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by Mingchao Guo 

This thesis describes numerical investigations of the serni-rigid behaviour of the joints in 
precast concrete building frames. This research was one of three co-ordinated projects 
funded by EPSRC and carried out at Nottingham, Southampton and City Universities. It 
developed standardised finite element analysis techniques for modelling of reinforced 
concrete structures, improving the method of adding the smeared concrete material to 
overcome the early crushing phenomenon of the concrete elements. A number of 
experimental connections and precast concrete joints were numerically analysed to 
calibrate the finite element analysis techniques. Internal mechanism of the joints, such as 
cracking and crushing status of concrete components, stress distribution of the 
connectors and failure modes of the joints, all had to agree for the techniques to be 
acceptable. This calibration used connections tested in European Union countries 
through the COST initiative, including a T-stub connection, a bolt in concrete joint, and 
six billet-welded plate joints tested in the University of Nottingham. 
Sensitivity analyses defined the mechanical behaviour of the billet-welded plate joints 
when a wide range of parameters were varied within realistic engineering limits. 
Simplified calculations for defining the characteristics of the joints were proposed for 
use in semi-rigid analysis of complete building frames. 

Finally, the finite element analysis techniques were extended to the modelling of the 
innovative fibre reinforced plastic tube confined concrete columns tested at the 
University of Southampton. 

The smeared concrete technique developed was shown to be effective for modelling the 
performance of locally cracked, and crushed, concrete components with limited 
confinement. The technique is also effective for the analysis of completely confined 
concrete up to approximately double the normal uniaxial compressive strain, after which 
an analysis based on the crushed concrete's equivalent granular material properties was 
found to be more suitable. 
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Chapter I 

Introduction 

1.1 General 

Precast concrete is used in a large proportion of buildings including load bearing and 

non load bearing structures and systems[I-S]. Precast concrete members possess high 

quality in strength, stifffiess and durability. They provide a wide variation in spans, 

shapes and bearing capacities. Also architectural precast concrete has found its place as 

one of the best technologies for high-quality facades. Because they offer fast 

construction and the consequent economy of the whole building process, precast 

concrete elements in load bearing structures and systems are widely used. Precast 

concrete building frames represent a large proportion of this kind of structure. 

Basically a precast concrete building frame consists of beams, columns, joints which 

combine beams and columns together to form a structure, and slabs. Lateral actions are 

resisted either by cores and/or shear walls or by the frame itself A frame designed to 

withstand vertical actions only is simply named a no-sway frame, while one designed to 

withstand both vertical and lateral actions is named a sway frame. 

Joints are important elements in building structures, especially in precast concrete 
frames. Joints transmit forces between structural members, and they are designed to 

have higher capacities in strength than other adjacent members, such as beams and 

columns. In precast concrete building frames, due to the good manufacturing conditions 
in production plants that results in high quality of the precast concrete members, design 

and construction of joints become uncommonly significant. The joints carry high and 

complex internal forces concentrated from neighbouring beams and columns. 
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Construction of the joints, however, is difficult because of the complicated details in the 
limited space and the in-situ fabrication condition. Thus more attention has been paid to 
design and construction of the joints [6-9]. 

There are three main types of joints used commercially in the UK in precast concrete 
building frames[IO-25]. These involve the use of corbels, cast-in steel billet-welded 

plates, or sleeve-bolted cleats. Their practical design method has not been covered in 

detail by current design standards. A few references [8] deal with design of the joints 

based on the assumption of pinned connections. Semi-rigid potential of the joints, 

however, naturally exists and offers certain advantage of structural behaviour. 

Consequently, research has been carried out to identify the semi-rigid nature of the joints 

so that it can be reliably utilised in engineering practice [10-30]. Three co-ordinated 

research projects at Nottingham, Southampton and City Universities, funded by EPSRC, 

had been conducted in this field [ 16,18 and 19]. 

In the research work, theoretical analysis of the mechanical behaviour of the joints is not 

easy, because of the complex and unclear stress and deformation distribution, as well as 

the deviation and difficulty of determination of material properties of both steel and 

concrete. Experimental study is thus an essential approach for such a research field. 

Nevertheless, large scale specimen tests are very expensive. Usually series of numerous 

tests with variable parameters are not economically realisable. In addition, it is 

impossible to measure the detailed distribution and variation of stress and strain inside of 

the joints with normal experimental facilities. Consequently, finite element analysis 
(FEA) serves as a very useful approach too. Using this method the mechanical behaviour 

of the joints in a wide range of geometry and material can be economically investigated. 

In the present research which is one of the three co-ordinated projects, the semi-rigid 
behaviour of joints which are commercially used in the UK for precast concrete frames 

will be accurately modelled using the FEA method. Standard FEA techniques for 

reinforced concrete structures will be proposed firstly. After calibrations to match 

existing test results, the techniques will be used in sensitivity analyses for the semi-rigid 
behaviour of the joints of a wide range of geometry and material parameters. Then 

predictions of future joint characteristics, and recommendations to improve engineering 

practice can be made. Finally, application of the techniques will be extended to model 
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the confinement behaviour of concrete circular columns encased in fibre reinforced 

plastic tubes. 

1.2 Joints in precast concrete building fmmes 

In monolithic reinforced concrete frames, the term frame joint generally means the 
location including the zone where beams and columns intersect together and the 

adjacent ends of beams and columns where the section properties differ from the 

majority of the span. In a precast concrete frame, details of beam-column connection are 

quite different, normally beams bear on to columns, and the intersection zone is part of 

the column. In the present research, joint is used to indicate the wide zone of the 
intersection of precast members as in a monolithic frame. The components linking beams 

and columns together are named connectors, and the physical interface between two 

components is refereed to as a connection. 

According to their locations, four basic types ofjoints exist in a plane frame. These are: 

external joint on top level of a frame (rr), internal joint on top level of a frame (zrr), 

external joint ( IrLr) and internal joint erLr), see Fig. 1.1. If the beams in the perpendicular 
direction of the plane frame are considered, more repeats of these types of joint will 

appear[29]. 

Depending on the capacity of internal force resistance and the stiffiiess, the joints in a 

precast concrete frame can be distinguished into three types. One is the joint which is 

capable of continuously transmitting moment with a rigid stiffness the same as a 

monolithic joint. It is called a hard joint, moment continuous joint or rigid joint. The 

joint is not truly rigid, so the term moment continuous joint is preferred in this thesis. 

Fig. 1.2 shows a typical example of a moment continuous joint. In contrast, many types 

of joint are those which are designed to transmit shear forces from beams to columns, 

and can resist a limited amount of moment with some rotation stiffiess. It is called a soft 
joint, simple joint or semi-rigid joint. Semi-rigid joint is the term used in this thesis. If 

the moment capacity is very small, then the semi-rigid joint is assumed to behave as a 

pinnedjoint. 

Moment continuous joints are reliable but dffficult and expensive to build. Normally they 

are used in the frames for the purpose of resisting severe actions, such as an earthquake. 

These frames are required to have adequate capacity to dissipate energy, that is, to have 
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enough strength, stifffiess, ductility and stability. Semi-rigid joints are convenient for 

construction, and also can meet particular functional requirements by carefully design. 

1.3 Structural effects of semi-rigid joints 

The mechanical properties of joints will significantly affect the distribution of internal 

forces as well as the mechanical behaviour of a frame. Compared with the frame with 
beams simply supported on the columns, frames with semi-rigid joints have the 

following advantages: 

a. The moment at span centre of a beam reduces incrementally with the increase 

of the moments at beam ends. The failure mode will be changed from at the span 

centre only to at both span centre and/or beam ends. The capacity of preventing 

cracking has been improved. Thus the beams can contribute to the load reaction 

more efficiently and economically. The moment along the height of a column 

may redistribute in the two different directions. Overturning moment will be 

resisted by the whole structure whilst producing additional axial forces in the 

columns. This will reduce the magnitude of the moments in the columns. 

b. Deflection at span centre of a beam will decrease greatly, since the stffffiess of 

the beam has been increased. Stiffness and stability of the colunms wiU be 

enhanced, thus stiffness and stability of whole frame will be improved. 

All of the benefit can be achieved based on adequate capacities of moment resistance 

and rotation stiffness of the joints, which may be obtained by efficient and accurate 
design. 

1.4 General considerations of connection design 

The basic principle in selection and design of connections for joints in precast concrete 
building frames is that the connections will not be the weak links of the structures. In 

other words, the connection will not fail before other members in the frames. In order to 

realise this principle, the following general conditions should be satisfied: 

a. Structural function 

Connections must have adequate strength to resist the actions in both erection and 

service phases. The actions may include forces, such as compression, tension, shear, 

bending, and torsion, caused by loads and such effects as creep, shrinkage, temperature 
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change and settlement. The concentration effect of local stresses should also be 

considered. 

The connector stffffiess in the direction of the joints should be high enough to meet the 

requirements of function in both construction and service phases. 

Rotation capacity of connectors is also required to improve the ductility and stability of 

the whole structures. 

b. Construction 

Manufacturing of connections should be simple and technically feasible, so maximum 

economy and quality of precast concrete construction can be achieved. Standardisation 

of components and connections are recommended for precast concrete structures. 

The connections should be rapidly made and have an immediate strength and stability so 

that temporary supports are not required. Enough space should be provided for erection, 

and tolerance should be limited within a suitable range. Field welding should be kept to a 

minimum or avoided, since its quality is not easy to control and it is expensive. Where 

cast in-situ concrete is required for the joints, the members of the joints should be, 

where possible, self shuttering. 

c. Durability 

Connections should be capable of resisting corrosion and fire. Suitable concrete cover 

should be provided to protect all steel elements against both corrosion and fire. 

d. Appearance 

It is desirable for a built up structure to have an ffivisible connection, a neat and clean 
finish. 

1.5 Connections in semi-rigid joints 

The types of connections in precast concrete frames are numerous, hence it is impossible 

to describe all of them in full detail. However, the identical characteristics of all types is 

that the columns are the supports of the beams, and the beams bear onto connectors 
fixed on the columns. The fundamental functions of the connectors are to withstand the 

vertical forces from the beams. Cantilevers projecting from the surfaces of columns 
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therefore are the essential members of the connections to support the shear forces. The 

cantilevers can be made of different kinds of materials with different details. 

To increase the stability of both the beams and the frame, additional connectors are 

often used to connect the top of the beams to the columns. Because these connections 
have large eccentricities from the corresponding main shear connection between the 
beam and the column, enhanced moment resistance and rotational stiffiness are generated 
in the joints. The connections are not designed specially to resist certain moments, thus 

the capacities of moment resistance and the rotation stifffiess are not as high as that in 

the moment continuous joints. This creates the semi-rigid behaviour of some moment 

capacity being developed at significant rotation in the joints. 

Typical examples of semi-rigid joints which are applied commercially in the UK are 

summarised as follows: 

1.5.1 Reinforced concrete corbels 

Reinforced concrete corbels are the connections widely used in precast concrete frames, 

especially in industrial building constructions. As cantilever members the corbels are 

monolithically cast'together with, and thus do not detract from the strength of, the 

columns. Special details are designed to transfer the forces from the beams to the 

corbels. The connections between the beams and corbels are made by welding or bolting 

together steel plates embedded in the two precast members, see Fig. 1.3, for instance. 

Reinforced concrete corbels possess advantages of higher capacities of load resistance, 

reliable transmissions of forces, rigid stiffness and convenient construction, etc.. 
However the corbels often project from the frames into the occupied space, and this is 

not expected in civil buildings. Alternatively, the corbels may be designed within the 
beam geometry as a halving joint, so that an invisible connected structure can be 

achieved. 

To reduce the complex reinforcement detailing in the corbels, some kinds of steel fibres 

are sometimes included into the concrete to increase the shear strength and avoid 

congestion of stirrups[30]. 
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1.5.2 Steel inserts 

In these connections, the cantilevers are made up of steel members which are embedded 
into the columns. In some case steel inserts also can be incorporated into beams. The 

steel insert may be a solid billet or some kind of formed steels, such as H, 11, or 

rectangular hollow section steel, etc.. Of these possibilities, the billet is the most 

popular. 

Compared with reinforced concrete corbels, steel inserts offer connections with simple 
details, much smaller sections, and higher ductility. Thus it is easy to keep the 

connection within the depth of the beam, and hence an uniform construction depth can 
be obtained. However, special consideration is required to mi*nm*-n*se the voids formation 

under the embedded members during casting. In addition, particular care is also needed 

with the projecting parts during handling and lifting to avoid their distortion. 

Recessed beam ends are normally used to hide the steel inserts within the beam depths. 

Steel plates incorporated into the beam ends are commonly used to ensure the reliability 

of connection between beams and columns. Fig. 1.4 shows a typical example of a joint 

with billet and welded steel plate connection. 

1.5.3 Steel bolted cleats 

In this kind of connection steel bolts and cleats are used similar to those used in steel 
frame assembly, see Fig. 1.5. The bottom cleat serves as the cantilever member which 
bears the vertical shear force from the beam end, and the lateral force caused by the 

moment at the bearn end. This lateral force is transmitted through the dowel action of 
the vertical bolt and the friction between the beam end concrete and the cleat seat. The 

top cleat provides lateral force to create the moment at the beam end, and stability and 

torsion restraint to the beam end. All of the cleats are attached to the columns by bolts 

(normally grade 8.8 high-tensile steel bolts) which pass through sleeved holes in the 

columns and are thus fitted on site immediately prior to frame assembly. The precast 
beam has halving joints at the ends, and the reduced beam depth bears onto the seat 

cleat to derive immediate support. Special details strengthen the reduced beam section at 

the end. A vertical bolt passes through the top cleat, the beam end and the bottom cleat 

to fasten the beam to the column both at top and bottom. As mentioned above, this 

vertical bolt transmits lateral forces to the top and bottom cleats as well. The small gap 
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left at the joint is shuttered and filled with expanding grout to form a fairly rigid, flush 

joint, adding considerably to the structure's stability during continued frame erection. 
The grout also provides corrosion and fire protection. 

1.6 Research background 

Semi-empirical design guidance (ISE) was developed from test programmes carried out 

in the 1960's and 1970's by, for example, Somerville, G. [8]. 

More recent relevant research on precast concrete joints conducted in the UK can be 

summarised as follows. 

Mechanical behaviour of sleeve bolted cleat connections has been experimentally and 

numerically investigated in the University of Southampton[IO, 11]. A set of precast 

concrete subframes with sleeve bolted cleat connections have been tested[12,13]. 

Additionally, a data base of experimental results ofjoints in precast concrete frames has 

been developed. 

In the University of Nottingham, serni-rigid behaviour of sway joints with corbel, billet 

and welded plate connections in precast concrete frames has been studied. A series of 

effective length charts based on an elastic analysis using stability functions were 
developed[14]. 

City University made a computer program SWANSA which was especially used to 

analysis precast concrete frames with semi-rigid connections. This program was 

validated against experimental results obtained in both Nottingham and City 

Universities[ 15]. 

