtual work principle with the above considerations of
displacement approximations. A virtual axial displacement δx is applied
at the column end (Fig. 13b) on top of the actual axial displacement x,
then the virtual external work (δWe) of a bolted end-plate connection
done by the ultimate axial load Fu can be determined by Eq. (2). As the
axial deformation of the column and the shear deformations of the
stiffeners are minor in comparison to the bending deformations of the
end plate, only the internal work done by bending moments in the end
plates (δWi) is considered, as determined by Eq. (3),

n R
P

Fu ¼ i¼1

n Z
X

δWi ¼

δθðlÞ⋅mp ⋅dl
li

li

δθðlÞ⋅mp ⋅dl
δx

(4)

Because all the connections share the same material properties and
end-plate thickness, the plastic bending moment per unit length (mp) is
constant for all the connections. Therefore, in accordance with Eq. (4)
the tensile capacity Fu is positively correlated with the virtual rotational
angle (δθ) induced by the virtual axial displacement (δx), and the length
(l) of the yield lines. A comparison of tensile capacities between different
connections can then be made based on the virtual rotational angles at
the yield lines and their lengths. This explains why the tensile capacity of
connection B4S4cT6 is greater than that of connection B4S4mT6, as also
identified in Section 4.2.
After application of the same axial displacement x and the same
virtual axial displacement δx to all the connections, it can be found that
the average distance between sagging and hogging yield lines in
B4S4cT6 is about 30% less than that in B4S4mT6 (Fig. 11). Therefore,
the rotational angles of yield lines in the former are about 30% larger
than those in the latter. However, the length of yield lines in B4S4cT6 is
only 10% less than that in B4S0T6 and this difference in yield-line length
is much less significant than the difference between rotational angles (i.
e. 30%). Therefore, the tensile capacity of B4S4cT6 is notably greater
than that of B4S0T6. It can also be found from Fig. 11 that the yield-line
patterns of B4S0T6, B4S2T6 and B4S4mT6 are similar. Therefore, the
rotational angles and the lengths of the plastic hinges in the three con
nections are similar to each other, resulting their similar tensile capac
ities as shown in Fig. 9. Further, based on the aforesaid understanding, it
can be suggested that for a connection with a specific bolt configuration
and number of stiffeners, a shorter distance between the stiffener and
the bolt hole may result in a larger tensile capacity for the connection.
This is because the stiffener reduces the distance between the hogging
and sagging yield lines, resulting in larger rotational angles without
much reduction in the lengths of the yield lines. This conclusion can be
illustrated from a comparison between B4S4cT6 and B4S4mT6, in which
the former with a larger tensile capacity is associated with a shorter
distance between its stiffener and bolt hole.
This approach can also be employed to compare the tensile capacities
of eight-bolt connections (Fig. 12). All the connections with stiffeners for
B8S4mT6, B8S4cT6 and B8S8T6, have yield lines at least 20% longer
than that of B8S0T6 without a stiffener; in addition, all the eight-bolt

(2)

δWe ¼ Fu ⋅δx

i¼1

rotation of plate sections along the yield line, l is the length of the yield
line, and n is the number of yield lines.
In accordance with the virtual work principle, the external virtual
work (δWe) is equal to the internal virtual work (δWi), and therefore the
tensile capacity Fu can be determined by Eq. (4).

(3)

