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Abstract 

Free-form grid shell structures are widely used for stadiums, airport terminals, exhibition pavilions, 

shopping malls and warehouses, however, the shape of the grid surface is usually complex. A flexible 

joint that can adapt to the curvature variation of the free-form surface is therefore important for 

assembling such structures. To meet the demand of various curvatures for single-layer free-form grid 

structures, a new type of prefabricated bolted joint is introduced in this paper. A series of in-plane 

bending tests were conducted to investigate the initial stiffness and the moment resistance of the joints. 

Coupon tests were carried out to study the material properties and provide parameters for a numerical 

study. FE models considering the geometric and material nonlinearity were developed and validated by 

the tests. Parametric studies were then carried out using the developed FE model to investigate the 

influencing geometric factors of the in-plane behaviours semi-rigid joints. The results demonstrated that 

the initial in-plane stiffness of the joints is dominantly controlled by the endplate thickness, the side 

plate thickness, the bolt diameter and the bolt row distance, while the moment resistance of the joint is 

governed by the endplate thickness, the side plate thickness, the sleeve cross-sections and the bolt row 

distance. Subsequently, FE analysis was carried out using the validated FE models to investigate the 

out-of-plane behaviour of the proposed assembled joint. The experimental and numerical study showed 

that the proposed joint has good rotational capacity and load-bearing resistance, therefore has the 

potential to be applied in the design and construction of free-form grid structures. 
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Notation 

bf width of the front plate 

bs width of the side plate 

D width of the central cylinder 

Ds outer diameter of the sleeves 

E young's modulus of steel 
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fy steel yield stress 

fu steel ultimate strength 

h bolt hole distance 

H height of the central cylinder 

hf height of the front plate 

hs height of the side plate 

L the distance between the central cylinder and the loading points 

T thickness of the central cylinder 

tf thickness of the front plate 

ts thickness of the side late 

Ts thickness of the sleeves 

� engineering strain extracted from coupon tests 

�u steel strain at fracture 

εtrue(pl) the true plastic strain 

σ the engineering stress extracted from coupon tests 

σtrue the true stress 

1 Introduction 

Space structures are widely used for stadiums, airport terminals, exhibition pavilions, shopping 

malls and warehouses and other long-span building and industrial structures. The advantages of space 

structures attribute to their excellent structural potential, highly efficient material usage, visual beauty 

and the ability to provide large interior space with minimum interference from supporting structures [1-

6]. The reticulated grid structures can be classified into single-layer grids, double-layer grids and triple-

layer grids according to the arrangement of the elements, among which the single-layer grids have seen 

an increasing demand due to their unique aesthetics and inherently lightweight. Compared with multi-

layer grids, architects and engineers could design authentic “shells” where the grids are integrated the 

cladding systems using single-layer grids. With the absence of supporting structures, the cladding 

system stands out with a “thin” and “transparent” visual impression. Therefore, single-layer grid 

structures are an important structural solution to realize architectural ambitions. A good example of 

single-layer grid structures is the British Museum, as shown in Figure 1. 
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Figure 1. Single-layer grid structures of the British Museum Great Court (photographed by the 
authors) 

Single-layer grid structures are composed of the joints and their connected members. Joints have 

been found of significant importance for the safety and economy of the single-layer grid structures [7-

11]. The joint system should be designed to obtain sufficient strength and ductility, the ability for easy 

and repetitive fabrication, a simple and robust force transfer mechanism, adequate tolerance during 

construction and effective post-construction maintenance. In addition to these features, joints used in 

the single-layer grid are also required to have a sufficient level of rigidity for the structures to satisfy the 

serviceability requirement. A survey around the world reveals that there are over 250 different types of 

jointing systems suggested or used in practice, and some 50 commercial firms are trying to specialize in 

the design and manufacturing of appropriate jointing systems for space frames [12, 13]. Among the 

existing types of joints, the representative types of joints that are commonly used by industry for grid 

structures are MERO joint systems [14] developed in Germany, Oktaplatte joint systems developed in 

Germany [15] and the Triodetic joint system developed in Canada [16].  

With the rapid development of parametric modelling and optimisation techniques in computer-

aided design (CAD), generation of grids on complex free-form surface has become possible and 

practical [3, 17-23]. This has motivated the development of new joint systems for single-layer grid 

structures to satisfy the requirements of the presence of new architectural configurations and structural 

sustainability. Tubular members can be used in free-form grid shell design, but they are less efficient in 

terms of material saving than prismatic structural members, such as T- or I-sections. Prismatic members 

normally need to be properly placed and oriented with respect to the free-form surface that defines the 

member arrangement to obtain the best structural performance, as shown in Figure 2. A grid structure 

with a plane surface is the simplest case where the local coordinate systems of the non-symmetric 

members can be readily set parallel or normal to the plane face of the structure.  

In the general case of free-form surfaces with a changing curvature (Figure 2), the procedures of 

positioning members or connections on the surface can be more complex. Here, the particular local 

geometric properties of normal vectors Mi over a surface, as shown in Figure 2 (a), provide a consistent 

means to position prismatic members in the right directions with respect to a surface. The normal vector 

N at a specific node in a free-form structure is usually obtained as the average vector of the adjacent 
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face normals, as shown in Figure 2 (b). Finally, the normal vectors (Ri) defining the local vertical axis 

of a cross-sectional coordinate system is determined by the vector addition of normal vectors of the 

adjacent panels, as shown in Figure 2 (a).  

 

 

Figure 2. Free-form structural network with normal vectors at grid panels, nodes and midpoints to 
define the prismatic cross-sectional and joint coordinate systems 

Figure 3 presents the vertical, horizontal and twisting placement of structural members over a free-

form surface, according to the curvatures in the defining surface. As an example, Figure 3 (a) shows the 

horizontal angle U1 and U2 of members at a node, Figure 3 (b) presents the vertical angles Vi of members 

at a certain node due to the various curvatures on the surface while Figure 3 (c) and (d) demonstrate the 

twist angles W1 and W2 of members at a certain node depending on the grid configuration and the surface 

curvature. The complex local geometrical parameters of structural members at nodes render the design 

and construction of free-form, reticulated structures challenging. Therefore, there is a need to develop 

new joint systems that facilitate the complex fabrication and design process of free-form grid structures. 