Lately the three universities carried out co-ordinate research projects funded by EPSRC, 

on the semi-rigid behaviour of joints in precast concrete frames. Fun scale no-sway 

subframes with and without slabs tested in the University of Nottingham[16,17]. City 

University developed a new design method which utilises a simple frame analysis, and 

modelled some joints tested in the University of Nottingham[18]. The task of 
Southampton University was to accurately model the performance of the joints, and this 

was the fimdamental work addressed in this thesis[ 19-25]. 
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1.7 Scope of the present research 

The above research background shows that the semi-rigid behaviour of some typical 
joints have been investigated experimentally and numerically. However, both accurate 
and extensive analyses using FEA techniques are essential to study the internal 

mechanism and variations to a wide range of parameters of the joints. Thus predictions 
for characteristics of the joints and recommendations for improved engineering practice 

can be made. This defines the scope of the present research. 

-9- 



(a) External joint on top level 

(b) internal joint on top level 

(c) External joint 

(d) Internal joint 

Figure 1.1 Joint types in buildingframes 
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Figure 1.2 Moment continuous reinforced concrete corbeljoint 
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Figure 1.3 Reinforced concrete corbel connection 
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Figure 1.5 Sleeve bolted cleat connection 
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Chapter 2 

Theory and Method of Finite Element Analysis 

2.1 Introduction 

Finite element analysis techniques have been introduced into reinforced concrete 

structures since the 1960's. Today, particular element types tailored for the analysis of 

reinforced concrete can be found in most popular commercial FEA packages. Since the 

nonlinearity, variability, cracking, crushing and creep nature of concrete material is 

complex, application of FEA techniques to concrete structures is still limited to some 

extent, especially in the analyses of large and complex three dimensional components 

and structures. Investigations for details of the modelling techniques in this area are 

essential. A standardisation of FEA techniques for reinforced concrete structures is 

aimed to be established in the present research, which is expected to be used 

subsequently in any general reinforced concrete structures. 

A series of prerequisites are required for any fnite element analyses. These prerequisites 
will be the foundation of the standardisation. Normally the prerequisites include choice 

of program, simplification of the analysed system, design and generation of model, 
treatment of particular problems, and selection of solution method. This chapter 
introduces the choices of these items. Once the items have been determined, they will be 

kept unchanged and applied to all of the modelling in the present work. The items 

selected only for particular applications will be described in the relevant chapters. 
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2.2 The ANSYS programme 

Computer program ANSYS is a general purpose program introduced by Dr John Swans 

and Swans Analysis Systems, Incorporated(SASS), in 1970[31]. Today, possessing the 

latest finite element analysis and design technology, ANSYS is widely used by 

researchers and engineers. ANSYS can be used for almost any type of finite element 

analysis. In the other words, the program can be used in all kinds of subjects. For 

structural engineering analysis, it can deal with static, dynamic, buckling, etc. problems 

in both linear and non-linear states. Mainly because of these features, the ANSYS 

program (revision 5.0) is chosen as a basic tool for the present research. 

The ANSYS program consists of two basic levels. One is the begin level that acts as a 

gateway of the program. The other is the processor level containing several processors. 

Each processor serves a special purpose, from pre-processing, loading and solving, to 

post-processing. ANSYS offers a library of over 100 standard elements including many 

specialised elements that can be used for most kinds of structural engineering analyses. 
There are over 800 commands in the program, each acts as a specific function. ANSYS 

can be run either in interactive mode or batch mode. The program works with one large 

database that stores all input data and output data in an organised fashion. Thus it is 

quick and easy to list, display, modify, or delete any specific data item. Details of 

characteristics of the program can be found in the ANSYS user's manual[3 1 ]. 

2.3 Model geometry 

One of the fundamental decisions taken when planning an analysis is how to represent 

and simplify the geometry of the model. The basic rules recommended for the analyses 

of problems within this research programme are: 

a. Main dimensions of the components must be represented as exactly as possible 
because they will significantly control the mechanical behaviour of a model. Herein the 

main dimensions means extents of section and length or height of components, such as 
beams, columns, bolts, billets, steel plates, etc., of an analysed specimen. 

b. When both the geometry and the loading have a common axis of symmetry, it should 

be used to simplify the problem. Frequently only half, a quarter, or even one eighth of a 
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specimen needs to be modeffed, if there are one, two, or three axes of symmetry, 

respectively. This will significantly save both space and time required to run the model. 

c. Dimensions of some small or special components will affect the mechanical behaviour 

of an analysed specimen slightly, but exact representation of their geometry will cause 

the whole modelling process to become much more complex. Some simplifications are 

necessary for these components. For example, both the main reinforcements and links 

will be modelled by spar elements that can only be subjected to axial forces in either 

compression or tension. Details of the elements are described in the relevant chapters. 

2.4 Mesh generation 

2.4.1 Method of mesh generation 

The ANSYS programme provides two ways to generate meshes for models. The first is 

solid modelling with which the program generates all the nodes and elements 

automatically following the described geometric boundaries, using the established size 

and shape of elements. The second method is direct generation by which the location of 

every node, the size, shape and connectivity of every element is determined manually. 

Although solid modelling is an easy way to generate mesh for models, it sometimes uses 
large amounts of CPU time, and 'fails' to generate a valid mesh under certain 

circumstance. In order to control accurately the meshing of a model, direct generation is 

selected as the preferred method for the present work. 

2.4.2 Fineness of mesh 

It is generally recognised that the finer the mesh, the higher the accuracy of an analysis. 
A compromise, however, must be considered between the fmeness of mesh and the time 

taken to obtain a solution when analysing full scale structures. In areas of stress 

concentration the element needs to be finer to accurately represent the rapidly changing 

stress gradient. Transitions between fine and coarse meshes must be effected smoothly. 

In the modelling of the joints in precast concrete building frames, the stress 

concentration areas are at the steel connectors and the surrounding concrete. Therefore, 
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a finer mesh is only appHed to the connectors and the concrete which withstands 

complex and high stresses. 

The element mesh is also arranged to coincide with the load path and boundary 

conditions, so that it is easy to apply load and constrain boundaries. 

2.4.3 Transitions between fine mesh and coarse mesh 

Transitions between zones with a fine mesh to zones with a coarse mesh are best 

achieved by incrementing the element geometry in alternate planes. This is illustrated in 

Fig. 2.1. No internal element boundary should terminate at an orthogonal boundary. 

Effectively, alternate layers of elements contain both rectangular and triangular prisms. 
The numerical accuracy of this arrangement is greater than the alternative of a single 
layer of elements containing tetrahedral. 

Normally, wedge elements will be required to achieve the transitions. Application of this 

kind of elements, however, should be kept to a minimum and in lower stress gradient. A 

warning message appears during the checking phase to indicate the presence of such 

degenerated element. 

2.4.4 Shapes of solid elements 

The aspect ratio of each solid element should be maintained within the range of 0.33 to 

3.00 whenever possible. This constraint forces consistency of numerical errors in the 

three orthogonal directions. This condition can be met in most of the mesh elements, 

especially in the fine mesh region. However, in some places where elements of different 

components contact to each other, or shapes of the elements coincide with shapes of the 

components, it is difficult to keep the aspect ratio within the required range. Numerical 

tests of some standard concrete specimen show that slender concrete element normally 

gives lower capacity of resisting compression, see section 4.7. 

The internal angles in any surface should be within the range of 90'± 45', or a warning 

message wiH appear during the checking phase. 
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2.4.5 Concrete element mesh 

Concrete element boundaries should coincide with the centreline of the reinforcing bars. 

Thus positions of both the main reinforcements and links dictate some of the nodal 

positions. Intermediate nodal positions are fixed by the required shapes of solid 

elements. 

2.5 Node numbering 

Normally, nodes should first be numbered along the axis which contains the fewest 

nodes. Parallel arrays of nodes should be numbered starting at the same end as the first 

array, and progressing in the direction of the axis which contains the second lowest 

number of nodes. This numbering system will generally minimise the stifffiess matrix 
bandwidth, thereby also reduce both the space and the time required to run the model. 
However, when there is only localised contact between adjoining components, the nodes 

should be numbered with the nodes on the interfacial boundary being sequential. This 

constraint overrides the normal numbering sequence. 

2.6 Main dement types 

Each element has its special capabilities and properties. Depending on the mechanical 
function and material composition, each component requires to be modelled by elements 

with specific characteristics. The ANSYS program possesses a large element library that 

supplies a wide range of element types. Determination of element types selected in the 

present work is described as follows. 

2.6.1 Steel components 

Steel items in the joints, such as bolts, bolt sleeves, billets, plates, and welded-plate 

cleats, will be subjected to complex stresses. They will significantly affect the behaviour 

of the joints, locally. Thus they should be modelled by some kind of three-dimensional 

solid element. An eight-node isoparametric solid, named SOLID45 in ANSYS, is 

selected for all of the steel components. This element has capabilities of plasticity, stress 

stiffening, large deflection, large strain, etc.. It not only can represent the mechanical 
behaviour of steel members effectively, but comparing with the related twenty-nodes 
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element (SOLID95), it is also simple and economic to be run in the programme. 
Additionally, node number of this element is compatible with that recommended for 

concrete modelling, described subsequently in Chapter 2.6.3. This coincidence of node 

number between adjacent elements is essential, and also convenient for mesh generation 

of models. 

2.6.2 Reinforcement 

In finite element analysis there are three approaches to represent reinforcements in 

concrete. One is to add spar elements along the central line of the reinforcement. The 

second is to add reinforcement as smeared material in anything up to three directions. 

The third is to use two or three dimensional solid elements. In the first two methods it is 

assumed that bond between the reinforcement and the surrounding concrete is complete, 

and the reinforcement is subjected only to axial tension or compression so that the 

modelling is simplified. In the third method, full stress distribution can be modelled. 
Additionally, slip characteristics between reinforcement and concrete, and dowel action 
of reinforcement can be modelled. The latter method is suitable for the special local 

behaviour analysis, and requires more elements. The first approach is preferred because 

spar elements are more accurate in modelling the reinforcement behaviour in complex 
stress situations than the smeared material capability of the element. The smeared 
material option for modelling reinforcement has been found to be accurate only if the 

member is acting primarily in bending. 

The principal contribution of main reinforcements and links is to resist axial forces. This 

can be best represented by using the three-dimensional spar element LINK8 in ANSYS. 

This element type has capabilities of plasticity, stress stiffening, etc.. Only two nodes on 

the reinforcement axis are required to defined this element geometrically, and these 

nodes coincide with comer nodes of the surrounding concrete element. 

2.6.3 Concrete 

Concrete is a particular kind of material that -behaves non-linearly in its stress-strain 

relationship, with cracking in tension and crushing in compression. In the ANSYS 

programme a special three-dimensional element, SOLID65, is supplied to represent the 

-20- 



properties of solids with or without reinforcing bars (rebars). This element offers both 

cracking and crushing capabilities, and additionally it will represent plasticity and creep. 
The rebars may be added as smeared material in up to three directions, each with the 

capabilities of plastic deformation and creep. The element has eight nodes and is 

assumed to have isotropic material properties. Consequently, this element was selected 

at the start of this research for the concrete modelling. This element remains the one 

recommended by ANSYS at the conclusion of the research, and has the same element 
functions in the most recent update revision ANSYS 5.3. 

2.6.4 Contact element 

In the joints of precast concrete frames, gaps may occur between precast components as 

they are assembled, or may develop between components as they are loaded. The gap or 

contact problems needs to be modelled by using contact elements. 

The ANSYS programme provides several choices for contact element types which 

transfer load only when the materials are in contact at the gap interface. These are point 

to point or point to surface contact elements, with either two or three degrees of 
freedom In the present work, where the mesh of the model will be created by direct 

generation, it is very easy to ensure the contact surfaces of the two components are 
designed with compatible mesh. The two degrees of freedom elements can only be 

applied in a plane problem, while three dimensional analysis is required in the present 

research. Therefore, the three dimensional point to point contact element, 
CONTACT52, is chosen. 

Most interfaces between adjoining components are initiaRy in contact with each other, 
that is, the initial gap is zero. Zero gap, however, is not applicable to element 
CONTACT52. A value of 10-5 mm is used when the gap between the contact surfaces is 

zero. If the value is less than 10-5 mm, the value will be treated as 0.00 by the 

program. 

The stiffness of contact elements will not affect the results significantly, and a value of 

the order of the related spring stiffness is recommended [3 1 ]. The higher the stifffiess 
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value, the more accurate the results, but the longer the running time required. The 

parameters used in the contact element are listed in Table 2.1. 

The nodes at each end of the contact elements must be arranged geometrically so that 

they tend to approach each other as load-induced deflections occur. For plane contact 

surfaces all nodes on each side of an interface must occupy the same geometry locations. 

For interface surfaces which diverge, such as those with differently radiused, curved 

surfaces, however, the nodes must be aligned in the deflection direction. Fig. 2.2 shows 

the cross-section of a bolt which is located vertically within a sleeve of different 

material. The nodes around the bolt perimeter are located vertically about those of the 

sleeve, and not in the apparently more logical arrangement of being located at equal 

angles from the centre of the circle. 

2.7 Simplified modelling of circular sections 

In the precast concrete joints some components have circular sections. A steel bolt is a 

typical example. When their behaviour does not influence the performance of the joints 

significantly, they will be modelled simply, see Chapter 2.3. In the simplification, a 

quadrant section of the component is represented by a quadrilateral element. Generally, 

the circular section is simultaneously subjected to moment, shear force and axial force. 

The displacement of the component in the perpendicular direction of the section consists 

of the deformations caused by bending and shearing. Therefore, the shape of the 

quadrilateral element is determined by following the rule, that both the area and the 

second moment of area in the loading direction must be equal to those of the quadrant 

section. 

To simplify the calculation, the lengths of the sides in both x and y axes are taken to be 

equal to the radius of the circle r, see Fig. 2.3. Thus, only the co-ordinates of point B in 

the figure need to be deterniined. 

Assuming that the co-ordinates of point B are xo and yo. The equations for straight lines 

AB and BC can be derived and expressed as Eqs. 2.1 and 2.2. 

LineAB: X =XO 
r-y 
r-yo 

(2.1) 
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Line BC: x=x. + 
(r - y,, Xy. - y) 

Yo 
(2.2) 

From the condition of equal area for the two sections, the following equation is 

obtained: 

I 
x, ) (r - y, )) +Iy,, (r+x,, )= 1 

=2 (2.3) 
224 

X0 +yo =I 7rr (2.3a) 
2 

From the condition of equal second area for the two sections, the following equation is 

obtained: 

XY 2dy+ Xy2dy = 
7r(2r)2 

0 4x 64 
(2.4) 

Substituting x in both the first and second items by Eqs. 2.1 and 2.2 respectively and 
integrating, Eq. 2-4a can be detennined: 

xo 
(r' 

+ryo +Y02)+YO3= 
3 

71r3 

4 
(2.4a) 

FinaUy the co-ordinates of point B, xO and yo, are obtained by combining Eqs. 2.3a and 
2.4a: 

r(7, 
_F7 

7 7r_, 2 X0 = +1 ; -, 0.796r (2.5) 
2r-" 

r Ir - 2_1 
-- 0.775r (2.6) 

2 

F7r 

-: 2: 

2.8 Material properties 

Normally material properties include constitutive relationsMps and failure models, and 
they are extremely fundamental and important in finite element analyses. For the analysis 
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of reinforced concrete structures the material properties of steel, concrete, and the 

interfacial bond-slip relationship should be considered. 

In the joints of precast concrete building frames, failures normally occur in the 

connections and the surrounding concrete, while bond fOure between the reinforcement 

and the surrounding concrete seldom happens. Thus complete connection between 

reinforcement and concrete is assumed in the models. 