where mp is the plastic moment per unit length, δθ is the virtual relative

Fig. 13. Deformation shape of connection B4S4mT6.
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connections have similar distances between the sagging and hogging
yield lines (see Fig. 12). Therefore, the tensile capacity is obviously
increased for B8S4mT6, B8S4cT6 and B8S8T6 compared with B8S0T6.
Further comparing the eight-bolt connections with different stiffener
configurations, it can be found that the eight-bolt connection B8S4mT6
reveals a slightly shorter distance (about 5%) between the sagging and
hogging yield lines and slightly longer yield lines (about 5%) than those
of B8S4cT6, therefore resulting in a greater tensile capacity than that of
B8S4cT6.
As seen from Fig. 11, the presence of stiffeners locally changes the
yield-line patterns. For example, the triangular area AOB in connection
B4S4cT6 (Fig. 11b) and that in B4S0T6 (Fig. 11a) are basically the same
because these areas from specimens B4S4cT6 and B4S0T6 have no
stiffeners and also are far away from any stiffeners in other regions.
Although the stiffener configurations outside those areas are different,
they have little influence on the yield-line patterns within those AOB
areas. In the same way, the yield-line pattern within the triangular area
AOC in B4S4mT6 (Fig. 11e) is identical to that in B4S2T6 (Fig. 11c),
because the stiffener configurations within these two AOC areas are
identical, although the stiffener configurations outside those areas are
different. This finding indicates that a stiffener can only change a yieldline pattern locally, without much effect on the pattern distant from the
stiffener. Among the six four-bolt configurations, the triangular areas
AOB of connections B4S0T6, B4S4cT6, B4S2T6 and the triangular area
AOC of connection B4S0T6 share the same yield-line pattern (marked as
P1 in Fig. 11); triangular areas AOC of connections B4S2T6, B4S4mT6,
and triangular areas AOB of connection B4S6T6 and B4S4mT6 also share
the same yield-line pattern (marked as P2 in Fig. 11); and triangular
areas AOC of connection B4S4cT6, B4S6T6, B4S8T6 and AOB of
connection B4S8T6 have identical yield-line patterns (P3 in Fig. 11).
Connection B4S0T6 (Fig. 11a) is doubly symmetric, and its yield-line
pattern consists of eight local yield-line patterns in the form of P1. In this
way, the tensile capacity of B4S0T6 can still be determined based on Eq.
(4) but it is necessary to only integrate along yield lines within the
pattern form P1 and multiply by the number of 8 (i.e., the virtual work
done by the bending moment within the eight patterns in the form of P1
equals that done by the bending moment in the end plate in B4S0T6), as
shown in Eq. (5), where the integration result within the pattern form P1
is denoted as Fu,P1.
1
0PR
δθ⋅mp ⋅dli
li
P1
@
A ¼ 8Fu;P1
Fu;B4S0T6 ¼ 8
(5)
δx

connections shown in Fig. 11, namely B4S2T6, B4S6T6, and B4S8T6,
can be determined by the middle expressions of Eqs (8)–(10) respec
tively, by integration along yield lines within the corresponding forms of
local yield-line patterns.
PR
1
0PR
δθ⋅mp ⋅dli
δθ⋅mp ⋅dli
li
li
P1
P2
A ¼ 4ðFu;P1 þ Fu;P2 Þ
(8)
þ
Fu;B4S2T6 ¼ 4@
δx
δx
0PR
Fu;B4S6T6 ¼ 4@ P2

li

δx

0PR
Fu;B4S6T6 ¼ 8@ P3

li

PR

δθ⋅mp ⋅dli

δθ⋅mp ⋅dli
δx

þ

P3

li

δθ⋅mp ⋅dli
δx

1
A ¼ 4ðFu;P2 þ Fu;P3 Þ

(9)

1
A ¼ 8ðFu;P3 Þ

(10)

By solving the system of simultaneous equations Eqs (5)–(7), and
regarding the tensile capacities Fu, B4S0T6, Fu, B4S4mT6 and Fu, B4S4cT6 as
constants, Fu, P1, Fu, P2 and Fu, P3 can be determined. Substituting the
values of Fu, P1, Fu, P2 and Fu, P3 into Eqs (8)–(10) respectively, the tensile
capacities of B4S2T6, B4S6T6 and B4S8T6 can be determined. In this
way, based on the experimental results for specimens B4S0T6, B4S4mT6
and B4S4cT6, the tensile capacities of B4S2T6, B4S6T6 and B4S8T6 can
be predicted. From the experimental results shown in Fig. 6a, the tensile
capacities of connections B4S0T6, B4S4mT6 and B4S4cT6 are 119 kN,
129 kN and 166 kN, respectively. Based on these values from experi
ments, Fu, P1, Fu, P2 and Fu, P3 are determined to be 14.9 kN, 16.1 kN and
26.6 kN respectively, and then the tensile capacities of connections
B4S2T6, B4S6T6 and B4S8T6 are determined to be 124 kN, 171 kN and
213 kN respectively. The differences between these predicted results and
the corresponding FE results of the tensile capacities shown in Fig. 9a are
minor.
The tensile capacity of connection B8S8T6 with eight bolts (Fig. 12d)
can also be determined in this way by solving the system of simultaneous
equations. From the results of experiments shown in Fig. 6b, the tensile
capacities of B8S0T6, B8S4mT6 and B8S4cT6 are seen as 219 kN, 394
kN and 346 kN respectively. The tensile capacity of B8S8T6 can be
obtained to be 521 kN, comparing well with the FE result of 524 kN as
shown in Fig. 9a.
6. Conclusions
This paper presents experimental and numerical investigations of
bolted end-plate connections with stiffeners welded on the end plates for
splicing steel columns with rectangular tubular sections for steel
modular structures. The work highlights the effects of stiffener config
uration on the tensile capacity and stiffness of connections. Six
connection specimens with different stiffener configurations were pre
pared and tested under axial tensile loading. Further, FE modelling was
performed to describe the connection behaviours including tensile
stiffness and capacity. On the basis of the validated FE modelling tech
nique, a parametrical study was performed to understand the effects of
stiffener configuration, end-plate thickness, and number of bolts on the
tensile capacity and stiffness of the connections. Finally, the effects of
stiffener configuration on the tensile capacity were described in detail,
based on yield-line theory. From this study, the following conclusions
can be drawn:

