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Abstract

This paper examines the behaviour of open beam-to-tubular column bolted connections with
angles subjected to direct tension and compression. Experimental and numerical studies as well
as simplified mechanical assessments are presented. The response of seven tension tests and six
compression tests on blind-bolted angle connections and combined channel/angle configurations
are described and discussed in detail. Firstly, the experimental set-up, connection details and
material properties are introduced followed by a detailed account of the results and observations
from the tests. Based on the experimental results, the main behavioural patterns are identified
and the salient response characteristics such as stiffness, capacity and failure mechanism are
examined. It is shown that, for Hollo-bolted details, the distance between the blind-bolt and
beam flange, the angle thickness and the column thickness have significant effects on the initial
stiffness and tensile capacity of the connection. In addition, in the case of reverse channel
connections, a direct relationship is deduced between the thickness of the channel component
and the connection stiffness and capacity. It is also shown that the inelastic axial mechanisms
exhibited by these types of connections are largely determined by the relative widths of the
column/reverse channel and beam/angle components. Complementary finite element simulations
are presented and utilised, together with the experimental findings, to highlight the main inelastic
response characteristics for these forms of connections under direct axial action. Finally, the
component-based method is extended to deal with angle connections between open beams and
tubular columns employing Hollo-bolts or reverse channel components. To this end, expressions
for the estimation of connection stiffness and capacity under axial actions are proposed and
validated.

Keywords: blind-bolted angle connections, combined channel/angle connections, tension action,
compression behaviour, component models.

1. Introduction

Hollow structural sections (HSS) offer an effective choice as column members due to both their
structural efficiency and architectural appeal. Nevertheless, the difficulties associated with the
lack of access for the installation of conventional bolts have often resulted in the under
exploitation of the HSS merits. This situation is aggravated by the relative lack of research and



design guidance for bolted angle connections with tubes. In contrast, the behaviour of open
beam-to-open column joints with rigid or semi-rigid details has been extensively studied [1-3]
and current European standards [4] incorporate rules for determining their stiffness and
resistance.

The costs associated with the construction, inspection and maintenance of fully welded details
have motivated the development of other connection alternatives such as the flowdrill process [5-
7] and special bolts with sleeves designed to expand inside the tube [8-10]. A simpler blind-bolt
design is that proposed by Lindapter International [11] through the development of the Hollo-
bolt. In particular, the avoidance of close tolerance holes and specialized installation equipment
renders the use of Hollo-bolts attractive. To this end, a number of experimental studies have been
carried out on Hollo-bolted T-stubs and connections subjected mainly to bending [7, 12-14].
France et al. [7] carried out monotonic tests on three end-plate joints with blind-bolts and
flowdrill bolts and reported adequate connection performance. Nevertheless, issues of
practicality make the application of flowdrilling cumbersome hindering its wider use. Barnet et
al. [12-13] performed a review of different blind-bolting alternatives and carried out an
experimental study on blind-bolted T-stubs and connections using Hollo-bolts. To improve the
clamping mechanism, a modified blind-bolt, referred to as the Reverse Mechanism Hollo-Bolt
(RMHB) was proposed. More recently, Elghazouli et al. [14] performed an experimental
investigation into the monotonic and cyclic behaviour of top and seat as well as top, seat and
web angle connections Hollo-bolted to structural hollow columns. It was shown that the grade of
the Hollo-bolt, coupled with the gauge distance between the Hollo-bolt and beam flange, have a
most notable effect on the flexural response of this type of connection. Nevertheless, a
comprehensive characterization of the full axial force-displacement relationship of Hollo-bolted
connections to tubes has not been performed, particularly under compressive loads.

Another alternative for bolted connections between open beams and tubular columns is that
offered by combined channel/angle configurations, in which a channel section is shop-welded at
the legs end to the face of the column. The channel face is then connected on-site to the open
beam by means of any conventional bolted detail. Despite its versatility, there is a lack of
experimental studies on reverse channel configurations. Ding and Wang [15] compared the fire
resistance of four end-plate reverse channel connections with other open beam-to-filled tubular
column connection details. This study concluded that reverse channel connections can offer the
best structural behaviour and cost-effectiveness among the different details considered. Mélaga-
Chuquitaype and Elghazouli [16] carried out an experimental study into the flexural behaviour of
combined channel/angle connections including top and seat as well as top, seat and web angle
details under monotonic and cyclic loading. It was observed that the flexibility of the reverse
channel component has a direct influence on both the initial rotational stiffness and moment
capacity of the connection, and the three main inelastic mechanism exhibited by this type of
connection were identified. Nevertheless, as with blind-bolted details, there is a dearth of



experimental studies on the performance of combined channel/angle joints under other forms of
severe loading conditions such as direct tension or compression.

Many studies have been carried out on the numerical simulation of semi-rigid connections
incorporating conventional bolts [17-21]. Krishnamurthy [17] first used the finite element (FE)
method to estimate the moment-rotation response of steel bolted end-plate connections.
Citipitioglu et al. [18] presented a new displacement-based 3D FE model constructed in
ABAQUS [22] able to predict the behaviour of partially-restrained connections; the effects of
slip were incorporated by defining contact surfaces, and bolt pretension was applied by means of
equivalent bolt shortening deformation. In contrast, Kishi et al. [19] directly applied the bolt
pretension via a special scheme developed within ABAQUS. Similarly, several researchers have
used FE analysis to study the behaviour of bolted angle connections subject to combined shear
and moment as well as combined axial and bending actions [20-21]. Recently, Wang et al. [23]
developed theoretical and numerical models within ANSYS [24] to investigate the tension
behaviour of the Hollo-bolted T-stubs. However, similar detailed models for the simulation of
blind-bolted or reverse channel joints with angles are still lacking.

A number of studies have also been carried out on the experimental response and analytical
modelling of semi-rigid connections incorporating conventional bolts [19, 25-27]. However,
these findings cannot be directly applied to Hollo-bolted details with angles due to the significant
influence of contact phenomena and complex component interactions arising from the inherent
rotational flexibility of the Hollo-bolt [14, 28]. Importantly, it has also been shown that when
relatively stiff angles are provided, significant plastic deformations accumulate in the Hollo-bolt
which can eventually lead to failure of the connection by bolt pull-out at large rotational
demands [14]. Despite these significant differences between standard and Hollo-bolted details,
analytical research on the response prediction of blind-bolted connections to tubular columns is
still limited, in particular for joints with angles. Ghobarah et al. [29] suggested a model for the
estimation of the initial stiffness and capacity of blind-bolted end-plate connections between
open beams and tubular columns employing High Strength Blind-bolts [5, 8]. Wang et al. [23]
investigated the behaviour of Hollo-bolted T-stubs and proposed an analytical model for the
evaluation of their initial stiffness. More recently, Malaga-Chuquitaype and Elghazouli proposed
and validated a component-based mechanical model for blind-bolted [28] and reverse channel
[30] angle connections able to trace their full monotonic and cyclic moment-rotation response.
Although general in form, none of these models have been validated against significant tensile or
compressive joint deformations.

