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Abstract 

 

Whilst the moment-rotation behaviour of typical connection configurations has been 

extensively examined in previous studies, there is a relative lack of information on the 

performance under more generalised loading conditions, particularly in relation to 

semi-rigid connections to tubular columns. To this end, this research aims to provide 

fundamental information that would enable an extension of the assessment and design 

of semi-rigid tubular column connections to loading scenarios involving significant 

axial or shear actions. In particular, the thesis focuses on the behaviour of two cost-

effective semi-rigid open beam-to-tubular column alternatives: i) blind-bolted angle 

connections and ii) reverse channel connections with angles. The work involves 

experimental investigations, detailed numerical simulations and analytical studies, as 

well as application-oriented studies. 

Firstly, two experimental investigations that are concerned with the behaviour of 

beam-to-tubular column connections under predominant axial and shear loads 

respectively are presented. The experimental set-up, connection configurations and 

material properties are introduced followed by a detailed account of the results and 

observations from the tests. The main behavioural patterns are identified and their 

effect on the connection performance is discussed. Subsequently, detailed three-

dimensional finite element models are constructed by means of the nonlinear program 

ABAQUS, and their results are validated against the experimental data obtained in 

this research in addition to that provided from previous bending tests conducted at 

Imperial College London. Complementary component-based mechanical models for 

both blind-bolted and combined channel/angle connections are also suggested and 

described. Various component characteristics including tension and compression load-

displacement relationships as well as load-displacement expressions in shear are 



 

iv 

 

proposed. The findings offer information which is of direct relevance to strength 

prediction in conventional design procedures, as well to more involved 

characterisation of stiffness, capacity and ductility for modelling and assessment 

purposes, particularly under extreme loading conditions.  

In the concluding part of the thesis, the component-based models are employed, 

together with detailed finite element simulations, to illustrate the applicability of the 

proposed connection models under a number of possible load combinations involving 

bending and/or shear actions. As an example of application of the suggested models in 

frame analysis under extreme loading, selected frame and beam simulations are 

carried out under idealised pseudo-static conditions representing column removal and 

floor-on-floor collapse situations. Finally, the findings of the thesis are summarized 

and a number of possible future research areas are highlighted.  
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Chapter  1  

 

Introduction 

 

1.1 Background 

Hollow structural sections (HSS) exhibit inherent architectural and structural 

advantages over other structural steel counterparts. In particular, their higher strength-

to-weight ratio and improved torsional stiffness make HSS ideal for use as column 

members. However, the difficulties associated with connecting open beams and 

tubular columns often hamper their wider application in practice. Besides, most of the 

attention up to date has focused on fully-rigid fully-welded connections [1-5], 

resulting in relatively limited design guidance on semi-rigid bolted connections to 

tubular columns.  

Additionally, although it is widely recognised that beam-to-column connections have 

a direct and significant influence on the response of an overall framed structure, 

previous studies on connection behaviour have primarily focused on assessing the 

moment-rotation response as it represents the main consideration under conventional 

gravity and lateral loading conditions. Nevertheless, there are other loading situations, 

such as those involving extreme accidental scenarios, that can induce considerable 

axial or shear actions in connections. In many cases, the overall survivability of the 

structure may largely rely on the ability of the connections to sustain significant forces 

or deformations under predominant axial or shear loads. This thesis therefore aims at 

providing the fundamental information that would enable the characterisation of semi-
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rigid connections to tubular columns under generalised loading conditions, including 

those involving significant axial or shear forces. 

1.2 Scope and objectives 

As noted above, whilst the moment-rotation behaviour of beam-to-column 

connections has been studied extensively by previous investigators [6-8], there is a 

relative lack of information on the performance under other loading conditions, 

particularly in relation to semi-rigid connections to tubular columns. This thesis 

therefore focuses on examining the behaviour of semi-rigid connections to tubular 

columns, with emphasis on their response under significant axial and shear actions, 

through a combination of experimental, numerical and analytical studies. The primary 

objective is to enable a reliable characterisation of behaviour of such connections, in 

terms of stiffness, capacity and ductility, under generalised loading conditions that 

may be considered for the assessment of steel framed structures.  

1.3 Outline of the thesis 

The research described in this thesis is concerned with the behaviour of beam-to-

tubular column angle connections under generalised loading conditions. The thesis is 

organised in eight chapters. The objectives of the research are pursued through a 

combination of experimental, numerical and analytical approaches. This chapter gives 

a general introduction to the research, while Chapter 2 provides a summary of 

previous research in related areas and sets the context for the contributions of the 

work presented in this thesis. 

Chapter 3 deals with the experimental behaviour of bolted beam-to-tubular column 

angle connections subjected to direct tension and compression actions. It describes 

and discusses the results of seven tension tests and six compression tests on open 

beam-to-tubular column connections. 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 
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main behavioural patterns are discussed and the key response characteristics such as 

stiffness, capacity and failure mechanisms are examined. 

Chapter 4 examines the shear behaviour of semi-rigid angle connections between 

open beams and tubular columns. It describes and discusses the results of six shear 

tests on several connection 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. Additionally, key results from 

complementary simple and double shear tests on blind and standard bolts are reported. 

Based on the experimental results, the main behavioural patterns are discussed and the 

salient response characteristics such as stiffness, capacity and failure mechanisms are 

examined.  

Three-dimensional nonlinear finite element (FE) models are constructed in Chapter 5 

by means of the commercial FE software ABAQUS [9], and the results are validated 

against the experimental data presented in Chapters 3 and 4 as well as the results of 

bending tests carried out in previous investigations at Imperial College London [6-7]. 

Particular emphasis is given in the discussions presented in Chapter 5 to aspects 

related to key design parameters such as initial stiffness, ultimate load and failure 

modes. 

Chapter 6 extends the component-based methodologies used for open beam-to-open 

column connections to open beam-to-tubular column angle connections. Various 

component characteristics including tension load-displacement and compression load-

displacement as well as shear load-displacement responses are proposed. These 

component characterizations can then be assembled together in order to model the 

connection behaviour under a variety of loading combinations (e.g. bending, pure 

axial load, shear, combined bending and axial load, etc). To this end, the experimental 

results are employed to validate this new component-based model. The accuracy and 

reliability of the model in predicting the inelastic response of the various connections 

configurations are assessed and discussed.  



Chapter 1 Introduction 

 

4 

 

Chapter 7 illustrates the application of the developed connection models under 

combined loading conditions, with emphasis on co-existing bending, axial and/or 

shear actions. A numerical investigation is firstly carried out on the behaviour of six 

selected connection details with a range of stiffness and strength characteristics under 

various load combinations. A component-based representation is then proposed and 

validated against interaction relationships obtained from detailed numerical 

simulations. Finally, as an example of application under extreme loading, the 

component-based spring model is implemented within idealised frame and beam 

models to illustrate the influence of the connection response on the overall structural 

behaviour under simplified pseudo-static extreme loading scenarios involving typical 

column removal and floor-on-floor collapse. 

In the closing chapter, the main conclusions of the work described in this thesis are 

summarized and several recommendations for possible future research are outlined. 
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Chapter  2  

 

Literature review 

 

2.1 Introduction  

Design guides, such as Eurocode 3 Part 1-8 [5], define a connection as the group of 

components that physically connect two members, such as beam-to-column and 

beam-to-beam; these components may include endplates, angles, bolts, etc. 

Connection behaviour is conventionally represented by means of a moment-rotation 

relationship involving the rotational stiffness, moment resistance and rotation 

capacity. A connection can typically be classified in terms of stiffness as rigid, semi-

rigid, or nominally pinned, by comparing its initial rotational stiffness with the 

bending stiffness of the connected beam. On the other hand, the connection strength is 

normally classified as either full-strength, partial-strength or nominally pinned. The 

most common system of connection classification is that given in Eurocode 3 Part 1-8 

[5]. Full-strength connections are assumed to have sufficient capacity to fully transfer 

the moment from the beam to the column, while a nominally pinned connection is 

assumed to be capable of transmitting the axial and shear forces, without developing 

significant moments. In terms of stiffness, rigid connections can be assumed to 

provide full continuity, whilst pinned connections can be modelled as nominal hinges. 

In most, but not all cases, semi-rigid connections also fall within the category of 

partial-strength. These types of semi-continuous connections (i.e. semi-rigid and/or 

partial-strength) require explicit consideration within frame analysis, as their 

characteristics have a notable influence on the structure and cannot be idealised 
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through pinned or continuous representations. Many forms of cost-effective bolted 

beam-to-column connections typically fall within the range of semi-continuous 

connections, hence their full nonlinear inelastic response requires detailed assessment. 

This chapter starts by presenting a brief review of previous studies and current codes 

related to semi-rigid connection behaviour. The development of various connection 

configurations to tubular columns is then introduced, followed by an overview of 

available experimental and analytical studies as well as design guidelines addressing 

such connection details. Furthermore, the main behavioural characteristics observed in 

recent studies concerned with the performance of steel framed buildings subject to 

extreme loading scenarios are outlined. 

Specific gaps in current knowledge related to the response of semi-rigid bolted 

connections to tubular steel columns are highlighted. 

2.2 Semi-rigid connections 

Numerous studies have been carried out on semi-rigid connections incorporating open 

beams and open columns by means of experimental investigations coupled with 

numerical and analytical examinations. Extensive tests were performed for various 

connection configurations. Azizinamini et al. [10-11] first published several tests with 

the aim of predicting the moment-rotation characteristics of top-and-seat-angle with 

double web-angle connections. The results of this investigation have been used by 

several other researchers to validate their finite element as well as simplified models 

[12-13]. Jenkins et al. [14] tested the bending behaviour of flush endplate and 

extended endplate connections, and also investigated the influence of the beam and 

column sizes, the thickness of the endplate and column stiffeners as well as loading 

conditions (direct moment and combined shear and moment) on connection response. 

Faella et al. [15] examined the effect of the bolt preload on the connection by testing 

bolted T-stub components. More recently, da Silva and Lima et al. [16-17] carried out 

experimental investigations on interaction response of flush and extended endplate 

connections subjected to combined bending and axial actions. Moreover, several 
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experimental studies [18-20] have considered the cyclic response in order to examine 

the behaviour under earthquake conditions.  

Various studies have been carried out on the numerical simulation of semi-rigid 

connections incorporating conventional bolts [12, 21-31]. Krishnamurthy [23-24] first 

used the finite element (FE) method to estimate the moment-rotation response of steel 

bolted end-plate connections. Kukreti et al. [22] studied the prying force due to the 

contact between the end-plate and column flange using the commercial finite element 

program ADINA. Bahaari and Sherbourne [25-27] proposed a 3-dimensional finite 

element model to simulate the behaviour of steel bolted connections. Chio et al. [28] 

refined the 3D FE model using newly developed solid elements. Citipitioglu et al. [29] 

presented a new displacement-based 3D FE model constructed in ABAQUS [9] in 

order 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. [12] 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 [30-31]. 

A number of studies have also been carried out on the analytical modelling of semi-

rigid connections incorporating conventional bolts [32-38]. For example, Wales and 

Rossow [33] modelled double web angle connections using a component-based 

approach to determine the overall moment-rotation relationship. Angerskov [34] and 

Yee et. al [35] contributed some of the early studies on the well-established equivalent 

T-stub component model incorporated in Eurocode 3 [5]. Faella et al. [36] proposed 

various multi-linear models which are able to produce good estimates of the complete 

force-displacement relationship for T-stub components. Urbonas [37] developed an 

extensive component-based method to study the behaviour of semi-rigid steel beam-

to-column joints under combined bending and axial forces in accordance with 

Eurocode 3 [5].  
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All of the above studies concentrated on bolted end-plate or bolted angle open beam-

to-open column connections. It was demonstrated that semi-rigid connections are 

often able to provide adequate or and sometimes more favourable performance than 

their fully-rigid counterparts. However, research on the behaviour of semi-rigid 

connections to tubular columns is comparatively limited as discussed below. 

2.3 Open beam-to-tubular column connections 

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. Most of the research on open-beam-to-tubular-column connections has focused 

on fully-rigid fully-welded details [1-4], and current European standards [5] 

incorporating rules for determining the stiffness and resistance of semi-rigid 

connections do not extend to those incorporating tubular columns.  

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 [39-41] and special bolts with sleeves designed to expand 

inside the tube [42-44]. A simpler blind-bolt design is that proposed by Lindapter 

International [45] through the development of the Hollo-bolt. The smaller size Hollo-

bolt has three parts, while the larger size Hollo-bolt (M16 and M20) consists of five 

parts: standard bolt body, collar, rubber washer, coat and cone, which are all 

illustrated in Figure 2.1 [45]. The installation procedure is illustrated in Figure 2.2. 

After locating the Hollo-bolt into the hole, the Hollo-bolt collar is spayed and 

tightened using a torque wrench. The Hollo-bolt cone is then drawn up into the bolt 

body, spreading the brackets and securing the connection. In particular, the avoidance 

of close tolerance holes and specialized installation equipment renders the use of 

Hollo-bolts attractive in blind-bolted angle connections. Another alternative for bolted 

connections between open beams and tubular columns is that offered by combined 
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channel/angle configurations (as illustrated in Figure 2.3), 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. 

Therefore, these two cost-effective connection alternatives with tubular columns, 

blind-bolted angle connection and combined channel/angle details, are examined in 

this thesis.  

 

Figure 2.1: Lindapter Hollo-bolt [45] 

               

Figure 2.2: Procedure for connection using Hollo-bolts [45] 

A number of experimental studies have been carried out on Hollo-bolted T-stubs and 

connections subjected mainly to bending [6, 41, 46-48]. France et al. [41] 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, hence hindering its wider use. Barnet et 

al. [46-47] performed a review of different blind-bolting alternatives and carried out 
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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. [6] 

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. Direct tension tests on M16 and M12 

Hollo-bolts with Grade 8.8 and 10.9 bolt shanks were also carried out [6]. It was 

concluded that the higher torque permitted by Grade 10.9 bolts results in significant 

improvements in their axial stiffness in comparison with the corresponding Grade 8.8. 

Moreover, Yeomans [48] performed shear and tension tests to determine the capacity 

of Hollo-bolts and reported the failure shear load as a function of column thickness 

for Grade 8.8 M16 and M20 Hollo-bolts. Nevertheless, there is a need for a 

comprehensive characterization of the full axial force-displacement and shear force-

displacement relationships of Hollo-bolted connections to tubes, particularly under 

compressive loads as well as shear loads.  

 

Figure 2.3: Schematic illustration of the reverse channel connection 
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There is also a lack of experimental studies on reverse channel configurations. Ding 

and Wang [49] 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. Jones [50] 

conducted a few experimental tests on reverse channel connections incorporating 

hollow sections and concrete filled tubular columns at ambient and elevated 

temperatures. The results showed that the reverse channel configurations provided 

better performance than the fin-plate details when subjected to shear and bending. 

Málaga-Chuquitaype and Elghazouli [7] 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 mechanisms exhibited by this type of connection were identified. 

Nevertheless, as with blind-bolted details, there is a need for experimental studies on 

the performance of combined channel/angle joints under other forms of severe loading 

conditions such as those involving significant axial or shear loads. 

Detailed finite element models for the simulation of blind-bolted or reverse channel 

joints with angles are also still limited. Recently, Wang et al. [21] developed 

theoretical and numerical models using ANSYS [51] to investigate the tension 

behaviour of Hollo-bolted T-stubs. The clamping and the force transfer mechanisms 

of the Hollo-bolt, together with the stiffness, strength and deformation capacity of the 

connections, were examined by the numerical model. These studies also included 

comparisons between the behaviour of Hollo-bolts and standard bolts in tension. The 

detailed numerical simulations provided a good agreement with previous test results 

and proposed theoretical models. However, this research concentrated on the 

performance of Hollo-bolted T-stubs in tension. There is also a need for a detailed 

finite element model for examining the behaviour of blind-bolted angle connections 

and combined channel/angle configurations under other loading conditions. 
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Analytical research on the response prediction of bolted connections to tubular 

columns is also limited despite the recognition that the behaviour of the tubular 

column flange is significantly different from that of open sections [6-8]. Ghobarah et 

al. [52] 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 [39, 42]. In particular, the capacities of the 

tubular column in tension and compression were investigated based on yield line 

mechanisms by Ghobarah et al. [52] and Mourad [53]. Wang et al. [21] investigated 

the behaviour of Hollo-bolted T-stubs and proposed an analytical model for the 

evaluation of their initial stiffness. Based on the clamping mode, the stiffness of the 

Hollo-bolts was established by combining the deformations of the bolt shank 

elongation and the flaring sleeve in the direction of the bolt tensile load. Málaga-

Chuquitaype and Elghazouli proposed and validated a component-based mechanical 

model for blind-bolted [8, 54] and reverse channel angle connections [7, 54] 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. Importantly, there is also a need for a simplified 

model to study the behaviour of bolted angle connections subjected to shear loads or 

generalised combined loading conditions. 

The dearth of research studies on bolted angle connections to tubes is also reflected in 

the limited design guidance available. Yeomans [55] proposed simplified criteria for 

the failure of bolts and the column face. CIDCET Design Guide [56] suggests that 

simple connections can be designed with available guidance for open columns, but 

that special attention needs to be paid to the column face deformation. On the other 

hand, AISC [57] proposes minimum thickness according to the bolt type for angle 

connections. Additionally, Eurocode 3 [5] proposes rules for determining the flexural 

resistance but is limited to open beam-to-open column joints. Although some 

guidance is available in Eurocode 3 [5] for fully welded tubular joints, there is a lack 

of information on bolted details. In contrast, there is no reference to blind-bolted and 

reverse channel connections to tubular columns in the current European standards [5]. 
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It can be noted from the above literature review that although the flexural response of 

semi-rigid connections to tubes has been examined to some extent [6-8], there is a 

clear need for characterising the response of connections between open beams and 

tubular columns under situations involving significant axial or shear loads. 

2.4 Extreme loading on connections 

As noted before, this research aims to provide fundamental information that would 

enable an extension of the assessment and design of semi-rigid tubular column 

connections to loading scenarios involving significant axial or shear actions. It is 

beyond the scope of this thesis to deal with specific extreme loading scenarios or 

particular whole structure configuration in details. Nevertheless, this section provides 

an overview of previous studies that highlight the main actions that may be applied on 

connections in framed steel structures. 

Considerable attention has been given in recent years to the robustness of building 

structures and the associated are of progressive and disproportionate collapse, 

particularly following the collapse of the world trade centre towers in 2001. This 

event has given additional impetus to the work that was initiated following the 

progressive collapse of the Ronan Point building in 1968 as well as other incidents. 

Such scenarios can arise from extreme loading situations such as gas explosions, 

aircraft or vehicular impact, large seismic events or severe fires. Approaches in which 

progressive collapse scenarios are considered through idealised ‘event-independent’ 

representations such as ‘sudden column removal’ and ‘floor-on-floor collapse’ have 

been proposed and implemented [58-62]. Whether such ‘event-independent’ 

idealisations are considered, or a more detailed assessment of specific scenarios of 

impact, blast, fire, or other extreme loading situation is carried out, it is clearly 

recognised that beam-to-column connections play a key role in the overall 

performance of a framed steel structure. More importantly, it is evident that under 

such situation, a beam-to-column connection can be subjected to significant axial or 

shear actions and it would not be sufficient to characterise the behaviour solely by the 

moment-rotation response. 
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In terms of the idealised scenarios of column removal and floor-on-floor collapse, 

very few experimental studies have been conducted to assess the response. The results 

of two experimental projects were recently carried out in Europe [63] and in the 

United States [64]. Most researches adopted detailed numerical analysis to examine 

the structural performance. Ruth et al. [65] analyzed the behaviour of various two-

dimensional steel frames under the event of sudden column removal by means of 

nonlinear static and dynamic simulations. Kim and Park [66] examined the influence 

of the beam strength on the progressive collapse behaviour of moment resisting steel 

frames. At Imperial Collage London, Izzuddin et al. [67] proposed a simplified 

dynamic method, which can simulate the structural response under idealised scenarios 

without the need for detailed dynamic numerical analysis. Provided the nonlinear 

static response of the structures is obtained, the dynamic behaviour can be calculated 

by a simplified pseudo-static approach, which is based on energy conservation. Xu 

and Ellingwood [68] examined the behaviour of various steel frames with partial or 

full strength connections following sudden column removal using the simplified 

dynamic method proposed at Imperial [67]. Vlassis et al. [61-62] also employed this 

method to assess the behaviour of framed buildings under sudden column removal 

and floor-on-floor impact scenarios. However, most of these studies have focused on 

either reinforced concrete buildings or on steel buildings with open column profiles. 

Therefore, there is also a need for information on the behaviour of structures 

incorporating tubular steel columns. 

Regulations for structural robustness and progressive collapse had been first 

introduced in UK after the Ronan Point collapse in 1968.  The current regulations 

which were amended in 2004 are included in Approved Document A (AD-A) of the 

building regulations 2000 [69]. The minimum requirements are mainly associated 

with the provision of effective horizontal ties which should be sufficiently anchored 

and capable of resisting minimum levels of tying forces. For structural steelwork, a 

minimum limit of 75 kN is defined in Clause 2.4.5.2 of BA 5950-1 [70]. Similar 

regulations are also included in Eurocode 1 [71] which is largely based on the 

traditional UK requirements and are very similar to the corresponding approach of the 

AD-A described above. In addition, the issue of progressive collapse is recognised in 
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US codes and standards, such as ASCE 7-10 Standards [72] and General Services 

Administration Guidelines [73]. GSA Guidelines [73] also provides robustness 

requirements, but these are base on the alternative load path design method which can 

be implemented using linear elastic static, linear elastic dynamic, nonlinear static or 

nonlinear dynamic analysis methods. In dynamic analysis, DL+0.25IL combined 

loading should be applied on the structure; while in static analysis, a load factor of 2 is 

adopted to account for dynamic effect, where DL and IL are the dead and live load 

respectively. More recently, the Unified Facilities Criteria of the Department of 

Defence [74] provided detailed robustness provisions, including the tying force and 

alternative load path as well as specific local resistance design method. 

Whether the local resistance or the alternative path method is employed, robustness 

demands in steel framed structures are often concentrated within the joint regions of 

the members involved. In this respect, idealized situations of sudden column loss as 

well as with possible floor-on-floor collapse scenarios are considered for the 

connection response. The effect of the sudden removal of a column is similar to the 

instantaneous application of gravity loads on the floor system. In such a case, 

connections within the removed column zone could be subjected to significant 

compressive arching and tensile catenary actions as indicated in the sub-frame 

behaviour depicted in Figure 2.4 [61]. Moreover, in the case of the floor-to-floor 

impact, the falling debris from the upper failed floors as shown in Figure 2.5 [62], 

may result in significant shear loading on the connections either directly or as a result 

dynamic effects. Figure 2.5 illustrates the severe conditions imposed on the impacted 

floor particularly on the beam-to-column connections.  