The proposed joint system in this paper aims to provide an alternative to simplify the construction 

process described above. The proposed joint type has been used practically in roof designs but it is 

expected to be used potentially in other buildings in the future. 
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Figure 3. The curvature of a free-form surface results in: (a) vertical angle Vi of members against 
nodes; (b) horizontal angle Ui of members; (c) a twist angle W1 of member  against node 2; (d) a 

twist angle W2 of member  against node 2  

Studies on the behaviour of semi-rigid joints on grid structures have been carried out not only by 

researchers but also by industries. Fan et al. [24] carried out tests to investigate the mechanical behaviour 

of socket joints and bolt-ball joints under bending moment, shear and compression actions. 

Ahmadizadeh and Maalek [25] numerically investigated the effect of socket joints deformation on the 

mechanical performance of a single-layer star-shaped shallow dome and other space structures. 

Caglayan and Yuksel [26] conducted experimental and theoretical work to analyse the possible reasons 

for the collapse of a single-layer grid roof of a reinforced concrete building. Chenaghlou and Nooshin 

[27, 28] presented tests and numerical modelling results of the effects of different ratios of axial force 

to bending moment on MERO joint system. Sugizake and Kohmura [29] investigated the buckling 

behaviour of the space frame with Triodetic joint system. To facilitate the construction of grid shell 

structures, Ma et al. [30] proposed a new type of bolt-column joint for single-layer reticulated structures, 

experimental and numerical studies were used to assess the structural performance of the joints. Feng et 

al. [31] studied the mechanical behaviour of a new type of joint – ring-sleeve joint which is suitable for 

single-layer reticulated shells. Han et al. [32] derived a theoretical expression for a novel Assembled 

Hub joint subjected to bending moment and compared the theoretical results with tests. This new type 

of joint is proposed to be utilized in single-layer reticulated domes. Abdelwahab and Tsavdaridis [33] 

reported the optimization procedure of a traditional single-layer S355 connection under four loading 

cases, and compared resistance of the optimized connections with the traditional ones. Most of these 

research focus on the Square Hollow Sections (SHS), Rectangular Hollow Sections (RHS) or Circular 

Hollow Sections (CHS), which are less efficient than I-sections in terms of bending performance. The 
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cross-section types of the connected members are often limited by the connection type. Temcor joint 

system is widely used in single layer lattice domes to link I-shape cross-section members by bolting 

them to circular gusset plates. A photo of the Temcor joint is shown in Figure 4. 

Liu et al. [34] investigated the stability performance of aluminium alloy single-layer latticed shell 

with Temcor joints numerically. The possible influencing factors considered in their research include 

the initial imperfection of shell, material nonlinearity of the aluminium alloy, and the I-section 

dimensions. Xu et al. [35] carried out research on the hysteretic out-of-plane behaviour of the Temcor 

joint subjected to unsymmetrical loading. Zhang et al. [36] investigated the structural behaviour of the 

aluminium alloy Temcor joints and Box-I section hybrid gusset joints under combined bending and 

shear. D'Amico et al. [37] introduced a numerical method to optimise the cross-section of actively bent 

structures. The research provided a case study on the optimisation of a grid-shell structure. The research 

showed that the optimal member section types in the grid-shell structure for the particular loading case 

belonged to I-shape cellular beams with suitable curvature, as well as with the variation of cross-section 

height, thickness of the beam flanges and webs and hole dimensions. Yet, very limited joint type has 

been developed for connecting members with open cross-sections other than hollow/solid circular or 

rectangular sections. 

 

Figure 4. Photos of a Temcor joint [35] 

In this paper, a new type of assembled joint that can be used in the design and assembly of free-

form grid structures for connecting I-beam sections is proposed. Five full-scale joints with different 

parameters: the front plate thickness, the side plate thickness, bolt diameter and bolt distance were tested 

under in-plane bending and shearing actions. This is due to the fact that the curvature of the single-

layered grid structure is usually small in practice, the joint will be mainly subjected to flexure bending 

moment. FE models of the 5 tested specimens were proposed and validated against the testing results. 

The FE models provide good predictions against the test results in terms of the initial stiffness and 

ultimate bending resistance. Parametric studies were then carried out on the front plate thickness, side 

plate thickness, sleeve thickness, bolt diameters and bolt row distances. The influence of the five 

parameters on the joint initial stiffness and moment resistance were analysed. Subsequently, FE analysis 
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was carried out using the validated FE models to investigate the out-of-plane behaviour of the proposed 

assembly joint. Design recommendations were proposed.  

2. Brief descriptions of the new assembling joint 

The new assembling joint is composed of the connected I-beam sections, the front and side plates, 

the stiffener, the bolts, the sleeves and the central cylinder with threaded holes, as shown in Figure 5. 

The advantage of the connection is that the bolts of the joints can be tightened into the central cylinder 

holes at the construction site via the screwing of the sleeves. The joint could be adjusted to fit free-form 

surface grid shell structures by changing the relative positions between the bolt holes, and by changing 

the relative lengths of the top and bottom flanges of the I-sections. The possible ways of horizontal, 

vertical, and twisting rotation of the members when being fabricated to achieve the adjustability of grid 

shapes are shown in Figure 6.  The bolt holes can be drilled at any angle in the central cylinder to ease 

the installation process of the members in horizontal rotation, as shown in Figure 6 (a). The lengths of 

the top and bottom bolts, and the sleeves can also be easily adjusted to facilitate the adjustment of the 

vertical angles of the members to the joints, as shown in Figure 6 (b). Finally, by shifting the relative 

positions of the holes in the central cylinder, the members can be installed in any twist direction, as 

demonstrated in Figure 6 (c).  