It can be noted from the above discussion that although the flexural response of semi-rigid
connections to tubes has been reasonably well established, there is a need for a detailed
characterization of their axial behaviour. Furthermore, it has been shown that under column
removal design scenarios [31], significant levels of axial action are imposed onto the connections
and that this has a strong influence on the structure survivability of the structure. Accordingly,
there is a clear need for characterising the response of connections between open beams and
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tubular columns subjected to direct axial forces. This paper deals with the behaviour of two cost-
effective and practical connections subjected to direct tension and compression by means of
experimental and numerical studies as well as simplified mechanical analyses. It describes and
discusses the results of seven tension tests and six compression tests on Hollo-bolted angle
connections and combined channel/angle details. The experimental set-up, connection
configurations and material properties are first introduced followed by an overview of the results
and observations from the tests. Based on the experimental results, the main behavioural patterns
are discussed and the key response characteristics such as stiffness, capacity and failure
mechanism are examined. Finite element models are developed and validated. It is demonstrated
that these models can provide a realistic representation of the response of semi-rigid angle
connections subjected to axial actions. Finally, this paper extends the component-based method
to open beam-to tubular column angle connections employing Hollo-bolts or reverse channel
components. The relevant component-based expressions for the determination of tension and
compression stiffness and capacities are thus proposed. It is important to note that although the
focus of this paper is on axial response, the component characterizations developed are also
directly relevant to moment as well as combined moment/axial loading conditions.

2. Experimental programme

2.1 Testing set-up and specimen details

Figure 1 shows the experimental set-up used for testing bolted angle connections under tension.
Previous numerical investigations [32] have shown that for the connection details studied herein
the column length does not have an influence on the connection response under tensile action.
Therefore, a 1500 mm length column was employed in all tensile specimens to suit laboratory
constraints. The column was fixed at both ends by means of four 125 mm thickness clamping
plates, as depicted in Figure 1. A hydraulic actuator operating in displacement control was
connected to the beam top end in order to apply vertical deformations. The displacement at the
top of the beam was gradually increased, at a rate of = 0.5 mm/min, up to failure of the specimen
or until the actuator capacity was reached at around 700 kN.

The test set-up used for the bolted angle connections under compression is depicted in Figure 2.
The tubular column was fixed at both ends by two 50 mm clamping plates. To prevent buckling
effects within the beam, a short beam of 125 mm length was employed. Displacements were
applied to the specimen via a vertical actuator connected to the top surface of the beam. A
maximum displacement of 25 mm, representative of large levels of local deformation, was
applied to all compression specimens.

The applied vertical displacement and corresponding vertical force were recorded by the load
cell and transducer incorporated within the actuator. Strain gauges were used to monitor the
strains at expected inelastic regions within the angles and columns. The verticality of the load



was monitored through displacement transducers, while other transducers were employed to
measure displacements at selected points within the column and angle components.

Seven tension tests were performed: four blind-bolted connection specimens and three reverse
channel details. Similarly, six specimens were tested under compression action: three blind-
bolted angle details and three combined channel/angle specimens. Table 1 summarizes the test
series, including the geometric details of the connection as well as the column and beam sizes. T
is used to refer to Tension specimens (T1 to T7) and C to Compression specimens (C1 to C6).
Figure 3 depicts the connection configurations studied (Type A, Type B and Type C). In table 1,
UB and SHS stand for Universal Beam and Square Hollow Section, respectively; while L refers
to angle component. Importantly, the reverse channel components used in combined
channel/angle configurations were obtained from SHS by longitudinal cutting. Table 1 gives the
dimension of the SHS from which the reverse channels were obtained.

Grade 10.9 M16 standard bolts were employed to connect the beam flange and angle as well as
the reverse channel and angle components, while Grade 10.9 M16 Hollo-bolts were utilized
between the tubular column and angles. Tightening torques of 315 and 244 Nm were applied to
the standard and Hollo-bolts, respectively, by means of calibrated external torque devices; these
torque levels are assumed to produce preloads of 110 and 85 kN for standard and Hollo-bolts,
respectively, based on manufacturer information. The angles were made of Grade S275 steel
whilst S375 was adopted for beams and columns. The mean yield stress values and ultimate
strength for the angle, beam and column components as obtained from at least three coupon tests
are presented in Table 2. The axial capacity of Grade 10.9 M16 Hollo-bolts can be assumed as
78 kN based on the experimental tension-deformation relationships presented by Elghazouli et
al. [14]. Also, hardness test were employed to determine the material characteristics of the
Hollo-bolt sleeves and the results are presented in Table 2. Fillet welding with a throat thickness
of 10 mm was used to connect the column and the reverse channel throughout the length of the
channel external face.

2.2 Results and observations from tension tests

Table 3 summarizes the main response parameters obtained from the tensile tests on blind-bolted
and reverse channel connections, while Figures 4-9 present the deformation patterns and tension
force-displacement relationships. The initial stiffness and yield force presented in Table 3 were
obtained from a bilinear idealization of the experimental force-displacement relationship by
maintaining the same initial elastic stiffness and assuming conservation of work. These
definitions are consistently applied throughout the paper. In subsequent sections, the
experimental results and observations from the four blind-bolted angle connection specimens and
the three combined channel/angle connection specimens are presented and discussed by
considering the influence of the following parameters on the connection behaviour under tensile
force: (i) gauge distance, (ii) angle stiffness, (iii) column/channel thickness and, (iv) presence of
web angles.