As mentioned before, irrespective of progressive collapse scenarios, severe blast, fire 

or impact loading can cause significant axial or shear actions on connections. For 

example, it was demonstrated in previous work at Imperial College London [75-78] 

and elsewhere [79-80] that significant axial loads are induced in connections under 

fire conditions. As the temperature increases, the restraint to thermal expansion 

generates considerable compression forces in the connections. Thereafter, as the floor 

deformation increasing, the forces in connections become dominated by tensile 
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catenary action. Moreover, the cooling that occurs within natural fire conditions can 

lead to additional tensile forces on connections.  

 

 

 

 

Figure 2.4: Catenary mechanisms upon removal of a column [61]   

 

Figure 2.5: Failed floor falling as debris [62] 

From the above discussion, it is evident that beam-to-column connections are 

subjected to significant axial and or shear actions under various loading situations. 
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This thesis therefore aims at providing the fundamental information that would enable 

the characterisation of connections under such actions, with a view to facilitating 

future studies on the response of specific structural configurations under predefined 

loading conditions. 

2.5 Concluding remarks 

The review presented in this chapter has shown that there is a relative lack of 

information on the performance of semi-rigid connections, particularly those to 

tubular columns, under generalised conditions involving significant axial or shear 

actions. To this end, this thesis focuses on the behaviour of two cost-effective semi-

rigid alternatives with tubular column, namely blind-bolted angle connections and 

combined channel/angle configurations. 

It was noted in the review that most available studies on blind-bolted or combined 

channel/angle connections have focused primarily on their behaviour in bending. 

There is therefore a need for the full characterisation of the axial force-displacement 

and shear force-displacement relationships of these two typical configurations to 

tubular columns. 

The behaviour of the selected semi-rigid connection configurations is examined 

experimentally, numerically and numerically in this thesis. Experimental assessments 

under predominant axial or shear actions are described in Chapters 3 and 4, 

respectively. Detailed numerical simulations of the axial and shear tests conducted in 

this research, as well as other recent bending tests performed at Imperial, are 

presented in Chapter 5. Simplified mechanical models which are suitable for practical 

design and assessment purposes are proposed and discussed in Chapter 6. The 

application of numerical and analytical models in situations involving combined 

loading is assessed in Chapter 7, including an illustration of the deployment of the 

simplified models in frame and beam representations. The thesis concludes in Chapter 

8 with a summary of the main findings together with suggestions for future research.
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Chapter  3  

 

Experimental axial response of connections 

 

3.1 Introduction  

It can be noted from the literature review presented in the previous chapter that 

although the flexural response of semi-rigid connections to tubes has been reasonably 

well established [6-7], a detailed characterization of their axial behaviour has not been 

performed. Furthermore, it has been shown that under various extreme loading 

conditions, such as column removal design scenarios [61], significant levels of axial 

action can be imposed onto the connections and that these have a strong influence on 

the survivability of the structure. Accordingly, there is a clear need for characterising 

the response of connections between open beams and tubular columns subjected to 

direct axial forces.  

This chapter deals with the experimental behaviour of bolted beam-to tubular column 

angle connections subjected to direct tension and compression actions. It describes 

and discusses the results of seven tension tests and six compression tests on blind-

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. Importantly, based on the 

experimental results, the main behavioural patterns are discussed and the key response 

characteristics such as stiffness, capacity and failure mechanisms are examined. 
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3.2 Characteristics of Hollo-bolts in tension 

Owing to its wide availability and ease of installation, the Hollo-bolt developed by 

Lindapter [45] was employed in this study to connect the angles to the column face in 

blind-bolted specimens. The response of Grade 8.8 Hollo-bolts subjected to direct 

tension and direct shear has been examined in previous studies [48, 81]. Yeomans 

[48]  performed pure tension and shear tests on Grade 8.8 M16 and M20 Hollo-bolts 

connected to SHS columns. It was recommended that the Hollo-bolt shear capacity 

should be estimated on the basis of the shear resistance of the standard bolt with due 

account for the sleeve contribution. Importantly, it was concluded that the failure 

modes of the Hollo-bolt under simple tension force depend on the thickness of the 

connected plates. The specimens failed due to the large deformation of the connected 

wall when thin sections where employed, while the failure was by shearing of the 

spayed Hollo-bolt sleeve in the case of thicker plates. More recently Elghazouli et al. 

[6] carried out direct tension tests on M16 and M12 Hollo-bolts with Grade 8.8 and 

10.9 bolt shanks. It was concluded that the higher torque permitted by Grade 10.9 

bolts results in significant improvements in their axial stiffness in comparison with the 

corresponding Grade 8.8. As shown in Figure 3.1, the Hollo-bolt was employed to 

connect two plates that were then pulled apart through an actuator operating in 

displacement-control. The reported tensile force-displacement relationships of M16 

Hollo-bolts with Grade 8.8 and 10.9 shanks is presented in Figure 3.2 together with 

the tensile capacity of the standard bolt shank as evaluated by the corresponding 

expression proposed in Eurocode 3 [5]. Also, the estimation of initial stiffness is 

included in Figure 3.2 as determined by the equations developed by Wang et al. [21].  

In light of the improved behaviour of Hollo-bolts incorporating Grade 10.9 inserts, 

they are employed for the connections examined in the experimental study described 

in this chapter. 
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Figure 3.1: Set-up of direct tension tests on Hollo-bolts performed by Elghazouli et 

al. [6] 

 

Figure 3.2: Tensile force-displacement relationships of M16 Hollo-bolts [6] 
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3.3 Experimental programme  

3.3.1 Testing arrangement 

Figure 3.3 shows the experimental set-up used for testing bolted angle connections 

under tension. A 1500 mm length column was employed in all tensile specimens to 

suit the laboratory constraints. The column was fixed at both ends by means of four 

125 mm thick clamping plates, as depicted in Figure 3.3. 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 up to failure of the specimen or until the actuator capacity was reached at 

around 700 kN.  

 

(a) Lateral view 

 

(b) Plane View 

Figure 3.3: Tension test set-up (dimensions in mm) 
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On the other hand, the test set-up used for the bolted angle connections under 

compression is depicted in Figure 3.4. 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 deformations, was 

applied to all compression specimens.  

 

(a) Lateral view 

 

(b) Plane View 

Figure 3.4: Compression test-up (dimensions in mm) 

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 the column. 

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.  
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3.3.2 Connection specimens 

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 3.1 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), C to Compression specimens (C1 to C6). Figure 3.5 depicts the connection 

configurations studied (Type A, Type B and Type C). In Table 3.1, 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 

3.1 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. All bolts were preloaded 

to 110 kN. 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 3.2. 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. [6] and summarized in the previous section.  Also, 

hardness tests were employed to determine the material characteristics of the Hollo-

bolt sleeves and the results are presented in Table 3.2. 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.  
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Table 3.1: Summary of the test specimens 

Reference Type Column Beam Angle Channel 
Dimensions in mm (as shown in Figure 3.5) 

a b c d e f g h i j k l 

Tension tests 

Blind-bolted angle connections 

T1 A SHS 150×150×10 UB 305×102×25 L100×75×8 - 45 30 35 65 - - - 100 45 45 - - 

T2 A SHS 150×150×6.3 UB 305×102×25 L100×75×8 - 45 30 35 65 - - - 100 45 45 - - 

T3 A SHS 150×150×10 UB 305×102×25 L100×75×8 - 50 50 35 40 - - - 100 45 45 - - 

T4 A SHS 150×150×6.3 UB 305×102×25 L100×80×15 - 50 100 35 45 - - - 100 45 45 - - 

Combined channel/angle connections  

T5 B SHS 200×200×10 UB 305×102×25 L100×80×15 SHS 150×150×6.3 50 100 35 45 - - - 100 45 45 475 70 

T6 B SHS 200×200×10 UB 305×102×25 L100×80×15 SHS 150×150×10 50 100 35 45 - - - 100 45 45 475 70 

T7 C SHS 200×200×10 UB 305×165×25 L100×75×8 SHS 150×150×10 50 50 35 40 35 95 12.5 100 80 45 465 70 

Compression tests 

Blind-bolted angle connections 

C1 A SHS 150×150×10 UB 305×102×25 L100×75×8 - 50 50 35 40 - - - 100 45 45 - - 

C2 A SHS 200×200×10 UB 305×102×25 L100×75×8 - 50 50 35 40 - - - 100 45 45 - - 

C3 A SHS 150×150×10 UB 305×165×40 L100×75×8 - 50 50 35 40 - - - 150 45 45 - - 

Combined channel/angle connections 

C4 B SHS 200×200×10 UB 305×102×25 L100×75×8 SHS 150×75×10 45 30 35 65 - - - 100 45 45 515 70 

C5 B SHS 200×200×10 UB 305×102×25 L100×75×8 SHS 150×75×10 50 50 35 40 - - - 100 45 45 465 70 

C6 B SHS 200×200×10 UB 305×102×25 L100×80×15 SHS 150×75×6.3 50 100 35 45 - - - 100 45 45 475 70 
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                       (a) Type A                                                       (b) Type B 

 

(c) Type C 

Figure 3.5: Configuration of connection specimens 

3.4 Results and observations from tension tests 

Table 3.3 summarizes the main response parameters obtained from the tensile tests on 

blind-bolted and reverse channel connections, while Figures 3.6 to 3.11 present the 

corresponding deformation patterns and tension force-displacement relationships. The 

initial stiffness and yield force presented in Table 3.3 were obtained from a bilinear 

idealization of the experimental force-displacement relationships by maintaining the 

same initial elastic stiffness and assuming conservation of work. The observed forces 

and displacements at failure are also reported in Table 3.3. In subsequent sections of 
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this chapter, 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. 

Table 3.2: Material properties of connection components 

 Yield stress (N/mm2) Ultimate stress (N/mm2) 

UB 305×165×25 329 443 

UB 305×102×25 400 490 

SHS 200×200×10 433 487 

SHS 150×150×10 334 433 

SHS 150×150×6.3 385 485 

L 100×75×8 312 438 

L 100×80×15 293 449 

Hollo-bolt sleeve* 382 512 
*Obtained from the mean of three hardness tests 

Table 3.3: Summary of results for tensile tests 

Reference 
Initial stiffness 

(kN/mm) 
Yield force 

 (kN) 
failure force 

 (kN) 

Failure 
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 - - 

 

3.4.1 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 3.6 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 
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mechanism that occurs. It can be observed from Figure 3.6 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 3.6(a) and 3.6(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 3.6(c). However, for Specimen T4 (Figure 3.6(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 3.6(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 3.7 together 

with an indication of their corresponding failure mechanisms. Figure 3.9 illustrates the 

development of plasticity in the left angles through measured strain values at selected 

locations in Figure 3.8.  

The influence of the angle horizontal gauge distance (d in Figure 3.5) 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 3.3 and Figure 3.7 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 3.6(a) and 3.6(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 3.9(a) and 3.9(c). 

As shown in Figure 3.9(a) plastic strains were reached first near the toe of the 

horizontal (column) angle leg in Specimen T1 (location L3 in Figure 3.8), after which 

plastic strains developed at the toe of the vertical (beam) leg (location L2 in Figure 
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3.8). With regards to Specimen T3 shown in Figure 3.9(c), yield strains were first 

reached near the toe of the vertical angle leg (location L2 in Figure 3.8) 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 3.9(c)).  

     

(a) Specimen T1                                             (b) Specimen T2 

       

(c) Specimen T3                                             (d) Specimen T4 

Figure 3.6: Main deformation patterns of blind-bolted angle connections under 

tension 
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Figure 3.7: Tensile force-displacement relationships for blind-bolted angle 

connections 

 

                                             Lateral view         Front view 

 

Plan view 

Figure 3.8: Location of stain gauges in the angle 
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                  (a) Specimen T1                                              (b) Specimen T2 

  

                  (c) Specimen T3                                              (d) Specimen T4 

Figure 3.9: Strains in angles in blind-bolted angle connections under tensile force 
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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 material characteristics were retained. It 

can be appreciated from Table 3.3 and Figure 3.7, 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 3.3 and Figure 3.7. 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).  

3.4.2 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 3.10. 

When a stiff angle (thickness=15 mm and d=45 mm) was combined with a thin 
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channel component (thickness=6.3 mm) in the case of Specimen T5 of Figure 3.10(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 3.10 (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 3.10 (c)). No sign of failure was evident at the 

end of the 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 3.11 and the main response parameters are summarized in Table 

3.3. 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 3.3 and Figure 3.11 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 T5, 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 3.12(a) and 3.12 (b). It can be 

noted from Figure 3.12 (b) that the yield strain was reached at the toes of the angle 

legs (Locations L2 and L3 in Figure 3.8) of Specimen T6 at an overall joint vertical 

displacement of around 10 mm. In contrast, the angle in Specimen T5 remained 



Chapter 3 Experimental axial response of connections 

 

33 

 

elastic up to 20 mm of vertical displacement (Locations L2 and L3 in Figure 3.8) in 

Figure 3.12 (a). 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 T5 for equivalent joint displacements. 

     

(a) Specimen T5                                                   (b) Specimen T6 

 

(c) Specimen T7 

Figure 3.10: Main deformation patterns of combined channel/angle connections 

under tension 
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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 

3.10(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 3.11 and Table 3.3. 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. 

 

Figure 3.11: Tensile force-displacement relationships for combined channel/angle 

connections 

3.5 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 3.4. The table summarizes the main response 

parameters of blind-bolted and reverse channel connections under compressive action, 

while Figures 3.13 to 3.16 present their respective deformation patterns and 
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compression force-displacement relationships. 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 [6] to be a key factor influencing the behaviour. 

 

                          (a) Specimen T5                                         (b) Specimen T6 

 

(c) Specimen T7 

Figure 3.12: Strains in angles in combined channel/angle connections under tensile 

force 
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Table 3.4: Summary of results for Compressive tests 

Reference 
Initial stiffness 

(kN/mm) 
Yield force 

(kN) 
Force (kN) at a 

displacement of 25 mm  

C1 236 575 795 

C2 136 433 610 

C3 400 889 1211 

C4 207 656 885 

C5 193 672 825 

C6 127 337 417 

 

3.5.1 Blind-bolted angle connections 

Figure 3.13 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 one angle and 

column side are represented in Figure 3.13. 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 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 3.13(c)), the plastic deformation was also shared by the column lateral faces 

leading to a stiffer response.  
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Angle                                                                Column 

 (a) Specimen C1 

           

Angle                                                                Column 

(b) Specimen C2   

          

Angle                                                                Column 

 (c) Specimen C3 

Figure 3.13: Main deformation patterns of the angle and column in blind-bolted angle 

connections at the end of the compression tests 

The observed plastic deformation patterns have a direct influence on the resulting 

force-displacement relationships as illustrated in Figure 3.14. 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 
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the case of Specimen C1 (with column SHS 150×150×10), the initial stiffness was 

about 40% higher than that of Specimen C2 (with column SHS 200×200×10) for the 

same beam/angle width (i.e. 102 mm). Moreover, Specimen C1 yielded at a load 

about 150 kN higher than Specimen C2 and this difference increased to 180 kN for 

compressive capacities at 25 mm of displacement. 

 

Figure 3.14: Compressive force-displacement relationships for blind-bolted angle 

connections 

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 102 mm 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 C1. 
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3.5.2 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 3.15 while the 

corresponding compression force-displacement relationships are presented in Figure 

3.16.  

Notwithstanding the variation in the angle orientation and gauge distances between 

Specimens C4 and C5 (as illustrated in Table 3.1), only minor differences were 

observed between their overall plastic deformation mechanisms as can be noted from 

Figures 3.15(a) and 3.15(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 C5 in that 

significant punching deformations were developed along the full area of contact 

between the angle leg and column face (Figure 3.15).  
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Angle                                                                Channel 

(a) Specimen C4 

      

Angle                                                                Channel 

(b) Specimen C5 

     

Angle                                                                Channel 

(c) Specimen C6 

Figure 3.15: Main deformation patterns of the angle and column in combined 

channel/angle connections at the end of the compression tests 
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Figure 3.16: Compressive force-displacement relationships for combined 

channel/angle connections 

The differences in deformation patterns noted above have a direct influence on the 

connection stiffness and yield capacity as shown in Figure 3.16. From this figure (and 

the values presented in Table 3.4), 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 650 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.  

3.6 Concluding remarks 

The experimental behaviour of bolted angle connections between tubular columns and 

open beams under axial force has been examined in this chapter. An experimental 

programme comprising seven tensile tests and six compressive tests on blind-bolted 

angle connections and combined channel/angle configurations was described in detail. 
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The main behavioural patterns were identified, and the key response characteristics 

such as stiffness, capacity and failure mechanism were discussed.  

In the case of the tensile response of blind-bolted connections, it was observed that the 

inelastic mechanisms exhibited 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 inelastic mechanisms exhibited by combined channel/angle connections in 

tension were also 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 deformations 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. The main deformation patterns of 

combined channel/angle connections under compression 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.  

As noted in the literature review (Chapter 2), the experimental results and conclusions 

described in this chapter are of direct relevance to the study of the structural 
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robustness of buildings incorporating tubular columns. Also, the experimental data 

presented herein is instrumental for the validation and calibration of numerical models 

such as these described in Chapter 5 of this thesis. Another aspect of behaviour which 

is important to examine, particularly under extreme conditions as discussed in Chapter 

2, is that related to the response under predominant shear loads. To this end, the 

following chapter describes an experimental investigation into the performance of 

blind bolted angle connections as well as combined channel/angle configurations 

subjected to shear actions. 
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Chapter  4  

 

Experimental shear behaviour of connections 

 

4.1 Introduction  

The literature review presented in Chapter 2, has highlighted that there is a lack of 

codified design guidance on semi-rigid/partial-strength bolted connections for tubes 

subjected to severe shear actions. It has also been noted that this lack of design 

guidance stems from a dearth of experimental research on the shear response of open 

beam-to-tubular column connections. Therefore, this chapter examines the shear 

behaviour of semi-rigid angle connections between open beams and tubular columns. 

It describes and discusses the results of three shear tests on blind-bolted angle 

connections and three tests on combined channel/angle connections. The experimental 

set-up, connection configurations and material properties are first introduced followed 

by a discussion of the results and observations from the tests. Additionally, key results 

from complementary simple and double shear tests on Hollo-bolts are reported. Based 

on the experimental results, the main behavioural patterns are outlined and the salient 

response characteristics such as stiffness, capacity and failure mechanisms are 

examined. 
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4.2 Characteristics of Hollo-bolts in shear 

As described in the previous chapter, the axial force-displacement behaviour of  M16 

and M12 Hollo-bolts with Grade 8.8 and 10.9 bolt shank has been reported by 

Elghazouli et al. [6]. However, a full characterization of the shear force-deformation 

relationships of Hollo-bolts is lacking. Therefore, and due to the direct relevance that 

the shear behaviour of the bolts is expected to have on the overall joint shear 

response, a number of simple and double shear tests on Hollow-bolt units were 

carried out as part of the present study. Normal bolts of the same diameter were also 

tested for comparison. The testing arrangement and specimen details are described 

below. 

Figure 4.1 presents the arrangements used to perform the simple and double shear 

Hollo-bolt and standard bolt tests while Table 4.1 summarizes the test series. The 

specimen reference is expressed as MF, where M stands for the testing type (S for 

simple shear tests and D for double shear tests), while F stands for the bolt type 

(where N represents the standard bolt and H represents the Hollo-bolt). Additionally, 

d1 and d2 are the connecting plate thicknesses as presented in Figure 4.1 and Table 

4.1. In the case of double shear tests, two plates of the same thickness were used for 

the outer plates at each side. An actuator operating in displacement control was used 

to apply vertical displacements at the top of the connecting plates whilst the bottom 

end displacements were restrained. Vertical displacements and the corresponding 

forces were recorded by the load cell and transducer incorporated within the actuator. 

Both simple shear tests and double shear tests with varying plate thicknesses were 

conducted on Grade 10.9 M16 Hollo-bolts. These tests were complemented with 

simple shear tests on standard bolts for comparison purposes as summarized in Table 

4.1.  

Figure 4.2 depicts the observed deformation patterns for shear tests on Hollo-bolts 

while Figure 4.3 shows the corresponding Hollo-bolt shear force-displacement 

relationships. As expected, the plate thickness has a direct influence on the behaviour 

of the connection in shear and the associated deformation patterns. The plate 
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verticality was maintained up to displacements of around 3 mm in all specimens. In 

the case of simple shear connections, significant rotations started to accumulate for 

vertical displacements greater than 3mm. As shown in Figures 4.2(a) and 4.2(b), large 

rotations were observed at the end of the test in Specimens SH1 and SH2 coupled 

with plate local bearing deformations.  

           

General view                                      Test arrangement 

(a) Configuration Type A (simple shear) 

        

General view                                      Test arrangement 

(b) Configuration Type B (double shear) 

Figure 4.1: Test set-up for simple and double shear tests on bolts (dimensions in mm) 
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Table 4.1: Summary of test programme for bolt shear characterization 

Reference 
Configuration 

Type 

Bolt Type 

(G10.9 M16) 

Bolt hole (mm) Connecting plate thickness (mm) 

d0 d1 d2 

SH1 A Hollo-bolt 26 10 8 

SH2 A Hollo-bolt 26 15 15 

DH1 B Hollo-bolt 26 8 10 

DH2 B Hollo-bolt 26 8 15 

SN1 A Standard bolt 18 10 8 

SN2 A Standard bolt 18 15 15 

 

                

          (a) SH1                      (b) SH2                         (c) DH1                     (d) DH2 

Figure 4.2: Deformation modes of blind-bolt specimens in shear 

 

Figure 4.3: Shear force-displacement relationships for blind-bolt tests 
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For Hollo-bolted simple shear specimens (SH1 and SH2), Hollo-bolt sleeve yielding 

was observed at about 18 kN, followed by slippage. The ultimate response of 

Specimen SH1 was dominated by the bearing capacity of the 8 mm plate whereas the 

thicker plates used in Specimen SH2 caused the behaviour to be mainly determined by 

the Hollo-bolt response in shear, which reached failure at a load of about 159 kN 

corresponding to a displacement of approximately 13 mm.  

In the case of Hollo-bolted double shear specimens (Specimens DH1 and DH2), the 

Hollo-bolt sleeve yielded at about 36 kN. Importantly, due to unavoidable fabrication 

differences, slippage was observed to happen at a load of around 15 kN in Specimen 

DH1 while slippage occurred at a higher load of about 50 kN (after sleeve yielding) in 

the case of Specimen DH2. On the other hand, large bearing deformations were 

evident in the middle plate at displacements of around 9.5 mm for both specimens. 

Besides, the ultimate load of Specimen DH2 was about 50 kN higher than that of 

Specimen DH1 as shown in Figure 4.3. This is attributed to the increase in bearing 

capacity of the connection due to the thicker middle plate.  