 

 

 

 

(a) (b) 

Figure 5. The configuration of the new assembled joint: (a) joint components, and (b) joint assembly 

In this way, the change of rotation and twist of the I-beam sections due to the variation of curvature 

over the free-form surface can be adjusted. The bolts are fixed to the central cylinder by screwing the 

bolts into the bolt holes without nuts. The front and side plates are welded in the fabrication process to 

the I-beam sections. The sleeves will be installed together with the bolts, with a pin penetrating the 

sleeve and the bolt dowels so that a wrench can be used to screw the bolts inside the cylinder component 

in the middle of the connections, as shown in Figure 5. 
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Figure 6. Horizontal, vertical and twist of members against the joint normal 

The real design and manufacturing process is normally composed of three stages: Computer Aided 

Design (CAD), Computer-aided Manufacturing (CAM) and Computer Numerical Control (CNC). In the 

CAD stage, engineers and/or architects create smooth grid over free-form surfaces using relevant 

software that certain calculation algorithm is implemented [38, 39]. Structure engineers then calculate 

the member and connection geometries, such as the length of the I sections, the I section dimensions, 

the front plate thickness, the side plate thickness, the sleeve thickness, the bolt diameters and the bolt 

row distances, according to the loading conditions. Structure engineers then provide the grid layout with 

lines to represent the members and nodes to represent the connection locations, as well as the I-beam 

dimensions and the connection dimensions, to the steel manufacturers. The steel manufacturers then 

carry out a further and detailed manufacturing drawings on the structure. Steel manufacturer creates 

instructions by defining the material that the structural engineer provides. The also develop the cutting 

tools and toolpaths on computers (CAM stage) according to the information provided in the CAD stage 

for the members and joint. In the CAM stage, the geometrical requirements of the structure, such as 

drilling the bolt holes at the correct location, cutting the I-section members to the correct lengths and 

cutting the bolts and nuts to the correct lengths, can be automatically fulfilled by defining the correct 

toolpaths. The steel manufactory then carries out the fabrication, e.g. by CNC machinery, to produce 

the structural members and joints. Therefore, the uniqueness of each structural member and joint can be 

easily achieved during the manufacturing process, provided that the joints were designed by structural 

engineers to enough rotation and ultimate capacity to fulfil the grid structural design.  

When the joint is subjected to in-plane sagging moment and shear force, the top row of the bolt 

gets detached from the inside surface of the front plate, as there is no thread inside the front plate bolt 

holes. Therefore, the top bolt row is free from any tension or compression force. The compression force 

is transferred via the top row of the sleeve being compressed between the central cylinder and the front 

plate. The preliminary hypothesis of the force transfer routes in the top row is (Figure 5): 

• I-section → front and side plates → sleeves → central cylinder (under compression) 
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When the joint is subjected to sagging moment and shear force, the bottom row of the bolt is under 

tension force. This is because in this situation, the bolt nut in the bottom row is attached to the inside 

surface of the front plate, and the bolt end is threaded inside the central cylinder. The bottom row of the 

bolt is stretched between the front plate and the central cylinder. The sleeve in the bottom row is detached 

from the front plate and/or the central cylinder as the distance between these two parts gets larger. In 

such, the sleeve in the bottom row is free from any tension or compression force. The preliminary 

hypothesis of the force transfer routes in the bottom row is (Figure 5): 

• I-section → front and side plates → bolts → central cylinder (under tension) 

When the joint is subjected to out-of-plane bending moment, the bending moment will be resisted by 

the bolts and the sleeves. The bolts will be in bending. One side of the sleeves will be subjected to 

compression force, and the other side of the sleeves will be free from force, being separated from the 

central cylinder and the front plate. It is noted that in free-form grid structures with small curvature, the 

joints are normally subjected to in-plane actions while the out-of-plane bending moment are normally 

minor which, therefore, can be ignored. The load transfer routes and structural behaviour will be 

demonstrated by the results of the experiments and finite element modelling in the following sections. 

3. Experimental work 

2.1 Test specimens and set-up 

The proposed tests of the assembly joint under bending and shear forces were conducted using a 

UTM5300 Electromechanical Universal Testing Machine in the Structural Mechanics Laboratory at the 

College of Civil Engineering and Architecture at Zhejiang University. Five joint specimens were tested 

under concentrated forces. The configurations of the joints are shown in Figure 7, all dimensions of the 

components in the connections were measured before conducting the tests and the corresponding 

dimensions are listed in Table 1. Four parameters varied in each set, being the bolt diameter, the front 

plate thickness, the side plate thickness and the bolt-hole vertical distance. The parameters of the bolts 

are listed in Table 2. The central cylinders were designed with sufficient resistance and stiffness so that 

the central cylinders would not fail during the tests and their deformations were negligible.  

 

 

(a) 
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(b) 

Figure 7. Configurations of the tested joints: (a) a photo of the assembled joint S1, and (b) joint 
dimension notations 
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Table 1 Dimensions of the tested specimens 

Joint 

group ID 
I-section  Bolt Front plate  

 
Side plate  

Bolt hole 

vertical distance 
Central cylinder 

 
Sleeve 

 
Cross-section 

dimension (mm) 

Length L 

(mm) 
 hf bf tf 

 
hs bs ts h H D T 

 
Ds Ts 

S1 H150×75×5×7 400 M20 150 40 16  150 35 10 75 150 150 30  30.7 4.6 

S2 H150×75×5×7 400 M20 150 40 8  150 35 10 75 150 150 30  30.7 4.6 

S3 H150×75×5×7 400 M24 150 40 16  150 35 10 75 150 150 30  38.0 6.2 

S4 H150×75×5×7 400 M20 150 40 16  150 35 10 100 150 150 30  30.7 4.6 

S5 H150×75×5×7 400 M20 150 40 16  150 35 6 75 150 150 30  30.7 4.6 

 

Table 2 Measured dimensions of the bolts  

Bolt Shank 
 

Sleeve 

 Diameter (mm) Length (mm)  Outer diameter (mm) Inner diameter (mm) Length (mm) 