2.2.1 Blind-bolted angle connections

As expected, the deformation patterns observed in blind-bolted connections subjected to pure
tension arise from the behaviour of the individual connection components and their respective
interactions. Figure 4 presents the deformation patterns observed for the four blind-bolted
specimens. The interactions between the angle and Hollo-bolts as well as between the column
flange and Hollo-bolts determine the inelastic mechanism that occurs. It can be observed from
Figure 4 that plasticity occurred at the toe of the horizontal leg of the angle in specimens with
gauge distance d=65 mm (Specimens T1 and T2 in Figures 4(a) and 4(b), respectively).
Additionally, limited plastic deformation took place in the column flange when the thickness of
the column was reduced from 10 mm in Specimen T1 to 6.3 mm in Specimen T2. On the other
hand, large plastic deformations concentrated at the toe of the vertical angle when a shorter
gauge distance was employed (d=40 mm) in Specimen T3 as shown in Figure 4(c). However, for
Specimen T4 (Figure 4(d)) which incorporates a thinner column and stiffer angles, significant
plastic deformations concentrated on the column flange which eventually lead to pull-out of the
Hollo-bolts at a displacement of 22 mm. It can also be observed from Figure 4(d), that the 15
mm thick angle experienced very limited inelastic deformations. The tensile force-displacement
relationships for the four Hollo-bolted specimens are depicted in Figure 5 together with an
indication of their corresponding failure mechanisms. Figure 6 illustrates the development of
plasticity in the left angles through measured strain values at selected locations.

The influence of the angle horizontal gauge distance (d in Figure 3) can be examined by
comparing the results of specimens T1 and T3 with d=65 mm and d=40 mm, respectively. It can
be observed from Table 3 and Figure 6 that the initial stiffness of Specimen T3 was 25% larger
than that of Specimen T1 due to the shorter horizontal gauge distance (i.e. stiffer angle leg).
Moreover, Specimen T3 developed 70% higher tensile yield forces than Specimen T1. However,
Specimen T3 failed at a smaller displacement than Specimen T1 due to the fracture of the Hollo-
bolt connecting the top angle and the column. It is important to note, with reference to Figures
4(a) and 4(c), that Specimen T1 also developed plasticity near the toe in the horizontal angle leg
(column side). As for Specimen T3, most of the plastic deformation took place in the vertical
angle leg (beam side). This can be further confirmed by observing the strain measurements
depicted in Figures 6(b) and 6(c). As shown in Figure 6(b) plastic strains were reached first near
the toe of the horizontal (column) angle leg in Specimen T1 (location S3 in Figure 6(a)), after
which plastic strains developed at the toe of the vertical (beam) leg (location S2 in Figure 6(a)).
With regards to Specimen T3 shown in Figure 6(c), yield strains were first reached near the toe
of the vertical angle leg (location S2 in Figure 6(a)) followed by large plastic deformations.
Plastic strain levels were also attained in the horizontal leg for connection displacements of over
8 mm in Specimen T3 (Figure 6(c)).

The influence of column thickness on the tensile behaviour of Hollo-bolted connections can be
studied by comparing the results of specimens T1 and T2. The thickness of the column was
reduced from 10 mm in Specimen T1 to 6.3 mm in Specimen T2, while all other geometric and
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material characteristics were retained. It can be appreciated from Table 3 and Figure 5, that the
initial stiffness of Specimen T1 was about 28% larger than that of Specimen T2 due to the
thicker column. This level of difference is maintained up to the attainment of the connection
yield capacity (i.e. 37 kN). After yielding, the tensile force-displacement responses for both
specimens follow a similar path for displacements of up to 17 mm. Significant tension stiffening
was observed in Specimen T1 owing to the concentration of plastic deformations in the angle
components reaching failure at 47 mm of joint tensile displacement. While the ultimate capacity
for Specimen T1 was 60 kN higher than that of Specimen T2, the development of significant
plastic deformations in the column face of Specimen T2 delayed its failure up to a displacement
of 53 mm, 7 mm higher than the failure displacement of Specimen T1.

As expected, the stiffness of the column face has a direct influence on the connection response.
This can be observed by examining the behaviour of Specimen T4 where thick angles were used
in combination with a column of 6.3 mm thickness. As expected, the reduction in the column
wall thickness resulted in significant deformation around the Hollo-bolts in the thin column
leading to a modest joint stiffness of around 38 kN/mm as shown in Table 3 and Figure 4.
Moreover, a reduced connection ultimate capacity was observed (157 kN) caused by pulling-out
of the Hollo-bolts connecting the angles and the column starting at a displacement of around 22
mm. Specimen T4 also had less ductility capacity in comparison with the other blind-bolted
configurations (T1, T2 and T3).

2.2.2 Combined channel/angle connections

The main deformation patterns of the angle and channel components in the three combined
channel/angle connection specimens tested are depicted in Figure 7. When a stiff angle
(thickness = 15 mm and d = 45 mm) was combined with a thin channel component (thickness =
6.3 mm) in the case of Specimen T5 of Figure 7(a), the failure mechanism was governed by the
deformation of the channel flange in bending with only minor plasticity occurring in the angle.
Failure was reached at a load of 271 kN in Specimen T5 due to fracture around the bolt holes of
the thin channel. On the other hand, in the case of Specimen T6 (shown in Figure 7(b)) with a 10
mm thickness channel, the tensile behaviour of the connection was dominated by the
combination of bending deformations within the channel and angle. Specimen T6 reached an
ultimate capacity of 380 kN at 33 mm when shear fracture of the standard bolts connecting the
angle and beam flange occurred. On the other hand, Specimen T7 - which incorporates top, seat
and web angle components - accumulated plastic deformations at the toe of the vertical leg
(beam flange side) in top and seat as well as web angle components (Figure 7(c)). No signs of
failure were evident at the end of test in Specimen T7 which exhausted the actuator force
capacity at 700 kN. The tensile force-displacement relationships for Specimens T5, T6 and T7
are depicted in Figure 8 and the main response parameters are summarized in Table 3. These
results are further discussed below in relation to the channel thickness and web angle
contributions.



The effect of reverse channel thickness on the response of combined channel/angle connections
can be examined by comparing the experimental results of Specimens T5 (with channel
thickness =6.3 mm) and T6 (with channel thickness =10 mm). It can be observed from Table 3
and Figure 8 that the increase in channel thickness leads to a proportional increase in the stiffness
and capacity which were about 40% and 55% higher for Specimen T6 in comparison with
Specimen T35, respectively. Only minor plastic deformations were observed in the angle in
Specimen T5 due to the concentration of plasticity in the face of the channel component at the
early stage. On the other hand, some plasticity developed within the angles in Specimen T6
which incorporates a thicker channel. This can be further discussed with reference to the
development of measured strains presented in Figures 9(b) and 9(c). It can be noted from Figure
9(c) that yield strain was reached at the toes of the angle legs (Locations S2 and S3) of Specimen
T6 at an overall joint vertical displacement of around 10 mm. In contrast, the angle in Specimen
T5 remained elastic up to 20 mm of vertical displacement (Location S2 and S3) in Figure 9(b).
Moreover, Specimen T6 developed a plastic strain value of about 2.5% in the angle leg, which is
40% higher than the corresponding strains in Specimen TS5 for equivalent joint displacements.