In order to compare the shear resistance of Hollo-bolts against their standard bolt 

counterparts, simple shear tests were carried out on standard bolted specimens (SN1 

and SN2) as shown in Figures 4.4 and 4.5. It is evident from Figure 4.4 that the out-

of-plane deformation of the connecting plates was notably lower than that observed in 

Hollo-bolted specimens (e.g. by comparing Specimens SN1 and SN2 in Figure 4.4 

with Specimens SH1 and SH2 in Figure 4.2). This increased out-of-plane deformation 

in blind-bolted connections is attributed to the larger bolt hole diameter that is 

necessary to accommodate the Hollo-bolt insert which causes a reduction in the 

corresponding plate stiffness. Specimen SN1 as well as SN2 failed due to shear 

fracture of the bolt at loads of 109 kN and 116 kN corresponding to displacements of 

9 mm and 6 mm, respectively. 
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(a) SN1                (b) SN2 

Figure 4.4: Deformation mode of standard bolt specimens in shear 

Figure 4.5 compares the shear force-displacement relationships between standard and 

Hollo-bolts subjected to simple shear action as described above. Ultimate bolt shear 

and plate bearing capacity estimates are also included in Figure 4.5 for comparison. 

The shear capacity of standard bolts per shear plane, , was estimated through the 

following relationship: 

,

√3
                                               (4.1) 

where,  is the stress area of the bolt shank and ,  its ultimate strength. Similarly, 

the shear capacity of Hollo-bolts was calculated as: 

, ,

√3
                           (4.2) 

where,  and ,  are the sleeve area and ultimate strength, respectively. A value of 

509 N/mm2 was used for the sleeve strength as obtained from the mean of three 

hardness tests. The consideration of the shear resistance contribution of the Hollo-bolt 

sleeve in Equation 4.2 resulted in a 20 kN increase in the nominal shear capacity of 

M16 Hollo-bolts with respect to the corresponding standard bolt. Likewise, based on 

strength values obtained from coupon tests reported in Table 4.2, the plate bearing 

design capacities were calculated as 120 kN and 230 kN for 8 mm (from Angle 

L100×75×8) and 15 mm (from Angle L150×80×15) steel plates, respectively. 
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(a) Specimens SH1 and SN2 

 

 
(b) Specimens SH2 and SN2 

Figure 4.5: Comparison of shear response between standard bolt and blind-bolt 

simple lap joints with different plate thicknesses 
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Table 4.2: Material properties of connection elements 

Element Yield stress (N/mm2) Ultimate stress (N/mm2) 

Beam UB 305×102×25 329 443 

Column SHS 150×150×10 368 498 

Column SHS 150×150×6.3 385 485 

Angle L 100×75×8 312 438 

Angle L 100×80×15 293 449 

Hollo-bolt sleeve* 382 512 

*Obtained from the mean of three hardness tests 

It can be observed from Figure 4.5 that in the case of Hollo-bolted specimens, the 

initial stiffness is maintained up to a shear force of about 18 kN, when yielding of the 

sleeve occurs, followed by considerable post-yield hardening. After yielding of the 

Hollo-bolt sleeve, contact between the sleeve and the shank takes place and the 

applied shear force is gradually transmitted to the bolt shank up to the occurrence of 

plate bearing failure (at 124 kN for Specimen SH1 in Figure 4.5(a)) or shear fracture 

of the shank (at 165 kN for Specimen SH2 in Figure 4.5(b)). Conversely, the standard 

bolt specimens experienced bolt slippage between 0.5 mm and 2 mm of relative 

displacement. Importantly, bolt shear fracture occurred at a shear load of 115 kN in 

standard bolts (Specimen SN1 and SN2) which is 18% higher than the shear capacity 

estimate obtained by means of Equation 4.1. On the other hand, shear fracture of the 

bolt shank in Hollo-bolts are delayed up to a load of about 160kN in the case of 

Specimen SH2 which is 28% higher than the estimate of Equation 4.2. This can be 

attributed in part to the significant rotation observed in Specimen SH2 leading to the 

change in the orientation of the effective shear plane and thus reduced shear loading 

component coupled with possible variations in the nominal versus actual ultimate bolt 

strength. In general, it can be concluded that Equations 4.1 and 4.2 offer conservative 

estimates of ultimate bolt shear capacities. Moreover, it can also be observed from 

Figure 4.5 that blind-bolted connections subjected to shear are able to provide up to 

twice the ductility capacity of standard bolted connections owing to the presence of 

the flexible sleeve that delays the fracture of the bolt until considerably larger 

deformation levels.  
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The behaviour of Hollo-bolts in shear has a direct influence on the response of angle 

connections, as discussed in subsequent sections. 

4.3 Testing arrangement and connection details 

4.3.1 Experimental set-up 

The set-up used for testing the beam-to-tubular column connections in shear is shown 

in Figure 4.6. A column section of 800 mm height was used in all tests. The column 

was fixed at both ends by welding it to a 10 mm plate clamped at the base and bolting 

it to a lateral bracing at the top, as depicted in Figure 4.6(a). A hydraulic actuator 

operating in displacement control was used to apply vertical deformations at the head 

of the bolts connecting the beam and top angle. The force imposed by the actuator 

was transmitted through a heavy-section I-beam and a bearing plate of 30 mm 

thickness in order to achieve an even distribution of stresses over the head of the top 

angle bolts, as shown in Figure 4.6(b). In the case of the web angle connections, a 30 

mm plate was placed on the top beam flange in line with the bolts connecting the 

beam web side of the web angles. The displacement at the head of the top angle bolts 

(for top and seat angle connections) and at the top beam flange (in the case of web 

angle connections) was gradually increased up to a maximum vertical displacement of 

16 mm, or until the capacity of the actuator was reached (at around 600 kN). 

The applied vertical displacement and corresponding vertical force were recorded by 

the load cell and transducer incorporated within the actuator. The verticality of the 

column was monitored through a displacement transducer placed at the top of the 

column, while a series of other independently referenced transducers measured 

displacements at a number of locations within the beam. Strain gauges were used to 

monitor the strains at expected inelastic regions within the angles. 

4.3.2 Connection specimens 

Six open beam-to-tubular column angle connections were examined: three blind-

bolted and three reverse channel details. A summary of the test series is given in 
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Table 4.3, including the geometric details of the connection as well as the column and 

reverse channel sizes. In the table, SHS refers to Square Hollow Section columns and 

L refers to angles. Figure 4.7 depicts the connection configurations studied (Type A 

used in blind-bolted specimens and Types B and C utilized in reverse channel 

configurations). The reference employed for the specimens is expressed by S (S1 to 

S6) for top and seat as well as web angle specimens subjected to shear loads. 

Universal beams UB 305×102×25 and Grade 10.9 M16 standard bolts were employed 

in all cases. The grade of the steel used for beams, columns and angles was S275. 

Table 4.2 presents the mean yield stress values and ultimate strength for the angle, 

beam and column components as obtained from at least three coupon tests in each 

case. 

Preliminary numerical studies carried out as part of the present research, which will 

be presented in detail in Section 5, have shown that the beam web stiffness has a vital 

role on the shear performance of the connection. Buckling of the beam web can 

prevent the connection from reaching its maximum shear capacity and initiate 

complex local effects. Therefore, in order to focus on the shear behaviour of the 

connection, web stiffeners were used to prevent premature local beam effects, as 

shown in Figure 4.7. This enabled a better understanding of the basic behavioural 

mechanisms of bolt, angle and column face components under shear loading. To this 

end, the beam web was stiffened in top and seat angle connections (Figures 4.7(a) and 

4.7(b)) by means of four 10 mm steel plates (two at each side) welded perpendicular 

to the web along the full beam depth. Similarly, in the case of reverse channel 

connections with web angles (Specimen S6), the beam web was stiffened by welding 

10 mm-thick plates on each side inbetween the web angles and the beam web as 

depicted in Figure 4.7(c). 
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(a) Schematic representation of test set-up (dimensions in mm) 

 

(b) General view of testing arrangement 

Figure 4.6: Test set-up for bolted angle connections 

Grade 10.9 M16 Hollo-bolts were used for the blind-bolted configurations. A bolt 

pretension of around 110 kN was applied in all specimens. Also, the reverse channel 

components used for combined channel/angle connections were obtained from SHS 

by longitudinal cutting, as performed in previous studies on this type of connection 

[7]. Table 4.3 gives the dimensions of the SHS from which the reverse channels were 

obtained. Fillet welding with 10 mm thickness was used to connect the column and 

the reverse channel throughout the length of the channel component.  
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4.4 Results and observations from connection tests 

Table 4.4 summarises the main response parameters obtained from the shear tests on 

blind-bolted and reverse channel connections, while Figures 4.8-4.16 present the key 

results in terms of deformation patterns and shear force-displacement relationships. 

The initial stiffness and yield force presented in Table 4.4 were obtained from a 

bilinear idealization of the corresponding shear force-displacement curves. The 

observed shear forces at an applied displacement of 8 mm are also reported in Table 

4.4 for comparison purposes. In subsequent sections, the experimental results and 

observations from the three blind-bolted as well as the three combined channel/angle 

connection specimens are presented and discussed with particular focus on the 

influence of the following key parameters on the connection behaviour: (i) gauge 

distance, (ii) angle thickness, (iii) channel thickness and (iv) presence of web angles. 

4.4.1 Blind-bolted angle connections 

Figure 4.8 presents the deformation patterns identified for the blind-bolted connection 

specimens at a displacement of 16 mm. As expected, the deformation patterns 

observed in blind-bolted connections subjected to shear result from the behaviour of 

individual components and their interactions. It can be observed from Figure 4.8(a) 

that plasticity occurred at the toe of the vertical leg of the top angle in Specimen S1, 

while large plastic deformations were concentrated in the horizontal leg of the top 

angle in Specimen S2 (Figure 4.8(b)). On the other hand, significant bearing 

deformation in the bottom angle vertical (column) leg was evident in both Specimens 

S1 and S2 with some observed rotation taking place in the bottom angle in Specimen 

S1. These small rotations observed in the bottom angle of Specimen S2 are attributed 

to the increased horizontal gauge distance a that generates larger flexural action. In 

contrast, when the thickness of the angle is increased to 15 mm (i.e. Specimen S3 in 

Figure 4.8 (c)), the plastic deformation tended to concentrate in bearing within the 

column face. It can also be observed from Figure 4.8(c) that limited deformations 

occurred in the bottom angle when a thick angle (15 mm) was employed.  
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Table 4.3: Summary of the test specimens 

Reference Type Column Angle Reverse Channel cut from: 

Dimensions in mm (as shown in  Figure 4.7) 

a b c d e f g h i k l 

S1 A SHS 150×150×10 L100×75×8 - 45 30 35 65 - - - 100 45 - - 

S2 A SHS 150×150×10 L100×75×8 - 50 50 35 40 - - - 100 45 - - 

S3 A SHS 150×150×10 L100×80×15 - 50 100 35 45 - - - 100 45 - - 

S4 B SHS 200×200×10 L100×75×8 SHS 150×75×10 45 30 35 65 - - - 100 45 515 70 

S5 B SHS 200×200×10 L100×80×15 SHS 150×75×6.3 50 100 35 45 - - - 100 45 465 70 

S6 C SHS 200×200×10 L100×75×8 SHS 150×75×10 50 50 45 30 40 90 15.5 - - 465 70 
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(a) Type A                                                    (b) Type B 

 

(c) Type C 

Figure 4.7: Configuration of connection specimens 

Table 4.4: Summary of test results for bolted angle connections 

Reference 
Initial stiffness 

(kN/mm) 

Shear force  

at yield (kN) 

Shear force at 8 mm  

displacement (kN) 

S1 104 128 280 

S2 91 97 303 

S3 141 102 388 

S4 98 100 283 

S5 73 102 295 

S6 288 121 584 
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The shear force-displacement relationships for the blind-bolted connections are 

depicted in Figure 4.9, whilst Figure 4.11 illustrates the development of plasticity in 

the top and bottom angles through measured strain values at selected locations as 

indicated in Figure 4.10. These figures are discussed in more detail in subsequent 

sections with focus on the influence of specific geometric parameters, namely the 

gauge distance and angle thickness, on the connection response. 

   

(a) Specimen S1                                (b) Specimen S2 

 

(c) Specimen S3 

Figure 4.8: Main deformation patterns of blind-bolted angle connections at the end of 

the tests 
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The influence of the angle horizontal gauge distance (a in Figure 4.7) can be 

examined by comparing the results of specimens S1 and S2 with a=45 mm and a=50 

mm, respectively. The shear-displacement responses of specimens S1 and S2 are 

presented in Figure 4.9 and the key response parameters are summarized in Table 4. It 

can be seen from Table 4.4 and Figure 4.9, that the initial stiffness of Specimen S1 

was about 14% larger than that of Specimen S2 due to the lower horizontal gauge 

distance. This is also noticeable in the shear yield capacity where a difference of 32% 

was attained. Nevertheless, similar shear force-displacement responses can be 

observed for both specimens after yielding. 

 

Figure 4.9: Shear force-displacement relationship for blind-bolted angle connections 
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                       Lateral view   Front view          Lateral view   Front view 

           

                         Plan view                                   Plan view 

                                  (a) Top angle                              (b) Bottom angle 

Figure 4.10: Location of strain gauges in blind-bolted connections 

The location and extent of plasticity in the angles in Specimens S1 and S2 can be 

further examined with reference to the strain measurements depicted in Figures 

4.11(a) and (b). As shown in Figure 4.11(a), for Specimen S1, yielding strains were 

first reached near the toe of the vertical angle leg (location L2 in Figure 4.10) 

followed by the development of large plastic deformations. Plastic strain levels were 

also attained in the horizontal leg between the bolts for joint vertical displacements 

over 3 mm. With regards to Specimen S2 shown in Figure 4.11(b), more significant 

plastic deformations were induced in the horizontal angle leg (locations L3 and L4 in 

Figure 4.10) with the vertical angle leg remaining elastic up to a vertical displacement 

of around 8 mm. It is also important to note that the deformation modes of the bottom 

angles in Specimens S1 and S2 were different as observed from Figures 4.8 (a), 4.8 

(b), 4.11 (a) and 4.11(b). For Specimen S1, the main plastic deformations were 

concentrated in the vertical leg, while the horizontal leg (Location L8 in Figure 4.10) 

remained elastic. In contrast, plasticity occurred in the horizontal leg (location L5 in 

Figure 4.10) for Specimen S2 with the vertical leg remaining elastic. This can be 

attributed to the larger horizontal gauge distance leading to increased rotation of the 

beam which in turn also caused a change in the deformation pattern of the bottom 

angle from bearing in Specimen S1 to bending in Specimen S2.  
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(a) Specimen S1 

 

(b) Specimen S2 

 

(c) Specimen S3 

Figure 4.11: Measured strains in blind-bolted connections under shear 
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The influence of angle thickness can be illustrated by comparing the results of 

Specimens S2 and S3 where the angle was varied from L100×75×8 in the former to 

L150×80×15 in the latter. As expected, the thickness of the angle has a direct effect 

on the connection response, including the stiffness, capacity, and deformation modes. 

As indicated in Figure 4.9 and Table 4.4, the initial stiffness of Specimen S3 which 

incorporates a thicker angle was around 55% larger than that of Specimen H10-N8-

G50-T, while the capacity at an applied displacement of 8 mm for the former was also 

100 kN higher than the latter, respectively. The differences in deformation modes for 

top and bottom angles between Specimens S2 and S3 become evident by comparing 

Figures 4.8(b) and 4.8(c). These differences can be better understood with reference to 

the development of the strains shown in Figures 4.11(b) and (c). In the case of 

Specimen S3, plastic deformations in the top angle first occurred in the horizontal leg 

between the bolts (Location L4 in Figure 4.10), while at other strain gauge locations, 

plastic strain was not reached until a displacement of 8 mm. Moreover, only limited 

plastic deformation developed in the bottom angle as shown in Figure 4.11(c), 

whereas significant plastic deformation accumulated in both top and seat angles in the 

case of Specimen S2 as described previously.    

4.4.2 Combined channel/angle connections 

The main deformation patterns of the three combined channel/angle connection 

specimens tested are depicted in Figure 4.12. In the case of Specimen S4, shown in 

Figure 4.12(a), the bending deformation of the top angle and the bolt shear 

deformation in the bottom angle region dominated the overall joint shear behaviour. 

Significant plasticity occurred in the vertical leg of the top angle, whilst the bottom 

bolts failed in shear at a displacement of 11 mm. On the other hand, when thicker 

angles were combined with a thinner channel in the case of Specimen S5 (Figure 

4.12(b)), the failure mechanism was determined by the top region of the channel 

flange under combined shear and axial load. This axial load originated from the slight 

rotation of the beam caused by the offset distance between the loading point and 

channel face, hence the vertical leg of the top angle moved outwards together with the 

vertical deformation. Large bearing deformation also occurred in the bottom channel 
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flange with simultaneous bolt shear deformation. Specimen S5 also failed by shear 

fracture of the bolts connecting the bottom angle and the channel components at a 

displacement of around 11 mm. Finally, two main deformation components were 

identifiable in the response of the double web angle connection (Specimen S6 

presented in Figure 4.12(c)): web angle bearing and bolt shearing. Importantly, the 

test on Specimen S6 reached the actuator load capacity (600 kN) at a displacement of 

nearly 9 mm without signs of failure. The shear force-displacement relationships for 

Specimens S4, S5 and S6 are depicted in Figure 4.13. These relationships, together 

with the above descriptions will be discussed further in subsequent sub-sections of 

this paper with emphasis on the influence of angle and channel thickness as well as 

web angle contribution. 

The effects of the thickness of angle and reverse channel components on the shear 

response of combined channel/angle connections can be explored by comparing the 

experimental results of Specimens S4 and S5. It can be observed from Table 4.4 and 

Figure 4.13 that the stiffness of Specimen S4 is 34% higher than that of Specimen S5. 

Although the thicker angle improved the stiffness of Specimen S5, the increased 

bearing flexibility of the thinner channel used in Specimen S5 relative to Specimen 

S4, coupled with the larger horizontal gauge distance, led to an overall lower initial 

stiffness. In general, the shear force-displacement responses of Specimens S4 and S5 

are similar despite the notable differences in their deformation modes, with the 

deformation of the reverse channel/bolt assemblage dominating the response of 

Specimen S5. Importantly, bolt slip occurred almost instantaneously at a load level of 

100 kN in Specimen S4 whereas a more gradual slip was observed in Specimen S5. 

The above discussion can be confirmed with reference to the development of strains 

measured in Specimens S4 and S5, and presented in Figures 4.15(a) and (b), 

respectively. It can be seen from Figure 4.15(a) that the yield strain was reached in the 

toe of the horizontal leg (Location L2 in Figure 4.14) of the top angle in Specimen S4 

at an overall joint vertical displacement of nearly 2 mm. In contrast, the thicker top 

angle employed in Specimen S5 remained elastic in almost all monitoring points 

except for the area in the horizontal leg around the bolts below the loading plate 
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(Location L4 in Figure 4.14). Moreover, Specimen S4 developed significant plastic 

deformation due to bearing in the bottom angle leg (Location L6 in Figure 4.15(a)). 

The response of double web angle reverse channel connections under shear was 

examined through Specimen S6. As illustrated in Figure 4.13 and Table 4.4, the web 

angle configuration exhibited significantly higher stiffness and capacity when 

compared with top and seat angle details. In comparison with Specimen S4, for 

example, the initial stiffness and ultimate capacity of Specimen S6 reached almost a 

threefold increase. Figure 4.16(b) depicts the measured strains in Specimen S6, in 

which it is observed that the bearing strain in the leg of the parallel web angle around 

the top bolt of the left web angle (Location L1 in Figure 4.16(a)) was around twice as 

much as the corresponding strain near the bottom two locations (L2 and L3 in Figure 

4.16(a)) at an applied displacement of around 8 mm. Conversely, on the lateral angle 

leg, the strain levels near the bottom bolt (Location L6 in Figure 4.16(a)) were larger 

than at Locations L4 and L5 in Figure 4.16(a). This uneven distribution of stresses 

and strains is attributed to the small rotations of the beam and the unavoidable 

fabrication differences in bolt hole tolerances. 

4.4.3 Ductility considerations 

The experimental results described above show that blind-bolted angle connections 

can provide significant levels of ductility in shear exceeding 16 mm of vertical 

displacement without notable deterioration in capacity (Figure 4.9). These high 

ductility levels are attributed to the Hollo-bolt insert contribution in shear as reported 

in Section 4.2. In contrast, the combined channel/angle connection specimens (S4and 

S5) failed by shear fracture of the standard bolts at around 11 mm of vertical 

displacement (Figure 4.13). Also, the stiffness and capacity of connections 

incorporating web angle/channel components (i.e. Specimen S6) can be significantly 

enhanced due to the increased number of bolts in shear. 
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(a) Specimen S4 

 

(b) Specimen S5 

 

(c) Specimen S6 

Figure 4.12: Deformation patterns of combined channel/angle connections at the end 

of the tests 
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Figure 4.13: Experimental shear force-displacement relationship for combined 

channel/angle connections 

           

              Lateral view           Front view                Lateral view       Front view 

           

                Plan view                                                Plan view 

(a) Top angle                                                        (b) Bottom angle 

Figure 4.14: Location of strain gauges in top and seat reverse channel connections 
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(a) Specimen S4 

 

(b) Specimen S5 

Figure 4.15: Measured strains for top and seat angles in reverse channel connections 
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Lateral view                                  Front view 

(a) Location of strain gauges in web angle 

 

(b) Measured strains 

Figure 4.16: Measured strains for web angle in Specimen S6 

4.5 Concluding remarks 
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channel/angle connections, as well as complementary tests on single and double lap 

joints, has been described. The main behavioural patterns were identified, and the key 

response characteristics such as stiffness, capacity and failure mechanism were 

discussed.  

It was observed that the inelastic mechanisms exhibited by the connections studied 

herein under shear loads primarily involved the interaction between the angles and 

column/channel face components. As expected, it was shown that the angle horizontal 

gauge distance between the bolts and the column flange has a direct influence on the 

initial stiffness with a significant effect on the shear capacity of the connection. 

Importantly, the thickness of the angle has a direct influence on the initial stiffness 

and ultimate capacity of the connection. Similarly, the thickness of the reverse 

channel directly affects the connection stiffness and capacity. Besides, it was observed 

that the overall stiffness and resistance of reverse channel connections with double 

web angles was enhanced significantly in comparison with those of connections with 

top and seat angles only. 