M20 20.0 72.0  30.7 21.5 30.9 

M24 24.0 83.0  38.0 25.6 37.9 
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The test set-up is shown in Figure 8, a steel beam (SB1) with a cross-section of H300×200×8×12 

was placed underneath the tested joints to provide a flat loading platform. The tested joints were 

connected to H-section steel beams (SB2) at each side of the joints. The SB2 was supported by two 

roller supports to simulate the simply-supported boundary conditions. In order to prevent the local 

buckling of beams at the supporting locations, stiffeners with the thickness of 10 mm were provided to 

SB1 and SB2 at the supporting points, which were 400mm away from the cylinder central point. Linear 

Variable Displacement Transducers (LVDTs) were placed at both sides of the central cylinder to 

measure the vertical displacement Dv of the tested joints. The rotation angle of the joints could be 

calculated by Dv /400 (rad). An LVDT was placed under the SB1 to measure its vertical displacement. 

The locations of the LVDTs and the displacement meter are shown in Figure 8 (b). 

  

(a) (b) 

Figure 8. Test set-up: (a) test specimen and set-up, and (b) schematic drawing of the set-up 

2.2 Test procedures 

The central cylinder was monotonically loaded at a speed of 0.5mm/min using a displacement-

control loading scheme. A concentrated load was applied at the centre of the cylinder of the joints which 

produced bending moment and shear force at the cross-section of the connections. The test procedure of 

each specimen followed two steps as below: 

• The joints were firstly loaded until an estimated small bending moment (5 kN·m) was applied to 

the tested joints, which was achieved by applying an initial force of 25 kN to the central cylinder. 

The procedure was used to build good contact pairs between the loading system and the specimen 

components, in order to further increase the test reliability and to verify whether the testing machine 

was working properly.  

• After all components were completely in contact at step one, the joints were continuously loaded 

until the load-carrying resistance indicating that the joint failed in a certain mode; the joint failure 

modes will be discussed in detail in Section 4.3. 
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2.3 Material properties 

Coupon tests were conducted to obtain the nonlinear stress-strain relationships. The materials of 

all the joint components were selected based on the Chinese design codes in steel structures. The 

material of the beams and the front/side plates were grade Q345B [40] steel with a nominal yield stress 

of 345 MPa. The sleeves were made of grade Q235B [41] steel with a yield stress of 235 MPa. The bolts 

were Class 10.9S [42] and the material of the central cylinder was No.45 steel [43]. Coupon tests were 

carried out on three Q345B steel coupons from the virgin plates and three round bars that were 

equivalent to class 10.9S bolt shanks during the bolt heating process. The test procedure followed the 

Chinese Mechanical Test Procedure [44]. The stress-strain relationship of the Q345B steel coupons and 

the Class 10.9S steel bars are shown in Figure 9. The material properties of Q345B and Class 10.9S are 

summarised in  Table 3. The material properties of Q235B have been tested by various researchers and 

can be obtained from [45]. The coupon test results of Q345B and Class 10.9S are summarised in  Table 

3. 

(a) (b) 

Figure 9. Stress-strain relationship from tests: (a) for Q345B steel, and (b) for 10.9S steel bars 

Table 3. Coupon test results of Q345B and Class 10.9S 

Tensile coupon designation E (Gpa) fy (Mpa) fu (Mpa) εu (%) 

Q345B 

Q1 203.39 367.16 515.07 15.4 

Q2 208.83 362.99 513.98 13.6 

Q3 208.10 363.83 506.18 13.2 

Mean value 206.77 364.66 511.74 14.1 

10.9S 

B1 203.29 990.09 1020.26 2.1 

B2 202.60 960.07 1006.91 3.3 

B3 208.17 1003.81 1048.61 1.7 

Mean value 204.67 984.07 1025.26 2.4 
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4 Finite element modelling 

Tests are time and cost expensive and are usually impossible to extract sufficient information to 

understand the full range behaviour of tested specimens, such as the structural failure progression, 

stresses and strain of all the major components in the joint tested. In this section, a finite element (FE) 

model was firstly developed and validated against the five tests where the proposed joints were subjected 

to concentrated force. The FE models were then used to conduct a parametric study to investigate the 

structural behaviour of the proposed prefabricated joints.  

4.1 Geometry, boundary conditions and mesh 

An example of the components of the modelled geometry of the semi-rigid assembly joint (Joint 

S1) and its connected steel beam is shown in Figure 10. The mesh and the boundary conditions are 

shown in Figure 11. Considering the symmetrical geometry of the connection, only half of the joint and 

one steel beam were modelled to save the simulation time. Symmetric boundary condition to Z-axis was 

therefore applied to the central cylinder. The bottom flange line below the stiffener was restricted from 

moving along the X and Y axis to simulate the roller restraint to the steel beam. 4-node linear tetrahedron 

elements (C3D4) were adopted in ABAQUS [46] to simulate the central cylinder. 8-node linear brick 

elements with reduced integration (C3D8R) were employed to other elements of the tested joint and the 

associated steel beam, as shown in Figure 11. Following a comprehensive mesh sensitivity study, well-

selected mesh sizes were obtained to balance accuracy and computational efficiency. It was found that 

the mesh size of 4 mm × 4 mm was appropriate to model the bolts and adopter plate and the steel beam. 