The response of bolted connection with top and seat as well as web angles subjected to tension
load can be illustrated with reference to Specimen T7. As shown in Figure 7(c), the plastic
deformation was concentrated in the angles, while minor plastic deformations were observed in
the channel face. Importantly, the web angle configuration exhibited significantly higher
stiffness and capacity when compared with the other top and seat details, as illustrated in Figure
8 and Table 3. The initial stiffness of Specimen T7 increased to 242 kN/mm, and the tensile
force reached 700 kN (the actuator capacity) at a displacement of 29 mm.

2.3 Results and observations from compression tests

A total of three blind-bolted and three reverse channel connections were tested under
compressive action, as depicted in Table 1. Table 4 summarizes the main response parameters of
blind-bolted and reverse channel connections under compressive action, while Figures 10 to 13
present their respective deformation patterns and compression force-displacement relationships.
The compression stiffness and yield capacity reported in Table 4 were obtained by means of a
bilinear idealization considering a work conservation approach. The experimental results and
observations are presented and discussed below. The tests were mainly designed in order to
assess different beam/angle to column width ratios, as this was noted in previous studies [14] to
be a key factor influencing the behaviour.

2.3.1 Blind-bolted angle connections

Figure 10 illustrates the deformation patterns of angles and columns for the three blind-bolted
angle connections at the end of each test. Since the deformation for connection specimens under
compressive force is symmetric, only the one angle and column side are represented in Figure
10. It is evident from the figure that plasticity took place at the column face in the area in direct
contact with the beam flange. It is also evident from the figure that large plastic punching
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deformations accumulated in the column face in the case of specimens with angle/beam widths
smaller than the column face width (i.e Specimens C1 and C2). Significant flexural deformations
also occurred in the horizontal (column) angle leg in these cases. On the other hand, when the
width of the beam and angle exceeded that of the column face (Specimen C3 in Figure 10(c)),
the plastic deformation was shared by the column lateral faces leading to a stiffer response.

The observed plastic deformation patterns have a direct influence on the resulting force-
displacement relationships as illustrated in Figure 11. It is evident from the figure that the
provision of beam/angle widths smaller than the corresponding column face width leads to
proportional reductions in the connection stiffness and capacity. In the case of Specimen Cl
(with column SHS 150x150x10) the initial stiffness was about 40% higher than that of Specimen
C2 (with column SHS 200x200x10) for the same beam/angle width (i.e. 102 mm). Moreover,
Specimen C1 yielded at a load about 140 kN higher than Specimen C2 and this difference
increased to 180 kN for compressive capacities at 25 mm of displacement.

The effects of providing angle/beam components wider than the column face width can be
illustrated by comparing the results of specimens C1 and C3 where the beam width is increased
from 102mm in the former to 165 mm in the latter, while retaining all other geometric and
material characteristics. This increment in the angle/beam width led to enhancements of around
70% and 55% in stiffness and capacity, respectively. The capacity of the connection under
compression at 25 mm of compressive displacement also increased by 60% in Specimen C3 with
respect to the corresponding capacity of Specimen Cl1.

2.3.2 Combined channel/angle connections

Three combined channel/angle connections were examined with emphasis on the influence of the
stiffness of the reverse channel as well as the geometry and thickness of the angle components.
The main deformation patterns of the three combined channel/angle connection specimens tested
are depicted in Figure 12 while the corresponding compression force-displacement relationships
are presented in Figure 13.

Notwithstanding the variation in the angle orientation and gauge distances between Specimens
C4 and CS5 (as illustrated in Table 1), only minor differences were observed between their overall
plastic deformation mechanisms as can be noted from Figures 12(a) and 12(b). A similar
deformation pattern was observed in both cases, where the inward deformation of the channel
face reached its maximum value along the line of contact between the beam and column flanges
while the top and seat angles deformed near the toe. Conversely, when thicker angles were
combined with a thinner channel (as in Specimen C6), the plastic deformation concentrated in
the channel flange, and the deformations in the angle components remained largely in the elastic
range. Importantly, the deformation mode observed in the channel component of Specimen C6
was different to that observed in Specimens C4 and CS5 in that significant punching deformations
were developed along the full area of contact between the angle leg and column face (Figure 12).



The differences in deformation patterns noted above have a direct influence on the connection
stiffness and yield capacity as shown in Figure 13. From this figure (and the values in Table 4) it
can be observed that the stiffness of Specimen C4 was only 5% higher than that of Specimen C5
due to the slightly higher angle leg length. This is consistent with the similarities in the column
face yield mechanism described before. Likewise, both Specimens C4 and C5 reached
compressive capacities in the order of around 660 kN. In contrast, the thinner channel employed
in Specimen C6 lead to a reduction of nearly 30% in stiffness and 50% in yield capacity when
compared with the observed values for Specimens C4 and C5.

3. Numerical assessment

The experimental results and observations presented in this paper provide essential data for the
validation of numerical and analytical models for semi-rigid angle connections to tubes. To this
end, this section describes a detailed numerical model for blind bolted and reverse channel open
beam-to-tubular column connections. The proposed continuum finite element models were
developed in the general purpose program ABAQUS [22] and can offer a realistic simulation of
the response of semi-rigid angle connections to tubes subjected to tension and compression
actions. The model characteristics and validation studies are described below. These models are
then used in subsequent sections of this paper to extend the experimental data-set with a view to
proposing simplified expressions for the estimation of key connection design parameters such as
stiffness and capacity.