Similarly, the tensile capacity of B4S4mT6 (Fig. 11e) can be deter
mined based on Eq. (4) but it is only necessary to integrate along yield
lines within the pattern form P2 and multiply by 8, as shown in Eq. (6),
as the virtual work done by the bending moment in the eight patterns in
the form of P2 is equal to that done by the bending moment in the end
plate in B4S0T6, where the integration result within the pattern form P2
is denoted as Fu,P2.
1
0PR
δθ⋅mp ⋅dli
li
P2
A ¼ 8Fu;P2
@
Fu;B4S4mT6 ¼ 8
(6)
δx
The yield-line pattern of B4S4cT6 consists of four local yield-line
patterns in the form of P1 and four local yield-line patterns in the
form of P3 (Fig. 11b). Therefore, the tensile capacity of B4S4cT6 can be
determined by integrating along yield lines within the patterns in the
forms of P1 and P3, and multiplying by 4, as shown in Eq. (7), where the
integration result within the pattern form P3 is denoted as Fu,P3.
PR
1
0PR
δθ⋅mp ⋅dli
δθ⋅mp ⋅dli
li
li
P3
P1
A ¼ 4ðFu;P1 þ Fu;P3 Þ
Fu;B4S4cT6 ¼ 4@
(7)
þ
δx
δx

1) Stiffeners welded on end plates can always improve the tensile ca
pacity of a bolted end-plate connection, and the locations of stiff
eners are important for increasing that capacity. In connections with
four bolts located at the four corners of the end-plate, stiffeners
adjacent to the corners of the column steel tube improved tensile
capacity more (by about 25%) than stiffeners at the middle of the
tube. In connections with eight bolts located on the four sides of the

In the same way, the tensile capacities of the other four-bolt
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end plate, stiffeners at the middle of the tube improve tensile ca
pacity more (by about 13%) than those at the corners of the tube.
Stiffeners welded on the end plates also improve the initial tensile
stiffness of a bolted end-plate connection. A bolted end-plate
connection with stiffeners adjacent to the corners of the column
steel tube or at the corners of the tube offered at least 15% greater
tensile stiffness than a connection with stiffeners at the middle of the
column steel tube.
In bolted end-plate connections joining square columns, stress con
centration is likely to occur on the end plate near the corners of the
column steel tube. Stiffeners at the corners of the column steel tube
could significantly mitigate such local stresses in the end-plate when
the connection is subjected to static tensile load. The strain in the end
plate near the corner of the steel tube could be reduced by at least
50% if stiffeners were located adjacent to the corner.
End plates experience noticeable flexural deformation during
loading. Plastic hinges can form on the end plates at locations where
the bending moments are significant. The tensile capacity of a bolted
end-plate connection is positively correlated with the thickness of
the end plate and the length of yield lines on the end plate; it is
negatively correlated with the distance between two adjacent plastic
hinges subject to opposite bending moments.
The yield-line pattern on the end plate is related to the stiffener
configuration. However, a stiffener can only change the yield-line
pattern locally, without much effect on the pattern away from the
stiffener. Therefore, the yield-line pattern of a stiffener configuration
may be predictable based on the location of each stiffener, and the
tensile capacity of a connection with such stiffener configuration
may also be predictable.
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