The mesh size of 3 mm × 3 mm was used for the sleeves. The mesh size of 10 mm × 10 mm was 

employed to simulate the central cylinder with a mesh size of 5mm × 5mm used at the bolt holes (Figure 

11). Surface-to-surface contacts were defined between the bolt and the sleeve, the bolt and the front/side 

plate, the sleeve and central cylinder as well as the sleeve and the front/side plates. A “Tie” interaction 

was defined between the bolt and the central cylinder as no bolt thread slippage was observed during 

the tests. The steel beam, the front/side plate, the stiffeners and the steel beams were tied to each other 

to simulate the welding. Large deformation was taken into account in the modelling process in ABAQUS 

[46]. 
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(a) 

(b) 

Figure 10. Geometries of the semi-rigid assembly joint (Joint S1) and its connected steel beam: (a) the 

assembled model, and (b) components 

 

 

Figure 11. Geometry, mesh and boundary conditions of the semi-rigid assembly joint (Joint S1) 
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4.2 Material properties 

Since the material properties of Q235B has been widely tested in China [47-50], and all the coupon 

test results agree well with the stress-strain curves for hot-rolled steels proposed by Yun and Gardner 

[45], the stress-strain relationship of the sleeve (Q235B) material was obtained by using the model 

proposed in the research carried out by Yun and Gardner [45]. The stress-strain relationships of the bolts 

(10.9S) and the steel beam and the adaptor plate (Q345B) used were from the coupon tests in Section 

2.3. The stress-strain relationship of the central cylinder was obtained from [43]. True stress-strain 

curves obtained from the engineering stress-strain curves tested from steel coupon tests were taken as 

input for the ABAQUS modelling. The equations for transforming the engineering stress-strain curves 

to true stress-strain curves are: 

����� = �(1 + �) (1) 

�����(��) = ��(1 + �) −
�����
�

 (2) 

The engineering stress-strain curves and their corresponding true stress-strain curves for the FE 

models are shown in Figure 12. The FE models did not include the modelling of bolt fracture. This is 

because bolt fracture is a brittle behaviour, which has negligible influence on the structural behaviour 

before the fracture occurs. When utilizing the joint in real structures, it is not intended to carry out FE 

modelling for each individual joint. Design prediction formulas on the ultimate strength of such type of 

joints should be proposed. When determine the ultimate strength of the proposed joint type on the basis 

of bolt ultimate tensile strength, the bolts are not to be designed up to the fracture point. Predictions on 

the bolt ultimate tensile strengths with a reasonable safety margin before fracture is relatively mature in 

Eurocode 3[51], American Standard [52] and Chinese Standard [53] that can be directly referred to. The 

stiffness and the whole range of the moment-rotation relationship of the joints play a more important 

role in the structure behaviour in engineering practice. Therefore, the joint initial stiffness and the 

moment-rotation relationship up to failure in the tests are the main investigating factors in this study. 
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(c) 

 
(d) 

Figure 12. Engineering stress- strain curves and their corresponding true stress-strain curves as input 

for the FE models  

4.3 Comparison of the FE model against tests 

The vertical displacements of the five tested joints under the applied vertical loads were recorded 

up to failure by the LVTDs shown in Figure 8. The applied vertical loads were recorded by the UTM 

5300 electro-mechanical universal testing machine. The bending moments were calculated by 

multiplying half of the recorded vertical load by the distance between the centre of the central cylinder 

and the roller (400mm). The rotations of the joints were calculated by dividing the vertical displacement 

of the central cylinder by the distance between the centre of the central cylinder and the roller (400mm). 

For the FE modelling, only the load-deformation relationships up to the failure point of the tests were 

recorded in accordance with the tests. The comparisons of the moment-rotation curves between the tests 

and the FE models are also presented in Figure 13. It can be seen that the joints were initially in the 

elastic phase, then the joints become inelastic until reaching the ultimate load carrying resistance where 

the joint failure happened. It is shown in Figure 13 (a)-(e) that using the proposed FE model can achieve 

good agreement with the test results. The deformation pattern as stated above also agree well with those 

observed in the tests. Detailed analysis on the differences between the test results will be discussed in 

Section 4.4, in which the test specimen S1 is the joint with label FE1, shown in Table 5. The test 

specimen S2 is the joint with label FE2a, the test specimen S3 is the joint with label FE3b, the test 

specimen S4 is the joint with label FE4b, and test specimen S5 is the joint with label FE5a.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Figure 13. Comparisons of the moment-rotation curves between the tests and the FE models: (a) Joint 

S1; (b) Joint S2; (c) Joint S3; (d) Joint S4, and (5) Joint S5 

During the test, the ultimate load of Joint S1 was 145.47 kN while the bending moment applied to 

the joint was 29.09 kN·m, as shown in Figure 13 (a). The vertical displacement of the central cylinder 

at the ultimate displacement of the central cylinder was 40.59 mm and the corresponding rotation was 
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0.101 rad. The moment-rotation curve experienced a linear phase up to 13 kN·m, in which all the 

components of the joint were all in their linear phase in the stress-strain relationships. Subsequently, the 

moment-rotation curve entered a nonlinear phase, in which one component or multi-components entered 

the nonlinear phase in the stress-strain relationships. The linear part of moment-rotation curve on the 

finite element modelling curve is also approximately 13 kN·m. The joint failed by the fracture of the 

bottom-row bolt in tension. The vertical displacement measured by the displacement meter at the support 

was 0.103 mm at the ultimate load, which is negligible compared to the vertical displacement of the 

central cylinder. Therefore, the bottom steel beam could be regarded as a stable testing platform. The 

joint S1 failed with the fracture of the bottom-row bolt is shown in Figure 14 (a). The results from FE 

model presented a similar failure behaviour to the test. The deformed shape of the FE model at the 

failure point of the test is shown in Figure 14 (b), the contour of which is showing the significant 

compressive deformation of the top sleeve and the tensile deformation in the bottom bolt. As stated in 

Section 4.2, the bolt fracture was not involved in the FE modelling. Therefore, no bottom-row bolt 

fracture was simulated by the FE model. 

  

Figure 14. The deformed shape of Joint S1 at the failure point: (a) test, and (b) the FE model  

For Joint S2, the front plate thickness was reduced to 8mm from 16mm compared with the Joint 

S1. During the test, as the applied load increased, the bottom-row bolt was gradually elongated and the 

corresponding area in the adaptor front plate progressively bulged. The ultimate load of Joint S2 was 

102.54 kN at which the bending moment applied to the joint was 20.51 kN·m, as shown in Figure 13 

(b). The vertical displacement of the central cylinder at the ultimate load was 59.32 mm and the 

corresponding rotation at the ultimate load was 0.148 rad. The moment-rotation curve experienced a 

linear phase up to 8 kN·m, in which all the components of the joint were all in their linear phase in the 

stress-strain relationships. Subsequently, the moment-rotation curve entered a nonlinear phase, in which 

one component or multi-components entered the nonlinear phase in the stress-strain relationships. The 

linear part of moment-rotation curve on the finite element modelling curve is also approximately 8 kN·m. 