For the properties of steel and concrete, many input parameters are uncertain because of 

the nonlinearity and variability of the materials. Therefore, special attention is given to 

the development of standard methods to determine the parameters for both the 

materials. These methods can be summarised as follows: 

2.8.1 Steel 

Usually bar reinforcement is assumed to transfer axial forces only because of its slender 

shape. Uniaxial stress-strain relationships are adequate for the analyses. A multiaxial 

stress-strain relationship is required for analyses of the other steel components, but the 

criterion is based on a uniaxial stress-strain relationship. Thus, a simplified mechanical 

model for steel in uniaxial tension or compression is proposed, and the factors required 
by the model can be defined by a set of equations which are created using a statistical 

approach. Details of this part work are described in Chapter 3. 

2.8.2 Concrete 

Multiaxial stress-strain relationships are essential for concrete modelling. Parameters 

required by the ANSYS programme are listed in Table 2.2. It is clear that the properties 
in uniaxial compression and tension are still the basis of the definition. In the present 

work, constitutive equations to determine the parameters are recommended, and a 

simplified mechanical model for concrete in uniaxial compression is proposed. The 

method using smeared concrete material to avoid earlier failure of the concrete model is 

completed and improved. Additionally, a large number of numerical tests are carried out 

to investigate the influences of different variables on the concrete element. Details of this 

part work are given in Chapter 4. 
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It should be mentioned that the default values in Table 2.2 are valid only for stress states 

where following condition is satisfied: 

lab 1 
:! 5 13-f, (2.7) 

(Th =1 
(cre 

+ CF. >p + ae 
) (2.8) 

where a), is the hydrostatic stress, crp, ayp and crp are the principle stresses in principle 

directions x, y and z, and f, is the uniaxial compressive strength of concrete. If the 

condition of Eq. 2.7 is not satisfied and the default values shown in Table 2.2 are 

assumed, the strength of the concrete material may be incorrectly evaluated. 

2.8.3 Material strengths 

One choice described here, which is applicable to both steel and concrete, is the material 

strength used in the finite element analysis. Among the material properties, such as 

strength, elasticity, ductility, durability, toughness, etc., strength is the most important 

and sensitive, and therefore it is the dominate factor. Usually the yield stress or proof 

stress is used to define strength for steel, and the cube or cylinder strength is used to 

define strength for concrete. 

According to the purpose of application, several material strengths can be chosen. These 

are sample strength, mean strength, characteristic strength and design strength. Sample 

strength can only be obtained after a physical sample test. This value cannot be used to 

predict the material strengths of an analysed model because of the randomness of 

material properties. Mean strength normally is the average value of at least three 

standard tested samples. It is a statistical value with 50% of failure possibility. 

Characteristic strength is a statistical value based on large amount of physical test results 

with 5% possibility of failure, and is a standard value widely used in engineering 

standards and codes. Design strength is a one used in design work, with much smaller 

failure possibility and larger safety factor. The relationships of magnitude of the latter 

three values are that for a particular material strengths, mean strength is the highest, 

while design strength is the lowest. 
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In finite element modelling on the behaviour of engineering structures, normally test 

results should be matched firstly. The safety of the recommended design methods can be 

considered afterward. Therefore, the standard value of characteristic strength is used as 

the basic input strength for any kind of material in the present work, unless particular 

stress states are considered. 

2.9 Loading and solving 

2.9.1 Load application 

In numerical analysis there are two ways to apply load. One is by adding increments of 
force, while the other is by adding increments of displacement. For non-linear analysis, if 

the load is applied by equal increments of force, the corresponding displacements 

become progressively larger. Consequently, there is a high probability that the model 
fails before the ultimate deformation of the model is obtained. However if load is applied 
by equal increments of displacement, the increments of force become successively 

smaller with increased displacement, see Figure 2.4. The second method is selected for 

the present work, which is realised by moving the boundary constraint in the ANSYS 

program. 

2.9.2 Loading steps 

Displacement increments are added in multiples, and the progress of the model can be 

observed after each displacement step. If the analysis fails during application of a 

displacement increment, the analysis can be terminated and the previous displacement 

step solution retrieved. Displacement steps are applied in the time option. 

Modelling of the response of reinforced concrete structures is a typical non-linear 

analysis. The energy caused by the input external loads will be dissipated by the analysed 

system. The system is nonconservative, and the analysis is path dependent. Thus, 

substeps are required within each loading step. The increments of displacement, or the 

loading speed, at the critical location in each substep should be small so that a consistent 

result can be obtained. The magnitude of substeps should be dictated by strain rate. In 

the steel and concrete systems, non-linear behaviour normally appears earlier in concrete 

components than in steel components. Therefore, based on the numerical tests of 

-26- 



concrete prisms, displacement increments in the range 1% to 5% of the concrete 

ultimate strain are recommended, see Chapter 4. 

2.9.3 Convergence tolerances 

Several choices of convergence tolerances for successive iterations are offered in the 
ANSYS program. The convergence of a solution can be controlled by tolerances based 

on forces, moments, displacements, or rotations, or on any combination of these items. 

The force-based convergence serves as an absolute measurement of convergence, while 
displacement-based convergence provides only a relative measurement of apparent 

convergence. Additionally, for a modelling of a system including concrete elements, 

after crushing occurs at an integration point the strain of concrete at that point increases 

intensely. This may invalidate displacement-based convergence checking. Consequently, 

the force-based convergence checking is adopted as the convergence criteria. The values 

of the criteria are determined for each particular model. 

-27- 



No. Parameter Value used 

I Young's modulus, based on stiffness, k, Steel E,: 205 Mmmý 

below Concrete E,: equations in Table 4.2 

2 Poisson's ratio, based on stifffiess, k, Steel y, : 0.30 
below 

Concrete v,: 0.20 

3 Static coefficients of friction, p Steel to steel: 0.25[3] 

Steel to concrete: 0.65[14] 

Concrete to concrete: 0.80[3] 

4 Stiffness of the contact element, k Greatest of adjoining element 

stiffness, 

steel: EA14, 

concrete: EA11,. 

where A, and A, are the surface areas 

of adjacent steel or concrete 

elements, while 1, and 1, are the 

relevant thickness. 

Table 2.1 Input parameters of the contact element 
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No. Parameter Value used 

I Modulus of elasticity for concrete, E, Equations, Table 4.2 

2 Poisson's ratio of concrete, v, 0.20 

3 Shear transfer coefficients for an open crack 0.50 

4 Shear transfer coefficients for a closed crack 0.60 

5 Ultimate uniaxial tensile cracking strengthft Equations, Table 4.3 

6 Ultimate uniaxial compressive strength (positive), f, Equations, Table 4.1 

7 Ultimate biaxial compressive strength (positive)jb Default value, 1.2f, 

8 Ultimate compressive strength for a state of biaxial 

compression superimposed on hydrostatic stress state, fi 

Default value, 1.45f, 

9 Ultimate compressive strength for a state of uniaxial 
compression superimposed on hydrostatic stress state, f2 

Default value, 1.725f, 

10 

I 

Stress-strain relationship in uniiaxial compression The simplified model, 
Chapter 4 

Table 2.2 Inputparameters of the concrete element 
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Figure 2.2 Showing gap element orientation 
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Figure 2.3 Simplification ofa quarter circle section 
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Chapter 3 

A Simplified Mechanical Model for Steel 

3.1 Introduction 

The stress-strain relationship of steel in uniaxial tension (or in uniaxial compression, 

which is similar to that in tension before the ultimate strength point) presents the 

fundamental mechanical properties of the material. In finite element analysis, 

reinforcement is normally modelled using two noded element which is capable of being 

subjected to an axial force in either tension or compression as if it is a member in a pin- 

jointed structure. In this case the stress-strain relationship of steel itself is enough to 

represent the properties. If some other steel components in a multiaxial stress state are 

analysed, the yield and fracture of the material will be dominated by some 

characteristics. The characteristics always include the parameters in uniaxial stress-strain 

relationship. Tberefore, only the uniaxial stress-strain relationship, normally in the form 

of a simplified model, will be required as basic input data in general analyses. 

Depending on whether a stress-strain curve has a definite yield point, the steels applied 
in structural engineering can be divided into two groups. Mild steel and hot rolled high 

yield steel, for instance, are widely used materials with definite yield points, while cold- 

worked high yield steel is one without a definite yield point for which the yield strength 
is defined in terms of a permanent strain, usually 0.2%. The typical stress-strain curves 
for steels[33-40] are shown schematically in Fig. 3.1. 

Normally there are two approaches used to obtain mechanical properties of materials. 
One is from test results, while the other is from a number of recommended principal 

parameters in published standards and reference books. The models from test results are 
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usually very reliable and this is the most direct way. Full test results of mechanical 

properties of the materials, however, cannot be obtained for every finite element 

analysis, because test samples of the material may not be accessible. Even if the test is 

carried out, sometimes the full properties required in analyses cannot be achieved due to 

limits of capacities or functions of test machines. The models created from the 

conventionally quoted principal parameters, such as yield point and ultimate stress, can 

only give an approximate description because of both the randomness of mechanical 

properties of the materials and the absence of adequate parameters to describe the shape 

of the entire stress-strain relationship. 

According to the requirement of accuracy of an analysis the stress-strain curve of steel 

can be simplified into Oferent kinds of idealised models. Some typical models are 

shown in Fig. 3.2[36]. The models in Figs. 3.2a and 3.2b are too simple to give a fun 

description of the curve. The model in Fig. 3.2c, however, is difficult to be realised in 

the general analyses. 

All these factors lead to a need for a consistent means of representing the full mechanical 

properties of steel simply and effectively. In this chapter a standardised method and the 

essential factors are proposed. The method is applicable to all finite element packages, 

and its use is demonstrated in the widely used commercial package ANSYS [3 1 

3.2 Concept of the simplified mechanical model for steel 

It is proposed that the stress-strain curves for all kinds of steel Will be represented by a 

six-straight-line simplified model, as shown in Fig. 3.3. The position of the 6 key points 

at which the fines connect to each other will be determined by following the rule that in 

the main part the area under the model equals that under the original curve, that is the 

model should have same strain energy as that of the original curve. Herein the main part 

means the part before the ultimate stress point (point 5 in Fig. 3.3). The six straight lines 

are chosen because they are enough to fully represent the relationship and they just 

satisfy the limit of point number in the option of NUUN (Multilinear Kinematic 

Hardening) in the ANSYS programme. 

In finite element analyses, if the test curves with full elongation for steel mechanical 

properties are supplied, the simplified model can be created easily using the definitions 

and rules given in this chapter. If the test curves are not available or inadequate 
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parameters are available, the factors of the simplified model can be created using the 
formulae developed statistically in the following sections of this chapter. 

3.3 "Principle to determine positions of the key points 

3.3.1 Point I 

This point is defined as the limit of linear elastic state of steel. Thus the stress should be 

the value of limit of proportionality for steel whether with or without a definite yield 

point. The corresponding strain can be obtained from the ratio of the stress over 
Young's modulus. 

3.3.2 Point 2 

This point is one after which the modulus of steel will decrease greatly. For steel with a 
definite yield point the stress is the yield strength and the strain should be a little bigger 

than the ratio of yield strength over Young's modulus. For steel without a definite yield 

point, because the curvature between the point of limit of proportionality and the proof 

yield point is too big to be indicated by one straight line, this point should be between 

the two points and its co-ordinates will be determined statistically from test results. 

3.3.3 Point 3 

This point is at the end of the horizontal plateau for steel with a definite yield point, and 

at the 0.2% proof strength point for steel without a definite yield point. Therefore, for 

the steel with a definite yield point the stress should be a little higher than the yield 

strength and the strain will vary depending on the magnitude of yield strength. Both 

values will be determined statistically for the simplified model. 

3.3.4 Point 4 

The curvature between point 3 and ultimate strength point (numbered 5) is so great for 

most kinds of steel that the curve can not be replaced with accuracy by one straight line. 

Hence an extra point, numbered 4, should be inserted between the two points. The co- 

ordinates of this point for all kinds of steel will be determined statistically for the 

simplified model. 
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3.3.5 Point 5 

This is the peak stress point of the curve. Thus the stress should be the ultimate strength 
for all kinds of steel, and the strain should be the corresponding value. The co-ordinates 

of this point for all kinds of steel will be determined statistically for use in the sirnplffled 

model. 

3.3.6 Point 6 

This is the point at which a tested sample fractures. The stress is lower than the ultimate 

value in a general stress-strain curve (see Fig. 3.1, for example) in which the stress is 

calculated using the original cross sectional area. In fact this stress should be higher than 

the ultimate value if the calculation is based on the real necked area. In addition, 

negative modulus is not allowed in some elements in the ANSYS programme and only 
five points can be input in the option of NWUN. After the fifth point the program will 

treat the material as having the same stress as point 5 for all further increases of strain 

up to the ultimate strain. For the model in this chapter the stress is taken as equal to the 

ultimate strength (equal to that at point 5) and the strain is the fracture, or ultimate, 

value for all kinds of steel. 

3.4 Experimental investigation 

3.4.1 Purposes and specimens 

Although the fundamental mechanical behaviour of different kinds of steel is well 
known, it is difficult to find literature describing the properties in detail. The aim of this 

present work is to build up a uniform model for all kinds of engineering steel 

statistically, so extensive experimental data will be required. For the purpose of 

understanding the mechanical properties of engineering steels by first hand experience 

and adding some data for the statistical work, some steel bars with different strengths 

and deformation capacities in uniaxial tension have been tested. 

The test specimens were square bars, all with same section of 6.3x6.3 nun (1/4xl/4 in) 

and length of 275 mm, Fig. 3.4. Two typical kinds of widely used engineering steel were 

tested. These were bright drawn mild steel with and without stress-relief, one giving a 
definite yield point and the other not. Two specimens were manufactured for each kind 
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of steel, one to be tested until rupture, while the other test was stopped just before 

rupture in order to measure more accurately the ultimate elongation. 

3.4.2 Test performance 

The test was carried out in the Model Structural Laboratory at the University of 
Southampton. The specimens were marked at several positions before test, since 

necking might occur anywhere between the two jaws, Fig. 3.4. Therefore, several gauge 
lengths between the pairs of marks could be measured both before and after the test, 

giving a number of choices of method for determination of the ultimate elongation and 

strain for each bar tested. 

The INSTRON test machine was used to apply tensile force to the specimen, and to plot 

the curve of load-crosshead movement automatically at the same time. The loading rate 

of 2 mm per minute was adopted. Because the deformation of the curve was the total 

between crossheads which is normally much larger than the deformation of the tested 

bar and is also non-uniform during the test, it is not suitable to calculate the material 

strain. Consequently, an extensometer was utilised simultaneously to measure the net 

deformation of the tested steel bar. The gauge length of the extensometer was 127 mm. 