3.1 Modelling details

Three-dimensional (3D) finite element models were developed using the FE software ABAQUS
6.7 [22]. These models make use of eight-node brick solid elements of Type C3D8I, as shown in
Figure 14. Special attention was given to the faithful representation of the geometric and
mechanical characteristics of the bolts including the shank, sleeve, head and nut, as illustrated in
Figure 14. The stress-strain relationships for the material of all the connection components were
defined by a tri-linear kinematic hardening rule with an elastic modulus of 210 GPa and
Poisson’s ratio 0.3. The models consider the experimentally obtained yield stress and ultimate
strength values for the angle, beam and column components summarized in Table 2. The contact
phenomena between each pair of interacting surfaces was taken into account by defining ‘hard
and friction’ surface interaction properties. The more flexible surface was chosen as slave
surface, while the more rigid area was assigned as master. Moreover, slippage between the bolt
and hole surfaces was considered by means of standard ABAQUS contact definitions. To this
end, a ‘friction’ surface was employed in the tangential direction with a friction coefficient of 0.3
[32]. Similarly, a ‘hard’ surface contact pressure over-closure relationship was defined in the
normal direction to enforce no-overlapping between contact surfaces. Bolt pretension in standard
and Hollo-bolts was introduced by means of two loading steps. Firstly, pretension forces of 110
kN for Grade 10.9 M16 bolts were applied, in accordance with the specified tightening torques.
The second step involved removing the applied pretension force while simultaneously fixing the
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bolt length at its deformed (shortened) value. The boundary conditions and loading in the
numerical analyses followed the conditions and loading methods employed during the tests and
described previously. Axial displacements were applied on a rigid plate tied to the end of the
beam in the numerical models. A displacement control solution strategy was employed in all
simulations with maximum displacements of 30 and 25 mm for tension and compression
specimens, respectively. A number of mesh sensitivity studies were carried out in order to arrive
at an optimum representation which involves a comparatively finer mesh for the angles and bolts
as well as the areas within the beams and columns which are in contact with these components,
whereas a relatively coarser mesh was employed elsewhere. The dimensions of the adopted mesh
ranged between 6 mm within the refined region, and up to 100 mm within the coarser region. A
more detailed account of the finite element models can be found elsewhere [32].

3.2 Numerical simulations

The comparisons between the experimental axial force-displacement relationships (obtained by
means of the load cell and transducer incorporated within the actuator) and the corresponding FE
predictions are presented in Figures 15 and 16 for the tension and compression tests,
respectively. It is evident from the plots in Figure 15 that the FE models provide a good
prediction of the experimental tensile behaviour in all cases. The initial stiffness, yield
displacement and post-yield response match reasonably well the experimental behaviour. In the
case of Specimens T3, T6 and T7, the yield forces are overestimated by the numerical
predictions within a range of 20%. These discrepancies can be related to the difficulties of
modelling the local rotational behaviour of the bolts connecting the column/channel and the
angle; this has a more pronounced effect as the vertical gauge distance in the angle decreases
such as in the case of Specimens T3, T6 and T7 (where d =40 mm) as opposed to Specimens T1
and T2 where a larger distance is employed (d=65 mm). Some minor differences are evident in
the case of Specimens T1-T4 and T6, where slippage occurs almost instantaneously once the
friction forces are overcome in the FE simulations whereas a more gradual slip displacement is
observed in the tests. In the case of Specimen T4 (Figure 15(d)), the numerically obtained forces
closely resemble the experimental values up to about 7 mm. At a displacement of around 7mm,
the Hollo-bolt clamping action was overcome in the FE model and the blind-bolt started to pull
out leading to a decrease in the predicted tension force which reached a local minimum of 110
kN at a displacement of around 13 mm. However, this phenomenon did not occur during the test.
This discrepancy can be attributed to uncertainties in the sleeve material properties assumed and
the highly localized effects in the Hollo-bolt/column face interaction zone. Likewise, during the
test, inside deformations within the legs of the Hollo-bolt sleeve resulted in complete pull out of
the Hollo-bolts at a displacement of 23 mm. Nevertheless, this phenomenon is not captured by
the FE model leading to the discrepancies observed after 20 mm of tensile displacement as
indicated in Figure 15(d).

Figure 16 presents comparisons of the compressive force-displacement relationships between
experimental results and numerical predictions. Close correlation is observed in terms of
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stiffness, capacity and post-elastic response for all specimens. In the case of Specimens C1, C2,
C3 and C6, minor discrepancies arise after a displacement of around 1 mm due to hardening of
the initial stiffness in the numerical model which can be attributed to gap closure. Minor
geometric imperfections may have prevented these hardening effects during testing of the actual
specimens. In general, this good agreement between the FE simulations and the test results
shows that the detailed FE model can capture the response of blind bolted as well as reverse
channel angle connections in compression.

Having gained confidence in the reliability of the detailed FE model, this is used in subsequent
sections of this paper to complement and validate the formulation of component-based
expressions for the prediction of the axial response of semi-rigid connections to tubes.

4. Component characterization

In general, any typical connection configuration can be idealised as an assemblage of uniaxial
springs following the well-established component-based method [4, 33]. This section evaluates
existing component representations and proposes new expressions for the estimation of the axial
stiffness and capacity of key connection elements. These component characteristics are then
employed in the subsequent section to assemble the full connection response.

4.1 Channel face in tension

The tensile resistance of reverse channel component for a two-bolt arrangement, F, ¢, can be

determined from the bolt force equation proposed by Malaga-Chuquitaype and Elghazouli [16]
as:

F.=f tZ(ERm—dD)[ dﬁ—Rm+2i+2c—dﬁ] a
efe = vete \op —aq J"d, - 2R,  ° 2R, —d, )
where R,, represents:
o _be—to—i o
m 2 =

in which b, is the width of the channel, ¢, is the thickness of the channel, f, _ is the yield stress
of the channel, i is the bolt pitch dimension (as depicted in Figure 3), d; is the hole diameter, and
d, 5 is the bolt head diameter.

Similarly, the initial stiffness of the channel face with a two-bolt arrangement can be evaluated
by [28]:

nEt 3
K., = 3)

(1 - )¢, (5%
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where E is the Young’s Modulus of the steel, v the Poisson’s ratio for steel and C; is a coefficient
which is related to the bolt arrangement.

Figure 17 depicts the variation of £, as a function of the ratio i/m_ (Figure 17(a)) and as a
function of the dimension L (Figure 17(b)) where L represents the distance from the bolt centre
line to the free end of the reverse channel, i is the bolt pitch and m_ is defined as:

_ b, —2t, —2r,

: 5 @

m

where 7, is the column root radius.