No obvious failure was observed while the joint was being loaded. The test terminated due to the 
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excessive vertical displacement of the beam with the joint that caused the detach between the tested joint 

and the steel beam under the joint. The vertical displacement measured by the displacement meter was 

0.060 mm at the ultimate load, which is negligible compared with the vertical displacement of the central 

cylinder. The bulge deformation of the joint S2 in the front plate was clearly observed and is shown in 

Figure 15 (a). The FE model results present similar behaviour to the test with significant deformation 

developed in the front plate and the bolts, as shown in Figure 15 (b).  

 

  

Figure 15. The deformed shape of Joint S2 at the failure point: (a) test, and (b) the FE model 

For Joint S3, the bolts were changed from M20 of Joint S1 to M24. The bottom-row bolt was 

gradually elongated and significant bulge deformation developed in the corresponding area in the front 

and side plates. The ultimate load of Joint S3 was increased up to 189.04 kN at which the bending 

moment applied to the joint was 37.81 kN·m, as shown in Figure 13 (c). The vertical displacement of 

the central cylinder at the ultimate load was 74.62 mm and the corresponding rotation at the ultimate 

load was 0.187 rad. At the end of the test, substantial bulge deformation was observed at the front and 

side plates. The moment-rotation curve experienced a linear phase up to 12 kN·m, in which all the 

components of the joint were all in their linear phase in the stress-strain relationships. Subsequently, the 

moment-rotation curve entered a nonlinear phase, in which one component or multi-components entered 

the nonlinear phase in the stress-strain relationships. The linear part of moment-rotation curve on the 

finite element modelling curve is approximately 14 kN·m, which is within a reasonable discrepancy 

range with the test results. The ultimate failure of the joint occurred because of the fracture of the bottom 

bolt inside the central cylinder along with the excessive deformation in the front and side plates which 

decreased the ultimate load resistance. The vertical displacement at the supports measured by the 

displacement meter was 0.228 mm at the ultimate load, which is negligible. The bulging deformation at 

the front and side plates of Joint S3 is shown in Figure 16 (a) with significant deformation developed at 

the bottom-row bolt inside the bottom-row sleeve. There was also significant compressive and bulging 
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deformation developing in the compressive sleeves. The deformed shape observed in the FE model at 

the ultimate testing load is shown in Figure 16 (b).  

 
 

Figure 16. The deformed shape of Joint S3 at the failure point: (a) test, and (b) the FE model 

For Joint S4, the bolt row distance was increased from 75 mm to 100 mm compared with Joint S1. 

The ultimate load of Joint S4 was 179.6 kN where the equivalent bending moment applied to the joint 

was 35.93 kN·m, as shown in Figure 13 (d). The vertical displacement of the central cylinder at the 

ultimate load was 35.01 mm and the corresponding rotation at the ultimate load was 0.088rad. The joint 

failed as a result of the fracture in tension at the bottom-row bolt. The moment-rotation curve 

experienced a linear phase up to 7 kN·m, in which all the components of the joint were all in their linear 

phase in the stress-strain relationships. Subsequently, the moment-rotation curve entered a nonlinear 

phase, in which one component or multi-components entered the nonlinear phase in the stress-strain 

relationships. The linear part of moment-rotation curve on the finite element modelling curve is 

approximately 8 kN·m, which is within a reasonable discrepancy range with the test results. The Joint 

S4 with the fractured bottom-row bolt is shown in Figure 17 (a) with significant bulging deformation in 

the compressive sleeve. The deformed shape of the FE model at the failure point of the test is shown in 

Figure 17 (b) which is in good agreement with the deformation in the tests. As stated in Section 4.2, the 

bolt fracture was not involved in the FE modelling, therefore no bottom-row bolt fracture was observed 

by the FE model. 
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Figure 17. The deformed shape of Joint S4 at the failure point: (a) test, and (b) the FE model 

For Joint S5, the side plate thickness was changed from 10 mm to 6 mm. The bottom-row bolt was 

gradually elongated with significant deformation and the side plate bulged significantly. The ultimate 

load of Joint S5 was 141.61 kN at which the bending moment applied to the joint was 28.32 kN·m, as 

show in Figure 13 (e). The vertical displacement of the central cylinder at the ultimate load was 50.24 

mm and the corresponding rotation at the ultimate load was 0.126 rad. The moment-rotation curve 

experienced a linear phase up to 8 kN·m, in which all the components of the joint were all in their linear 

phase in the stress-strain relationships. Subsequently, the moment-rotation curve entered a nonlinear 

phase, in which one component or multi-components entered the nonlinear phase in the stress-strain 

relationships. The linear part of moment-rotation curve on the finite element modelling curve is 

approximately 12 kN·m. The FE modelling result is still compared well with the test result, as shown in 

Figure 13 (e). The joint failed again as a result of the fracture of the bottom-row bolt in tension. Severe 

bulging deformation was found both at the side plates and the compressive sleeves. Finally, Joint S5 

was failed with the fracture of the bottom-row bolt, which is shown in Figure 18 (a) and with the bulged 

side plate shown in Figure 18 (b). The joint dimensions, the ultimate bending moments, rotations and 

the failure modes are summarized in Table 4. For the joints of S1, S3, S4 and S5, the tests terminated at 

the peak loads after which fracture occurred at the bottom bolts of the joints. As the failure occurred in 

a brittle way, the testing device did not capture the descending curve after the peak load. For the joint 

S2, no obvious failure was observed while the joint was being loaded. The test terminated due to the 

excessive vertical displacement of the beam with the joint that caused the detach between the tested joint 

and the steel beam underneath the joint. 
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Figure 18. The deformed shape of Joint S5 at the failure point: (a) test, and (b) the FE model 