3.4.3 Test results 

The stress-strain curves of the tested steel bars are shown in Fig. 3.5 and the key 

parameters are listed in Table 3.1. The maximum strain that can be measured by the 

extensometer is 2%, thus only the early parts of the curves were plotted on the basis of 

the results from the extensorneter. The latter parts of the curves were plotted according 

to the results from the test machine, which were verified by the ultimate elongation 

between the pairs of marks spanning the fractured or necking areas. Almost all of the 

yield points occurred between the marks within the extensometer length of 127 mm. In 

order to permit comparison with other results and be used in the simplified model, the 

test results in Fig. 3.5 and Table 3.1 have been modified to correspond with the standard 

gauge length of 5.654So (BS18, Part 1,1970), where So is the original area of cross 

section of a specimen. 
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3.5 Determination of parameters in the model 

Because the values of Young's modulus and Poisson's ratio vary within only a very 

narrow range for all kinds of steel, the constants of 205 Mmmý and 0.3 are taken 

respectively in the model. 

The co-ordinates of the six key points are determined by a set of formulae which are 
derived statistically and will be described below. 

3.5.1 Sources of data 

The data used for the statistical work come from two sources. Firstly the data from our 

test mentioned above certainly are used and they are the most detailed ones. Secondly 

the data from several published standards and reference books also are chosen to enlarge 

the data base. All of the data used are fisted in Table 3.2. 

The strain must be a function of the gauge length in test used. The data from Oferent 

tests have dffferent gauge lengths. For example, the results of reinforcement from 

Reference 36 have a gauge length of 8 in (203 mm), while those from other references 
have gauge lengths of 5 diameters for a circular cross-section test piece and 5 widths for 

a rectangular cross-section test piece. The gauge length of 5 diameters or 5 widths is 

chosen as standard gauge length in the present work. Therefore, the ultimate strains with 

gauge length of 8 in have been enlarged by 1.25 times[35]. The reason why the ultimate 

strains need to be modified is that the gauge length will affect the strain seriously only 

after the ultimate strength arrives and the necking occurs. 

In addition the ultimate strains in some published standards[35] also have been modified 
by increasing 1.4 times which is the safety factor for strength in those standards, because 

they are more conservative. 

3.5.2 Explanations 

a. For the convenience of evaluation, only one independent variable is required in the 

formulae, namely the yield strength of steel fy ((TO. 2 for steel without a definite yield 

point). 

b. There is no clear correspondence between the magnitude of yield strength and 

whether or not any specific steel will have a definite yield point. Normally a steel with a 

low yield strength will have a definite yield point, whereas a steel with a high yield 
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strength will be less likely to have a definite yield point. In the statistical work, when the 
behaviour is extremely distinct between the steels with and without a definite yield point, 
the formulae are deterrnined separately for each type of steel. Interpolation is then made 
between the two types of steel. 200 N/mrný is chosen as the lowest likely yield strength 

and this steel is taken as typical of one with a definite yield point. 1200 N/mm2 is chosen 

as the highest likely yield strength and this steel is typified as having no definite yield 

point. 

c. In the derivation of the statistical formulae beyond the yield point, the evaluation is 

carried out net of elastic strain, i. e. using strain values of ci -fyIE.. Hereh -i is the strain 

of the ith point, fy and E. are the yield strength and Young's modulus of steel 

respectively. 

3.5.3 Equations 

a. Point 1 

As described previously, al should be the stress of limit of proportionality for all kinds 

of steel either with or without a definite yield point. For steel with a definite yield point 

the ratio of a, overfy varies within the range of 80-90% [35], the average value in our 

test results is 81%. Consequently the value cri is suggested to be taken as 0.85fy. For 

steel without a definite yield point the average ratio of (3-1 over (:; 0.2 is 0.555 in our test 

results, Fig. 3.6. The value of a, is suggested to be taken as 0.6fy. 

In the simplified model the resulting formulae for this point are: 

0.25(f, - 200)) 
cy, = 0.85 -f (3.1) 

1000 Y 

,g1= 
(71 

b. Point 2 

(3.2) 

For steel with a definite yield point a2is taken as the yield strengthfy and c2is suggested 

to be (cr2/E, +0.02%) in the Ught of our test results. 

For steel without a definite yield point (3-2 and c2 are suggested to be 0.85(TO. 2 and ((3-21E. 

0.035%) respectively, from our test results, Fig. 3.6. 
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In the simplified model the final formulas for this point are: 

0.1 5(fy - 200)) 
Cr 2= I- fy (3.3) 

1000 

0.000 1 5(fjy - 200) 
C2 + 0.0002 +- (3.4) 

E, 1000 

c. Point 3 

For steel with a definite yield point q3 is recommended to be 1.03fy according to the 

results from our test and Reference 37. The relationship between E'3 and fy is shown in 

Fig. 3.7, and the statistical formula is: 

Ef 3= 57800fy -2.6 (3.5) 

The correlation coefficient of this fonnula is -0.924. 

Depending on the definition of the nomml yield point, the unrecovered strain of steel 

without a definite yield point should be: 

c13=0.002 (3.6) 

Thus for this point it is necessary to use the two sets of formulae for the different types 

of steel. The curves of the two formulae will intersect at a point with co-ordinates of cy = 

740 N/mný and -=0.2%, see Fig. 3.7. Consequently, in the simplified model the final 

formulae for this point are: 

forfy:! ý 750 Nlnmý, 

0 0 0.03(fy -2 fy (3.7) 1.03 - 550 

63 + 578OOfY -2 '6 (3.8) 
E, 

forfy > 750 Nlmný, 

Cý3 =fy (3.9) 

(3.10) 63 
E, 

+0.002 

-41- 



d. Point 4 

The relationships of u4 -A and -4 - fy are illustrated in Figs. 3.8 and 3.9 for steel either 

with or without a definite yield point. Hence in the simplified model the final formulae 

for this point are: 

Cr 4 :- 
"lfy + 95 

4 '""ý 
fy 

+ 700fy -1.59 (3.12) 
E, 

The correlation coefficients of the two formulae are 0.981 and -0.941 respectively. 

e. Point 5 

The relationships of q5-fy and E5-fy are illustrated in Figs. 3.10 and 3.11 for steel either 

with or without a definite yield point. Therefore, in the uniform model the formulae for 

this points are: 

cy 5=1.05fy + 180 (3.13) 

f 
-137 y+ 127fy (3.14) 

The correlation coefficients of the two formulae are 0.93 and -0.89 respectively. 

E Point 6 

The relationship of a6 and fy is shown in Fig. 3.12 for steel either with or without a 

definite yield point, and the formula for this point in the simplified model is: 

E6 = 
fy 

+453fy -1.3 (3.15) 
E, 

The correlation coefficient of this equation is -0.93. 

3.6 Summary of the simplified model for steel 

3.6.1 List of the equations 

For convenience of application the equations of the simplified model described 

previously are surnmarised in Table 3.3. 
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3.6.2 Comparison with some test results 

Fig. 3.13 shows the comparison of curves created from the simplified model and test 

results given in References 36 and 37. It is clearly observed that in Fig 3.13(a) the 

ultimate strains from the uniform model are a little larger than those from test results, 
but in Fig. 3.13(b) the ultimate strains from the uniform model are a little smaller. The 

difference of gauge lengths between different sets of tests still affects the results despite 

them having been modified. Agreement of the curves is nonetheless acceptable. 
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Ref fy 

(N/mm) 

(73 

(NInmý) 

93 

(%) 

U4 

(N/mm) 

F-4 

(%) 

c75 

(N/rnm2) 

s5 

(%) 

96 

(%) 

Test 735 735 0.20 775 1.24 794 7.16 10.89 

760 760 0.20 775 1.23 791 4.99 6.20 

264 274 2.62 373 7.37 405 21.44 36.56 

277 279 3.22 373 7.37 407 24.57 38.38 

[331 240 470 30.80 

345 550 28.00 

[351 230 425 36.40 

360 610 28.00 

315 500 29.40 

380 530 26.60 

800 1000 9.00 

390 660 18.20 

[361 270 270 2.32 410 7.87 470 13.87 24.84 

400 400 0.57 568 3.91 613 7.81 15.89 

545 545 0.29 695 3.23 753 7.13 12.91 

638 638 0.20 826 2.59 889 6.29 11.86 

[37] 285 285 2.80 400 8.46 425 15.86 33.86 

396 396 1.54 540 6.01 587 14.41 20.01 

421 421 1.17 596 4.90 643 10.80 13.60 

604 604 0.66 791 3.41 868 9.41 12.11 

[381 244 254 2.38 392 8.88 440 19.88 34.88 

372 379 1.22 490 8.22 558 17.92 24.82 

555 555 0.20 636 2.73 670 6.33 8.93 

Table 3.2 Data used in the statistical work 
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Chapter 4 

Modelling the Mechanical Behaviour for Concrete 

4.1 Introduction 

As with steel, the mechanical properties of concrete plays an important role in finite 

element analysis. In addition, because of the nonlinearities and variabilities of this 

material, constitutive equations and strength failure criteria of concrete have been a 

more attractive research field for many years. Generally concrete works in the state of 

multiaxial stress, and the criteria of cracking and crushing are the function of the stress 

distribution. The stress-strain curve in uniaxial compression however is an essential 

relationship, which provides fundamental parameters for the criteria. A large number of 

constitutive equations can be found to describe the uniaxial properties[36,41-48, 

50-52]. The question for finite element analysis is which equations are most reliable and 

applicable. 

In the ANSYS program a special element SOLID65 is provided, which is particularly 

suitable for the modelling of reinforced concrete, Chapter 2.8.2. It is necessary to do 

some trial modelling before applying this element into analyses of concrete structures, so 

that capacities and features of the element can be investigated foremost. 

The element SOLID65 possesses the capability of crushing in compression. Once 

crushing occurs at an integration point, the material strength is assumed to have 

degraded to an extent such that the contribution to the stifffiess of an element at the 

integration point is ignored[3 I]. This is a special property of concrete, but sometimes it 
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causes the model to fail too early to obtain a full solution[ 11,21,23,24]. A method is 

required to prevent the unexpected early failure of an analysed model. 

In this chapter the constitutive equations and the relevant factors required for using the 

element SOLID65 are selected first. Then a simplified mechanical model for concrete in 

uniaxial compression is suggested. Afterwards a series of numerical tests are carried out 
to investigate the characteristics of the element, and to study the method to overcome 
the early failure problem of the element. 

4.2 Mechanical behaviour of concrete in uniaxial compression 

The mechanical behaviour of concrete in uniaxial compression is the most fundamental 

and important characteristic of the material, and it can be expressed by the stress-strain 

curve shown in Fig. 4.1. The curve has a nearly linear elastic behaviour up to about 30% 

of its maximum compressive strength, f,. For stress above this point, concrete begins to 

soften and the curve shows a gradual increase in curvature up to about 75-90% offi, 

after which the curve bends more sharply until it approaches the peak point at fi. 

Beyond the peak point, the curve has a descending part until crushing failure occurs at 

some ultimate strain c.. 

Fig. 4.2 shows the stress-strain curves for concrete with different strengths. The shapes 

are nearly the same but a high-strength concrete behaves in a linear fashion to a 

relatively higher stress level than a low-strength concrete, and peak strains increase 

slightly with the increase of the strength. The ultimate strain for any kind of concrete is 

much larger than 0.0035[36,51]. 

Poisson's ratio of concrete remains a constant within the normal working stress limits, 

ranging from 0.15 to 0.22.0.19 or 0.20 is a representative value provided the ratio of 

the compressive stress a, over cylinder strengthf, ' is under 0.8. After the ratio (3-, If, ' 

exceeds 0.8, micro cracks distinctly develop and the apparent Poisson's ratio begins to 
increase. In some tests values of this ratio over 1.0 have been measured in the unstable 

crushing phase [51]. 
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4.3 Constitutive equations for concrete in uniaxial compression 

The constitutive equations for concrete in uniaxial compression are essential for both the 

research and the design work. Most parameters used in finite element analysis are 

determined by using these equations. Typical equations from the literature are listed in 

Table 4. L As can be seen from Fig. 4.3, most equations give virtually the same shape 

for the ascending portion of the curve, the parabolic equation being in the mid-range 

covered by 
-the 

curves. In addition, it is found that the curve formed by a parabolic 

equation gives close agreement with test results[41]. In the commercial package 

ANSYS negative stiffness is not permitted, so the descending portion can only be 

modelled by a horizontal line[3 I]. Hence, equations describing the descending portion of 

the curve are neglected. Consequently, the mixed parabola and straight line is used as 

the constitutive equation for concrete in uniaxial compression, and they are listed below. 

For c :5 Eo, 

f, 
so 

for &o <c: 5 c, 

(4.2) 

where f is the compressive stress at any strain c 

f, is the maximum compressive strength at strain co, evaluation of this strength is 

discussed in Chapter 4.4.1 

&0 is the strain at the peak stress point, taken to be 0.002, and 

i;. is the ultirnate strain, taken to be 0.003 5. 
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4.4 Determination of the key parameters 

4.4.1 Compressive strength in uniaxial compression 

Strengths derived from different tests are used to describe the capacity of concrete in 

uniaxial compression. These are the standard cube strength fi, the standard cylinder 

strengthfc' and the standard prism strengthfi. Due to the effect of friction between the 

surfaces of specimen and platens, the specimen is constrained in the lateral direction 

whilst it is subjected to uniaxial compression in the vertical direction. Both the cube 

strength and the cylinder strength are higher than that in an actual component. Test 

results show that if the ratio of height to width of a prism exceeds approximately 3 to 4, 

then the effect of the constraint can be ignored. Therefore, the prism strength is close to 

the actual pure compressive strength of concrete. According to test results, the 

relationships among the mean values of the three strengths are[37]: 

fll= 0.83 - 0.85f. (4.3) 

f, = 0.80f. (4.4) 

The three strengths are normafly only used to detemiine the grade of concrete. 

Coefficients, typicaUy 0.67 or 0.85, are used to modify the compressive strengths to 

obtain the required strengths in design or research work. 

In this thesis, the prism strength is taken as the compressive strength which is free of the 

effects of lateral constraints. This compressive strength is taken as 0.8 times the cube 

strengtIL 

4.4.2 Modulus of Elasticity 

There have been numerous empirical equations proposed to determine modulus of 

elasticity for concrete. Some typical equations are fisted in Table 4.2 and graphically 

expressed in Fig. 4.4. It can be clearly observed that the curves created by the equations 
in ACI 318/89[49] and BS81 10 Part 1[42] have the steepest slopes. They give lower 

values for lower grade concrete (smaller than 50 N/mrný), and middle values for higher 

grade concrete. The curve created by the equation in the CEB-FIP Model Code[43] 

gives middle values for lower grade concrete but lower values for higher grade concrete. 
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Therefore, the equation in the CEB-FIP Model Code is chosen to determine modulus of 

elasticity for concrete with cube strength smaller or equal to 50 N/mm2, while the 

equation in ACI 318/89 is selected for concrete with cube strength larger than 50 

N/rnrr?. That is 

forf,,,:! ý 50 N/mmý, 

E, = EO[ 
1/3 

(4.5) 

where E, is the modulus of elasticity at a concrete age of 28 days 

f, k is the characteristic cylinder strength 

Af =8 N/mrný 

f,. = 10 N/mmý 

E, O = 2.15 X 104N/rnMý, and 

0.85Ei (4.6) 

E, is the reduced modulus of elasticity E,,. 

forf,,, > 50 N/mrný, 

E, = 4730Ff, ' (4.7) 

where P is the specified compressive strength of concrete. 