Trend lines obtained from least square regression analyses and their corresponding correlation
coefficients (R) are also presented in Figure 17. The data-base portrayed in Figure 17 was
obtained from extensive calibration studies using the detailed FE models described in the
previous section. Column segments of varying length with symmetric boundary conditions were
employed as illustrated in Figure 18(a). An evenly distributed axial load was applied over the
angle area in direct contact with the bolt head. Optimal values of €, were then obtained as those

that would minimize the differences between the stiffness estimations of Equation 3 and the FE
predictions. Two clearly distinguishable behavioural regions were identified as shown in Figure
17: (1) a region in which the distance from the bolt centre line to the free end of the reverse
channel (i.e. L in Figure 18(b)) has a direct influence on the channel component stiffness and (ii)
a region in which the distance L no longer affects the channel initial stiffness. A value of L =100
mm was considered suitable to demarcate the two behavioural regions. Therefore, a general
equation for the determination of the value of C, can be defined as:

C, = Q, - (0.24e703/mc) ()

where,

6L7%%  if L < 100mm
Q. =

1 if L= 100mm ©)

4.2 Column face in tension

The tensile resistance of the column face can be calculated from Equations 7 to 11 as proposed
by Gomez [34-35]. In these expressions the tensile capacity of the column flange is taken as the
minimum value of the local yielding force, F, (. 4, and the punching resistance, F,, 5, thus:

Fegr = mi“[:Fcfr,lr Fcfr,:) (7)

where
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1, Tdyt_f
%{ﬂ‘ if 2(i+09d,) > n,nd,
v

Fren = (8)

2(i +0.9d,)t_f,
< E“‘j cye if 2(i+0.9d,) < n,nd,
W

and

tc ‘f}',c

Fofen = de 2

©)

where n,, is the number of bolts in the column face, and the factors & and £ are calculated from
Equations 10 and 11 below:

4 | 0.9d,
§=— [ ]1- (10)
1- - b,
bG
i +0.9d,
1 i
bG
g = , , (11)
0.6(i + 0.9d;) __i+0.9d,

Additionally, the tensile stiffness of the column face component in Hollo-bolted connections can
be estimated through Equations 3 and 5 by assuming a distance of L>100 mm.

4.3 Angle/bolt assemblage in tension

The tensile resistance of the bolted angle in tension, F,,, can be determined [16] by means of the

equivalent T-stub procedure suggested in Eurocode 3 Part 1.8 [4], therefore:

F

at

= I]’liﬂ[Fﬂri_:Fgr,z:Fﬂr,E) (12)

where the minimum value of three possible failure modes is considered as follows:

Mode 1, in which a plastic mechanism forms in the angle:

- 4M¢=!

F..i= 7 (13)

Mode 2, that considers a mixed failure mode involving yielding of the bolt and a plastic hinge in
the angle:

_2M, + ' XF,,
FEE_.: - d.' + c.l

(14)

Mode 3, in which yielding of the bolts occur:
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Faes = XF,, (15)
with
M, = 0.25b ¢t °f, . (16)

Where f, , is the yield stress of angle, b, is the effective width of the angle taken as half of the
angle width b,, Fy, is the bolt capacity, and the distances ¢’ and d'are the effective gauge

distances considering the influence of the angle stiffness on the location of the plastic hinges
defined by Mélaga-Chuquitaye and Elghazouli [28] as:

d
e =c+ (1_);?,}_)?5 1.25(d — 0.8, — t,) (17)

d
d=d—08r, —t, —(1— fw}_jf (18)

where dimensions ¢ and d are the nominal gauge distances depicted in Figure 3, t, is the angle
thickness, 7, is the angle root radius, d;, is the bolt diameter and f,,.,, is a factor that takes into

account the change in the location of the plastic hinge and which is related to the ratio of the
stiffness of the bolt and the stiffness of the angle component. The factor f£,,.,, can be taken as 1

when k, = 3(d — 0.8r, —t_)*/EI and 0 when k, = 12(d — 0.8+, — t_)*/EI in which k, is
the stiffness of the bolt and I is moment of inertia of the angle section. A linear interpolation

between these limits can be employed for the cases:

12(d— 0.8r, —t_)*/El =k, = 3(d — 0.8r, — t_)*/EL

In the case of combined channel/angle connections, where standard bolts are used to connect the
angle to the reverse channel, the bolt tensile capacity, F,, in Equations 14 and 15, can be

determined from [4]:
Foe = fupfs (19)

where f,,;, is the ultimate stress of the bolt and A, its cross sectional area. On the other hand, if
M16 Hollo-bolts are employed, the bolt tensile capacity (F,, in Equations 14 and 15 ) can be
assumed to be 78 kN or 32 kN for Grade 10.9 or Grade 8.8 bolts, respectively [14].

Additionally, the stiffness of the angle/bolt assemblage in tension can be determined from the
contribution of the bending stiffness of the angle and the axial stiffness of the bolt acting in
series as follows:
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1
K, =——— (20)

abt 1 1
_|_ R
Kbr

K

g

The following equation can be employed for the estimation of the bending stiffness of the angle
component, K_, [4]:

Eb,;-t,°
— eff"a
K, = 373 (21)
Similarly, the Hollo-bolt stiffness K;,, can be assumed to be 195 kN/mm or 160 kN/mm for

Grade 10.9 or 8.8 bolts, respectively [14]. On the other hand, the initial stiffness of standard
bolts, K, is given by [4]:

EA
K.=16 T z (22)

st
b

where L, is the bolt elongation length, taken as the grip length (total thickness of material and
washers), plus half the sum of the height of the bolt head and the height of the nut, and A, is the

bolt cross sectional area.

4.4 Channel/angle assemblage in compression

As noted previously, the interaction between the angle and reverse channel components has a
direct influence on the development of the compressive inelastic mechanism of the connection.
Accordingly, both components are treated jointly herein and the compressive yield capacity of
the connection is determined from the deformation pattern with minimum required energy over
the full range of possible channel/angle assemblage mechanisms. To this end, two main plastic
deformation patterns were identified from the experimental study described above, as illustrated
in Figures 19 and 20. Mechanism 1 (of Figure 19(a)) forms when the relative stiffness of the
angle component allows it to deform inwards in the direction of the compression load. In this
mechanism, lines DR, RE, EG, GS, SF and FD are assumed to have zero vertical displacement,
while Lines HI, 1J, JH, JM, ML, LK and KM are assumed to displace vertically by the same
amount. Accordingly, the distances y and z can be obtained as a function of x (Figure 19(a)):

_B(C—B) R
y=—p (23)
c
z=x (24)

where C is calculated from:
C=b, —t (25)
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and B can be evaluated from Equation 26 below depending on the beam-to-column width ratio

as:

5= {min(bﬂ;bb] if b, < min(b_;b,) 26)

b, —2t,—2r,  if b, = min(b_;b,)

where, b, is the width of the channel, b, the width of the beam, b, the width of the angle. and %
is the height of the beam.