In terms of ductility, the blind-bolted angle connections provided significant 

deformation levels exceeding 16 mm of vertical displacement. Conversely, the 

combined channel/angle connections (Specimens S4 and S5) exhibited lower 

ductility, failing at around 11 mm of vertical displacement. The improved ductility 

observed in blind-bolted connections results directly from the ductile behaviour of the 

Hollo-bolt due to the presence of a flexible sleeve. Conversely, it was concluded that 

for the combined channel/angle connections under shear loads, ductility was typically 

limited by brittle fracture of the bolts in shear rather than the failure of the other 

constituent components. In the case of combined channel/angle connections 

incorporating web angle components, the ductility was improved due to the increased 

number of standard bolts in shear. This connection configuration also exhibited higher 

shear resistance reaching the actuator force capacity at 9 mm without appreciable 

strength degradation. 
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Chapter  5  

 

Numerical simulations 

 

5.1 Introduction  

Due to the large number of inter-related parameters that can influence the response of 

bolted open beam-to-tubular column connections under extreme loads, assessing their 

behaviour solely on the basis of experimental investigations is a cost-prohibitive and 

time-consuming task. Therefore, the use of appropriately validated finite element 

models represents an attractive approach for the development of a database of 

connection characteristics and relevant parametric analyses. Such numerical 

simulations can also offer valuable insight into the intricate component interactions 

that occur within semi-rigid open beam-to-tubular column connections. To this end, 

three-dimensional finite element (FE) models are constructed herein by means of the 

commercial FE software ABAQUS [9], and the results are validated against the 

experimental data presented in Chapters 3 and 4 as well as the bending testing results 

carried out by Elghazouli et al. [6] and Málaga-Chuquitaype and Elghazouli [7]. 

Particular emphasis is given in the discussion presented below to aspects related to 

key design parameters such as the initial stiffness, ultimate load and failure mode.  

5.2 Finite element model  

The different connection components were modelled by means of eight-node brick 

solid elements of Type C3D8I available in the ABAQUS library [9], as shown in 
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Figure 5.1. Special attention was paid to faithful modelling of the geometric details of 

the bolts including the shank, sleeve, head and nut, as depicted in Figure 5.1. The 

boundary conditions and loading procedures adopted in the numerical analyses 

replicated those used in the experimental studies. 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 in contact with these components, whereas a relatively 

coarser mesh was employed elsewhere. The dimensions of elements within the final 

adopted mesh ranged between 6 mm within the refined region, and up to 50 mm 

within the coarser region. The numerical models incorporated a number of detailed 

features such as loading reversal, contact phenomena, bolt slippage definition and bolt 

pretension application, as described below. Appendix A presents the whole simulating 

process for the connections by means of ABAQUS/CAE. 

 

(a) Connection             (b) Angle                (c) Standard bolt             (d) Hollo-bolt     

Figure 5.1: FE representation of connection components 

5.2.1 Contact surfaces 

The contact phenomenon between two surfaces was taken into account by defining 

hard and friction surface interaction. Contact was defined between the beam-to-

column, top angle-to-beam, top angle-to-column, bottom angle-to-beam, bottom 

angle-to-column, and bolt-to-hole surfaces. The more flexible surface was chosen as 

slave, while that on the stiffer component was designated as master. Moreover, the 
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slippage between the bolt and hole surfaces was considered by defining a contact 

interaction with an assumed friction coefficient of 0.3 for all cases. 

5.2.2 Bolt pre-tension 

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 bolt length at its 

deformed (shortened) value.  

      

(a) Lindapter Hollo-bolt before (left) and after (right) installation [45] 

                       

         Central bolt              Sleeve                    Cone                                Hollo-bolt 

(b) Numerical model of Lindapter Hollo-bolt 

Figure 5.2: Mechanism and FE modelling of Lindapter Hollo-bolt 

5.2.3 Hollo-bolt representation 

Figure 5.2 shows a view of the clamping mechanism of the Lindapter Hollo-bolt used 

in this study as well as its FE model representation. The proposed FE model simulates 
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the central bolt, sleeve body and cone by separate individual components. The Hollo-

bolt sleeve model was constructed with due account of the actual geometrical 

characteristics of the Hollo-bolt as well as the gap between sleeve legs and the central 

bolt. The contact properties between the shank surface and sleeve surface as well as 

between the cone and sleeve surfaces were defined as hard and friction contact of 

‘hard’ contact in the normal direction and friction definition in the tangential 

direction. The cone was tied to the bolt shank, and the corresponding pretension loads 

were directly applied to the shank.  

5.3 Validation of finite element model for Hollo-bolts 

5.3.1 Direct tension response 

The comparison of the tensile force-displacement relationships for M16 Grade 10.9 

Hollo-bolt from experimental [6] and numerical models are presented in Figure 5.3. 

Also presented in the figure are the FE simulation and the corresponding Von Misses 

Stress distribution at two significant points. It is evident from Figure 5.3 that the FE 

models provide a reasonably accurate representation of the experimental response. In 

particular, the initial stiffness, yield point and post-yield response closely match the 

experimental values. Moreover, it is also shown that the main behavioural 

characteristics observed during the experiment are well represented by the FE 

analysis. In the first significant point, identified as B1 in Figure 5.3, yielding of the 

Hollo-bolt sleeve occurs at a load of nearly 86 kN which is 10% higher than the test 

results. Point B2 marks the imminent pulling-out of the Hollo-bolt sleeve through the 

plate, which results in a corresponding reduction in tensile capacity observed in the 

force-displacement curve of Figure 5.3. In general, the FE model enables the 

identification of the key deformation stages in the evolution of tensile forces and 

displacements within the Hollo-bolt. 
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Figure 5.3: Comparison of tension behaviour for M16 G10.9 Hollo-bolt between test 

and FE model 

5.3.2 Direct shear response 

The experimental shear force-displacement relationships for simple and double shear 

tests on standard and Hollo-bolts (as described in Chapter 4) are presented in Figure 

5.4, together with their corresponding FE predictions. It is evident from Figure 5.4 

that the FE models provide a reasonably accurate representation of the experimental 

behaviour in all cases. In particular, the initial stiffness, yield point and post-yield 

response closely match the experimental values.  
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                                 (a) SH1                                                      (b) SH2  

 

                                 (c) DH1                                                      (d) DH2  

   

                                 (e) SN1                                                      (f) SN2  

Figure 5.4: Comparison of bolt shear force-displacement response between the tests 

and the FE models 
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Figure 5.5: Comparison of shear behaviour for Specimen SH1 between the test and 

FE model 

Specimen SH1 is used herein as a typical example for a more detailed discussion. The 

shear force-displacement relationships, obtained from experimental results as well as 

FE simulation, and Von Misses Stress distribution of the joint at four significant 

points,  are depicted in Figure 5.5. It is shown in the figure that the main behavioural 

characteristics observed during the experiment are well represented by the FE 

analysis. The FE model, in turn, enables the identification of the key deformation 

stages in the shear force-displacement response of Specimen SH1. To this end, the 

first significant point, identified as B1 in Figure 18, occurs at a shear load of nearly 18 

kN corresponding to yielding of the Hollo-bolt sleeve. This stage is evident in both 

the numerical and experimental curves and is further confirmed by the maximum 

stress levels obtained from cross-sectional views of the Hollo-bolt which are also 

presented in Figure 5.5. After yielding of the Hollo-bolt sleeve, significant localized 

deformations are developed which eventually lead to full contact between the sleeve 
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and bolt shank at Point B2 in Figure 5.5. At a shear load of about 80 kN (Point B3), 

yielding of the 8 mm plate in bearing takes place followed by large plastic bearing 

deformations (up to Point B4). It can be concluded from the above discussion and 

results that the proposed FE model is able to simulate reasonably well the evolution of 

shear forces and local deformations on the standard and/or Hollo-bolt/plate 

assemblage. 

5.4 Validation for connections under axial loads 

The experimental axial force-displacement relationships and FE prediction for the 

tension and compression tests described in Chapter 3 are presented in Figure 5.6 and 

5.7, respectively. Moreover, the comparisons of deformation patterns observed in 

experimental and numerical models are summarized for selected specimens in Tables 

5.1 and 5.2. 

5.4.1 Connections under tension loads 

 It is evident from the plots in Figure 5.6 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 horizontal 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). In the case of Specimen T4 (Figure 5.6 (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 
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discrepancy can be attributed to uncertainties in the sleeve opening angle 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 5.6 (d).   

The deformation patterns observed in Specimen T1, T4, T5 and T7 at the end of the 

tests are summarized in Table 5.1 together with the predictions of the FE model. It is 

evident from Table 5.1 that the deformations and plastic mechanisms are replicated by 

the proposed FE model. This agreement shows that the detailed FE model can 

faithfully simulate the response of bolted angle connections under tension load.  

5.4.2 Connections under compression loads 

Figure 5.7 presents comparisons of the compressive force-displacement relationships 

between experimental results and numerical predictions. 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, close correlation is observed in 

terms of stiffness, capacity and post-elastic response for all specimens. Furthermore, 

the deformation patterns of the selected specimens (Specimens C2, C3 and C6) from 

the FE model capture the connection deformations from the tests well, as described in 

Table 5.2. 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.  
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                 (a) Specimen T1                                                       (b) Specimen T2 

 

                 (c) Specimen T3                                                       (d) Specimen T4 

 

                 (e) Specimen T5                                                       (f) Specimen T6 

 

(g) Specimen T7 

Figure 5.6: Comparison of experimental and predicted tensile force-displacement 

relationships for bolted angle connections 
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Table 5.1: Comparison of deformation patterns from experiments and FE models 

Specimens 
Deformation patterns 

Experimental FE model 

T1 

  

T4 

  

T5 

  

T7 
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                        (a) Specimen C1                                             (b) Specimen C2 

  

                        (c) Specimen C3                                             (d) Specimen C4 

 

(e) Specimen C5                                             (f) Specimen C6 

Figure 5.7: Comparison of experimental and predicted compressive force-

displacement relationships for bolted angle connections 
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Table 5.2: Comparison of deformation patterns from experiments and FE models 

Specimens 
Deformation patterns 

Experimental FE model 

C2 

  

C3 

 

C6 

  

 

5.5 Validation for connections under bending loads 

5.5.1 Previous experimental programme 

The experimental programme carried out previously in Imperial College London [6-7] 

to investigate the bending behaviour of bolted open beam-to-tubular column 

connections is used here for validation purposes. The study involved the testing of 

top, seat and web angle connections specimens with three different connection 

configurations and varying dimensions, column sizes, beam sections and Hollo-bolt 

classes, under monotonic and cyclic loading conditions. The reader is referred to 

published documents [6-7] for a complete description of the testing arrangements and 

experimental results. In particular, the moment-rotation relationships for six of the 
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specimens, namely Specimens A10-d65-G10.9-M and A10-d65-G10.9-M (blind-

bolted angle connections [6]), Specimens T10-A8-d65-M, T10-A8-d40-M, T6.3-A15-

d45-M and W10-A8-d40-M (combined channel/angle connections [7]), are employed 

for validation purpose herein. The connection configurations of the specimens under 

consideration are outlined in Table 5.3.  

5.5.2 Results and comparisons 

Figure 5.8 depicts the ultimate failure mode of the top angle as observed during the 

tests and as predicted by the proposed FE model for Specimens A10-d65-G10.9-M, 

A10-d40-G10.9-M and T6.3-A15-d45-M. It can be observed that the model is capable 

of predicting the failure mode of individual components. Similarly, the comparisons 

of the moment-rotation relationships as obtained from the tests and predicted by 

means of the proposed FE models are presented in Figure 5.9. It is observed from this 

figure that at large rotational demands, (greater than about 40 mrad) the Hollo-bolt in 

the refined numerical model starts to pull-out prematurely and the failure 

displacement is underestimated for Specimen A10-d40-G10.9-M. This is attributed to 

the highly localised effects in the hole-bolt interaction coupled with uncertainties in 

the assumed sleeve opening angle. It can be appreciated that although the numerical 

model conservatively predicts the connection ultimate moment capacities, this notable 

difference is only evident at rotation levels beyond those expected in normal design 

situations. Overall, the component and general behaviour, as well as the moment-

rotation response at pre-yielding and post yielding load levels, are closely represented 

by the numerical model. This good agreement with the tests shows that the detailed 

FE model can closely simulate the real response of blind bolted angle connections 

under bending actions. 
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Table 5.3: Summary of the modelling specimens [6-7] 

Reference Type Column Beam Angle Channel 
Dimensions in mm (as shown in Figure 3.5) 

a b c d e f g h i j k l 

Blind-bolted angle connections 

A10-d65-G10.9-M A SHS 
150×150×10 

UB 
305×102×25 

L100×75×8 - 45 30 35 65 - - - 100 45 45 - - 

A10-d40-G10.9-M A SHS 
150×150×10 

UB 
305×102×25 

L100×75×8 - 50 50 35 40 - - - 100 45 45 - - 

Combined channel/angle connections  

T10-A8-d65-M B SHS 
200×200×10 

UB 
305×102×25 

L100×75×8 SHS 150×150×10 45 30 35 65 - - - 100 45 45 515 70 

T10-A8-d40-M B SHS 
200×200×10 

UB 
305×102×25

L100×75×8 SHS 150×150×10 50 50 35 40 - - - 100 45 45 465 70 

T6.3-A15-d40-M B SHS 
200×200×10 

UB 
305×102×25 

L100×80×15 SHS 150×150×6.3 50 100 35 45 - - - 100 45 45 475 70 

W10-A8-d40-M C SHS 
200×200×10 

UB 
305×165×25 

L100×75×8 SHS 150×150×10 50 50 35 40 35 95 12.5 100 80 45 465 70 
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Experiment                                                         FEA 

(a) Specimen A10-d65-G10.9-M 

                

Experiment                                                         FEA 

(b) Specimen A10-d40-G10.9-M 

                

Experiment                                                         FEA 

(c) Specimen T6.3-A15-d40-M 

Figure 5.8: Comparison of the ultimate deformation of the top angle from the tests [6-

7] and FE models 
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            (a) Specimen A10-d65-G10.9-M                (b) Specimen A10-d40-G10.9-M 

  

            (c) Specimen T10-A8-d65-M                     (d) Specimen T10-A8-d40–M 

 

            (e) Specimen T6.3-A15-d40-M                   (f) Specimen W10-A8-d40–M 

Figure 5.9: Comparison of connection moment-rotation relationships from 

experiments and FE models 
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5.6 Validation for connections under shear loads 

5.6.1 Blind-bolted angle connections 

Figure 5.10 compares the shear force-displacement relationships of the blind-bolted 

connection tests (i.e. Specimens S1, S2 and S3). It can be noted from Figure 5.10 that 

reasonable estimates of stiffness and capacity are obtained in all cases. The 

differences between the experimental results and numerical simulations observed (in 

the range from 0.2 mm to 1.2 mm of vertical displacement) can be attributed to bolt 

slippage. Importantly, in the FE simulation, slippage of the bolt occurs almost 

instantaneously once the friction forces are overcome, whereas a more gradual slip 

displacement is observed during the test. Similarly, good agreement can be observed 

between the capacity estimations of the FE model and the experimental values within 

a difference of ±10%.  The relatively minor discrepancies at large displacements 

observed in Figure 5.10 are attributed to unavoidable differences between the material 

strain hardening characteristics assumed for the FE models and those of the different 

components used in the tests. Also, it is worth noting that in the case of Specimen S3 

(Figure 5.10(c)), an abrupt transition between flexure-dominated and bearing-

dominated plastic mechanisms occurred at a vertical displacement of around 11.5 mm 

in the numerical simulation whereas a more gradual change was observed during the 

experiment. This can be attributed to the small difference in the clamping angle of the 

deformed sleeve after installation, leading to pull-out of the Hollo-bolt in the FE 

model at around 11.5 mm of joint shear displacement. This causes noticeable 

reduction in force and re-arrangement of the Hollo-bolt component deformations after 

which the loading force starts to increase, all of which occurred in a more gradual 

manner during the test.   

Figure 5.11(a) illustrates the deformation pattern observed in the top angle of 

Specimen S1 at a vertical displacement of 16 mm and compares it with the FE model 

prediction. It is evident from Figure 5.11(a) that the deformation and plastic 

mechanism are replicated by the proposed FE model. To support this, the measured 

strains at Location L2 and L3 (indicated in Figure 4.10) of the top angle in Specimen 
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S1 are compared against their corresponding numerical predictions in Figure 5.11(b). 

From the figure, a good correlation between the experimentally observed and 

numerically estimated strain values can be noted both in the pre-yielding range and up 

to large levels of displacement demand. This agreement shows that the detailed FE 

model can faithfully simulate the shear response of blind-bolted angle connections.  

 

                            (a) Specimen S1                                        (b) Specimen S2    

 

(c) Specimen S3    

Figure 5.10: Comparison of experimental and numerical shear force-displacement 

response for blind-bolted angle connections 
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  Experiment                                   Numerical model 

(a) Deformation pattern at 16mm shear displacement 

 

(b) Strain value at Location L2 and L3 as shown in Figure 4.10 

Figure 5.11: Comparison of top angle deformation from experiment and FE analysis 

for Specimen S1 

5.6.2 Combined channel/angle connections  

Contrary to blind-bolted connections, in which contact between the blind-bolt sleeve 

and the connecting angle/column plates is present from the onset, the use of standard 

bolts in reverse channel configurations involves the provision of bolt hole tolerances 

that can play an important role in the overall joint response under shear loads. To this 

end, a series of sensitivity analyses were performed in order to investigate the 
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influence of possible tolerance variation as well as the assumed friction coefficient on 

the stiffness and capacity of combined channel/angle connections, which will be 

presented in the next chapter. It was concluded that an average friction coefficient of 

0.25 coupled with hole tolerances in the range of 2 mm leads to a better representation 

of the experimental results. 

Figure 5.12 presents the numerical shear force-displacement relationships for 

Specimens S4, S5 and S6 together with the corresponding experimental curves. It is 

observed from Figure 5.12 that the initial stiffness and connection capacity are well 

estimated by the FE representation. The discrepancies in post-yield stiffness observed 

in Figure 5.12 are related to differences in the evolution of bolt slippage displacement 

between the FE models and the experimental results. Notably, in the case of Specimen 

S5 (Figure 5.12(b)), instantaneous slippage occurred at a load level of nearly 100 kN 

in the FE model whereas a gradual and sustained accumulation of slip deformations 

was noticeable in the experiment, starting at a load of around 70 kN. The same is true 

for Specimen S6 where the multiple slip paths in the web angle components 

originated distinguishable short slip-only deformations at load levels of 100 kN and 

180 kN approximately, while a more gradual accumulation of deformation was 

observed during the test.  

Despite some differences, the FE estimations were found to correlate well with 

experimental results in the small as well as large levels of displacement demands. 

This good agreement with the experimental results confirms that the detailed FE 

models are able to simulate the shear response of bolted angle connections with 

reasonable accuracy.  

As described in Chapter 4, web stiffeners were used to prevent premature local beam 

effects in all shear testing specimens. Herein, the validated numerical model was 

employed to study the influence of beam web stiffeners on the connection 

performance. Specimens S1 and S2 with and without beam web stiffener are 

examined below.   
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                         (a) Specimen S4                                         (b) Specimen S5 

 

(c) Specimen S6                            

Figure 5.12: Comparison of experimental and numerical shear force-displacement response 

for combined channel/angle connections 
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5.6.3 Effect of beam web stiffeners 

Figure 5.13 shows the deformation of the Hollo-bolted Specimen S1 at a vertical 

displacement of 10 mm with and without beam web stiffeners. It is evident from 

Figure 5.13 that very limited deformation is accumulated along the web of the 

stiffened beam, whereas the shear force causes buckling of the beam web when it is 

un-stiffened. Also, significant flexural deformation on the beam flanges arises for this 

case. The bottom angle deformation modes are also different depending on whether 

the beam is stiffened or not. For the un-stiffened case, the deformation along the beam 

height concentrates most of the stresses on the horizontal leg of the angle while 

bearing is observed in the vertical leg when stiffeners are used. Importantly, the 

deformation of the top angle seems to remain unaffected by the presence of web 

stiffeners. 

The shear force versus displacement relationship of Specimens S1 and S2 with and 

without beam web stiffeners is shown in Figure 5.14. It is clear from this figure that 

the behaviour of the connection in shear load is considerably different under these two 

conditions. As shown in Figure 5.14, the initial shear stiffness of the connection with 

beam web stiffeners is higher than that in the connection without stiffeners. 

Importantly, the ultimate shear capacity for the former is almost 50% larger than the 

latter. This lower resistance is caused by the buckling of the beam web in the absence 

of stiffeners. Only the blind-bolted angle configurations are presented here, but 

similar phenomena can be observed for combined channel/angle connections.  
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Connection 

                        

Top angle 

                   

Bottom angle 

                     

Beam 

            (a) With beam web stiffeners               (b) Without beam web stiffeners  

Figure 5.13: Stress distribution and deformed configuration of a Hollo-bolted 

connection (Specimen S1) at a vertical displacement of 10 mm 
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                          (a) Specimen S1                                        (b) Specimen S2     

Figure 5.14: Comparison of connection shear force-displacement relationships with 

and without beam web stiffeners 

5.7 Concluding remarks 

This chapter described continuum FE models that include a number of advanced 

modelling features such as loading reversal, contact phenomena, bolt slippage 

definition and bolt pretension application. The model was validated against available 

experimental results and was found to accurately and efficiently simulate the overall 

behaviour of bolted angle connections under various loading conditions. In particular, 

the stiffness, capacity and ultimate failure modes were all very well predicted. 

Moreover, the detailed characteristics of the model facilitate the observation of useful 

response parameters, including the stress distribution and deformation patterns.  

This work constitutes a fundamental step towards the development of analytical tools 

for studying the behaviour of open beam-to-tubular column connections in order to 

provide improved design guidance. Overall, the findings of these studies indicate the 

predictability and suitability of bolted angle connections to tubular columns.  
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Based on the funding of the experimental results and numerical simulations, 

simplified component-based mechanical models are proposed and validated in 

Chapter 6. 
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Chapter  6  

 

Simplified mechanical models 

 

6.1 Introduction  

It was shown in the literature review (Chapter 2) that a number of studies have been 

carried out on the analytical modelling of semi-rigid connections incorporating 

conventional bolts [12, 32, 34, 38]. In comparison, analytical work on the response 

prediction of blind-bolted connections to tubular columns is limited, despite the 

recognition that the behaviour of the tubular column face is significantly different 

from that of open sections [6-8].  

This Chapter extends the component-based methodologies used for open beam-to-

open column connections to open beam-to tubular column angle connections joined 

together via Hollo-bolts or reverse channel components. Various component 

characteristics including tension load-displacement and compression load-

displacement relationships as well as shear load-displacement responses are thus 

proposed. These component characterizations are then assembled together in order to 

model the connection behaviour under a variety of load combinations (e.g. bending, 

pure axial load, shear, combined bending and axial load, etc). To this end, the 

available experiment results described in Chapters 3 and 4 as well as other published 

results related to the rotational response [6-7] are employed to validate this 

component-based model. It is important to note that although the focus of this chapter 

is on pure axial, shear and bending response, the component characterizations 
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developed are also directly relevant to combined loading conditions, which will be 

studied in the next chapter. 