4.4.3 Tensile strength 

Some typical equations to determine tensile strength of concrete are given in Table 4.3 

and Fig. 4.5. It is evident that the equations derived from bending tests give higher 

values than those from splitting or direct tension tests. The equation in the CEB-FIP 

Model Code[43] for the mean value of tensile strength is chosen because it gives 

average values. 
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(rý 2/3 

-': ffI Jck 

ctk. in ' ctkO, m ý 
fckO 

(4.8) 

where f,,,, is the mean values of the characteristic tensile strength of concrete 

fcko = 10 MPa 

f, 
tkO, m= 1.4 NVa, and 

fck is the characteristic cylinder strength of concrete in compression. 

4.5 Simplified mechanical model for concrete in uniaxial compression 

For the purpose of finite element analysis, the constitutive equations for concrete in 

uniaxial compression are further simplified into a linearised model, as shown in Fig. 4.6. 

The strain at any point is increased by a constant incremental value of 0.0005, and the 

stresses are calculated directly with the selected Eqs. 4.1 and 4.2. The stress at the first 

point a,,,, is determined by Eq. 4.9, since in the option of NWIN in the ANSYS 

program the initial slope is required to equal the input elastic modulus. 

a,,, = E, x c,,, (4.9) 

where E, is the modulus of elasticity for concrete and 

c,,, is the strain at first point in the simplified mechanical model for concrete. 

4.6 Improvement on post crushing properties of the element 

4.6.1 Problem of post crushing 

As mentioned above, when the stress level satisfies the strength failure criterion, 

crushing occurs at an integration point within an element. The material associated with 

this integration point loses its strength completely and the stresses are redistributed 

among the surrounding integration points. Effectively, the material represented by the 

element disappears since it carries no stress regardless of the strain imposed. The 

surrounding integration points may crush too during the stress redistribution. If enough 
integration points crush at the same time, the whole model fails so that a full response of 
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the model cannot be obtained. This early failure phenomenon can be identically observed 
in the numerical test on a standard prism in compression as shown in Fig. 4.9. As for the 

case of plain concrete, the maximum output compressive strength should approximately 

equal the input compressive strengthf, (= 41.473 N/mmý in Fig. 4.9), and the associate 

strain should approximately equal co (= 0.002 in Fig. 4.9). In fact, however, because of 

the earlier crushing of the whole model, only about halff, maximum compressive stress 

and half &Dassociated strain are output. 

4.6.2 Method to solve the problem 

The idea of using smeared concrete material acting similarly to steel reinforcement to 

stiffen-up the element was proposed in the previous work to solve the early crush 

problem[ I I]. The smeared material has strength in its axis direction only and exhibits the 

same stress-strain relationship as the concrete in the rest of the element, Fig. 4.6. 

Crushing is not specified for the smeared material. Hence, when the element concrete 
has crushed, the smeared material can continue to withstand a certain amount of load. 

In the present research, the optimum volume of the smeared material required by the 

elements to represent the expected material's response is determined by a number of 

numerical tests. Afterwards the method is modified so that it can also be applied to the 

modelling of concrete elements under the multiaxial stress state. 

4.6.3 Numerical test for optimum value of the smeared material 

The models used in the numerical tests are standard cubes (100xlOOxIOO mm) and 

prisms (lOOxlOOx3OO mm). Due to symmetries in the three directions only 1/8 of the 

cube or prism is modelled, as shown in Figs. 4.7 and 4.8. In both of the models, the top 

surfaces are laterally constrained to simulate the friction effect of the stiff top platen at 

the platen-specimen interface. The models are loaded in the z direction, controlled by 

increments of displacement. 

Fig. 4.9 shows a series of curves from prisms with different percentages of smeared 

material. The curves are average values of all nodes on both the top surface and the 

middle section. It is evident that as the percentage of smeared material increases, both 

strength and deformation capacity increase. 
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When the percentage of smeared material reaches an optimum value, the output 

maximum stress shows close agreement to the input compressive strength. Beyond this 

optimum value the output stress-strain curve has no descending branch. This critical 

percentage of smeared material is a function of a number of parameters including 

loading increment, shape of model and mesh of element. For example, in the case in Figs 

4.7 to 4.9, the loading speed is 175 pE (equals 5%. -,. )/substep and the critical 

percentage is 9.73%; if the loading increment is decreased to 87.5 P&Isubstep, the 

critical percentage is 9.72%; while if the loading speed is increased to 350 pe/substep, 

the critical percentage is 9.77%. Based on a series of numerical tests, the value of 9.7% 

is suggested as the optimum percentage which will work effectively in most cases. 

4.7 Effect of element aspect ratio 

The aspect ratio of the element will affect the solution, and the range from I to 3 is 

suggested for most types of elements[3 I]. In this study a series of numerical tests have 

been carried out to investigate the effect of the aspect ratio on the special reinforced 

concrete element in the ANSYS program. 

The model is the standard prism shown in Fig. 4.8. The only independent variable is the 

aspect ratio ofxlz or y1z. Herein, z is the loading direction and xly always equals unity. 

The numerical tests indicate that element aspect ratio is a significant factor affecting the 

mechanical behaviour of the concrete element. The prism with an aspect ratio of 0.33 

only gives 70% of its input compressive strength, while the one with a ratio of 1.67 

presents a result without a descending portion, Fig. 4.10. Fig. 4.11 shows that in the 

range of 0.33 to 1.0, the output maximum stress is proportional to the aspect ratio. With 

an aspect ratio of 1.0, the output maximum stress is very close to the input value of 

compressive strengthfi, jnp, ý,. Within the range of 1.0 to 3.0 the output curve extends to 

an infinite strain. Here, the maximum stress is almost a constant, which is approximately 
15% higher thanfi, inpw. 

Two sets of results with different input compressive strengths are shown in Fig. 4.12. In 

set B, fB, i, ýpt is the sum of the compressive strength in set A, fA, inpt and the difference 

betweenf, ', jpt and the maximum output stress with an aspect ratio of 0.33. It is clearly 
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observed that in set B the maximum output stress at an aspect ratio of 0.33 is very close 

to the expected va1uefA,, jnpt, and the linear progression of set B is almost parallel to that 

of set A. The difference between the maximum output stress with aspect ratio smaller 

than 1.0, and the input compressive strength, can therefore be used as the increment of 

the input compressive strength. In other words, the loss of output maximum stress due 

to the slender shape of the element can be compensated for by increasing the input 

compressive strength by an amount equal to the loss. 

Based on several sets of numerical tests, a relationship between the ratio of the 

maximum output stress to input compressive strength and the aspect ratio of the element 

has been obtained. The regression relationship is given in Eq. 4.10, and shown in Fig. 

4.13. 

cr' 
= OA595 X+ 03225 

(033:! 
g x < 1.0) (4.10) 

where, a, is the output maximum compressive stress of concrete modeHed using 

elements with aspect ratios within 0.33 to 1.0 

f, is the input compressive strength of concrete 

x is the element size in the perpendicular direction of loading and 

z is the element size in the loading direction. 

In finite element modelling a simplified method is suggested. In the method the aspect 

ratio range of 0.33 to 1.0 is divided into three regions, for which an increased input 

compressive strengthfipw is recommended, that is: 

for 033:! ý x/z<0.55, 

fj. 
p. t = 135f, (4.11) 

for 0.55 <x/z<0.77, 

fl, 
w. t = 1.25f, (4.12) 
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for 0.77:! ý x/z<1.01, 

fi-p-t = 11 5f, - (4.13) 

for 1.0 :! g x/z :53.09 

fi-p-t = 1.0f, (4.14) 

The relation of these suggested equations and the numerical results can be found in Fig. 

4.13. 

Fig. 4.14 presents an example of the application of this recommended method. Set C is 

the results of using fipt deterniined with Eqs. 4.10 to 4.14. The results show good 

correlation with the target input strength 

4.8 Relationship between the results from prism test and cube test 

As for the physical tests, there should be a relationship between the results from 

numerical tests on prism and cube models. Fig. 4.15 displays a set of output stress-strain 

curves from cube tests, whilst the relevant prism test curves can be found in Fig. 4.10. 

The elements in a cube are more confined than those in a prism, so the curves from cube 

models indicate higher stress and deformation capacity than those from prism models. 

The maximum output stress for a cube is about 20-25% greater than that in the 

corresponding prism. This relationship is similar to that of the physical tests. 

4.9 Effect of final slope of the smeared material 

As described in Chapter 4.6.2, the smeared material has the same properties as the 

remainder of the concrete element. Besides the percentage of the smeared material, the 

only parameter which can be varied is the slope of the curve beyond the peak stress. Fig. 

4.16 gives a set of prism model results using different magnitudes of this slope. As the 

magnitude of the slope increases, the ascending portion of the curve remains unchanged, 

and only the descending portion shows greater deformation capacity. Therefore, zero 

stifffiess is recommended in future models. 
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4.10 Consideration of the multiaxial stress state 

The analyses in Chapters 4.6 to 4.8 indicate that adding smeared material is a successful 

approach to avoid the earlier failure problem of the concrete element. Since all of the 

analyses are based on the condition that the smeared material has same uniaxial stress- 

strain relationship as that of concrete, conclusions obtained above provide fundamental 

properties of concrete strengthened by smeared material in the uniaxial stress state. In 

the application of this method to FEA of concrete structures, however, the effect of the 

multiaxial stress state should be considered. 

In most cases concrete works in a multiaxial. stress state. Strength failure criteria of 

concrete vary corresponding to the stress state suffered by the concrete. A typical failure 

criteria of concrete in the biaxial stress state is shown in Fig. 4.17, whilst a triaxial one is 

shown in Fig. 4.18[31,36,51]. The key parameters of the failure criteria employed in 

the ANSYS programme have been listed in Table 2.2. Normally the crushing strength of 

concrete determined by the failure criteria is higher than the uniaxial compressive 

strengthf, but it will never exceed 1.725f, plus the hydrostatic stress, see Table 2.2. 

The smeared material is treated as an uniaxial tensile or compressive reinforcement and 
it possesses its own failure criteria[31]. When concrete reaches a criterion strength 

which is higher thanf, at a critical integration point, the smeared material may only keep 

its highest stress equalling the input strengthfi. Therefore the smeared material cannot 

strengthen the concrete as it crushes, and the early failure will continue to occur. 

The problem may be solved by increasing the input compressive strength of the smeared 

material, f,,,, to match the concrete failure strength. It is impossible to estimate the 

failure strength of concrete at an integration point, however, because it varies according 

to the stress state of the point. Substitution of concrete with the smeared material 

eliminates the Poisson relationship between the three axes. Consequently the maximum 

compressive strength superimposed on ambient hydrostatic stress state of concrete 
defined by the failure criteria of the program is recommended. That is: 

f, = 1.725f, (4.15) 

where fi, is the input compressive strength of the smeared material and 
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f, is the uniaxial compressive strength of concrete. 

Once the compressive strength has been determined, the other parameters required by 

the stress-strain relationsWp for the smeared material can be created using the equations 
described in Chapters 4.3 to 4.5. 

The result from a numerical prism test in Fig. 4.19 indicates that as the input 

compressive strength of the smeared material has been increased by 72.5%, the output 

of the prism strength is enhanced by about 20%. It should be noted that this 

enhancement is from the uniaxial compressive prism test, so it must be the maximum 

increment of concrete compressive strength caused by the higher input compressive 

strength of the smeared material. 
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No. Reference Equation 

I BS8110 Part 1[42], fore: 5co, 
CEB-FIP[43], f =fi(2(c /&O)_(e /60)2) 

GBJ 10-89[44], for go <. - < c. 
EC2[45] and f =f-I 
NS3473E[46] 

wheref is the compressive stress at any strain g 

f. is the maximum compressive strength at strain go, as 

a design strength fi is taken as 0.45f,. in all of the 

design codes with the partial safety factor 1.5, herein 

fý. is the standard characteristic cube strength 

&D is the strain at the peak stress, 2.4x 10-4 Ff,. / -y. in 

BS81 10 Part 1 and 0.002 in the other codes, and 

e. is the ultimate strain, taken to be 0.0033 or 0.0035. 

2 E. Hognestad[47] for c:! ý &D, 

f =f, (2(c /&D)_(e /, 60)2) 

for go <g :! 9 c., 

f =f., [1 -0.1 5&-co)1(v., -gO))] 

where &D = 0.002 

fi = 0.8 5f,, ' 

is the cylinder strength and 
0.0035. 

3 BS81 10 Part 2 [48] f=0.8f. (kn 
- tl') / (I + (k - 2)17) 

il =c/ go =c/0.0022 

k= lAcOE, / f.. = 3E, / f,,, 

where E, is the elastic modulus of concrete in kN/mn? 

go = 0.0022. 

4 P. Desayi and f= Ecl 
(I 

+ (C / 60)2) 

S. Krishnan[41] 
where E, is a constant (same as initial tangent modulus) such 

I I that E= 2f/&D. 

Table 4.1 Typical constitutive equationsfor concrete in uniaxial compression 
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No. Reference Equation 

I BS81 10, Part 2 E, 
' 
28 =kO + 0'2fcu, 

28 

[48] 
where Ec. 28is the static modulus of elasticity at 28 days 

f., 
28 is the characteristic cube strength at 28 days; 

k,, is a constant closely related to the modulus of 

elasticity of the aggregate (taken as 20 kN/mn? for 

normal weight concrete). 

The modulus of elasticity of concrete at an age t may be 

derived from the following equation: 

Ec, t = E,, 28(0.4 + 0.6f. 
', 

/ fcu, 
28) 

where t ý! 3 days. 

2 CEB-FIP[43] Ed= Eco[(fck +Af) / fcmo 1 1/3 

where E, is the modulus of elasticity at a concrete age of 28 

days; 

fck is the characteristic cylinder strength 

Af =8 MPa 

fco. =I 0 Wa 

EcO = 2J5 X 104 MPa. 

The reduced modulus of elasticity Ec is taken to be 

Ec = 0.85Eci 

3 AC1318-89[49] Ec = 5700OFf, ' (psi) 

4730Ffc' (Wa) 

wherefc is the specified compressive strength of concrete in 

psi. 

4 BS8110 Part I = 5500ý(-f -/y E 
[42] . c 

where fc,, is the characteristic cube strength of concrete 

y. is the partial safety factor, taken as 1.5 for concrete 

in flexure or axial load. 

Table 4.2 Typical equationsfor modulus of elasticity of concrete 
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No. Reference Equation 

5 EC2[45] E,. = 9.5(fk + 8) 

where E,. is the secant modulus of concrete 

f,, k is the characteristic cylinder strength of concrete. 

6 GBJ 10-89[44] E, = 100000 / (2.2 + 33 / f. ) 

I I where f,,,, is the characteristic cube strength of concrete. 

Table 4.2 continued Typical equationsfor modulus of elasticity of concrete 
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No. Reference Equation 

I CEB-FIP[43] fdkmin = fctkOmin(fck fckO) 2/3 

fctk, 
max 

= fdkomax (fick f 
ko)2/3 

/ 
cko)2/3 

fctk, 
m 

fctkO, 
m(fk 

fd 

where fctkAi,, fctkm,,, ftk,, is the minimum, maximum and mean 

values of the characteristic tension strength of concrete 
fckO =I 0 Wa 

fctkomin = 0.95 NTa 

fctkO, 
max = 1.85 NVa 

fctko, 
m = 1.40 MPa and 

fck is the characteristic cylinder strength of concrete in 

compression. 