Table 4 Summary of joint variables compared with Joint S1, the ultimate bending moments, rotations 
and the failure modes 

Joint 

labels 

Adjusted 

Parameters 

compared with S1 

Ultimate moment（kN·m） 
Ultimate rotation

（rad） 

Failure modes in the 

tests 

  Test FEM FEM/Test Test FEM  

S1 - 29.09 28.92 0.99 0.101 - 
Fracture of the 

bottom-row bolt 

     

S2 
Front plate 

thickness 
20.51 20.32 0.99 0.148 - 

Bulge of the front 

plate 

     

S3 Bolt diameter 37.81 38.03 1.01 0.187 - 
Fracture of the 

bottom-row bolt 

     

S4 Bolt-row distance 35.93 35.92 1.00 0.088 - 
Fracture of the 

bottom-row bolt 

     

S5 Side plate thickness 28.32 26.56 0.94 0.126 - 
Fracture of the 

bottom-row bolt 

The contours of the principal stress component S22 of the joint at the failure point are shown in Figure 

19 to show how the applied loads are transferred among the connection component. It can be seen in 

Figure 19 that the bottom bolt was subjected to tension and the top sleeves were subjected to 

compression. The tension forces at the bottom sleeves and the top bolts were minor. This further supports 

the hypothesis and predictions of the in-plane force transfer routes in the connections as described in 

Section 2. 
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(a)                                                                               (b) 

   

(c)                                                                               (d) 

 

(e) 

Figure 19. S22 Stress contour of the Joints at the failure point: (a) Joint S1; (b) Joint S2; (c) Joint S3; 

(d) Joint S4, and (e) Joint S5 
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Table 5 Summary of the FE model geometries (mm) 

Joint 

labels 
I-section  Bolt Front plate  

 
Side plate  

Bolt hole 

vertical distance 
Central cylinder 

 
Sleeve 

 
Cross-section 

dimension 
Length L   hf bf tf 

 
hs bs ts h H D T 

 
Ds Ts 

FE1 H150×75×5×7 400 M20 150 40 16  150 35 10 75 150 150 30  30.7 4.6 

FE2a H150×75×5×7 400 M20 150 40 8  150 35 10 75 150 150 30  30.7 4.6 

FE2b H150×75×5×7 400 M20 150 40 24  150 35 10 75 150 150 30  30.7 4.6 

FE3a H150×75×5×7 400 M16 150 40 16  150 35 10 75 150 150 30  30.1 6.6 

FE3b H150×75×5×7 400 M24 150 40 16  150 35 10 75 150 150 30  31.3 3.2 

FE4a H150×75×5×7 400 M20 150 40 16  150 35 10 50 150 150 30  30.7 4.6 

FE4b H150×75×5×7 400 M20 150 40 16  150 35 10 100 150 150 30  30.7 4.6 

FE5a H150×75×5×7 400 M20 150 40 16  150 35 6 75 150 150 30  30.7 4.6 

FE5b H150×75×5×7 400 M20 150 40 16  150 35 14 75 150 150 30  30.7 4.6 

FE6a H150×75×5×7 400 M20 150 40 16  150 35 10 75 150 150 30  28.7 3.6 

FE6b H150×75×5×7 400 M20 150 40 16  150 35 10 75 150 150 30  32.7 5.6 
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4.4 Parametric study and discussions 

The influence of five design variables will be discussed in this section using the FE models. The 

design variables include the thickness of the front plates, the bolt diameters, the distance between the 

two bolt rows, the thickness of the side plate and the cross-sectional area of the sleeves. A summary of 

the FE model geometries is listed in Table 5. These geometries were used in the FE models to 

demonstrate the effects of the design variables. The mesh, material models, boundary conditions and 

other parameters were the same as those described in Section 4. The comparisons of the moment-rotation 

relationships of the FE models are shown in Figure 20. The moment resistance at the end of the 

simulation refers to the points of displacement at which failure occurred in the corresponding tests. 
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(e) 

 

 

Figure 20. Comparison of the in-plane moment-rotation relationships of the modelled joints: (a) FE1 

vs. FE2(a) and FE2(b); (b) FE1 vs. FE3(a) and FE3(b); (c) FE1 vs. FE4(a) and FE4(b); (d) FE1 vs. 

FE5(a) and FE5(b); and (e) FE1 vs. FE6(a) and FE6(b)  

From those results shown in Figure 20, the following conclusions can be observed: 

• By comparing the moment-rotation relationships presented in FE1, FE2(a) and FE2(b) in Figure 20 

(a), the initial stiffness and the moment resistance of joints increase with the increase of the front 

plate thickness. The increase caused by the front plate thickness 16 mm to 24 mm is smaller than 

the increase when the front plate thickness changed from 8mm to 16 mm. Therefore, it is predicted 

that, if the other parameters will not change, when the front plate reaches a certain thickness, the 

increase of the front plate thickness will not significantly improve the initial stiffness and the 

moment resistance.  

• It is worth noting that in FE3(a) and FE3(b), the sleeve outer diameters and thicknesses changed in 

order to fit in the changed bolt shanks but the sleeve cross-sectional areas for the two models were 

the same as FE1. By comparing the results of FE1, FE3(a) and FE3(b), the joint stiffness and the 

moment resistance have negligible differences with the increase of the bolt shank diameters up to 

the failure point when the moment resistance of FE3(a) reaches up to 20 kN∙m. This is because as 

much stronger material was used for the bolts than that used for the sleeves, the joint moment 

resistance and the stiffness are governed by the failure of sleeves.  

• By comparing the modelling results of FE1, FE4(a) and FE4(b), it is shown that the joint stiffness 

and the moment resistance decreased with the reduction of distance between the bolt holes.  

• From the results presented in Fig20(d) with models FE1, FE5(a) and FE5(b), the joint stiffness and 

the moment resistance decreased with the reduction of the side plate thickness.  