Based on these idealisations, the plastic capacity of the channel in compression F, ., under

Mechanism 1 can be derived as:

||C + 3FB || 2B

_|_
| € — lc—
JC—B [Cc-B

R h
Fcfc,l =2- f}',c t.” + E (2?:]

where

_J(€+3B)-(C-B)
A=Y 5

_E |B(C—Es‘]

Tl 2
\

(28)

(29)

Additionally, the inward deformation of the angle component can follow one of the two possible
patterns depicted in Figure 19(b) depending on the length of the angle leg. Therefore, the plastic
capacity of the angle in compression F,. ; can be derived as:

B
15 f,qt.° LE] ifA=L,
F, = (30)

ac _[B L
05-f, ots” LE (1 +f)] ifFA<L,
Where L is the distance between beam flange and the angle edge in mm.

An alternative yield mechanism, Mechanism 2, is that depicted in Figure 20. This will form
when the angle is relatively stiff so as to prevent the occurrence of yielding in any of its legs.
This mechanism assumes that the vertical displacement of Lines DF and EG in Figure 20 is zero.
Similarly, the vertical displacements of Lines RH, HJ, T1, JM, ML, MK, LU and KS are assumed
to be equal. The length of Lines RH and TI is assumed to be L (the distance between beam

flange and channel edge). Consequently, the channel/angle yield resistance of Mechanism 2 can
be evaluated from:
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Fcfc,! =2- f}',ctc‘ [

2L, B h]

2= +2 31
c—s VicTC Gh

Therefore, the capacity of the channel/angle assemblage in compression, F,, can be determined

as:
'F:: = min [ [Fcfc,l + Frzc ): [Fcfc,z )] (3 2)

In addition, the stiffness of the channel in compression, K, fFer CaN be determined through the

relationship proposed by Malaga-Chuquitaype and Elghazouli [28] for the initial stiffness of
Hollow-section faces as follows:
wEt 3
Ko = > (33)
6(1—v2)C {E:;ta)
€ 2

where the coefficient £, is an empirical coefficient defined with reference to Figure 21. Figure
21(a) presents the FE model employed for the determination of C,. A channel face was modelled

in ABAQUS and subjected to a distributed compressive load applied through the angle
component. Figure 21(b) presents the values of €, as a function of the ratio between the column

width, €, and beam width, B. The influence of the distance between the beam flange and the

channel edge, L., is also illustrated in Figure 21(c). Using curve fitting, the general equation for
the determination of £, can be defined as:

C. = Qc- (0.3In(C/B) + 0.03) (34)

where Q. is taken as 1 when L. >100 mm, while Q. is obtained as 7L."¥ from Figure 21(c)
when L. <100 mm.

The stiffness of the angle leg (beam side) in compression can be estimated as:

nyEd,t,

a

(33)

ac

Where 1y, is the number of the bolts in the angle leg and the distance a is defined in Figure 3.
Finally, the stiffness of the channel/angle assemblage in compression, K, can be determined

from the contribution of the stiffness of the channel and the angle:

2
K = 1 . 1 B 1 (36)
Kr:fc Krzc Kbs
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where K is the stiffness of the bolts in shear. Equation 36 accounts for the presence of top and
seat angle components
4.5 Column/angle assemblage in compression

The response of the column and angle components under compression can be also characterized
by Mechanism 1 shown in Figure 19. Therefore, the compressive resistance of the column face
can be evaluated by Equation 27. Similarly, Equation 30 can also be employed for the estimation
of the angle capacity in compression. Hence, the capacity of the column/angle assemblage in
compression F is:

'F:: = Fcfc,l + Frzc (3?)

On the other hand, Equation 36 can be employed to estimate the stiffness of the column/angle
assemblage in compression.

5. Prediction of connection response

The observations and component characterizations presented previously are used herein to
propose simplified expressions suitable for practical connection design. In particular, expressions
for the evaluation of the connection stiffness and capacity under direct axial action are presented.

5.1 Tensile behaviour

Based on the simplified component model characterization presented above, the design value of
the connection tensile resistance, F;, can be determined as:

F, = Z Fie (38)
i=1

with
Fip = min(F 5,; Fopi Fyoi Fapi Fup) (39)
where F;, is the tensile resistance of the i-th bolt row, n, is the number of the bolt rows in

tension, F¢., e, Fys, are the resistance of column/channel face in tension, bolted angle in

bending (including the effect of the bolts in tension) and bolt in shear for the i-th bolt row,
respectively. Additionally, the bearing resistance of the angle leg (F,;) and beam flange (Fy;3)

are considered in Equation 39. These can be evaluated by the corresponding expressions for plate
bearing proposed in Eurocode 3 [4].

Also, the overall joint stiffness can be evaluated as:
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K, = Z K, 40)

with
K, = ! 41
ff_1+1+1+1+L “h)
chr Kﬂbt Kbs Krzb Kbb

where K, is the tensile stiffness of the i-th bolt row, n,. is the number of the bolt rows in tension,
and K, ., Kgpe, Kps, Ky and Ky, are the initial stiffness of column/channel face in tension,

angle/bolt assemblage in tension, bolt in shear, angle leg in bearing and beam flange in bearing
for the i-th bolt row, respectively. The initial stiffness of the angle leg (K;) and beam flange

(Kyp) in bearing can be estimated from the corresponding equations proposed in Eurocode 3 [4]

for plate bearing stiffness.

5.2 Compressive behaviour

As noted previously, the interaction between the angle and channel/column face determines the
deformation pattern and yield mechanism observed in the connection. To this end, Sections 4.4
and 4.5 characterized the joint action of both channel and angle components under compression.
Therefore, Equations 32 and 37 are used herein for the evaluation of the overall connection
compression resistance. Similarly, Equation 36 is employed to examine the stiffness
characteristics of the connections.

5.3 Comparative assessment

The simplified model proposed above is validated herein against the results of the tests described
in Section 2. Figure 22 presents the comparisons in terms of tensile force-displacement
relationships, whilst Figure 23 presents the corresponding compression force-displacement
curves. It should be noted that no assumptions were made regarding the post-elastic stage within
the component-based approach and thus the force-displacement curves depict an elastic-perfectly
plastic idealization. Nevertheless, it is clear from Figures 22 and 23 that the suggested simplified
model provides a reasonably good estimation of the initial stiffness and yield capacity in nearly
all cases, as discussed below.

As demonstrated in Figure 22, the initial stiffness based on the component response match the
experimental results well within an accuracy of +5% for all tensile specimens except Specimen
T4. The differences observed for Specimen T4 can be attributed to be the idealization of the
Hollo-bolt in tension. In this test, the extremely stiff angle employed resulted in pulling-out of
the Hollo-bolt and caused complex local interactions as explained before.
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Figure 23 compares the compressive force-displacement response between the proposed
simplified model and the respective test results. As in the case of tension action, it is evident
from Figure 23 that the simplified model provides a close prediction of the connection
compressive response including the initial stiffness and yield capacity. In general, it is shown
that the simplified model can capture the main features of the connection response subjected to
compressive action.