6.2 Component characterization 

In general, any typical connection configuration can be idealised as an assemblage of 

uniaxial springs following the well-established component-based method [5, 36]. This 

section evaluates existing component representations and proposes new expressions 

for the estimation of the stiffness and capacity of key connection elements subjected 

to direct tension, compression or shear action. These component characteristics will 

be employed in subsequent sections of this chapter to assemble the full connection 

response under various loading conditions. 

6.2.1 Tension load-displacement response 

6.2.1.1 Channel face in tension 

The tensile resistance of the reverse channel component for a two-bolt arrangement, 

, can be determined from the bolt force equation proposed by Málaga-

Chuquitaype and Elghazouli [7] as: 

,
2

2 2
2

2
2

            (6.1  

where  represents:  

2
                                                                                        (6.2) 

in which,  is the width of the channel,  is the thickness of the channel, ,  is the 

yield stress of the channel,  is the bolt pitch dimension (as indicated in Figure 3.5), 

 is the hole diameter, and  is the bolt head diameter. 
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Similarly, the initial stiffness of the channel face with a two-bolt arrangement can be 

evaluated by [8]: 

6 1 2

                                                               (6.3) 

where E is the Young’s Modulus of the steel, υ the Poisson’s ratio for steel and  is a 

coefficient which is related to the bolt arrangement in the manner discussed below. 

Figure 6.1 depicts the variation of  as a function of the ratio /  (Figure 6.1(a)) 

and as a function of the dimension  (Figure 6.1(b)) where  represents the distance 

from the bolt centre line to the free end of the reverse channel,  is the bolt pitch and 

 is defined as: 

2 2
2

                                                                                   (6.4) 

where  is the column root radius. 

Trend lines obtained from least square regression analyses and their corresponding 

correlation coefficients (R) are also presented in Figure 6.1. The data-base portrayed 

in Figure 6.1 was obtained from extensive calibration studies using the detailed FE 

models described in the previous chapter. Numerical models of column segments of 

varying length with symmetric boundary conditions were employed as illustrated in 

Figure 6.2. 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.  
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(a) Relationship between Ct and i/mc (for L>100 mm) 

 

(b) Relationship between Qt and L (for L≤100 mm) 

Figure 6.1: Variation of Ct as a function of geometry 

Ct = Qt(0.24e-0.3i/mc)
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(a) FE model 

 

Front view 

 

Plane view 

(b) Schematic representation 

Figure 6.2: FE models for column face in tension 
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Two clearly distinguishable behavioural regions were identified as shown in Figure 

6.1: (i) a region in which the distance from the bolt centre line to the free end of the 

reverse channel (i.e. L in Figure 6.2(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  can be defined as: 

0.24 . /                                                                      (6.5) 

where,  

6 .    100 
1                100 

                                                              (6.6) 

6.2.1.2 Column face in tension 

The tensile resistance of the column face can be calculated from Equations 6.7 to 6.11 

as proposed by Gomes [82-83]. In these expressions the tensile capacity of the column 

flange is taken as the minimum value of the local yielding force, , , and the 

punching resistance, , , thus: 

, , ,                                                                             (6.7) 

where 

,

,

√3
                       2 0.9

2 0.9 ,

√3
         2 0.9

           (6.8) 

and 

,
,

4
                                                                                         (6.9) 
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where  is the number of bolts in the column face, and the factors  and  are 

calculated from Equations 6.10 and 6.11 below: 

4

1
1 2

0.9
                                                       (6.10) 

1                                                  
0.9

0.5

0.7
0.6 0.9

            
0.9

0.5
                      (6.11) 

Additionally, the tensile stiffness of the column face component in Hollo-bolted 

connections can be estimated through Equations 6.3 and 6.5 by assuming a distance of 

L>100 mm. 

6.2.1.3 Angle/bolt assemblage in tension 

The tensile resistance of the bolted angle in tension, , can be determined [7] by 

means of the equivalent T-stub procedure suggested in Eurocode 3 Part 1.8 [5], 

therefore: 

min , ; , ; ,                                                                      (6.12) 

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

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

,
4

                                                                                                 (6.13) 

Mode 2, that considers a mixed failure mode involving yielding of the bolt and a 

plastic hinge in the angle: 

,
2 ∑

                                                                              (6.14) 
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Mode 3, in which yielding of the bolts occur: 

, ∑                                                                                       (6.15) 

with 

0.25 ,                                                                       (6.16) 

Where ,  is the yield stress of the angle,  is the effective width of the angle 

taken as half of the angle width ,  is the bolt capacity, and the distances  and 

are the effective gauge distances considering the influence of the angle stiffness on 

the location of the plastic hinges, defined by Málaga-Chuquitaye and Elghazouli [8] 

as: 

1
2

1.25 0.8                                   (6.17) 

0.8 1
2

                                                     (6.18) 

where dimensions  and  are the nominal gauge distances as depicted in Figure 3.5, 

 is the angle thickness,  is the angle root radius,  is the bolt diameter and  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   can be taken as 1 when 3 0.8 /   

and 0 when 12 0.8 /  in which  is the stiffness of the bolt and 

 is moment of inertia of the angle section. A linear interpolation between these limits 

can be employed for the intermediate cases. 

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,  in Equations 

6.14 and 6.15, can be determined from [5]: 

.                                                                                                    (6.19) 
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where .  is the ultimate stress of the bolt and   its cross sectional area. On the 

other hand, if M16 Hollo-bolts are employed, the bolt tensile capacity (  in 

Equations 6.14 and 6.15 ) can be assumed to be 78 kN or 32 kN for Grade 10.9 or 

Grade 8.8 bolts, respectively [6]. 

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 

column bolts acting in series as follows: 

1
1 1                                                                                          (6.20) 

The following equation can be employed for the estimation of the bending stiffness of 

the angle component,   [5]: 

                                                                                            (6.21) 

Similarly, the Hollo-bolt stiffness  can be assumed to be 195 kN/mm or 160 

kN/mm for Grade 10.9 or 8.8 bolts, respectively [6]. On the other hand, the initial 

stiffness of standard bolts, , is given by [5]: 

1.6                                                                                                6.22  

where   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   is the bolt cross sectional area.  
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6.2.2 Compression load-displacement response 

6.2.2.1 Channel/angle assemblage in compression 

As noted in previous chapters, 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 6.3 and 6.4. Mechanism 1 (of Figure 6.3(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, IJ, 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 6.3(a)): 

4
                                                                                                6.23  

                                                                                                             6.24  

where  is calculated from: 

                                                                                                      (6.25) 

and  can be evaluated from Equation 6.26 below, depending on the beam-to-column 

width ratio, as: 

min ;               min ;
2 2           min ;

                                       (6.26) 
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where,  is the width of the channel,  the width of the beam,  the width of the 

angle and h is the height of the beam. 

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

under Mechanism 1 can be derived as: 

, 2 · ,
3 2

                                       (6.27  

where  

3 ·
2

                                                                           (6.28) 

2
                                                                                         (6.29) 

Additionally, the inward deformation of the angle component can follow one of the 

two possible patterns depicted in Figure 6.3(b) depending on the length of the angle 

leg. Therefore, the plastic capacity of the angle in compression ,  can be derived 

as: 

0.5 · , · 1          

1.5 · ,                               
                              (6.30) 

Where  is the distance between the beam flange and the angle edge in mm. 
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                                  Plan View                                                           3D View 

(a) Column/channel yield mechanism 

                  

                                   Case A                                                 Case B 

(b) Angle yield mechanism 

Figure 6.3: Yielding Mechanism 1 of column/channel face and angle in compression 

An alternative yield mechanism, Mechanism 2, is that depicted in Figure 6.4. 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 6.4 is zero. Similarly, the vertical displacements of Lines RH, HJ, 

TI, JM, ML, MK, LU and KS are assumed to be equal. The length of Lines RH and TI 

is assumed to be  (the distance between beam flange and channel edge). 

Consequently, the channel/angle yield resistance of Mechanism 2 can be evaluated 

from: 

, 2 · ,
2

√2                                                  (6.31) 

Finally, the capacity of the channel/angle assemblage in compression, , can be 

determined as: 
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, ; ,                                                             (6.32) 

 

(a) Plan View 

 

(b) 3D View 

Figure 6.4: Yielding Mechanism 2 of channel face in compression 

More detailed information of the yield line mechanisms for column/channel in 

compression can be found in Appendix B. 

In addition, the stiffness of the channel in compression, , can be determined 

through the relationship proposed by Malaga-Chuquitaype and Elghazouli [8] for the 

initial stiffness of hollow-section faces as follows: 

6 1 2

                                                                (6.33) 

where the coefficient  is an empirical coefficient defined with reference to Figure 

6.5.  
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(a) FE model  

 

(b) Relationship between Cc and C/B (for Lc >100 mm) 

 

(b) Relationship between Qc and Lc (for Lc ≤100 mm) 

Figure 6.5: Variation of Cc as a function of geometry 

Cc = Qc·(0.3ln(C/B) + 0.03)
R² = 0.8774

0.00

0.10

0.20

0.30

0.40

0.50

0 1 2 3 4 5 6

C
c

C/B

Numerical data
Trend line

Qc = 7Lc
-0.4

R² = 0.881

0

0.4

0.8

1.2

1.6

2

2.4

2.8

0 20 40 60 80 100 120

Q
c

Lc (mm)

Numerical data

Trend line



Chapter 6 Simplified mechanical models 

 

110 

 

Figure 6.5(a) presents the FE model employed for the determination of . A channel 

face was modelled in ABAQUS and subjected to a distributed compressive load 

applied through the angle component. Figure 6.5(b) presents the values of  as a 

function of the ratio between the column width, , and beam width, . The influence 

of the distance between the beam flange and the channel edge, Lc, is also illustrated in 

Figure 6.5(c). Using least square curve fitting, the general equation for the 

determination of Cc can be defined as: 

· 0.3 ln ⁄ 0.03                                                                 (6.34) 

where Qc is taken as 1 when Lc >100 mm, while Qc is obtained as 7Lc
(-0.4) from Figure 

6.5(c) when Lc ≤100 mm. 

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

                                                                                              (6.35) 

Where  is the number of bolts in the angle leg and the distance a is defined in 

Figure 3.5. Finally, the stiffness of the channel/angle assemblage in compression, , 

can be determined from the contribution of the stiffness of the channel and the angle: 

2
1 1 1                                                                                (6.36) 

where Kbs is the stiffness of the bolts in shear. Equation 6.36 accounts for the presence 

of top and seat angle components. 

6.2.2.2 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 6.3. Therefore, the compressive 

resistance of the column face can be evaluated by Equation 6.27. Also, Equation 6.30 

can be employed for the estimation of the angle capacity in compression. Hence, the 

capacity of the column/angle assemblage in compression  is: 
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,                                                                                         (6.37) 

Similarly, Equation 6.36 can be employed to estimate the stiffness of the 

column/angle assemblage in compression. 

6.2.3 Shear load-displacement response 

6.2.3.1 Bolts in shear 

The shear resistance of standard bolts ( ) and Hollo-bolts ( ) can refer to 

Equations 4.1 and 4.2, respectively, as described in Chapter 4. In turn, the Hollo-bolt 

stiffness  can be assumed to be 92 kN/mm for M16 Grade 10.9 and 8.8 bolts [6]. 

On the other hand, the initial stiffness of standard bolts, , is given by [5]: 

16 .                                                                                          (6.38) 

where   is the diameter of M16 bolts.  

6.2.3.2 Plates in bearing 

The resistance of the angle leg as well as the connected column flange and beam 

flange in bearing can be evaluated by the bearing resistance of the plates given by 

[36]: 

2.5 ,                                                                             (6.39) 

Where ,  is the ultimate stress of the plate,  the thickness of the plate, and α is a 

coefficient related to the bolt space and the distance between the bolt axis and the 

plate edges as defined by Equation 6.40,  is the distance between the bolt row and 

the free edge of the plate in the direction of load transfer, and  is the pitch of the 

bolt rows in the direction of load transfer. 

α min
3

; 
3

1
4

; ,

,
; 1                                                         (6.40) 
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The plate initial stiffness can be calculated by [36]: 

24 .                                                                          (6.41) 

where 

min 0.25 0.5; 0.25 0.375; 1.25                           (6.42) 

min 1.5 ; 2.5                                                                       (6.43) 

Besides, the response of the top angle and the connected beam flange in bending 

(when subjected to shear loads) can be obtained from the corresponding expressions 

previously proposed in Section 1.2.1.3 for equivalent T-stubs with due consideration 

of the loading direction and component orientation. 

6.2.4 Component force-deformation relationship 

Based on the observations and component characterizations presented above, a 

complete force-deformation curve of each individual component can be obtained in 

order to represent the connection response.  In this section, a bilinear model is used to 

represent each component response, as shown in Figure 6.6. The elastic response with 

the yield capacity and initial stiffness can be evaluated by the expressions already 

presented. After yielding, a strain hardening coefficient in the range of 1% - 5% is 

employed to define the post-elastic stiffness. Similarly, the ultimate capacity of each 

component is obtained by means of the strength formulations described above, with 

due consideration of the ultimate resistance. 

In the following section, expressions for the evaluation of the connection stiffness and 

capacity under direct axial, shear and moment actions are presented. The simplified 

model proposed above is validated against the results of the tests described in 

Chapters 3 and 4. Additionally, a component model of angle connections subjected to 
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bending is presented and validated against the results of typical connection 

configurations from previous studies of Imperial College London [6-7]. 

 

Figure 6.6: Force-displacement curve for a connection component 

6.3 Prediction of connection behaviour under axial loads 

6.3.1 Tensile behaviour 

The following components have been considered in assembling the response of the 

bolted angle connections under tension: 

1) Bolts in tension 

2) Bolts in shear 

3) Column/channel face in bending 

4) Angle in bending 

5) Angle leg in bearing 

6) Beam flange in bearing 

7) Beam web in bearing 

Based on the simplified component model characterization presented in the previous 

section, the design value of the connection tensile resistance, Ft, can be determined as: 
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                                                                                                    (6.44) 

with 

min ; ; ; ;                                                            (6.45) 

where  is the tensile resistance of the i-th bolt row,  is the number of the bolt 

rows in tension, , , , are the resistance of column/channel face in tension, 

bolted angle in bending (including the effect of the bolts in tension) and bolts in shear 

for the i-th bolt row, respectively. Additionally, the bearing resistance of the angle leg 

( ) and beam flange ( ) are considered by employing Equation 6.39.  

Also, the overall joint stiffness can be evaluated as: 

                                                                                                   (6.46  

with 

1
1 1 1 1 1                                                    (6.47) 

where  is the tensile stiffness of the i-th bolt row,  is the number of the bolt rows 

in tension, and , , ,  and  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 simplified model proposed above is validated herein against the results of the 

axial tests described in Chapter 3. Figure 6.7 presents the comparisons in terms of 

tensile force-displacement relationships. As demonstrated in Figure 6.7, the initial 

stiffness based on the component response matches the experimental results well 

within an accuracy of ±5% for all tensile specimens. 
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(a) Specimen T1                                                       (b) Specimen T2 

 

(c) Specimen T3                                                      (d) Specimen T4 

 

(e) Specimen T5                                                       (f) Specimen T6 

  

(g) Specimen T7   

Figure 6.7: Comparison of tensile force-displacement relationships for bolted angle 

connections between the tests and the mechanical models 
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Similarly, the obtained yield forces closely resemble the experimental values within 

the range of 10% for blind-bolted angle connections (Specimens T1, T2, T3 and T4) 

and combined channel/angle Specimens T5 and T7. However, the yield capacity of 

Specimen T6 was overestimated by the component-based model. This is attributed to 

the tension behaviour being dominated by the combination of bending deformations 

within the channel and angle. It is difficult to capture the yield point for Specimen T6. 

Moreover, the mechanical model also provided good simulation of the post-yield 

response, such as the post-elastic stiffness, failure displacement and load, although the 

failure displacement and force are conservatively estimated when compared with the 

test results. Overall, it is clear from Figure 6.7 that the suggested simplified model 

provides a reasonably good estimation of the initial stiffness and yield capacity as 

well as the post-yield response in nearly all cases. 

6.3.2 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, Section 6.2.2 characterized the joint action of both channel/column and 

angle components under compression. Therefore, Equations 6.32 and 6.37 are used 

herein for the evaluation of the overall connection compression resistance. Similarly, 

Equation 6.36 is employed to examine the stiffness characteristics of the connections.  

Figure 6.8 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 6.8 that the simplified model provides a close 

prediction of the connection compressive response including the initial stiffness and 

yield capacity.  It is observed from this figure that the predicted initial stiffness is 

higher than the value obtained from the tests for Specimens C4 and C5. Similarly, the 

component-based model provides conservative prediction of the yield capacity of 

Specimens C2, C3, C4 and C5, but the yield estimation is slightly higher than the 

experimental results for Specimens C1 and C6. In general, it is shown that the 
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simplified model can capture the main features of the connection response subjected 

to compressive action. 

 

(a) Specimen C1                                                       (b) Specimen C2 

 

(c) Specimen C3                                                       (d) Specimen C4 

  

(e) Specimen C5                                                       (f) Specimen C6 

Figure 6.8: Comparison of compressive force-displacement relationships for bolted 

angle connections between the tests and the mechanical models 
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6.4 Prediction of connection behaviour under bending loads 

6.4.1 Component-based model 

When the joint is subjected to bending, the concept of tension and compression 

springs is no longer directly applicable. Therefore, all the possible components in 

each bolt-row should be considered and assembled on a mechanical model to evaluate 

the connection moment-rotation response. This section employs the component 

characteristics described in Sections 6.3. The mechanical model used for this purpose 

is illustrated in Figure 6.9. The model is composed of two rigid bars, representing the 

column centreline and the beam end, connected by a series of nonlinear component 

springs at each bolt-row level.  

 

Figure 6.9: Mechanical model for angle connections under bending loadings 

6.4.2 Validation 

The experimental programme carried out previously at Imperial College London [6-7]  

to investigate the bending behaviour of bolted open beam-to-tubular column 

connections is adopted here for validation purposes. In particular, comparison of 

moment-rotation relationships are presented in Figure 6.10 for six of the specimens, 

namely A10-d65-G10.9-M and A10-d65-G10.9-M (blind-bolted angle connections 

[6]), and T10-A8-d65-M, T10-A8-d40-M, T6.3-A15-d45-M and W10-A8-d40-M 

(combined channel/angle connections [7]), as summarized in Table 5.3. 

cft bt at bs ab bfb 

cft bt at bs ab bfb 

cfc ac 

cfc ac 

M
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It is observed from Figure 6.10 that the mechanical model provides close prediction of 

the initial stiffness and yield capacity. However, the initial stiffness of Specimen 

T6.3-A15-d45-M is underestimated; this is attributed to the lower evaluation of the 

initial stiffness for channel/angle in compression. Moreover, since the strain 

hardening coefficient is assumed in the range of 1%-5%, it provides relatively higher 

plastic stiffness for Specimen A10-d40-G10.9-M. However, it also can be concluded 

that the post-elastic stage and failure cases for these selected specimens are well 

simulated. Overall, the moment-rotation response at the pre-yielding and post yielding 

load levels are closely represented by this mechanical model.  

6.5 Prediction of connection behaviour under shear loads 

The prediction of the connection behaviour under shear load for connections with 

beam web stiffeners comprises the following components: 

1) Bolts in shear 

2) Top angle in bending 

3) Angle leg in bearing 

4) Column/channel face in bearing 

The initial shear stiffness of bolted connections to tubular columns can be evaluated 

from the contributions of the angle bending stiffness ( ), angle leg bearing 

stiffness ( ), bearing stiffness of the column/channel face ( ), the Hollo-bolt or 

axial bolt shear stiffness ( ) as well as the effective rotational stiffness of the top 

angle ( ). 
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            (a) Specimen A10-d65-G10.9-M                (b) Specimen A10-d40-G10.9-M 

  

            (c) Specimen T10-A8-d65-M                     (d) Specimen T10-A8-d40–M 

  

            (e) Specimen T6.3-A15-d40-M                   (f) Specimen W10-A8-d40–M 

Figure 6.10: Comparison of connection moment-rotation relationships from the tests 

and the mechanical models 
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Therefore, the initial stiffness of top and seat angle connections can be defined as: 

1
1 1 1 1 1

1
1 1 1  (6.48) 

where the top angle rotational stiffness ( ) can be estimated as: 

1
1 1                                                                               (6.49) 

where  is the column or channel face tension stiffness as defined in Equation 6.3,  

 is the bolt stiffness in tension, and the dimensions  a and d are the nominal gauge 

distances depicted in Figure 4.7. 

Similarly, when web angles are incorporated, the connection stiffness can be 

estimated from: 

                                                                                                     (6.50) 

where  is the number of bolt rows,  is the stiffness of the ith bolt-row defined as: 

2
1 2 1                                                                                 (6.51) 

In terms of connection capacity, as noted in Chapter 4, the connection shear response 

involves complex interactions that cause yielding in a particular component followed 

by slip or yielding in alternative connection zones and can eventually lead to bolt 

fracture or bearing failure. These intricate phenomena are further complicated by 

slight variations in hole tolerances and uncertainties in the initial placement of bolts 

within the holes. Therefore, this section offers a preliminary assessment of yield and 

ultimate capacities of bolted angle connections to tubular columns. 
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In the case of Hollo-bolted connections, the initial yield can be marked by the 

occurrence of yield within the Hollo-bolt sleeve (at 20 kN for each M16 Hollo-bolt). 

Nevertheless, only relatively small deformation would occur thereafter and yielding of 

additional connection components would be expected before significant accumulation 

of displacement takes place. Accordingly, an upper bound estimate of the connection 

yield capacity can be obtained from the yielding of the second weakest component, 

plus any additional load contribution of the other connection bolt-rows.  

Figure 6.11 presents the regions demarcated by the lower and upper bound estimates 

described above, together with the experimental force-displacement curves. It is 

evident from Figure 6.11 that the experimental yielding forces of Specimens S2 

(Figure 6.11(b)) and S3 (Figure 6.11(c)) are well bounded by the two yield estimates. 

On the other hand, the upper bound estimate of yield force (corresponding to the top 

angle in bending plus the corresponding bottom angle force) depicts the observed 

yield force in Specimen S1 of Figure 6.11(a). These variations can be attributed to 

differences in hole tolerances that can accentuate the blind-bolt rotation after sleeve 

yielding in some cases while preventing significant displacement accumulation in 

others. 

In the case of reverse channel configurations subjected to shear load, the estimates of 

yield force can be obtained from yielding of the weakest constituent plus any 

simultaneous additional load contribution arising from other connection components. 