• By comparing the FE modelling results of FE1, FE6(a) and FE6(b) presented in Figure 20(e), it can 

be shown that the sleeve thickness had less influence on the joint initial stiffness than the ultimate 

capacity but the moment resistance decreased with the sleeve area. 
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A comparison of the influence factors of the six joints indicated that the initial stiffness and the 

ultimate moment resistance could be controlled by adjusting the five parameters of bolt size, sleeve 

areas, front/side plate thickness and bolt row arrangement. It is recommended to optimise the selection 

of the five parameters in order to make the maximum use of the joint components in practical design, 

future work will need to propose prediction formulas on the design of such types of joints. 

5. Discussion on the out-of-plane behaviour of the joint 

In this section, FE analysis was also carried out using the validated FE models in Section 4 to 

investigate the out-of-plane behaviour of the proposed assembly joint. As has been observed that when 

subjected to out-of-plane force, the main force-resisting components are the bolts and the sleeves, 

parametric studies were carried out on and compared among the joint groups FE1, FE3a and FE3b, as 

well as among FE1, FE6a and FE6b, shown in Table 5. The FE models used in this section are identical 

to those in Section 4, except that the boundary conditions and the directions of the displacement were 

changed to apply the out-of-plane actions. The geometry, mesh and boundary conditions of the FE 

models subjected to out-of-plane flexure force are shown in Figure 21. Displacement control was 

linearly applied to the “red shaded” area along the Y direction.  

 

Figure 21. Geometry, mesh and boundary conditions of the semi-rigid assembly joint (Joint S1) 

The comparisons of the out-of-plane moment-rotation relationships are shown in Figure 22. In 

order to compare the in-plane and out-of-plane stiffness and the capacities of the same joint, the in-plane 

moment-rotation relationships of the compared groups are also presented in the figures.  

Figure 22 (a) shows the comparisons of the in-plane and out-of-plane moment-rotation 

relationships of groups FE1, FE3a and FE3b. The dashed lines represent the in-plane moment-rotation 

relationships, and the solid lines represent the out-of-plane moment-rotation relationships. Compared 
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with group FE1, where the bolt diameter was 20 mm, the bolt diameter was 16mm in FE3a, and the bolt 

diameter was 24mm in FE3b. It can be seen from Figure 22 (a), the bolt out-of-plane stiffness and 

resistance increase with the increase of bolt diameter. Figure 22 (b) shows the comparisons of the in-

plane and out-of-plane moment-rotation relationships of groups FE1, FE6a and FE6b. The dashed lines 

represent the in-plane moment-rotation relationships, and the solid lines represent the out-of-plane 

moment-rotation relationships. Compared with group FE1, where the sleeve area was 377.2 mm2, the 

sleeve area was 283.9 mm2 in FE6a, and in FE3b, the sleeve area was 476.8 mm2. It is shown in Figure 

22 (b) that the bolt out-of-plane stiffness and resistance slightly increase with the increase of sleeve area. 

Moreover, the bolt out-of-plane stiffness and resistance were much lower compared with those results 

extracted in the in-plane results.  

It is worth noting that according to the research by Wei [54], in which tests were carried out to 

determine the out-of-plane behaviour of a type of joint that had very similar out-of-plane behaviour of 

the proposed joint in this research, the joint out-of-plane ductility was high; the joint rotation could reach 

well above 0.12. As the free-form grid shells are normally designed so that the sections and the joints 

are mainly subjected to in-plane actions by using triangle or quadrilateral grids in the free-form grid 

structures, the out-of-plane strength of the joint capacity is sufficient to resist the applied actions without 

being excessively deformed. Therefore, it is recommended to design the proposed assembled joint as 

pin joint in the out-of-plane directions to obtain a conservative design result for the whole structure. 
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(b) 

Figure 22. Comparison of the moment-rotation relationships of the modelled joints: (a) FE1 vs. FE3(a) 

and FE3(b), and (b) FE1 vs. FE6(a) and FE6(b)  

6. Conclusions 

An experimental and numerical studies were carried out to investigate the structural behaviour of 

the new type of semi-rigid prefabricated joints for single-layer free-form grid structures. The new joint 

is composed of the connected I-beam sections, the front and side plates, the stiffener, the bolts, the 

sleeves and the central cylinder with threaded holes, which needs less labour for the assembling onsite. 

Coupon tests were conducted to extract the material properties of the components and 3-point bending 

tests were carried out to investigate the structural behaviour of the assembled connections, which mainly 

included the initial stiffness and the moment resistance. The boundary conditions, mesh size and contact 

pairs were carefully investigated and validated against the experimental study, good agreement was 

obtained. The validated FE model was then used to investigate the influence of the key parameters on 

the structural behaviour of the joints. Through the testing results and parametric study, it was found that 

the joint initial stiffness and moment resistance increased with the thicknesses of the front and side plates, 

the bolt row distance and the bolt diameter. The initial stiffness and the moment resistance can be 

controlled by adjusting the front adaptor plate thickness, side adaptor thickness, sleeve thickness, bolt 

diameter and bolt row distance. It is therefore recommended to optimise the selection of the key 

parameters in order to make the maximum use of the joint components in practical design.  
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7. Future work  

As mentioned in the Introduction Section, the proposed joint has been used practically in roof designs, 

where detailed FE modelling of the joints were built to verify their safety at the most onerous locations 

of the roof. In order to widely use the proposed joint system on the other large-scale projects without 

the need to carry out significant number of detailed FE modelling, further tests under combined bending 

and compression will be conducted and a large number of numerical modelling will be carried out on 

the proposed joint system in the future work. The ultimate goal is to: (1) Propose design prediction 

formulas  and recommendations on the ultimate strength of such type of joints; (2) Proposed design 

procedures to determine the geometries of different components of the joint that maximise the material 

utilization of different components in the joint, according to the design formulations proposed, and (3) 

Propose formulations to estimate the in-plane and out-of-plane stiffness of the joint system, and define 

the joints to be pin, fixed or semi-rigid depending on the behaviour of the joints.  
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