2 C. Z. Wang f, = 7.5 - 12, Ff -c (psi) 
and 
Z. M. where f. is the tensile strength of concrete from bending test and 
Teng[37] 

fc' is the cylinder strength of concrete in compression. 

3 C. Z. Wang 3/4 (kg/cm) f, = 035f 
and . 
Z. M. where f, is the tensile strength of concrete from splitting test and 
Teng[37] 

fc. is the cube strength of concrete in compression. 

4 C. Z. Wang f, = 9.5Ff, ' (psi) 
and 
Z. M. where f. is the tensile strength of concrete from bending test. 
Tengr371 

5 C. Z. Wang f=0.5f 2/3 (k 
Ii t ghnrný 

and CU 
Z. M. where f, is the tensile strength of concrete from direct tension 
Teng[37] 

test. 

6 M. Y. H. f=0.5 5 (N T a) Bangash[50] 

i I 
where f, is the tensile strength of concrete from splitting test. 

Table 4.3 Typical equationsfor tension strength of concrete 
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Figure 4.17 Failure surface of concrete in biaxial stress state 
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Figure4.18 Three-dimensionfailure surface of concrete in principal stress space 
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Chapter 5 

Modelling of General Connection Components 

5.1 Introduction 

Several connection components are modelled to achieve the following aims: 

a. Examine the precision of the mechanical models for both steel and concrete and 

suitability of their application in the ANSYS programme. 

b. Check the applicability of the selections for finite element analyses determined in 

Chapter 2, such as mesh generation, element types, loading and solution. 

c. Investigate the behaviour of some weR known connections which are tested and 

modeRed by other researchers, so that reliabRity of the modelEng in the present work 

can be verified. 

d. Finafly, based on the above work, the standardisation of FEA techniques for 

reinforced concrete structures can be completed. 

The components include a plain steel bar in tension, a T-stub connector in tension, and a 

steel bolt embedded in joint concrete in shear. 

5.2. Steel bar in tension 

The first modelling is of the most simple and direct model -- a monotonically loaded 

tensile steel bar, as shown in Fig. 5.1. Since a simplified element mesh is required for 

future application in more complex modelling situations, a relatively coarse mesh is 

utilised in this model. Due to the dual symmetry in the two directions of the 20 mm 

diameter section, only a quadrant is analysed and it is represented by one SOLID 45 

element in ANSYS. Using Eqs. 2.5 and 2.6, the quadrant section is represented by a 
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quadrilateral section as shown in Fig. 5.2. The gauge length of the bar is 100 mm of 

which only half is analysed due to symmetry in the longitudinal direction. It is meshed 
into five elements, see Fig. 5.2. 

Fig. 5.3 shows the input stress-strain relationship determined using the simplifled 

mechanical model for steel in Chapter 3, with the yield strength of 270 N/mmý. The 

figure also shows the corresponding finite element solution of the stress-strain curve. 

The excellent agreement of the two curves prove that the simplified model satisfies the 

requirements of the ANSYS programme well. It can also be noted that although the 

input is up to the ultimate strength point (point 5) limited by the option of MKIN in the 

ANSYS programme, the solution can reach a strain as large as required (30% in this 

numerical test). 

The accuracy of the solution leaves little doubt that if the input stress-strain relationship 

is some other model, for instance a bilinear model, the output curve will give the same 

shape as that of the input. Therefore it is necessary to represent the mechanical property 

of each material matching the actual curve as wen as possible, especially when the non- 

linear behaviour of a model is critical. 

5.3 T-stub connection 

5.3.1 Objective - 

The second modelling is of the T-stub connection tested in the University of Liege, 

Belgium[53]. A number of numerical simulations on the behaviour of the connection 
have been carried out in the Numerical Simulation Working Group of the European Co- 

operation in the Field of Scientific and Technical Research (COST), in order to compare 

the capabilities of the available finite element method progranunes[54-56]. It is also one 

example of the finite element analyses on steel structure connections recently carried out 

within the European countries[57-59]. The specimen is illustrated in Fig. 5.4. Full 

details of the connection, geometry, material properties, and test results are as described 

in Reference 53. 

Many factors should be considered to achieve an accurate analysis of the connection. 
These include slips between the nut, washer and flange, yield of the T flange under the 

nut and washer, bending due to prying of the bolt, local yield at the bearing surfaces of 

the threads, deformation of nut and washer, bending in the T flange, etc.. Most of the 
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factors have been considered in the simulations. The influence of mesh fineness and 
input material properties has been investigated by the authors and reported 

separately[54]. Only one model with a coarse mesh is introduced herein. 

5.3.2 Model 

Since all three planes are symmetrical, only one eighth of the connection is modelled and 

the views of the model are shown in Fig. 5.5. Again the model is meshed as simply as 

possible because such a component will represent a small part of subsequent structural 

subfrarne analyses. The nut constraint on the front face of the T-stub flange is 

represented by tapered elements through the flange thickness. The front face of the 'nut' 

has the same area as the washer, whereas the back face of the tapered elements has the 

same area as the bolt core. The bolt length protrudes behind the flange as shown in Fig. 

5.5 to represent the short bolt length through the T-stub flange, which would otherwise 
derive artificial rigidity from direct contact with the bolt/flange elements if they were 
fixed at the plane of symmetry. 

5.3.3 Results 

Fig. 5.6 illustrates the load-displacement curves of both numerical and physical tests. 

From the comparison it can be concluded that the simplified mechanical model for steel 

can work well at high stress levels. Although a very sfinple mesh is used, the model still 

can present the main non-linear behaviour and the ultimate capacities of both strength 

and deformation. A more detailed mesh at the comer of the T-stub has been shown [54] 

to be more accurate at all stress levels. 

5.4 Bolt in joint concrete 

5.4.1 Objective 

The third modelling is of a simple connection of a bolt in joint concrete in shear, which 
is a portion of a connection in precast concrete structures. The physical test was carried 

out in the Tampere University of Technology, Finland[60], in order to investigate the 

connecting response of the bolt and the surrounding concrete. The dimensions and the 

test arrangements of the test specimen are shown in Fig. 5.7. The general behaviour of 

the specimen will be analysed as the fundamental purpose of this modelling. The 
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influence of some factors in finite element analysis, such as the fineness of element mesh 

and the application of contact elements, are investigated simultaneously. 

5.4.2 Models 

Three models are constructed with different meshes, with or without contact elements. 

Due to the dual symmetry, only a quarter of the tested specimen is modelled. Details of 

the models are described as follows. 

5.4.2.1 Model 1 

Again, to be consistent with our further modelling, simple element mesh is applied to 

this model, Fig. 5.8. In this coarsely meshed model the quarter circle section of the bolt 

is represented by a quadrilateral element. Input the radiator of r= 15.00 mm into the 

Eqs. 2.5 and 2.6, the co-ordinates of the point (B in Fig. 2.3) are obtained as xO = 11.940 

mm, yo = 11.625 nun. No contact elements are used in this model. 

5.4.2.2 Model 2 

In the normal direction of the contact surface between steel and concrete, the bond 

strength in tension is so small that can be neglected in the general analyses. However, if 

there are no gap or contact elements used in the location, the bond strength Will equal 

the tensile strength of concrete. This overestimates the bond strength and results in 

stiffer models. Therefore, 8 contact elements are used in this model, located in two rows 

along the bottom lines of the steel bolt, starting at the end surface of the joint concrete. 

The other characteristics of this model are the same as those for model 1, see Fig. 5.8. 

5.4.2.3 Model 3 

Fine meshes are used in this model, see Fig. 5.9, to have a comparison with the coarsely 

meshed model. No contact elements are used in this model. 

5.4.3 Element types 

According to the standardisation for finite element analysis described in Chapter 2, 

element SOLID45 is used for the steel bolt and tube, element SOLID65 with 9.7% of 

the smeared material for the joint concrete. CONTACT52 is selected as the contact 

element. 
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5.4.4 Material properties 

According to the test report of Tampere University of Technology[60], the fundamental 

mechanical property parameters of the materials used in the modelling are those listed in 

Tables 5.1 and 5.2. The uniaxial stress-strain relationships of the steel bolt, steel tube 

and joint concrete, Figs. 5.10 to 5.12, are created by using the simplified mechanical 

models for both steel and concrete proposed in Chapters 3 and 4. 

5.4.5 Solution 

The models are loaded by applying displacement at the head of the bolt in increments of 

0.0286 mm. This incremental value is identical to the value used in the previous models 

for the behaviour analyses of the concrete element, see Chapter 4. 

5.4.6 Results and discussion 

The load-displacement relationships from both the numerical analyses and physical tests 
for the head, middle and base sections of the bolt (as defined in Fig. 5.7) are shown in 

Figs. 5.13 to 5.15. The curve consists of a pseudo-elastic portion with a high initial 

stiffness and a transition to a region of plastic deformation and relatively low stiffness. 
The curves from the numerical analyses have a higher initial stffffiess than the curves 

obtained from test specimens. However, the reaction forces at which the specimens 

yielded in the numerical analyses were lower than the test results. Additionally, the 

ultimate reaction forces in the numerical analyses were also less than the ultimate loads 

obtained in the tests. The differences between the results from the two approaches are 

small and considered acceptable for adoption of this technique in the analysis of larger 

and more intricate joints. 

Comparison of the curves from models I and 2 shows that the introduction of the 

contact elements has reduced the stiffness of the model. The differences between the 

curves from model I and model 3 are small, although model I is slightly stiffer. Hence, 

coarsely meshed models can give acceptable results, provided the models are carefully 
designed and the dimensions of elements are not too large. 

Fig. 5.16 shows the relationships of bending moment and rotation angle from both the 

numerical analyses and physical tests at the base section of the bolt. The same 
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conclusions can be obtained from this figure as those from the load-disPlacement 

relationships, but closer agreements are obtained. 

From Figs. 5.17 to 5.19 it can be observed that the deformed shape of the bolt in the 

three models is similar. The use of contact elements, in model 2, results in a larger 

rotation angle and a gap around the first two elements along the base section of the bolt. 

The relationships between principal stress and displacement at the head section of the 

bolt are illustrated for the three models in Figs. 5.20 to 5.22. During the loading process 
both the steel and concrete experienced a full elasto-plastic history. As the displacement 

at the head section of the bolt increased to about 0.5 mm the concrete element on top of 

the bolt base crushed, Fig. 5.21. Further increased displacement (about 1.8 nun) caused 

the steel elements around the bolt base to yield, Fig. 5.20, consequently the stfffness of 

the connection was reduced significantly, Figs. 5.13 to 5.15. From Fig. 5.21 it is also 

observed that the compressive strength of concrete in the three dimensional stress 

situations increased to 39.78 N/mrný and 40.58 N/ffirný in model I and model 3 

respectively. The input uniaxial compressive strength of concrete was 28.24 N/mmý. In 

the case without contact elements between the steel and concrete in the tensile zone, 
higher tensile stresses appeared between the two materials, Fig. 5.22. 

Some typical stress distributions of the three models are presented in Figs. 5.23 to 5.29. 

In the loading direction, i. e. the y axis, the highest compressive stresses are initially 

located in concrete surrounding the top surface of the bolt base, Figs. 5.23 and 5.24. 

When the added displacement at the head section of the bolt is large enough, the 

elements with the highest compressive stresses crush, and the highest stresses 

redistribute to the adjacent elements, see Fig. 5.25. Meanwhile the tube in the loading 

direction bears the highest tensile stresses to balance the compressive stresses in the 

concrete (Figs. 5.23 to 5.25). 

In the longitudinal direction of the bolt, i. e. the z axis, both the maximum tensile and 

compressive stresses are located around the base of the bolt (Figs. 5.26 to 5.28). In the 

case including contact elements between the bolt and concrete, the location of maximum 

tensile stress moves into the joint and the concrete beneath is not subjected to tensile 

stresses Fig. 5.27). 
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In the x axis direction the maximum tensile stress occurs at the end of the tube over the 
base of the bolt. The numerical analyses indicated that this was the last component of 
the connection to yield, see Fig. 5.29. 

5.4.7 Conclusions 

As the results from numerical analyses show good agreement with those from physical 

tests, it is can be concluded that the models have been successfully constructed. 
Coarsely meshed models can give acceptable results if the models are carefiffly designed. 

However, it is necessary to use contact elements to model the interface between steel 

and concrete. The simplified mechanical models for both steel and concrete proposed in 

Chapters 3 and 4 have been successfully applied. These successful applications and 

calibrations corroborate the standardisation of the FEA techniques for reinforced 

concrete structures. 

Results of the numerical analyses show that failure of the connection is initiated by 

crushing of concrete on the top surface of the bolt near the base section. Further 

increased load causes yielding of the steel bolt and full plasticity of the connection to be 

developed. During the latter stages of loading, the edge of the steel tube over the base of 

the bolt yields also. 

-103- 



fy (N/niný) f. (N/nirrý) E. (Wmrrý) v 

Steel bolt 350.00 548.00 207.00 0.30 

Steel tube 275.00 467.00 205.00 0.30 

Note: fy is the characteristic yield strength 

f. the ultimate strength 

E, the Young's modulus and 

v the Poisson's ratio. 

Table 5.1 Parameters of mechanical propertiesfor steel in the modelling of the 

bolt injoint concrete 

yli,, d,, (NlnirW) (N/rnry? ) E, (kN/mn? ) v 

Joint concrete 30.00 3.00 26.35 0.20 

Note: f,, ylid,, is the characteristic cylinder strength 

ft the tensile strength 

E, the modulus of elasticity and 

v the Poisson's ratio. 

Table 5.2 Parameters of mechanical propertiesfor concrete in the modelling of 

the bolt injoint concrete 
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Figure 5.5 Element mesh of the T-stub connection 
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Chapter 6 

Numerical Modelling the Experimental 

Billet-Welded Plate Joints 

6.1 Introduction 

The billet with welded plate is one of the most widely used connections in precast 

concrete building frames in the UK. A number of joints with this kind of connection 

were physically tested in the University of Nottingham [14,16 and 17], and some of the 

tested specimens were numerically analysed in City University [18]. The experimental 

results from Nottingham University indicate that joints with this kind of connection have 

the greatest stfffness and thus offers the greatest structural advantage from the use of 

their semi-rigid behaviour. Therefore, the joints with billet-welded plate connections as 

tested in the University of Nottingham are modelled in detail. The methods described in 

the previous chapters can be finiher calibrated against the test results, and comparison 

can be made with the numerical results obtained in City University. In addition, the 

behaviour inside the joints, such as cracking and crushing status and stress distributions 

of concrete, grout and connectors which are difficult or impossible to be measured 

during the physical tests, can be investigated numerically. 

The joints to be modefled include four external sway sub-frames without slabs, named 

TWI to TW4 [14], and two internal non-sway sub-framcs with slabs, named TWI(A) 

and TWI(C)[16 and 17]. 

Some of the modelled joints are also scheduled in the sensitivity analyses as described in 

Chapter 7. This chapter addresses the general procedures and results of the numerical 

analyses, the effects of changing various parameters on the joint behaviour will be 

described in Chapter 7. 
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6.2 Test specimens and arrangements 

The dimensions, load and constraint conditions of TWI to TW4 are shown in Figs. 6.1 

and 6.2, while TWl(A) and TWI(C) are in Figs. 6.3 and 6.4. The beams were 300 nirn 

wide, and either 300 mm. or 600 nun deep, and cast using specified grade C40 concrete. 