These yield force estimates are presented in Figure 6.12 together with slip resistance 

values (at about 25 kN per standard bolt). It is clear from this figure that the proposed 

simplified procedure provides reasonable estimations of yield shear force in all cases. 

Also, bolt slippage seems to be largely concurrent with yielding in the case of 

Specimens S4 and S5 of Figures 6.12 (a) and 6.12(b), respectively. 
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(a) Specimen S1 

 

(b) Specimen S2 

 

(c) Specimen S3 

Figure 6.11: Comparison of experimental response and component-based estimations 

for Hollo-bolted angle connections 
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(a) Specimen S4 

 

(b) Specimen S5 

 

(c) Specimen S6 

Figure 6.12: Comparison of experimental response and component-based estimations 

for combined channel/angle connections 

0

100

200

300

400

0 2 4 6 8 10 12

S
he

ar
 f

or
ce

 (
kN

)

Vertical displacement (mm)

0

100

200

300

400

0 2 4 6 8 10 12

S
he

ar
 f

or
ce

 (
kN

)

Vertical displacement (mm)

0

100

200

300

400

500

600

700

0 2 4 6 8 10 12

S
he

ar
 f

or
ce

 (
kN

)

Vertical displacement (mm)

Yield capacity (bottom angle in bearing) (115 kN) 

Bolt slippage (100 kN)

Initial stiffness 

Ultimate capacity based on top angle in bending 
and bottom standard bolt in shear (259 kN) 

     Bolt slippage (100 kN) 

Ultimate capacity based on shear fracture of 
standard bolts (376 kN) 

Bolt slippage (150 kN) 

Ultimate capacity based on shear fracture of 
standard bolts (564 kN) 

Initial stiffness 

Yield capacity (angle in bearing) (228 kN) 

Initial stiffness 

Yield capacity (column face in bearing) (98 kN)



Chapter 6 Simplified mechanical models 

 

125 

 

A specific definition of failure criteria for bolted connections under shear loading is 

not undertaken in this work. However, an often conservative approach would be to 

define the ultimate load as that corresponding to the summation of capacities of the 

weakest components within each bolt-row. These ultimate capacity values are 

presented in Figures 6.11 and 6.12 and compared with the experimental curves for 

Hollo-bolted and reverse channel connections, respectively. It is apparent from these 

figures that the above mentioned scenario offers a conservative estimation of the 

experimentally obtained failure load of Specimens S1, S2, S3, S4 and S6. However, 

the ultimate load is overestimated in the case of Specimen S5 (Figure 6.12 (b)), which 

does not reach the ultimate capacity based on shear fracture of standard bolts (376 

kN). This discrepancy can be attributed to prying action caused by the flexibility of 

the thin channel section. 

6.6 Concluding remarks 

This chapter has proposed and validated component-based approaches for the 

estimation of connection response under axial, bending and shear actions. 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. It can be concluded that the developed mechanical 

models offer a practical approach for representing the connection response under 

various loading scenarios. 

As the connection shear response involves complex interactions that cause yielding in 

a particular component followed by slip or yielding in alternative connection zones, 

and can eventually lead to bolt fracture or bearing failure, it is difficult to assess the 

complete shear force-displacement relationship of the connection. Therefore, a 

bounded approach was employed herein for the assessment of yield and ultimate 

capacities of bolted angle connections to tubular columns. Good prediction was 

achieved when compared with the yield and failure points obtained in tests. 
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In the next chapter, the developed mechanical model as well as the numerical model 

described in Chapter 5 will be used to examine other practical applications, including 

the behaviour of connections subjected to combined axial and bending loads, 

combined shear and bending loads, and coexisting shear and axial loads, as well as the 

influence of the connection properties on the overall structural response. 
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Chapter  7  

 

Application under combined loading 

 

7.1 Introduction  

Previous chapters of this thesis have examined the behaviour of two cost-effective 

connection alternatives subjected to shear and direct axial action both experimentally 

and numerically. These results complement previous experimental and analytical 

research recently carried out on the flexural performance of these connections. 

Simplified mechanical models, including new component characteristics, were 

proposed and validated in Chapter 6. These models are suitable for direct 

implementation in codified procedures, such as those in Eurocode 3 Part1-8 [5]. The 

models extend the applicability of the component-based approaches incorporated in 

Eurocode 3 to semi-rigid connections to tubular columns as well as to situations 

involving significant axial and/or shear loading.  

The present chapter builds upon these previous results and models by examining the 

connection response under more generalized loading situations involving combined 

actions. It also illustrates the use of the models in frame analysis under extreme 

loading scenarios through selected examples. Firstly, having gained confidence in the 

use of detailed finite element models and their simplified component-based 

counterparts presented in Chapters 5 and 6, a numerical investigation is carried out on 

the behaviour of six selected connections with different stiffness and strength 

characteristics under a variety of load combinations (e.g. bending, combined bending 
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and axial load, bending and shear load, etc). Afterwards, a component-based 

representation is proposed and validated against moment-axial relationships obtained 

from numerical simulations. Finally, as an example of application, this combined 

spring representation is implemented within idealised frame and beam models to 

illustrate the influence of the connection behaviour on the overall structural response 

under selected extreme loading scenarios of typical column removal and floor-on- 

floor impact.  

7.2 Numerical assessment of loading interactions 

7.2.1 Selected connections 

The finite element model suggested and described in Chapter 5 is employed in this 

section to examine the connection response to the simultaneous application of 

different actions, including: i) axial and bending loads, ii) shear and bending loads, 

and iii) shear and axial loads. Table 7.1 and Figure 7.1 describe the six typical 

connections that are selected for this assessment. These connections are selected in 

order to cover a wide range of stiffness and capacity values. The first two 

configurations (H1 and H2) shown in Figure 7.1(a), are blind-bolted angle 

connections between a universal beam UB 305×102×25 and a tubular column SHS 

150×150×10. On the other hand, the other four connections (R1, R2, R3 and R4) 

shown in Figures 7.1 (b) and (c), respectively, are combined channel/angle 

configurations. All the relevant geometric characteristics of the connections are 

depicted in Figure 7.1 while the corresponding column, beam, angle and channel sizes 

are given in Table 7.1. Grade 10.9 M16 standard bolts are used to connect the beam 

flange and angle, as well as the reverse channel and angle components, while Grade 

10.9 M16 Hollo-bolts are utilized between the tubular column and angles. All bolts 

are preloaded to 110 kN. The mean yield stress and ultimate strength of the angle, 

beam and column components are assumed as the same values reported previously in 

Table 3.2. Additionally, to focus on the interaction behaviour of the connection 

components (bolt, angle and column face components), beam web stiffeners are 

included to prevent premature local beam effects in top and seat angle connections 
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(Types A and B in Figure 7.1). There are no additional stiffeners in Connection R4 

incorporating double web angles.  

The elastic and post-elastic response of the selected connections under pure axial, 

shear or bending loading obtained through numerical simulation are given in Tables 

7.2 and 7.3, respectively. These results will be employed as the basis for subsequent 

studies.  

 

    

(a) Type A                                                    (b) Type B 

 

(c) Type C 

Figure 7.1: Configuration of selected connections 



 

130 

 

 

 

 

 

Table 7.1: Details of the selected connections 

Reference Type Column Beam Angle Channel 
Dimensions in mm (as shown in Figure 7.1) 

a b c d e f g h i j k l 

Blind-bolted angle connections 

H1 A SHS 150×150×10 UB 305×102×25 L100×75×8 - 45 30 35 65 - - - 100 45 45 - - 

H2 A SHS 150×150×10 UB 305×102×25 L100×75×8 - 50 50 35 40 - - - 100 45 45 - - 

Combined channel/angle connections  

R1 B SHS 200×200×10 UB 305×102×25 L100×75×8 SHS 150×150×10 45 30 35 65 - - - 100 45 45 515 70 

R2 B SHS 200×200×10 UB 305×102×25 L100×75×8 SHS 150×150×10 50 50 35 40 - - - 100 45 45 465 70 

R3 B SHS 200×200×10 UB 305×102×25 L100×80×15 SHS 150×150×6.3 50 50 35 45 - - - 100 45 45 475 70 

R4 C SHS 200×200×10 UB 305×165×25 L100×75×8 SHS 150×150×10 50 50 35 40 35 95 12.5 100 80 45 465 70 
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Table 7.2: Yield response of the connections under pure axial, shear or bending 

loading 

Reference 
Yield capacity Initial rotational 

stiffness 
 Ki (kN.m) 

Ny,c/ Ny,t 
Tension 

 Ny,t (kN) 
Compression 

 Ny,c (kN) 
Shear 

 Vy,0 (kN) 
Moment 

 My,0 (kN.m) 

H1 94 636 108 15 5.92×103 6.75 

H2 198 663 157 31 5.72×103 3.34 

R3 90 653 96 18 5.21×103 7.26 

R4 185 686 81 31 6.43×103 3.71 

R5 129 483 268 29 8.60×103 3.74 

R6 398 713 353 55 9.96×103 1.79 

 

Table 7.3: Post-yield response of the connections under axial, shear or bending 

loading 

Reference 
Ultimate capacity 

Ny,c/ Ny,t 
Tension 

 Nu,t (kN) 
Compression 

 Nu,c (kN) 
Shear 

 Vu,0 (kN) 
Moment 

 Mu,0 (kN.m) 

H1 248 1025 374 38 4.13 

H2 335 979 384 55 2.92 

R3 303 1153 329 54 3.81 

R4 354 1181 320 60 3.34 

R5 297 667 388 55 2.25 

R6 699 1062 723 93 1.52 

 

7.2.2 Interaction between bending and axial loads 

As discussed before in Chapter 2, high axial forces can be induced in the connection 

under extreme loading conditions such as those involving sudden column removal due 

to severe blast or impact loads or under fire scenarios. Therefore, it is important to 

examine the effect of axial forces on the connection response. It not only affects the 

connection resistance but also the stiffness and the ductility. This section examines the 

interaction between axial and bending loads for the six configurations described above 

by means of numerical simulation. The axial force corresponding to different load 
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ratios (N/Ny,t or N/Nu,t in the case of tension, and N/Ny,c or N/Nu,c in the case of 

compression) was initially applied on the connection, followed by application of 

increasing rotation until the connection failed. The influence of the axial force on the 

connection bending capacity (including yield capacity and ultimate capacity), 

rotational stiffness and rotational capacity are evaluated with reference to Figures 7.2 

to 7.6. In these figures, the results are normalized by their corresponding resistance 

when the connections are subjected to uniaxial load such as pure tension, pure 

compression, pure shear and pure moment, as given in Tables 7.2-7.3. 

Figure 7.2 presents the interaction curves between the yield moment capacity and the 

corresponding applied axial force for the six configurations under study. In this figure, 

tension is represented by positive values of the axial force ratio (N/Ny,t), while 

negative values of N/Ny,c represent compression action.  

 

(a) Compression                                             (b) Tension 

Figure 7.2: Yield M-N interaction for the selected connections 

It is observed from Figure 7.2 that the yield moment capacity ratio (My/My,0) 

decreases as the applied tension force increases. On the other hand, in the case of 
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maximum value when the compression force is about half of its yield compression 

capacity (Ny,c). Afterwards, the yield moment ratio starts to decrease with the 

increasing compression load, but it is still larger than one (e.g. the yield moment ratio 

is still 1.5 with 70% of its yield compression capacity) until the applied compression 

force is up to around 80% of its compression capacity under which the connection 

yields. However, for the top, seat and double web angle detail (Connection R4), the 

maximum yield force reaches 22% of its yield compression force, and the moment 

ratio is lower than 1 when the applied compression ratio is higher than 40%. 

Importantly, the maximum yield moment ratio (My/My,0)  is different for each 

specimen. Connection H1 achieves a yield moment ratio of 3.7 when a compression 

load of 57% of its yield resistance is applied. It is noted that the maximum yield 

moment ratio for Connections H1 and R1 with weak angles (gauge distance d=65 

mm) is about two times larger than that for other stronger connections such as H2 and 

R2 (gauge distance d=40 mm) and R3 (15 mm thick angles), as the yield bending 

capacity My,0 of Connections H2, R2 and R3 under pure moment is about 2 times that 

of Connections H1 and R1. For Connection R4, the maximum yield moment ratio is 

only a quarter of that in Specimen H1, as its yield bending capacity is about 4 times 

higher than that of Connection H1.    

The effect of the axial force on the connection ultimate moment capacity is also 

depicted in Figure 7.3. The application of higher tensile force results in lower ultimate 

moment values, while a modest compression force leads to improved ultimate 

moment capacities. 

In terms of rotational stiffness, the tension force has a significant influence on the 

connection elastic bending behaviour and affects slightly the plastic response as can 

be seen from Figure 7.4. It is also noted from the tension zone that the yield moment 

capacity and the initial stiffness of Connections H1, H2 and R4 decrease with the 

increase in the imposed tension force, noting that the post-yield curves are parallel to 

the corresponding post-yield relationship with N=0. Similar trends are also observed 

in the compression zone in Figure 7.4. Modest compression forces lead to an 

enhancement of yield capacities, with minor changes observed on the post-yield 
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response when the compression force is less than around half of the connection yield 

compression capacity. The maximum ultimate moment capacity ratio (Mu/Mu,0) is 

only 1.7 and 2 for Connections H1 and H2, respectively, and 1.16 and 1.10 for 

Connections R3 and R4, respectively. These ratios are less than their corresponding 

yield moment ratio (My/My,0), as the improvement remains unchanged, but the 

normalised values increase: the ultimate capacity Mu,0 is larger than the yield capacity 

My,0  of the connections subjected to pure bending loads. After the maximum points, 

the increasing compression force decreases the yield moment, but leads to an increase 

in the post-yield stiffness of the connections, as illustrated in Figure 7.4 (when N=-

572 kN for Connection H1, N=-504 kN for Connection H2 and N=-838 kN for 

Connection R4). This contributed to the change in the failure mode. Before the 

maximum moment ratio is achieved, the connections eventually fail due to the 

components in tension (such as the angle in tension and bolts in tension). However, 

after the compression force increases to a specific level, the failure mode changes to 

the components in compression such as the column face punching.  

 

(a) Compression                                             (b) Tension 

Figure 7.3: Ultimate M-N interaction for the selected connections 
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Compression                                                  Tension 

(a) Connection H1 

  

Compression                                                  Tension 

(b) Connection H2 

  

Compression                                                  Tension 

(c) Connection R4 

Figure 7.4: Influence of axial force on moment-rotation of the connections 
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Figure 7.5 illustrates the influence of the axial force on the rotational stiffness for the 

selected six connections. As expected, tension forces decrease the rotational stiffness 

of the joint, but modest compression forces lead to an increase in stiffness. It is also 

noted that when the tension force is less than about 80% of its yield capacity Ny,t, the 

rotational stiffness is reduced to less than 50%. On the other hand, the influence of the 

axial force on the rotation at failure is summarized in Figure 7.6. This figure shows 

that an increase in tension force results in a reduction in failure rotation when the 

tension force ratio is larger than 60%. When the applied tension force is less than 60% 

of Nu,t, only a slight effect on the ultimate rotation is observed. Moreover, a marginal 

increase of the failure rotation occurs for combined channel/angle connections 

(Connections R1, R2 and R4). In particular, the ultimate rotation ratio (Ru/Ru,0) of 

Connection R3 reaches 1.2 when 40% of the failure compression load is combined 

with the moment on the connections. Furthermore, the imposed compression force 

also results in a maximum failure rotation ratio (Ru/Ru,0) of 1.8 for Specimen H2. 

 

(a) Compression                                             (b) Tension 

Figure 7.5: Influence of axial force on the rotational stiffness for the selected 

connections 
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(a) Compression                                             (b) Tension 

Figure 7.6: Influence of axial force on the failure rotation for the selected connections 
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maximum reduction of 25% occurs when the yield shear force is applied on the 

connection.  

In the case of the ultimate moment capacity, More than 80% reduction of the ultimate 

moment capacity appears when the shear force is larger than 60% of its ultimate 

value, as illustrated in Figure 7.8. When the imposed shear force is smaller than 60% 

of its ultimate capacity, the failure moment (positive) is affected by less than 20%. 

For Specimen H2, the shear force ratio of 45% causes about 8% increase in the failure 

moment (positive). On the other hand, in the negative zone, the increases in the failure 

moment can be observed in Specimens R1 and R2 when the shear force is less than 

60% of its failure capacity. For Specimens H1, H2, R3 and R4, the change of the 

failure moment remains in the range of 0-20%, as shown in Figure 7.8. 

 

Figure 7.7: Yield M-V interaction for the selected connections 
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Figure 7.8: Ultimate M-V interaction for the selected connections 
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(a) Connection H1                                 (b) Connection H2 

 

(c) Connection R1                                 (d) Connection R2 

 

(e) Connection R3                                 (f) Connection R4 

Figure 7.9: Influence of shear force on the connection moment-rotation relationships 
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7.2.4 Interaction between axial and shear loads 

Figures 7.10 and 7.11 describe the interaction curves for combined axial force-shear 

force at yield and at ultimate, respectively. In the tension zone in Figure 7.10, a 

marginal effect of shear force on the yield tension force is observed in Specimens H2, 

R1, R2 and R4. A reduction of up to 10% in the yield tension capacity occurs in 

Specimen H1 with varying shear load levels. Moreover, an increase of up to slightly 

more than 20% in yield tension force is observed for Specimen R3. In the case of 

compression capacity, about 15% increase of the compression yield force occurs in 

Specimens R1 and R2, and a reduction of around 10% is observed in Specimens R3 

and R4. For Specimens H1 and H2, the influence of the shear load on the compression 

yield resistance is negligible. 

 

(a) Compression                                             (b) Tension 

Figure 7.10: Yield N-V interaction for the selected connections 
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and R3 when the shear load ratio (V/Vu,0) is less than 90%. A reduction of around 

15% occurs in Specimen H1 with less than 95% shear load ratio. However, a notable 

decrease of the tension capacity occurs when the shear load ratio is larger than 40% 

for Specimen R4. When the shear load ratio reduces to less than 40%, the influence 

becomes negligible. In the compression zone, shear force ratios of less than 80% do 

not have a notable influence on the compression failure capacity for Specimens H1 

and H2, while for Specimen R4 the influence on the compression failure capacity is 

significant when the shear load ratio is larger than 60%. Importantly, some notable 

increase of the compression failure force is observed for Specimens R1, R2 and R3. 

 

(a) Compression                                             (b) Tension 

Figure 7.11: Ultimate N-V interaction for the selected connections 
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the detailed numerical models can capture these effects faithfully, they are 

comparatively prohibitive when used in the context of global frame analysis. For this 

purpose, it is considerably more effective to use line elements for representing beams 

and columns in conjunction with component-based representations for connections. 

As discussed before, several loading conditions can induce significant axial and/or 

shear effects on the connections. In order to incorporate shear effects within 

simplified mechanical representations, a spring (s) representing the connection shear 

force-displacement response was added to the component-based spring model 

described in Figure 6.9 of Chapter 6. Two models for this shear spring response are 

considered. First, an elastic-perfectly plastic model (shown in Figure 7.13(a)) which 

considers the elastic stiffness determined by Equation 6.48 or Equation 6.50. 

Secondly, a rigid-perfectly plastic spring (shown in Figure 7.13(b)), incorporating 

only the ultimate shear capacity was considered.  

The difference on the estimated behaviour by means of the two previously described 

shear force-displacement representations is compared below for Connections H1 (with 

top and seat angles) and R4 (with double web angles). Additionally, the influence of 

the location of the shear load with respect to the beam-to-column joint interface is 

also illustrated. Figure 7.14 indicates varying load locations (in the range of 0 to 1800 

mm from the column face) in an assumed cantilever beam of size UB 305×102×25. 

The initial rotational stiffness Ke and Kr as well as the failure bending capacity Me and 

Mr were obtained and compared when employing the elastic-plastic and rigid-plastic 

models, respectively, as presented in Figure 7.15. Moreover, the vertical displacement 

due to connection bending and shear deformations based on the elastic spring model 

(total vertical displacement-flexural displacement) are also represented by the ratio of 

flexural displacement and total displacement (De/Dr) at different loading locations for 

the two specimens under an elastic level of load, as shown in Figure 7.15. 
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Figure 7.12: Simplified spring model for angle connections under combined axial, 

shear and bending actions 

              

(a) Elastic-plastic response                (b) Rigid-plastic response 

Figure 7.13: Two different idealisations for shear spring response 

 

Figure 7.14: Locations of the shear load applied on the beam 
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              (a) Initial rotational stiffness                        (b) Ultimate bending capacity 

 

(c) Vertical displacement  

Figure 7.15: Comparison of bending response for Specimens H1 and R4 from two 

models of shear spring response 

As expected, Figure 7.15(a) confirms that the shear spring has no influence on the 

rotational stiffness. The two shear models also have no effect on the connection 

failure capacity for most cases as expected, except when the shear loading is dominant, 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 300 600 900 1200 1500 1800

R
ot

at
io

na
l s

tif
fn

es
s 

ra
tio

 K
e/

K
r

Load location (mm)

H1

R4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 300 600 900 1200 1500 1800

U
lti

m
at

e 
be

nd
in

g 
ca

pa
ci

ty
 r

at
io

 M
e/

M
r

Load location (mm)

H1

R4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 300 600 900 1200 1500 1800

F
le

xu
ra

l d
is

pl
ac

m
en

t/t
ot

al
 d

is
pl

ac
em

en
t D

e/
D

r

Load location (mm)

H1

R4

Shear spring failure 



Chapter 7 Application under combined loading 

 

146 

 

as depicted in Figure 7.15(b). Connection H1 fails in shear when the load location is 

less than 180 mm away, while it occurs when the vertical load is applied at less than 

170 mm for web angle connection R4. On the other hand, the two shear models have 

an effect on the vertical displacement as depicted in Figure 7.15(c). In elastic-perfect 

plastic response, the elastic vertical displacement is attributed to the shear and flexural 

displacements. When the load is applied at less than 300 mm and 200 mm, for 

Connections H1 and R4 respectively, away from the column face, the shear 

deformation contributes more than 20% of the elastic vertical displacement. When the 

vertical load is at more than 600 mm away from the column face, most of the elastic 

deformation arises from the bending displacement. In contrast, when the rigid-plastic 

shear spring is used, the elastic shear deformation is zero until failure occurs. Overall, 

the two shear models have no influence on the connection bending behaviour, but 

they have a significant effect on the vertical displacement, especially when the 

loading is close to the column face. Therefore, the elastic-perfect plastic model 

considering the shear stiffness and ultimate capacity as shown in Figure 7.13(a) is 

employed to represent the shear spring response in the simplified component-based 

idealisations.     