6. Conclusion

The behaviour of bolted angle connections between tubular columns and open beams under axial
force has been examined by means of experimental and numerical studies as well as simplified
analytical models. An experimental programme comprising seven tensile tests and six
compressive tests on blind-bolted angle connections and combined channel/angle configurations
has been described in detail. The main behavioural patterns were identified, and the key response
characteristics such as stiffness, capacity and failure mechanism were discussed. The
experimental results also provided necessary information for the validation and calibration of
complementary finite element and simplified analytical models.

The inelastic mechanisms exhibited by Hollo-bolted connections under tensile force were
identified. These mechanisms primarily originate from the interaction between the angle
components and Hollo-bolt/column face assemblage. It was shown that the angle gauge distance,
between column bolt centre and beam flange, has a significant effect on the initial stiffness and
tensile capacity of the connection. Besides, the thickness of the column also has a notable
influence on the connection capacity, in particular when thicker angles are employed. The tests
also showed that a reduction of the column thickness can lead to considerable reduction in the
joint stiffness and to the accumulation of plastic deformations around the Hollo-bolts which
should be limited in design in order to satisfy serviceability requirements.

In addition, the inelastic mechanisms exhibited by combined channel/angle connections in
tension were identified. As with blind-bolted connections, these inelastic patterns stem directly
from the interaction between different connection components. For stiffer angles, the thickness
of the reverse channel stands in direct relationship to the connection capacity and stiffness.
Furthermore, the addition of web angles was shown to significantly enhance the overall
connection tensile resistance.

In the case of Hollo-bolted connections subjected to compression, the inelastic mechanisms were
largely determined by the relative widths of the column and the beam/angle components. Large
plastic deformations accumulated in the column face in the case of specimens with angle/beam
widths smaller than the column face width. Conversely, plastic deformation involved the column
lateral faces when the width of the beam and angle exceeded that of the column face. Moreover,
the provision of beam/angle widths smaller than the corresponding column faces lead to
proportional reductions in the connection stiffness and capacity. As with blind-bolted
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connections, the importance of ensuring an adequate mechanism for transferring the compression
forces to the channel component has been highlighted. The main deformation patterns of
combined channel/angle connections under compressions were also identified. The flexibility of
the reverse channel component relative to the stiffness of the angles was shown to have a direct
influence on both the initial stiffness and capacity of the connection.

A three-dimensional finite element model was developed to simulate the response of bolted
angle beam-to-tubular column connections subjected to direct tension and compression actions.
Results obtained by means of this FE representation were compared with the experimental
response in order to assess the accuracy of the numerical model in terms of connection stiffness,
capacity and failure mode. In general, the FE estimations were found to correlate well with
experimental results in the pre-yielding and yielding range and up to large levels of displacement
demands. This good agreement between the FE simulations and the test results show that the
proposed FE models can capture the actual response of blind bolted as well as reverse channel
angle connections.

Expressions for the estimation of connection stiffness and capacity under axial action have been
proposed and validated. To this end, new component characteristics have been suggested for the
column face in tension, column face in compression as well as the angle in tension and angle in
compression. These expressions were found to produce reliable estimates of Hollo-bolted and
combined channel/angle connection stiffness and capacities for the configurations considered in
this investigation.
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Table 2: Material properties of connection components

Yield stress (N/mm?) Ultimate stress (N/mm?)
UB 305x165%25 329 443
UB 305x102x25 400 490
SHS 200x200x10 433 487
SHS 150x150%10 334 433
SHS 150x150%6.3 385 485
L 100x75%8 312 438
L 100x80x15 293 449
Hollo-bolt sleeve™ 382 512
*Obtained from the mean of three hardness tests
Table 3: Summary of results for tensile tests
Reference Initial stiffness Yield force Failure
(kN/mm) (kN) Force (kN) | Displacement (mm)
T1 79 37 231 46
T2 57 71 171 53
T3 105 135 310 38
T4 38 111 157 22
T5 95 94 271 32
T6 163 209 380 33
T7 242 285 - -
Table 4: Summary of results for Compressive tests
Reference Initial stiffness Yield force ' Force (kN) ata
(kN/mm) (kN) displacement of 25 mm
Cl 236 575 795
C2 136 433 610
C3 400 889 1211
Cc4 207 656 885
Cs 193 672 825
Co6 127 337 417
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(c) Specimen T3 (d) Specimen T4

Figure 4: Main deformation patterns of blind-bolted angle connections under tension
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(c) Specimen T7

Figure 7: Main deformation patterns of combined channel/angle connections under tension

33



||||||||||||||||||||||||||||

-

Standard bolt fracture

|||||||||||||

punching

||||||||||||||||||||||||||||||||||||||

Channel fac

700

600

= 400

22I0J2(ISUD ],

Wy

Wy

Wy

Tensile displacement (1min)

Figure 8: Tensile force-displacement relationships for combined channel/angle connections

34



Front view

Lateral view

oo

Plan view

(a) Location of stain gauges in the angle

" b | | | ]
' ' ' ' ' I
1 1 1 1 1 |
I I I I I I
' ' ' ' ' '
' ' ' ' ' '
|||||||| e Baai it T ey e
I I I I I I
' ' ' ' ' '
' ' ' ' ' '
1 1 1 1 1 1
I I I ' I I
' ' ' | ' '
........
' ' ' ' ' '
' ' ' ' ' '
1 1 1 1 1 1
I I I I I I
' ' ' ' I I
' ' ' '
........ -
| | | I S,
| ' | | w2 w2 =]
| | | | .
1 1 1 1
|||||||| S R
! ' ' '
1 1 1 1
I I I I
' ' ' '
' ' ' '
Wy [ W (=] Wy (=] Wy
aa] aa] ] =1 — —

i
I
| I
’ I
I I
i i
- +
i i 1
\ I I
| i i
I I I
I I I
I I I
........
! ! ! S B R«
! ! ! s T 7 B 7o B 7
1 1 1 1 -
I I I I
........ SRR SRR S B I
| i i i
I I I I
i i i i |
I I I I
I I I I
I I I I
wy [=1 wy = wy [=1 wy
[aa} (23] =1 =1 — —

() Juaumae dstp Surpeo]

Strain (%)

Strain (%0)

(c) Specimen T6

(b) Specimen T5

Figure 9: Strains in angles in Specimens T4 and T5 under tensile force

35



Angle Column

Angle Column

Angle Column

(c) Specimen C3
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