The columns were all 300*300 mmý in cross-sections, cast using specified grade C50 

concrete. The floor slabs were 200 mm. deep proprietary hollow-cored units concreted 

into position using grade C30 infill concrete after 2 No. T25 longitudinal tie bars were 

placed over the beams and through a slot in the column, and 6 T12 transverse tie bars 

were placed in slots in the slabs. Reinforcement details of the specimens are graphically 

illustrated in Figs. 6.5 and 6.6, details of the connectors are given in Fig. 6.7. 

All the specimens showed the expected failure mode of flexure except TWI(C) of shear. 

Although some of the specimens were loaded cyclically or reverse cyclically in the 

physical tests, all of the joints are loaded monotonically in these numerical analyses. 

6.3 Models 

All models are generated complying with the standardisation described in the previous 

chapters. According to the particular requirements of the specimens, however, each 

model possesses some individual characteristics. 

6.3.1 Model geometry 

The models of the joints are meshed as shown in Figs. 6.8 to 6.10 with the following 

geometrical features: 

a. Due to the geometrical and loading symmetries in the YZ plane, just half of the 

tested specimen is modeHed for TWI to TW4, only a quarter for TWI (A) and 
TWI(Q. 

b. A finer mesh is applied to the core zone of the joint while a coarser mesh is 

used for the other parts. Both the finer and coarser meshes are especially 
designed to match the geometry demands of all the components, such as 
dimensions of the billet and welded plate, and positions of the reinforcing bars 

and links. 

c. Attention is paid to maintain the comparability between the models so that 
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sensitivity of parameters can be more reasonably discussed. For instance, TWI 

to TW4 have the same column meshes, and TWI (A) and TWI(C) have the same 

beam meshes as those of TWI and TW2. 

d. Gap elements are utilised in the interfaces between the connectors and the 

surrounding concrete or grout, such as the billet and the grout, the billet and the 

column concrete, the grout and the column, the grout and the beam, etc.. The 

billet to column concrete gap element extends only for the first element layer in 

from the internal face of the column. To allow for the shrinkage, 0.0 15 mm initial 

gap is assumed at the contact surfaces. 

e. Both the billet and welded plate are initially meshed to connect to each other, 

with no additional element for the Met weld. Herein the assumption is adopted 

that the fillet weld has a higher than, or the same strength as, that of the origin 

material. 

6.3.2 Material properties 

Table 6.1 fists the fimdamental parameters of the material properties for the analysed 

joints. Stress-strain relationships of both steel and concrete derived using the mechanical 

models described in Chapters 3 and 4 are exhibited in Appendix Figs. Al to A3. In order 

to account for the reduction ofjoint quality caused by the in-situ cast grout, lower grout 

and concrete uniaxial compressive strength was used. The calculation procedure is as 

follows: 

fc, 
k = 0,8f_ -8 

fc -,, ' 0*85fck 

where f,. is the mean value of the tested cube strength in Nlnmý 

0.8f,,, the mean value of equivalent prism strength in N/mn? 

fc, k the characteristic equivalent prism strength in N/mm 2 

0.85 the finiher reduction coefficient and 

f, the uniaxial compressive strength in N/mm. 2. 

(6.1) 

(6.2) 
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6.4 Solution 

The models of TWI to TW4 were loaded at the mid-height of the lower column by 

adding equal increments of displacement. 60 mm total displacement was applied for all 

the models, since this value was just large enough to cover the whole working 

procedures of the joints from the beginning of loading to the stage after the whole model 

had crushed. This displacement was added with 120 sub-steps, thus each sub-step 

contained 0.5 min increment of displacement. To save the hard disk space of the 

computer only every tenth solution was output, except that for TW4 every fifth solution 

was stored, because it would be used as the standard case in the sensitivity analyses. 

As for the model of TWI (A), 50 mm total displacement was applied at the beam mid- 

span with 100 sub-steps. The model of TWI(C) was loaded at the location 535 min 

away from the column surface. 8 mm displacement was applied with 80 sub-steps. 

The accuracy of solution was controlled by nodal forces, with criterion of 10%. 

6.5 Definition of the joint rotation 

Several factors contribute towards the total joint deformation. Generally, it includes 

bending and shearing deformations of the joint core zone, and beam end(s) and column 

end(s) adjoining the core zone. As for the joints in precast concrete frames, bending, 

shearing and rigid deformation of the connectors should be additionally accounted, and 

fimhermore they will contribute the majority of the joint deformation. 

The main purpose of this research is to investigate and predict the moment-rotation 

properties of the semi-rigid joints. The definition of the calculation method of the 

rotation, however, is uncertain and a subject of much academic debates. In this chapter, 

results for the deformation behaviour of a typical joint will be analysed first. Then the 

possible methods to measure the joint rotation will be summarised and discussed. Finally 

the preferred method for the subsequent analyses is defined. 

6.5.1 Rotational deformation performance of the joint 

The deformation performance in the joint zone provides useful information for 

understanding and determining the rotation of the joints. Some typical deformation 

perfonnances of joint TW4 are graphically displayed in Figs. 6.11 to 6.13 and will be 

discussed below, while the other deformation properties will be discussed together with 
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the strength behaviour in the following chapters. 

It is observed that at the beam end the horizontal deformation does not obey the plane 

sections remaining plane assumptions within the full joint geometry. This is the case 

within the zone extending from about 300 nun at the commencement of loading to 

about 600 mm at the ultimate load state (Fig. 6.11). This 600 mm. just covers the range 
from the column surface to the end of the welded plate. 

There is a distinct crack between the billet and the surrounding concrete in the tension 

zone. This can be discovered from the shape change in the horizontal deformation of the 

column at the joint core zone along the vertical axis in Fig. 6.11, the gaps between the 

billet and the concrete on top of the billet in Fig. 6.12, and the different vertical rotations 

of different sections in the joint core zone in the column in Fig. 6.13. 

The distribution of vertical deformation along the bearn axis presents a curve and varies 

significantly between the beam end and the grout/billet end, the grout and the column, 

Fig. 6.13. 

The big defonnation gaps existing between the column and beam in Figs. 6.11 and 6.13 

indicate that the deformation of connectors play an important role in the total joint 

deformation. 

6.5.2 Possible rotation measurement methods and the preferred method 

There are several approaches to measurement of the joint rotation. One is to measure 

the vertical deflections of the beam relative to the column as is normally used in physical 

tests, Fig. 6.14. Another way is to measure relative rotations between the beam end and 

the joint core zone in the column according to their vertical deflections as shown in Fig. 

6.15. The third method is to measure relative rotations of the beam end and the joint 

core zone in the column according to their horizontal deflections, Fig. 6.16. The rotation 

can also be measured by the relative difference between the vertical axis rotation of the 

joint core zone in the column and the horizontal axis rotation of the beam, as shown in 

Fig. 6.17. In Figs. 6.14 to 6.17, Ob and 0, are the rotations of the beam end and the joint 

core zone in the column respectively, and AO is the relative rotation of the joint. 

The first method is simple but it is not a direct method. The difficulty remaining in the 

second method is over which gauge length to measure the rotation at the beam end. If it 
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is measured over a small gauge length, the vertical displacement varies greatly from the 
billet to the beam end. If it is measured over a long gauge length, the vertical 
displacement distributes as a curve, Fig. 6.13. In the third method, the relative rotation 
includes the deformation of column in the height between the billet top (or bottom) and 
beam top (or bottom), and this value varies with the change of beam depth. 

Consequently, the fourth method is selected in the present research. 

In the application of this method, the node positions at which the displacements will be 

measured must be defined precisely, because different choices of the node positions 

provide different results, Figs. 6.18 and 6.19. The billet rotation is measured using the 

vertical displacement at the nodes at the billet end (or the node at the vertical central line 

of column for the no-sway joint) and one element inside the internal column surface, see 

the marks * in Fig. 6.18. The beam end rotation is measured by the horizontal 

displacements of the nodes at the top and bottom surfaces of the beam (or top of slab, if 

applicable) at the section 600 mm away from the internal column surface. This distance 

is about 1-2 times of the beam depths, which approximately equals the length ofplastic 
hinge for normal concrete beam analyses. 

6.6 Other definitions 

6.6.1 Ultimate state 

The crushing characteristics of the concrete element are determined in ANSYS. If a 

sufficient number of integration points crush, the load capacity of the entire model win 

drop suddenly (Chapters 2 and 4), and a corresponding peak point will appear on the 

load-deformation curve. This numerical crushing is treated as a global failure of the 

joint, and the peak point is treated as the ultimate state, Fig. 6.20. 

6.6.2 Failure mode 

As in the defiriftion for a normal concrete frame joint, if a joint fails at the beam end(s), 

such as by crushing of the grout, it is defined as a weak beam end-strong column joint. 

If a joint fails at the column end(s), the joint is called a strong beam end-weak column 
joint. Both cases, however, should be on the basis that the connectors and their 

anchorage with the surrounding concrete will not fail before either the beam end(s) or 

the column end(s). Otherwise the sample is termed a weak connectionjoint. 
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6.6.3 Beam end moment and moment resistance 

The beam end moment of the joint is derived from the reaction at the beam mid-span by 

dividing it with the distance from the reaction location to the middle section of the 

grout. This definition is same as that in the experimental investigation [14]. The beam 

end ultimate moment resistance is equal to the peak value of the moment-rotation curve 

only for a weak heam end-strong column joint. If the joint is strong heam end-weak 

column, then the peak value on the curve represents the maximum beam end moment 

and not the ultimate value. 

6.6.4 Rotation capacity 

The rotation capacity of the joint is taken as the rotation achieved at the moment 

resistance, see Fig. 6.20. 

6.7 Force and deformation relationships 

6.7.1 The external joins without slabs 

The load-displacement relationships at the column mid-height for TWI to TW4 are 

shown in Figs. 6.21 to 6.24, together with the test results and the early numerical results 

obtained in City University . All of the curves present non-linear behaviour from the 

beginning of loading. The Nottingham University test results of TW3 and TW4 show an 

initial displacement of the column mid-height of about 5.00 mm before the joint provides 

a significant load resistance, and this is believed to be due to some shrinkage cracks in 

some interfaces in the joints and supports. These cracks are not modelled in the finite 

element analyses. The absence of ultimate failure criteria in the results of City University 

means that their models would predict the ever-increasing load-displacement responses. 

Comparison with the test results and the numerical results obtained in City University 

indicates that the models of the present research can represent the full performance of 

the joints. In addition, these results provide closer matches to the test results for initial 

stfffness and ascending slopes of the curves, the peak points/ultimate states and the 

descending post crushing curves. 

From the moment-rotation relationships at the beam ends illustrated in Figs. 6.25 to 

6.28, similar conclusions can be obtained. Furthermore, better agreements between the 

results have been achieved. The existence of the distinct peak points on the curves make 
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it convenient to determine the moment resistance and the rotation capacity for the joint. 

6.7.2 The intemal joints with slabs 

Figs. 6.29 to 6.31 illustrate the results for TWI (A). From the begin=* g to the end of 
loading the joint experiences a typical non-finear procedure. Because of the presence of 

the floor slabs, aT beam section is generated. As the tie bars in the slabs resist tension, 

the effective depth of the beam section increases. In addition, the tie bars yielded early 

and subsequently performed plastically, Fig. 6.32. The crushing of the grout in the 

compressive zone did not cause the strength reductions in the curves as sharply as those 

in the models of TWI to TW4. A longer deformation range with high load, i. e. more 

pseudo ductility, appears until the ultimate state. The moment resistance of the section 

increases about three times that of TW2. 

Except for a little higher load capacity, which normally happens in the finite element 

modelling, the numerical results match the experimental results well, see Fig. 6.3 1. 

The force-displacement relationships of TWI(C) in Fig. 6.33 indicates that even in the 

shear failure case, the joint also experiences an ascending and descending full elasto- 

plastic procedure. The tie bars in this joint perform a similar stress - strain response to 

that in TWI (A), Fig. 6.32. 

The excellent agreement between the numerical and experimental results displayed in 

Fig. 6.34 proves that the modelling techniques proposed in the present research can also 

be applied for the models with shear failure mode. 

6.8 Cracking status 

6.8.1 The external joints without slabs 

Figs. 6.35 to 6.38 show the cracking status of TWI to TW4 at certain displacement 

intervals. TWI is at 40%, 60% and 80% of the peak displacement point and the interval 

beyond the peak. The cracking status for TW2 to TW4 are at 25%, 50%, 75% the peak 

displacement intervals and the intervals beyond the peak. In order to observe the 

development of the cracks through the thickness of the joints, the cracking status at each 

pair of integration points within the element comer is presented for each of the four 

element layers. Beyond the joint core zone, only two element layers were used to 

represent the main parts of the beams and columns, Figs. 6.8 and 6.9. Thus the cracking 
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status of the main parts of the beams and columns shown in Figs. 6.35(a & b) to 6.38(a 

& b) is that in the first element layer and is repeated. The corresponding cracking status 

shown in Figs. 6.35(c & d) to 6.38(c & d) is that in the second element layer and is also 

repeated. 

In the figures, each element is divided into four equal sub-elements in the YZ plane, and 

each sub-element contains two integration points. The black colour expresses that two 

integration points have cracked, and the grey colour expresses one. 

Following cracking features have been indicated in the figures: 

a. All the joints crack at very early loading stage at locations in the concrete 

around the billet and the plate. With increase of the displacement at the column 

mid-height, the cracked range extends rapidly in the three directions. 

b. The developing pattern and range of the cracks significantly depend on the 

strength and stifffiess characteristics of the joints. The higher load capacity joints, 

TW2 and TW4, have larger cracked range than the lower load capacity joints, 

TWI and TW3. The joints with larger stiffness ratio of the beam over the 

columns, TW3 and TW4, have bigger cracked zones in the columns than the 

joints with smaller stiffness ratio of the beam to the columns, TWI and TW2. 

c. The internal forces affect the cracking pattern and range of the joints 

consequentially as well. The upper columns in TW2 and TW4 have the extra 

tensions than the lower columns as they are loaded with hogging moments at the 

beam ends, thus the upper columns present bigger cracked zones. Whereas, as 

the joints are loaded in the opposite direction, tests TWI and TW3, the upper 

columns have the extra compression, and they develop relatively smaller cracked 

zones. 

Due to the above reasons, TW4 shows the most extensive cracked zone with the upper 

column fully cracked after the ultimate state, whUst TWI has the smallest cracked zone 

and the least cracked upper column. 

The cracking characteristics of the joints indicate that special attention should be paid to 

the durabUity of the precast concrete buRding frames, especiaUy when they are used in 

the conditions with potential coffosion. 
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6.8.2 The internal joints with slabs 

The typical cracking patterns for TWI(A) and TWI(C) are shown in Figs. 6.39 and 
6.40. Although the lower columns in the two internal joints are subjected to 

compression only, cracking still occurs in the concrete surrounding the billet and at the 

column mid-spans. TWI(C) has a higher load capacity, thus a larger cracked zone 

appears in the column. 

The other cracked zone in TWI (A) fills not only the grout, the beam end and the slabs, 
but also the portion of the beam from the slab edge to the loading point, Figs. 6.39. This 

is due to the higher load capacity of the joint, compared with TW2, and the sudden 

reduction of the section from the one with the stiffening slab to the one without the 

slabs. The cracking of TWI (C) is limited in the zone from the internal column surface to 

the load point, because the shear in this Part is much larger than in the part from the load 

point to the beam mid-span, Fig. 6.40. 