7.3.2 Validation 

In order to examine the applicability of the component-model described above to 

various loading scenarios, the interaction relationships between axial and bending 

loads are compared with the more detailed numerical results. Figure 7.16 summarizes 

the comparison of ultimate moment-axial force relationships between the mechanical 

and numerical simulations for the six selected configurations. All of the results are 

normalized with respect to the initial values when the connections are subjected to pure 

tension, compression or bending action. 
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(a) Connection H1 

 

(b) Connection H2 

 

(c) Connection R1 

Figure 7.16 (cont’d) 
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(d) Connection R2 

 

(e) Connection R3 

 

(f) Connection R4 

Figure 7.16: Comparison of ultimate M-N interaction between mechanical and 

numerical models 
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As depicted in Figure 7.16, reasonably good agreements are obtained, expect for some 

inevitable differences arising from the simplifications and idealisations adopted in the 

mechanical models. Some discrepancies between the mechanical and numerical results 

are observed in Specimens H1, H2, R1 and R4, but the mechanical moment-

compression curves of Specimens R2 and R3 match the numerical results well. For 

Specimens H2, R1 and R4, the moment capacity ratio (Mu/Mu,0) obtained by means of 

the spring models is slightly overestimated when compared with the numerical results. 

This can be attributed to the conservative estimate of the ultimate compression 

capacity Mu,0 under pure compression load by means of Equations 6.32 and 6.37 in 

Chapter 6. This good correction with the numerical simulations shows that the 

component-based spring model can capture the response of bolted angle connections 

reasonably well. Therefore, this simplified spring model is adopted for the illustrative 

analysis presented in the next section. 

7.4 Illustrative analysis 

In this section, as an example of application, the component-based model described 

above and shown in Figure 7.12 is implemented within idealised frame and beam 

models in order to illustrate the influence of the connection behaviour on the overall 

structural response under selected extreme loading scenarios involving idealised 

typical column removal and floor on floor impact conditions. A selected steel frame is 

first introduced, followed by a description of the details of the connections joining the 

beams and columns. The modelling approaches and the associated loading 

assumptions for column removal and floor-on-floor impact scenarios are outlined. 

Finally, key results and observations are discussed. 

7.4.1 Structural model 

A typical seven-storey steel-framed composite building examined by Vlassis et al. 

[61, 84] was selected. A two-dimensional model was constructed for a typical 

peripheral frame, and the effect of out-of-plane beams and the restraints from beam-

to-beam connections was neglected. The geometry of the building is shown in Figure 
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7.17, together with the location of the removed ground floor column (indicated by a 

cross). Beams of Size UB 406×140×39 are used in all cases, while the columns are 

assumed as SHS 300×300×16. S355 steel grade is considered with E=210000 N/mm2 

and 355 N/mm2 yield stress, together with 1% strain-hardening. All floors are 

designed to carry equal gravity loads. The values of the dead loads (DL) and imposed 

loads (IL) on each floor are 4.2 kN/m2 and 5.0 kN/m2, respectively [84]. In addition to 

the floor loads, the edge beams in the longitudinal direction of the building are 

assumed to carry a facade load of 8.3 kN/m [84]. 

 

Figure 7.17: Schematic view of the seven-storey peripheral frame (dimensions in 

mm) 

Two connections with top, seat and web angles utilizing L100×75×10 angles were 

designed to connect the open beams and tubular columns. Two frames were 

considered: i) a frame incorporating blind-bolted angle connections (Connection 1 

shown in Figure 7.18(a)); and ii) another frame which utilizes combined 

channel/angle details (Connection 2 in Figure 7.18(b)). In the latter case, the reverse 

channel was formed from half a SHS 150×150×10 welded to the column and bolted 

through the angles to the universal beam. Grade 10.9 M16 standard bolts were 

employed to connect the beam flange and angle as well as the reverse channel and 
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angle components, while Grade 10.9 M16 Hollo-bolts were employed between the 

tubular column and angles. All bolts were preloaded to 110 kN.  

    

(a) Connection 1                                            (b) Connection 2 

Figure 7.18: Details of the two connections adopted in the two frames 

 

 

Figure 7.19: Classification of connection types according to EC3 
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model by spring elements. The bending response of these two connections as 

determined by the component-approach is presented in Figure 7.19 together with the 

Eurocode connection classification limits [5]. The tension resistance of Connections 1 

and 2 is 605 kN and 643 kN, respectively, which satisfy the minimum level of the 

connection tying force requirements (design tensile force of 75 kN) in BS 5950 [70]. 

The shear resistance of these two connections is 1067 kN and 907 kN, respectively.  

7.4.2 Idealised sudden column removal 

As discussed in Chapter 2, significant dynamic effects are introduced under the events 

of sudden removal of a column or impact by a damaged upper floor. The structural 

response can be captured through dynamic analysis or, alternatively, through 

simplified pseudo-static approaches such as that proposed by Vlassis et al. [61-62, 84] 

based on the energy balance approach. The latter simplified method is employed 

herein to illustrate the influence of connection behaviour on the frame response. 

Figure 7.20 presents the 2D finite element model of Frame 1 or Frame 2 employing 

Connections 1 and 2, respectively. The columns and beams are simulated by means of 

four elastic-plastic beam elements of Type B22 (a 3-node quadratic beam in a plane) 

in the ABAQUS library [9], while the connection is established according to the 

spring model described in Figure 7.12. Moreover, the rigid Points 4 and 5 indicated in 

Figure 7.20 are vertically coupled with the reference point (Point 2) of the rigid bar 

representing the column centre line) in order to simulate the shear spring response. 

Similarly, the beam connects with the reference points of the rigid bar representing 

the beam end by the coupling constraints. Additionally, the column links with the 

corresponding points (Point 1 and Point 3, respectively) in its central rigid bar by 

means of coupling the vertical and horizontal displacements. 

A push-down analysis was employed here to study the static response under the event 

of sudden column removal. To this end, the middle column in the ground floor (as 

marked with a cross in Figure 7.20) is assumed to be removed. According to the GSA 

guidelines [73], the service load during of the accidental scenarios of the column 
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removal is taken as DL + 0.25 IL, where DL and IL are the dead and imposed loads 

acting on the floor, respectively. Based on the gravity load values given in the 

previous section and the dimensions of the floor, the distributed load applied on the 

beam was estimated as 24.6 kN/m (including the additional facade load on the edge 

beam). The results and observations of the static response of Frames 1 and 2 as well 

as the connection behaviour due to the push-down displacement on the middle column 

are discussed below. 

 

 

Figure 7.20: Description of the frame model 
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Figure 7.21 demonstrates the deformation modes of Frame 1 and Frame 2. It is noted 

that large deformations concentrated in the connections, as expected. For the middle 

connections joining the removed column with the adjacent beams (indicated as C1 in 

Figure 7.21), the top bolt row (first bolt row) is subjected to high compression force 

while the bottom bolt row is subjected to large tension forces. On the other hand, the 

bolt row springs of the adjacent connections (C2 and C3 indicated in Figure 7.21) 

experience significant tension forces from the beam.  

The static and the corresponding pseudo-static force-displacement relationships of the 

frames are depicted in Figure 7.22, together with the behaviour of each bolt row of the 

connection (C1) connecting the removed column. It is noted from the simplified 

dynamic responses that Frame 2 with higher resistance connections (Connection 2) 

sustains higher dynamic forces reaching failure at 537 kN with a push-down 

displacement of 722 mm, while the failure force of Frame 1 is 460 kN (which is 16% 

lower than that of Frame 1) at a displacement of 854 mm. The limiting condition of 

these two frames is caused by failure of the fifth bolt row in tension. The failure 

started from the connections (C1) attached to the removed column in the first floor. It 

can also be observed from Figure 7.22 that the first yield point  (P1) was caused by 

yielding of the bottom bolt row (the fifth row) under tension in Frame 1, while the 

first yield point occurred in the top bolt row (the first row) under compression in the 

case of Frame 2. Finally, the springs of the fifth bolt row in Connections C1 in Frames 

1 and 2 reach ultimate conditions, which initiate the failure of these two frames. It is 

also important to note that these connections (C1) attached to the removed columns 

were subjected to combined bending and compression loads. In turn, this compression 

action resulted in higher overall bending resistance, as demonstrated in Section 7.2.2. 

Additionally, a maximum shear force of 120 kN develops in the connections, which is 

well lower than the connection ultimate shear capacity.  
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(a) Frame 1 (with Connection 1) 

   

(b) Frame 2 (with Connection 2) 

Figure 7.21: Deformation modes of Frames 1 and 2 
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P1: Yield of the first bolt row; P2: Yield of the fifth bolt row; 

P3: Yield of the fourth bolt row; P4: Failure of the fifth bolt row. 

 (1) Frame1 (with Connection 1) 

 

P1: Yield of the fifth bolt row; P2: Yield of the first bolt row; 

P3: Yield of the fourth bolt row; P4: Failure of the fifth bolt row. 

(b) Frame 2 (with Connection 2) 

Figure 7.22: Frame response and the spring behaviour of the critical connection (C1 

in Figure 7.21)   
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7.4.3 Idealised floor-on-floor impact 

As pointed out in Chapter 2, the falling debris from upper failed floors in multi-storey 

buildings may result in significant shear loading on the connections. A finite element 

model for an individual beam was constructed using ABAQUS [9], as shown in 

Figure 7.23, to assess the response of Frames 1 and 2 and their corresponding 

connections under floor loading. In particular, the shear behaviour of the connections 

is examined in this section.  

 

(a) Case 1: Distributed load 

 

(b) Case 2: Concentrated load 

Figure 7.23: Simplified beam model for floor-on-floor analysis 

Two possible loading cases are considered. One in which the falling debris is assumed 

as a distributed load on the beam, as illustrated in Figure 7.23(a). Another is based on 

the assumption that the falling debris is effectively applied as concentrated load near 

the support (assumed herein as a point load 150 mm away from the column face), as 

depicted in Figure 7.23(b). The beam is simulated by four elastic-plastic beam 

elements of Type B22, while a rigid bar represents the column centre line, which is 

restrained in vertical displacement in order to consider the support from the column. 

Similarly, the connections (J1 and J2 indicated in Figure 7.23) are established 

according to the spring model described above. Furthermore, two boundary 
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connections (J3 and J4 in Figure 7.23) are adopted to represent the axial stiffness 

provided by the neighbouring beams. The FE programme (ABAQUS input file) of 

this beam model is illustrated in Appendix C. 

Considering a service load of DL + 0.25 IL [73], the distributed load on each beam is 

24.6 kN/m (including the additional facade load on the edge beam), thus the total load 

on the beam is P0= 145.5 kN. The beams in Frames 1 and 2 are then subjected to 

increasing distributed or concentrated load for Cases 1 and 2, respectively, for which 

the static response is depicted in Figures 7.24 and 7.25, respectively. After shifting of 

the axes of the static response P-us curve to that without the account for the effect of 

the initial deformations of the beam under the initial gravity loads, the modified static 

response P'-u's curve was obtained. Based on the conservation of energy considering 

the transferred kinetic energy from the falling floor to the impacted floor [62, 84], the 

full pseudo-static load-displacement relationships of the impacted beam were 

obtained, together with the ratio between the dynamic load and the initial gravity load 

(P'/P0),  as shown in Figure 7.26. 

As demonstrated in Figure 7.24, the support connections (J1 and J2) reached the 

limiting condition due to the failure of the first bolt row spring in tension in both 

frames. As a result of connection failure, the deformation capacities of the impacted 

beams in Frames 1 and 2 are limited to 341 mm and 258 mm, respectively. In addition, 

their static load carrying capacities are equal to around 460 kN and 430 KN, 

respectively, which is about 3 times the service gravity load sustained by the 

individual beam before impact. The axial forces developed by the neighbouring beam 

connections (J3 and J4) are about 235 kN and 140 kN in Frames 1 and 2, respectively. 

The shear force developed in the beam connections is only around 200 kN, which is 

significantly lower than their shear capacity. However, it should be noted that under 

realistic floor-on-floor impact, and depending on the dynamic characteristics and 

loading conditions, the dynamic effect could result in magnified shear force loading 

due to the possible influence of sudden dynamic rigid body responses which can only 

be captured through impulsive dynamic simulation [84].  
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(a) Beam and connection response in Frame 1 

 

(b) Beam and connection response in Frame 2 

Figure 7.24: Static response of the beam and the corresponding connection (J1 in 

Figure 7.23) under distributed loading (Case 1) 
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(a) Beam and connection response in Frame 1 

 

(b) Beam and connection response in Frame 2 

Figure 7.25: Static response of the beam and the corresponding connection (J1 in 

Figure 7.23) under concentrated loading (Case 2) 
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              Beams in Frame 1                                         Beams in Frame 2 

(a) Case 1: Distributed load 

          

             Beams in Frame 1                                         Beams in Frame 2 

(b) Case 2: concentrated load 

Figure 7.26: Pseudo-static response of the impacted beams 
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On the other hand, in the case of concentrated load on the beam near the connections, 

the shear behaviour of the connections (J1 in Figure 7.23) dominates the deformation 

of the beams in both frames, as observed in Figure 7.25. The shear spring of the 

connection J1 joining the beams and columns in Frame 1 reaches its ultimate capacity 

of 1067 kN at a vertical displacement of 8.4 mm, while the beams in Frame 2 lose 

their load carrying ability due to the failure of the connections (J1) in shear at a 

displacement of 7.3 mm. As a result of connection failure, the static load carrying 

capacities of the beams in Frames 1 and 2 are equal to 1140 kN and 965 KN, 

respectively. However, the vertical displacements of the beams in both frames are 

small due to the limited shear deformation of the critical connections (J1 in Figure 

7.23).  

Furthermore, it can be observed from Figure 7.26 that the individual beam has limited 

pseudo-static capacity to resist the impact loading. It is notable that in the case of 

uniform distributed load, even when a very low percentage of energy transfer (γi=20%) 

is assumed (although the theoretical calculation has produced a considerable variation 

of energy transfer between about 40% and 100% by the falling beam), the beams in 

Frame 1 can only resist an impact loading of 41 kN, which is around 33% of its 

original gravity loads P0, while only 33 kN dynamic load can be arrested by the beams 

in Frame 2. Moreover, for the higher percentages of transfer energy associated with 

rigid impact possibilities, the pseudo-static capacity decreases, with only an impact 

loading equal to around 10%  and 8% of P0 withstood by the beams in Frames 1 and 2, 

respectively. On the other hand, in the case of concentrated load (Case 2), the 

dynamic loading carried by the beams is less than 3% of their original gravity loads 

before impact. This can be attributed to the limited vertical displacement of the 

connection in shear.  

7.5 Concluding remarks 

The influence of the axial and shear loads on the connection bending behaviour has 

been examined by means of the numerical model in this chapter. It was shown that the 

application of high tension forces can result in significant reduction in moment 



Chapter 7 Application under combined loading 

 

163 

 

resistances, while modest compression forces lead to an enhancement in the moment 

capacities. Moreover, the influence on the connection rotational stiffness and ductility 

due to axial forces has also been discussed. The connection initial rotation stiffness 

and failure rotation reduce significantly with the increase in axial force. In contrast, 

the effect of the shear load on the connection bending response was not as significant 

as the influence of the axial load. Only when the applied shear load exceeded about 

80% of its failure capacity, a notable reduction in the connection bending capacity 

was observed. Importantly, a simplified component-based spring model was also 

proposed and validated against the results of the Finite Element simulations. In 

general, a very good agreement was achieved with the numerical results.  

Finally, as an example of application, the component-based spring model was 

implemented within idealised frame and beam models to illustrate the influence of the 

connection response on the overall structural behaviour under selected extreme 

loading scenarios of typical column removal and floor-on-floor collapse. In the case 

of sudden column removal, the frames analysed were found to be prone to progressive 

collapse initiated by local failure of the connections joining the removed column to 

the adjacent beams. It was also shown that the frame with higher resistance 

connections can arrest larger push-down forces. In the case of floor-on-floor impact, 

the nonlinear static simulation identified the initiation of a failure mechanism for the 

connections of the impacted beams that finally determine the floor limit state. 

Different behaviour for the critical connections was obtained when the beam was 

subjected to quasi-static distributed load or significant support loads. 
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Chapter  8  

 

Closure 

 

8.1 Summary and main findings 

The main aim of this thesis was to enable a reliable characterisation of bolted angle 

connections to tubular columns, in terms of stiffness, capacity and ductility, under 

various loading conditions that are considered for the assessment of steel framed 

structures. To this end, this thesis employed experimental assessment as well as 

detailed numerical and analytical studies in order to investigate the behaviour of 

blind-bolted angle connections and combined channel/angle configurations. The main 

findings can be summarized as follows: 

 Experimental axial response of connections: Thirteen tension and compression 

tests on angle connections were carried out. In the case of the tensile response 

of bolted connections, the inelastic mechanisms exhibited primarily originated 

from the interaction between the angle components and bolt/column face 

assemblage. The angle gauge distance (between the column bolt centre and 

beam flange) was shown to have a significant effect on the initial stiffness and 

tensile capacity of the connection. For stiffer angles, the thickness of the 

column/channel had a direct relationship with 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 bolted 

connections subjected to compression, the inelastic mechanisms were largely
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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 deformations 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. 

 

 Experimental shear response of connections: Six shear tests on bolted angle 

connections were conducted, together with complementary simply and double 

shear tests on bolt assemblages. The inelastic mechanisms exhibited by the 

connections to tubular column under shear loads primarily involved the 

interaction between the angles and column/channel face components. It was 

observed that the angle horizontal gauge distance between the bolts and the 

column flange has a direct influence on the initial stiffness with a significant 

effect on the shear capacity of the connection. Importantly, the thickness of the 

angle and column/channel has a direct influence on the initial stiffness and 

ultimate capacity of the connection. Besides, the overall stiffness and 

resistance of reverse channel connections with double web angels was 

enhanced significantly in comparison with those of connections with top and 

seat angles only. In terms of ductility, the blind-bolted angle connections 

provided significant deformation levels exceeding 16 mm of vertical 

displacement. On the other hand, the combined channel/angle connections 

(Specimens S4 and S5) exhibited lower ductility, failing at around 11 mm of 

vertical displacement. The improved ductility observed in blind-bolted 

connections results directly from the ductile behaviour of the Hollo-bolt due to 

the presence of a flexible sleeve.  

 

 Numerical simulations: The developed continuum FE models included a 

number of advanced modelling features such as loading reversal, contact 

phenomena, bolt slippage definition and bolt pretension application. The 

model was validated against available experimental results and was found to 
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accurately and efficiently simulate the overall behaviour of blind bolted angle 

connections under various loading conditions. In particular, the stiffness, 

capacity and ultimate failure modes were all closely predicted. Moreover, the 

detailed characteristics of the model facilitated significant insight into key 

behavioural characteristics, including the stress distribution and deformation 

patterns.  

 

 Simplified mechanical models: Representative component models have been 

suggested for the column face in tension, column face in compression as well 

as the angle in tension and angle in compression. Moreover, component-based 

expressions were found to produce reliable estimates of the stiffness and 

capacities of blind-bolted and combined channel/angle connections under axial 

and moment actions. Additionally, a bounded approach was employed to 

assess the yield and ultimate capacities of bolted angle connections to tubular 

columns under shear loading. Good agreement was achieved when compared 

with the yield and failure points obtained in the tests. 

 

 Application under combined loading: The influence of axial and shear loads 

on the connection bending behaviour was examined by means of the detailed 

numerical models. It was shown that the presence of tension forces lead to a 

direct reduction in the moment capacity, while modest compression forces 

result in an enhancement of the moment capacities. The axial force also has a 

notable influence on the stiffness and rotational capacity of connections. In 

contrast, the effect of the shear load on the connection bending response was 

not as significant as the influence of the axial load. Only when the applied 

shear load exceeded 80% of its failure capacity, a notable reduction of the 

connection bending capacity was observed. A simplified spring model 

incorporating the axial and shear components was proposed and validated 

against the results of the Finite Element simulations, and very good agreement 

was achieved. Finally, as an example of application, the developed 

component-based spring model was implemented within idealised frame and 

beam models to illustrate the influence of the connection response on the 



Chapter 8 Closure 

 

167 

 

overall structural behaviour under selected extreme loading scenarios 

involving idealised column removal and floor-on-floor impact. 

8.2 Design and assessment contributions 

The experimental results and numerical models presented in Chapters 3 to 7 provide 

essential data and information for undertaking future detailed design-oriented studies. 

To this end, design methodologies for the connections between open beams and 

tubular columns were developed to offer a preliminary assessment of the evaluation of 

connection stiffness as well as yield and failure capacities under a variety of loading 

conditions. The most notable of these contributions can be summarized as follows: 

 Component-based approaches have been proposed and validated for the 

estimation of bolted angle connection response under axial and bending 

actions. 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 provide information which is currently lacking in 

codified provisions. In particular, it is directly complementary to existing 

procedures in Eurocode 3 Part 1-8, and extends their applications to semi-rigid 

connections to tubes as well as loading situations involving significant axial 

and shear actions. These component characterizations were then assembled 

together and have been found to produce reliable estimates of the stiffness and 

capacities for blind-bolted and combined channel/angle configurations. 

 

 As the connection shear response involves complex interactions that cause 

yielding in a particular component followed by slip or yielding in other 

connection zones, and can eventually lead to bolt fracture or bearing failure, it 

is difficult to predict the complete shear force-displacement relationship of the 

connection. However, a bounded approach was suggested for the assessment 

of yield and ultimate capacities of bolted angle connections to tubular 

columns. Good agreement has been achieved when compared with the yield 

and failure points obtained in the tests. 
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 A simplified spring model incorporating the uncoupled axial and shear 

component characteristics has also been proposed for bolted angle connections 

to tubular columns under various load combinations (e.g. bending, combined 

bending and axial load, bending and shear load, etc). The model was validated 

against the results of the Finite Element simulations, and close agreement was 

obtained. Importantly, this developed component-based spring representation 

can be implemented within idealised frame models to examine the inelastic 

behaviour of building structures under various loading conditions. 

8.3 Limitations and future work 

The main findings and contributions described above address the primary objectives 

of this work. The various studies carried out as part of this thesis have also 

highlighted the need for further research in the following areas: 

The static response of bolted angle connections to tubular columns under various 

loading conditions has been examined in this thesis through experimental assessment 

coupled with numerical and analytical studies. However, there is also a need for 

investigating the dynamic response of these connections under realistic dynamic 

loading conditions, such as blast, impact and progressive collapse, connections will be 

subjected to significant dynamic effects. To this end, dynamic tests (involving high 

speed loading) should be conducted to examine the effect of strain rate on the 

behaviour of connections as well as the response of constituent components. 

Similarly, under fire conditions, the influence of the elevated temperature on material 

properties and thermal expansion should be incorporated. 

The beam web was stiffened when the shear response of bolted connection with top 

and seat angles was examined in this thesis in order to enable a better understanding 

of the basic behavioural mechanisms of bolt, angle and column face components 

under shear loading. In fact, the buckling of the beam web can prevent the connection 

from reaching its maximum shear capacity and initiate complex local effects as 

observed in preliminary numerical studies. Nevertheless, there is also a need to carry 



Chapter 8 Closure 

 

169 

 

out experimental and analytical studies on the effect of the beam web deformation on 

the shear behaviours of connections. 

Finally, this thesis focused primarily on the generic behaviour of the semi-rigid 

connections between open beams and tubular column. As an example of application in 

frame modelling, an illustrative analysis was carried out for idealised progressive 

collapse cases of column removal and floor-on-floor impact. For this purpose, a 

simplified dynamic approach was employed to examine the dynamic response of a 

two-dimensional representation based on the static results of numerical simulations. In 

order to provide a realistic assessment of the influence of connections on overall 

structural response under extreme loading conditions, extensive numerical studies 

involving three-dimensional dynamic analysis and incorporating validated strain rate-

dependant material properties would be necessary. 
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Appendix A  

 

ABAQUS/CAE simulation for the connection 

configurations 

 

A.1 Part:  

                                  

                                (a) Beam                     (b) Column                     (c) Channel 

                                

                          (d) Angle                       (e) Standard bolt                  (f) Hollo-bolt 
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A.2 Property: 

(1) Material property 

 

(2) Section property 
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A.3 Assembly: 

                                       

     (a) Blind-bolted angle connections            (b) Combined channel/angle connections 

A.4 Step: 
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A.5 Interactions: 

(1) In tangential direction, friction coefficient was defined as 0.3. 

(2) In normal direction, ‘hard’ contact pressure-over closure relationship was 

employed, where only the compression force is transferred between the master and 

slave surfaces, but separation is allowed when the compression force is zero. 

 

A.6 Load: 

(1) First step: bolt pretension 

A pretension load of 110 kN was applied on all the bolts to initiate all surface-to-

surface contact interactions. The method can be ‘Apply force’ or ‘Adjust length’. 

‘Apply force’ was used herein. 
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(2) Second step: bolt length control 

The method of ‘Fix at current length’ was employed in this step to fix the bolt length 

at its current length. 

 

(3) Third step: external load through displacement control (such as tension, 

compression, moment or shear) 
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A.7 Mesh: 

The dimensions of elements within the final adopted mesh ranged between 6 mm 

within the refined region, and up to 50 mm within the coarser region. Solid element 

type C3D8I (8-node linear brick, incompatible integration) was employed. 

                       

     (a) Blind-bolted angle connections            (b) Combined channel/angle connections 

A.8 Job: 
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A.9 Visualization: 

(1) Deformation mode 

 

(2) Output of variables 
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Appendix B 

 

Yield line mechanisms of column/channel face in 

compression 

 

B.1 Yield mechanism 1 (as shown in Figures B.1 and B.2) 

In this mechanism, Lines DR, RE, EG, GS, SF and FD are assumed to have zero 

vertical displacement, while Lines HI, IJ, 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 6.3(a)): 

4
                                                                                                6.23  

                                                                                                             6.24  

where  is calculated from: 

                                                                                                      (6.25) 

and  can be evaluated from Equation 6.26 below, depending on the beam-to-column 

width ratio, as: 

min ;               min ;
2 2           min ;

                                       6.26  
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where,  is the width of the channel,  the width of the beam,  the width of the 

angle and h is the height of the beam. 

 

(a) Plan View 

 

(b) 3D view 

Figure B.1: Yielding mechanism 1 of column/channel face in compression 

The rotations of all lines are summarized as follows: 

RD, RE, SF, SG 

4 ·
∆

·
2

2∆
·  

HI, KL 
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2 ·
∆

·  

RH, RI, SK, SL 

4 ·
∆

·
2

 

HJ, IJ, KM, LM 

4 ·
∆

·
2

 

DH, EI, FK, GL 

4 ·
2∆

·  

HN, IO, KP, LQ 

4 ·
2∆

·
4

 

NJ, OJ, PM, QM 

4 ·
2∆

·
4

 

DF, EG, JM 

4 ·
2∆

·
4

2 ·
2∆

· 2 ·
4

2 ·
2∆

· 2  

Then, 

∆ ·
2 6 8 4 8 8
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From 

F∆ M  

Then 

·
2 6 8 4 8 8

 

In order to get the minimum value of ,  

2 6 8
0 

Then  

· 3
2

 

And 

4 8
0 

Then 

·
·

2
 

Then  

,
,

4
8

3
8 ·

2 8

2 · ,
3 2
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Additionally, the inward deformation of the angle component can follow one of the 

two possible patterns depicted in Figure B.2 depending on the length of the angle leg. 

 

(a) Case A 

 

(a) Case B 

Figure B.2: Yielding mechanism 1 of angle in compression  

When the length of the angle  is not less than the value  (Where L  is the distance 

between the beam flange and the angle edge in mm), as shown in Figure B.2(a), the 

rotations of all lines are obtained as follows: 

RD, RE, SF, SG 

4 ·
∆

·
2

 

HI, KL 
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2 ·
∆

·  

RH, RI, SK, SL 

4 ·
∆

·
2

 

Then, 

,
,

4
6

1.5 · ,  

When the length of the angle  is less than the value , as shown in Figure B.2(b), 

the rotations of all lines are obtained as follows: 

HI, KL 

2 ·
∆

·  

RH, RI, SK, SL 

4 ·
∆

·
2

·  

Then, 

,
,

4
2

· 1 0.5 · , · 1  

B.2 Yield mechanism 2 (as shown in Figure B.3) 

An alternative yield mechanism, Mechanism 2, is that depicted in Figure B.3. 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 B.3 is zero. Similarly, the vertical displacements of Lines RH, HJ, 
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TI, 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 the beam flange and channel edge). 

Consequently, the channel/angle yield resistance of Mechanism 2 can be evaluated 

from: 

 

(a) Plan View 

 

(b) 3D View 

Figure B.3: Yielding Mechanism 2 of channel face in compression 

RH, TI, SK, UL 

4 ·
2∆

·  

HJ, IJ, LM, KM 
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4 ·
2∆

·
4

 

NJ, OJ,PM,QM 

4 ·
2∆

·  

HN, IO, LQ, KP 

4 ·
2∆

·
4

 

DF, EG, JM 

4 ·
2∆

·
4

2 ·
2∆

· 2 ·
4

2 ·
2∆

· 2  

 

Then, 

∆ ·
16 4 8 8

 

From 

F∆ M  

Then 

·
16 4 8 8

 

In order to get the minimum value of ,  
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4 8
0 

Then 

√2
 

Then  

,
,

4
16

8 · √2
8

2 · ,
2

√2  

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

determined as: 

F min F , F ; F ,    
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Appendix C 

 

ABAQUS input file for beam model (Frame 1) 

 

*Heading 
** Job name: Job-1 Model name: Beam model 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name=Part-1 
*Node 
      1,           0.,        -204. 
      2,           0.,        -125. 
      3,           0.,         125. 
      4,           0.,         204. 
*Element, type=R2D2 
1, 1, 2 
2, 2, 3 
3, 3, 4 
*Node 
      5,           0.,           0.,           0. 
*Nset, nset=Part-1-RefPt_, internal 
5,  
*Elset, elset=Part-1, generate 
 1,  3,  1 
*End Part 
**   
*Part, name=Part-3 
*Node 
      1,           0.,           0.,           0. 
*Nset, nset=Part-3-RefPt_, internal 
1,  
*End Part 
**   
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*Part, name=beam
*Node 
      1,           0.,           0. 
      2,        2755.,           0. 
      3,        5510.,           0. 
      4,       1377.5,           0. 
      5,       4132.5,           0. 
      6,       688.75,           0. 
      7,      2066.25,           0. 
      8,      3443.75,           0. 
      9,      4821.25,           0. 
*Element, type=B22 
1, 1, 6, 4 
2, 4, 7, 2 
3, 2, 8, 5 
4, 5, 9, 3 
*Nset, nset=_PickedSet2, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet2, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet3, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet3, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet5, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet5, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet6, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet6, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet10, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet10, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet12, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet12, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet13, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet13, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet14, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet14, internal, generate 
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 1,  4,  1 
*Nset, nset=_PickedSet16, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet16, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet17, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet17, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet20, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet20, internal, generate 
 1,  4,  1 
*Nset, nset=_PickedSet23, internal, generate 
 1,  9,  1 
*Elset, elset=_PickedSet23, internal, generate 
 1,  4,  1 
** Section: Section-1  Profile: Profile-1 
*Beam Section, elset=_PickedSet2, material=beam, temperature=GRADIENTS, 
section=I 
152.5, 305., 102., 102., 7., 7., 5.6 
0.,0.,-1. 
*End Part 
**   
** 
** ASSEMBLY 
** 
*Assembly, name=Assembly 
**   
*Instance, name=Part-1-3, part=Part-1 
       6000.,           0.,           0. 
*End Instance 
**   
*Instance, name=Part-1-4, part=Part-1 
       5755.,           0.,           0. 
*End Instance 
**   
*Instance, name=Part-3-2, part=Part-3 
       5755.,         354.,           0. 
*End Instance 
**   
*Instance, name=beam-2, part=beam 
       6245.,           0.,           0. 
*End Instance 
**   
*Instance, name=Part-1-5, part=Part-1 
       6245.,           0.,           0. 
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*End Instance 
**   
*Instance, name=Part-1-6, part=Part-1 
      11755.,           0.,           0. 
*End Instance 
**   
*Instance, name=Part-1-7, part=Part-1 
      12000.,           0.,           0. 
*End Instance 
**   
*Instance, name=Part-1-8, part=Part-1 
      12245.,           0.,           0. 
*End Instance 
**   
*Instance, name=Part-3-3, part=Part-3 
       6245.,         354.,           0. 
*End Instance 
**   
*Instance, name=Part-3-4, part=Part-3 
      11755.,         354.,           0. 
*End Instance 
**   
*Instance, name=Part-3-5, part=Part-3 
      12245.,         354.,           0. 
*End Instance 
**   
*Nset, nset=_PickedSet328, internal, instance=Part-3-2 
 1, 
*Nset, nset=_PickedSet378, internal, instance=beam-2 
 1, 
*Nset, nset=_PickedSet379, internal, instance=Part-1-5 
 5, 
*Nset, nset=_PickedSet380, internal, instance=beam-2 
 3, 
*Nset, nset=_PickedSet381, internal, instance=Part-1-6 
 5, 
*Nset, nset=_PickedSet382, internal, instance=Part-3-3 
 1, 
*Nset, nset=_PickedSet384, internal, instance=Part-3-4 
 1, 
*Nset, nset=_PickedSet394, internal, instance=Part-3-5 
 1, 
*Nset, nset=_PickedSet441, internal, instance=Part-3-2 
 1, 
*Nset, nset=_PickedSet442, internal, instance=Part-1-4 
 1, 
*Nset, nset=_PickedSet443, internal, instance=Part-3-3 
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 1, 
*Nset, nset=_PickedSet444, internal, instance=Part-1-5 
 1, 
*Nset, nset=_PickedSet445, internal, instance=Part-3-5 
 1, 
*Nset, nset=_PickedSet446, internal, instance=Part-1-8 
 1, 
*Nset, nset=_PickedSet447, internal, instance=Part-3-4 
 1, 
*Nset, nset=_PickedSet448, internal, instance=Part-1-6 
 1, 
*Nset, nset=_PickedSet449, internal, instance=Part-3-5 
 1, 
*Nset, nset=_PickedSet450, internal, instance=Part-1-8 
 1, 
*Nset, nset=_PickedSet805, internal, instance=Part-3-2 
 1, 
*Nset, nset=_PickedSet806, internal, instance=Part-1-4 
 1, 
*Nset, nset=_PickedSet807, internal, instance=Part-3-3 
 1, 
*Nset, nset=_PickedSet808, internal, instance=Part-1-5 
 1, 
*Nset, nset=_PickedSet809, internal, instance=Part-3-4 
 1, 
*Nset, nset=_PickedSet810, internal, instance=Part-1-6 
 1, 
*Nset, nset=_PickedSet811, internal, instance=Part-3-5 
 1, 
*Nset, nset=_PickedSet812, internal, instance=Part-1-8 
 1, 
*Nset, nset=_PickedSet1204, internal, instance=Part-1-3 
 5, 
*Nset, nset=_PickedSet1205, internal, instance=Part-1-3 
 5, 
*Nset, nset=_PickedSet1206, internal, instance=Part-1-7 
 5, 
*Nset, nset=_PickedSet1207, internal, instance=Part-1-7 
 5, 
*Nset, nset=_PickedSet1245, internal, instance=beam-2, generate 
 1,  9,  1 
*Elset, elset=_PickedSet1245, internal, instance=beam-2, generate 
 1,  4,  1 
*Nset, nset=Set-1, instance=beam-2 
 2, 
*Nset, nset=Set-2, instance=Part-1-3 
 5, 
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*Nset, nset=Set-3, instance=Part-1-7 
 5, 
*Nset, nset=Set-4, instance=Part-1-4 
 5, 
*Nset, nset=Set-5, instance=Part-1-8 
 5, 
*Surface, type=NODE, name=_PickedSet328_CNS_, internal 
_PickedSet328, 1. 
*Surface, type=NODE, name=_PickedSet378_CNS_, internal 
_PickedSet378, 1. 
*Surface, type=NODE, name=_PickedSet380_CNS_, internal 
_PickedSet380, 1. 
*Surface, type=NODE, name=_PickedSet382_CNS_, internal 
_PickedSet382, 1. 
*Surface, type=NODE, name=_PickedSet384_CNS_, internal 
_PickedSet384, 1. 
*Surface, type=NODE, name=_PickedSet394_CNS_, internal 
_PickedSet394, 1. 
*Rigid Body, ref node=Part-1-3.Part-1-RefPt_, elset=Part-1-3.Part-1 
*Rigid Body, ref node=Part-1-4.Part-1-RefPt_, elset=Part-1-4.Part-1 
*Rigid Body, ref node=Part-1-5.Part-1-RefPt_, elset=Part-1-5.Part-1 
*Rigid Body, ref node=Part-1-6.Part-1-RefPt_, elset=Part-1-6.Part-1 
*Rigid Body, ref node=Part-1-7.Part-1-RefPt_, elset=Part-1-7.Part-1 
*Rigid Body, ref node=Part-1-8.Part-1-RefPt_, elset=Part-1-8.Part-1 
** Constraint: Constraint-8 
*Coupling, constraint name=Constraint-8, ref node=_PickedSet1204, 
surface=_PickedSet328_CNS_ 
*Kinematic 
2, 2 
** Constraint: Constraint-9 
*Coupling, constraint name=Constraint-9, ref node=_PickedSet379, 
surface=_PickedSet378_CNS_ 
*Kinematic 
** Constraint: Constraint-10 
*Coupling, constraint name=Constraint-10, ref node=_PickedSet381, 
surface=_PickedSet380_CNS_ 
*Kinematic 
** Constraint: Constraint-11 
*Coupling, constraint name=Constraint-11, ref node=_PickedSet1205, 
surface=_PickedSet382_CNS_ 
*Kinematic 
2, 2 
** Constraint: Constraint-12 
*Coupling, constraint name=Constraint-12, ref node=_PickedSet1206, 
surface=_PickedSet384_CNS_ 
*Kinematic 
2, 2 
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** Constraint: Constraint-17 
*Coupling, constraint name=Constraint-17, ref node=_PickedSet1207, 
surface=_PickedSet394_CNS_ 
*Kinematic 
2, 2 
*Element, type=SpringA, elset="Spring 3-spring" 
1, Part-1-3.1, Part-1-4.1 
*Spring, elset="Spring 3-spring", nonlinear 
 
-309141,-36.512 
-224416,-1.489 
0,0 
156218,3.317 
188000,35.849 
*Element, type=SpringA, elset="Spring 4-spring" 
2, Part-1-3.4, Part-1-4.4 
*Spring, elset="Spring 4-spring", nonlinear 
 
-309141,-36.512 
-224416,-1.489 
0,0 
156218,3.317 
188000,35.849 
*Element, type=SpringA, elset="Spring 5-spring" 
3, Part-1-3.1, Part-1-5.1 
*Spring, elset="Spring 5-spring", nonlinear 
 
-309141,-36.512 
-224416,-1.489 
0,0 
156218,3.317 
188000,35.849 
*Element, type=SpringA, elset="Spring 6-spring" 
4, Part-1-3.4, Part-1-5.4 
*Spring, elset="Spring 6-spring", nonlinear 
 
-309141,-36.512 
-224416,-1.489 
0,0 
156218,3.317 
188000,35.849 
*Element, type=SpringA, elset="Spring 7-spring" 
5, Part-1-7.1, Part-1-6.1 
*Spring, elset="Spring 7-spring", nonlinear 
 
-309141,-36.512 
-224416,-1.489 
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0,0 
156218,3.317 
188000,35.849 
*Element, type=SpringA, elset="Spring 8-spring" 
6, Part-1-7.4, Part-1-6.4 
*Spring, elset="Spring 8-spring", nonlinear 
 
-309141,-36.512 
-224416,-1.489 
0,0 
156218,3.317 
188000,35.849 
*Element, type=SpringA, elset="Spring 9-spring" 
7, Part-1-7.1, Part-1-8.1 
*Spring, elset="Spring 9-spring", nonlinear 
 
-309141,-36.512 
-224416,-1.489 
0,0 
156218,3.317 
188000,35.849 
*Element, type=SpringA, elset="Spring 10-spring" 
8, Part-1-7.4, Part-1-8.4 
*Spring, elset="Spring 10-spring", nonlinear 
 
-309141,-36.512 
-224416,-1.489 
0,0 
156218,3.317 
188000,35.849 
*Element, type=SpringA, elset="Spring 50-spring" 
9, Part-3-2.1, Part-1-4.4 
*Spring, elset="Spring 50-spring", nonlinear 
 
-8000000,-0.01 
0,0 
1067000,2.025 
*Element, type=SpringA, elset="Spring 51-spring" 
10, Part-3-3.1, Part-1-5.4 
*Spring, elset="Spring 51-spring", nonlinear 
 
-8000000,-0.01 
0,0 
1067000,2.025 
*Element, type=SpringA, elset="Spring 52-spring" 
11, Part-3-4.1, Part-1-6.4 
*Spring, elset="Spring 52-spring", nonlinear 
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-8000000,-0.01 
0,0 
1067000,2.025 
*Element, type=SpringA, elset="Spring 53-spring" 
12, Part-3-5.1, Part-1-8.4 
*Spring, elset="Spring 53-spring", nonlinear 
 
-8000000,-0.01 
0,0 
1067000,2.025 
*Element, type=SpringA, elset="Spring 76-spring" 
13, Part-1-3.3, Part-1-4.3 
*Spring, elset="Spring 76-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 77-spring" 
14, Part-1-3.5, Part-1-4.5 
*Spring, elset="Spring 77-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 78-spring" 
15, Part-1-3.2, Part-1-4.2 
*Spring, elset="Spring 78-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 79-spring" 
16, Part-1-3.3, Part-1-5.3 
*Spring, elset="Spring 79-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
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*Element, type=SpringA, elset="Spring 80-spring" 
17, Part-1-3.5, Part-1-5.5 
*Spring, elset="Spring 80-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 81-spring" 
18, Part-1-3.2, Part-1-5.2 
*Spring, elset="Spring 81-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 82-spring" 
19, Part-1-7.3, Part-1-6.3 
*Spring, elset="Spring 82-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 83-spring" 
20, Part-1-7.5, Part-1-6.5 
*Spring, elset="Spring 83-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 84-spring" 
21, Part-1-7.2, Part-1-6.2 
*Spring, elset="Spring 84-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 85-spring" 
22, Part-1-7.3, Part-1-8.3 
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*Spring, elset="Spring 85-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 86-spring" 
23, Part-1-7.5, Part-1-8.5 
*Spring, elset="Spring 86-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*Element, type=SpringA, elset="Spring 87-spring" 
24, Part-1-7.2, Part-1-8.2 
*Spring, elset="Spring 87-spring", nonlinear 
 
-77787,-69.056 
-36982,-1.828 
0,0 
159960,5.026 
188000,45.849 
*End Assembly 
**  
** MATERIALS 
**  
*Material, name=beam 
*Density 
 7.85e-09, 
*Elastic 
210000., 0.3 
*Plastic 
 329.4,    0. 
 329.4, 0.009 
  500.,   0.2 
*Material, name=column 
*Density 
 7.85e-09, 
*Elastic 
210000., 0.3 
*Plastic 
385.,    0. 
385., 0.009 
500.,   0.2 
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**  
** BOUNDARY CONDITIONS 
**  
** Name: BC-1 Type: Displacement/Rotation 
*Boundary 
Set-2, 2, 2 
** Name: BC-2 Type: Displacement/Rotation 
*Boundary 
Set-3, 2, 2 
** Name: BC-3 Type: Displacement/Rotation 
*Boundary 
Set-4, 1, 1 
Set-4, 2, 2 
Set-4, 6, 6 
** Name: BC-4 Type: Displacement/Rotation 
*Boundary 
Set-5, 1, 1 
Set-5, 2, 2 
Set-5, 6, 6 
** ---------------------------------------------------------------- 
**  
** STEP: bending 
**  
*Step, name=bending, nlgeom=YES, inc=100000 
*Static 
0.01, 1., 1e-15, 1. 
**  
** LOADS 
**  
** Name: Load-2   Type: Line load 
*Dload 
_PickedSet1245, PY, -24.65 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, variable=PRESELECT 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history 
*Node Output, nset=Set-1 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
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**  
** HISTORY OUTPUT: H-Output-2 
**  
*Node Output, nset=Set-2 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
**  
** HISTORY OUTPUT: H-Output-3 
**  
*Node Output, nset=Set-3 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
**  
** HISTORY OUTPUT: H-Output-4 
**  
*Node Output, nset=Set-4 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
**  
** HISTORY OUTPUT: H-Output-5 
**  
*Node Output, nset=Set-5 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: floor load 
**  
*Step, name="floor load", nlgeom=YES, inc=100000 
*Static 
0.01, 1., 1e-15, 1. 
**  
** LOADS 
**  
** Name: Load-2   Type: Line load 
*Dload 
_PickedSet1245, PY, -300 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, variable=PRESELECT 
**  
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** HISTORY OUTPUT: H-Output-1 
**  
*Output, history 
*Node Output, nset=Set-1 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
**  
** HISTORY OUTPUT: H-Output-2 
**  
*Node Output, nset=Set-2 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
**  
** HISTORY OUTPUT: H-Output-3 
**  
*Node Output, nset=Set-3 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
**  
** HISTORY OUTPUT: H-Output-4 
**  
*Node Output, nset=Set-4 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
**  
** HISTORY OUTPUT: H-Output-5 
**  
*Node Output, nset=Set-5 
RF1, RF2, RF3, RM1, RM2, RM3, U1, U2 
U3, UR1, UR2, UR3 
*End Step

 