The shear transferring pattern can be observed from the views of cracking status of slab 

tops. The non-cracked zones are located either by the interface between the adjacent 

slabs or on top of the hollows. 

6.9 Failure mode 

Figs. 6.41 to 6.46 show the distribution of equivalent stress in von-Nfises failure 

criterion at the ultimate state for the concrete and grout elements of the joints. Figs. 

6.47 to 6.52 show the corresponding equivalent stress distribution for the joint core 

zones. The equivalent stress, a,, is expressed as below [3 1,5 1 

I 

Cy, 
[(a 

I- 
CF2) 

2+ (U2 
_ a, 

)2 
+ 

(a3 
- al 

)2 2 
(6.3) 

2 

where a,, a2and a3 are the principle stresses. 

The high equivalent stress concentrating location is the critical zone at which the failure 

of the joint may start. 

The crushing status beyond the peak points of the six joints is exhibited in Figs. 6.53 to 
6.57 with the similar manner to the cracking status. 
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6.9.1 The external joints without slabs 

All the concrete components of the four joints have high equivalent stress concentrations 

in the compressive zones of the grout and the column ends, Figs. 6.41 to 6.44. The cube 

strengths of column concrete, however, are higher than those of the grout, Table 6.1. 

Early stage and more extension crushing predictably occurred within the grout. This has 

been proved by the crushing status of the joints as illustrated in Figs. 6.53 to 6.56. Thus 

all the four joints are weak- beam endjoints. At the ultimate state the connectors have 

not yielded, except possibly very locally around the welds, Figs. 6.47 to 6.50. An the 

column reinforcement does not yield at the column ends in both tension and 

compression, except the tension steel in TW4, see Fig. 6.58 for the details. Therefore 

the critical sections in the grout are over reinforced, and the failure of the sections 

belong to brittle failure. 

The effect of the characteristics of joint load capacity and stifffiess to the equivalent 

stress distribution also can be observed in Figs. 6.41 and 6.44. The joints with higher 

load capacities and stiffer beams, TW3 and TW4, generate bigger high stress zones, 

especially in the columns. 

The deformed shapes of the entire joints and the gap status at the interfaces can be 

observed as well in the Figs. 6.41 and 6.44. Higher load capacity and larger stifffiess 

ratio of the beam compared with the columns, as in tests TW3 and TW4, correlate with 

larger deformation of columns and wider opened gaps. 

Figs. 6.53 to 6.56 indicate that the load capacity and stiffiiess characteristics further 

affect the crushing pattern and extend. The stronger joint, TW4 for instance, has bigger 

crushed zone, whereas the weaker joint, TWI, has a smaller crushed zone. The larger 

stfffness ratio of the beam over the columns in TW3 and TW4 associates with more 

crushed elements in the columns, Figs. 6.53 and 6.54. The smaller stiffness ratio joints, 

TWI and TW2, are not crushed in the columns at all, Figs. 6.55 and 6.56. 

At the ultimate state the shrinkage gap between the grout and the column face, which 

existed initially, developed so greatly that it crossed the billet and extended into the 

grout on the other side of the billet. Fig. 6.59 exhibits the detailed gap status for TWI to 

TW4. Similar phenomenon was measured in the experimental investigations [14]. This 

gap status is associated with the compressive stress concentration in a relatively small 
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zone near the edge of the section. Typical compressive stress distributions in the middle 
section of the grout at the ultimate state for TW1 to TW4 are illustrated in Fig. 6.60. 

These stress distributions are triangular in shape. 

Fig. 6.61 shows the ultimate state vertical (i. e. column axial direction) stresses at the 

welds for TWI to TW4. The moment at the weld is not significant because the rotation 

stiffness at the weld is much smaller than that of both the plate and the billet (about 10% 

of the plate and 20% of the billet). The shear force is mainly transferred by the grout, 

not by the connector. The reason is that in the analyses only the internal forces caused 
by the sway at the column mid-height are considered. According to the typical geometry 

used and the loading conditions (Figs. 6.1 and 6.2), one unit reaction at the beam mid- 

span, which is the shear force in the beam, will cause about 7 (TW4) to 30 (TWI) units 

of compression in the grout. The static friction coefficient between concrete to concrete 

was taken as 0.8, Table 2.1. The friction capacity at the interface between the column 

and the grout will be 5.6 to 24 times higher than the applied shear force. Thus the shear 
force will be balanced by the friction at the interface until close to the ultimate state. 

6.9.2 The internal joints with slabs 

For joint TWI (A), since there is symmetry to the central line of the column, the highest 

equivalent stress concentrates in the grout and the beam end only, Fig. 6.45. Thus it fails 

at the grout and the beam end concrete, Fig. 6.57(a). Compared with TW2, this joint 

shows a bigger zone of high compressive stress, and no gaps observed at the interfaces. 

The reason is that the tie bars in the slabs contribute in tension. In addition, the tie bars 

have yielded before the ultimate state, Fig. 6.32, and the failure of this joint is ductile. 

As for joint TWI(C), the highest equivalent stress is located at the column concrete 
beneath the billet for this special load condition, Figs. 6.46. It fails at the grout as wen, 
Fig. 6.57(B). It is clear that the compressive stress flow transfers from the loading 

location to the grout and beam end in the compressive zone, and then into the lower 

column. Part of the compressive stress path also transfers to the top of the billet end 

within the grout. 

The connectors in both TWI(A) and TWI(C) are not subject to any significant forces, 

Figs. 6.51 and 6.52. This is because the connectors are located at the middle depth of 

the sections, and the majority of the tension is taken by the tie bars. 
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6.10 Summary 

The numerical results of the billet-welded plate joints obtained in the present research 

show good correlation with the experimental results and the relevant numerical results. 
The numerical investigation also indicate the potential internal mechanisms of the joints, 

such as cracking, crushing status and stress distributions, which are difficult or 
impossible to be measured experimentally. 

Concrete cracking was initialled in the area surrounding the connectors, and resulted in 

extensive cracking occurring over virtually entire joint region. All the external joints 

without slabs were classified as weak beam endjoints. Failure of these joints was by 

crushing of the grout, with stresses in the connectors remaining within elastic limits. 

Therefore, the failure mode of these joints is brittle. The internal joints with slab had the 

typical ductile flexural and shear failure as expected. 

The standard FEA techniques have been further calibrated, and can be applied with a 

reasonable degree of confidence to the following research. 
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(a) 10 mm 

(b) d= 15 mm 

(c) d= 20 mm 

El 1 cracked point 

02 crocked points 

Figure 6.35(a) Cracking status in thefirst (i. e. nearest to the central line) element 
layer qf TWI 
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(a) d= 10 mm 

ILE]. 1 cracked point 

M2 cracked points 

(a) d= 30 mm 

Figure 6.35(b) Cracking status in the second element la er of TWI y 

(c) d= 20 mm 
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10 mm 

M1 cracked point 

M2 cracked points 

(d) d= 30 mm 

Figure 6.35(c) Cracking status in the third element layer (? f'TWI 

20 mm 

-184- 



(a) d= 10 mm 

ýý 1 cracked point 

M2 cracked points 

(d) d= 30 mm 

Figure 6.35(d) Cracking status in the. fourth (i. e. outsideface) element layer qf TWI 
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(a) 10 mm 

d= 20 mm 

(c) 30mm 

ED 1 cracked point 

M2 cracked points 

Figure 6.36(a) Cracking status in thefirst (i. e. nearest to the central line) element 
layer (? I'TW2 
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M1 cracked point 

M2 cracked points 

30 mm 

Figure 6.36(b) Cracking status in the second element layer of TW2 
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= 20 mm 

LL-7-1 1 crccked 

M2 cracked points 

= 30 mm 

Figure 6.36(c) Cracking status in the third element layer of TW2 
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(a) 10 mm 

(b) d= 20 mm 

L-J 1 cracked point 

M2 cracked points 

(d) d =45 mm 

Figure 6.36(d) Cracking slalus in ihejburth (i. e. outsideface) element layer (? I'TW2 

(c) d =30 mm 
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(a) d =10 mm 

(b) d =20 mm 

(c) d =30 mm 

1 cracked point 

M2 crocked points 

Figure 6.37(a) ('racking status in thefirst (i. e. nearest to the central line) element 
layer Qf TW3 
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(c) d =10 mm 

(b) d =20 mm 

(c) d =30 mm 

[= 1 cracked point 

M2 cracked points 

Figure 6.37(b) Cracking status in the second element la er qfTW3 y 
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(a) d =10 mm 

(b) d =20 mm 

E3 1 cracked point 

M2 cracked points 

(d) d =45 mm 

Figure 6.37(c) Cracking status in the third element layer (#'TW3 

(c) d =30 mm 
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(a) d =l0 mm 

=1 cracked point 

M2 cracked points 

(d) d =45mm 

Figure 6.37(d) Cracking stains in thefourth (i. e. outsidefiýce) element layer qfTW3 
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(a) d =10 mm 

(b) d =20 mm 

=1 1 crccked point 

M2 cracked points 

(c) d =30 mm 

=42.5 mm 

Figure 6.38(a) Cracking status in thefirst (i. e. nearest to the central line) element 
layer of'TW4 
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(a) 10 mm 

r--, 'l 1 crccked point 

M2 cracked points 

(d) d=42.5 mm 

Figure 6.38(b) Cracking status in the second element layer (#'TW4 

(c) d= 30 mm 
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(a) d =10 mm 

[Z] 1 cracked point 

M2 cracked points 

(d) d =42.5 mm 

Figure 6.38(c) Cracking status in the third element layer qf'TW4 
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(a) d =10 mm 

(b) d =20 mm 

(c) d =30 mm 

ED 1 cracked point 

M2 cracked points 

Figure 6.38(d) Cracking status in thefourth (i. e. oulside. face) element layer (? I'TW4 
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(a) Plan 

m2 cracked points 

Figure 6.39 Cracking status of TWI (A) with a 30 mm column mid-height displacement 
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(a) Plan 

m2 cracked points 

Figure 6.40 Cracking status of TWI(C) with a4 mm column mid-height displacement 
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(a) First element layer 

(b) Second element layer 

(c) Third element layer 

112 1 crushed point 

M2 crushed points 

Figure 6.53 Crushing stalusfor TWI with a 30 mm column mid-heighl displacement 
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(a) First element layer 

(b) Second element layer 

(c) Third element layer 

ME 1 crushed point 

M2 crushed points 

Figure 6.54 Crushing stalusfor TW2 with a 45 mm column mid-height displacement 
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(a) First element layer 

(b) Second element layer 

(c) Third element layer 

EM 1 crushed point 

M2 crushed points 

Figure 6.55 Crushing slainsfor TW3 with a 45 mm column mid-height displacement 
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(a) First element layer 

(b) Second element layer 

(c) Third element laYer 

1 crushed point 

M2 crushed points 

Figure 6.56 Crushing slalusfor TW4 with a 42.5 mm column mid-heighl displacement 
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1 crushed point 

Figure 6.57 Crushing stalusfor TWI(A) and TWI(C) beyond the ultimate states 
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Figure 6.59 The ultimate state gal) status at the beam end. 16r TWI to TW4 
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80 mm 

(a) TW1 

+181.0 

-'-' 25.0 

1-7.0 

mimimnw 
+ 56.3 

Nq 
-68.5 

80 rnrn 

TW2 

- r- ---- +34.3 Affl[M[MMI 

0 mm 

TW3 

+176.6 

1 26.3E hýý 
- -------- 

h4trl, 

- +20.7 
Nq 

ý 

85.0 

90 mm 

(d) TW4 

Mw = 3.5 kNm 

Vw = 14.0 kN 

Mw = 3.3 kNm 

Vw = 112.5 kN 

Mw = 4.8 kNm 

Vw = 77.0 kN 

Mw = 3.6 kNm 

Vw = 46.5 kN 

Figure 6.61 The ullimate state vertical stress distribution at the weldposition 
for TWI to TW4 (NImm') 
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Chapter 7 

Sensitivity Analyses of the Billet-Welded Plate Joints 

7.1 Introduction 

The mechanical behaviour of several experimental joints with billet-welded plate 

connections has been modelled and described in Chapter 6. However, a large number of 

factors affect the behaviour of the joints. These factors include not only the properties of 

the connectors themselves, but also the properties of the beam(s) and column(s). In 

order to more fully comprehend the semi-rigid behaviour of the joint, it is necessary to 

carry out sensitivity analyses for a wide range of parameters. These analyses will 

additionally provide fundamental data for the proposition of the simplified methods to 

calculate the characteristics of the joints. 

7.2 Analysis scheme 

7.2.1 General consideration 

The complete sensitivity analysis scheme for the billet-welded plate joints is listed in 

Table 7.1. The following general considerations were used to select analyses for 

inclusion: 

a. Beam-column joints without slabs perform with distinct semi-rigid 

characteristics, as has been proved by the previous investigations. Hence the 

external sway beam-column joint is selected as the basic joint type in the 

sensitivity analyses. 

b. The parameters for one of the tests at Nottingham University, TW4, occur 

very frequently in the UK construction. Consequently, this joint is selected as a 
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standard case, and selected as Analysis I in Table 7.1. Only one change is made 

from this standard case in each of the other cases analysed. 

c. The stress concentration within the joint will cause non-linear response 

throughout almost the entire loading process. Any variation of a component in 

the joint will be reflected by the joint behaviour. Therefore, not only are the 

obviously significant parameters included, such as bearn depth, grout and 

concrete grades, but also the other detailed parameters. 

d. For most parameters the possible maximurn and minimum limits in the design 

standards or in practical engineering applications are selected, so that the 

sensitivities of the joints to the whole range of the parameters can be visualised. 

e. Although only the external joints are scheduled, the behaviour of the joints in 

other positions can also be estimated according to the results of the analyses in 

the scheme. This is because 

i. The moment resistance and rotation stiflness of the beam ends of an 

internal joint (IJLr) are approximately double that of a similar external joint Ir 
( 1'r). 

ii. The moment resistance and rotation stiffhess of the column end in an 

internal joint on the top level (i-r) are approximately half of that in a 

similar internal joint on the other levels (A). Ir 

iii. The moment resistance and rotation stifffiess of the beam end in an 

external joint on the top level ( rr) are approximately half of that in an 

internal joint on the top level (Tr). 

C Since a change of reinforcement strength has the similar effect as a change of 

steel/concrete ratio which develops the same reinforcement force, only the ratios 

of main and link reinforcement vary in the scheme. 

The dimensions and the material properties of the connectors will not be 

changed frequently in practical engineering to avoid substitution errors. 

Therefore no variations for the connectors have been included in the scheme. 

h. The welded plate is non-symmetrical to the beam end moment. Thus analyses 

for both the hogging and sagging beam end moments are essential for some 
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parameters, see analysis numbers I to 10 and 13 and 14 in Table 7.1. However, 

for some other parameters the paired analyses are not necessary, since the 

response to load reversal is predictably small. Thus only the case with hogging 

bending moment at the beam end is analysed for the joint configurations in 

analysis numbers II- 12 and 15 onwards in the schedule. 

7.2.2 Experimental joints in the scheme 

The first four analyses are of the tested external sway joints, named TW4, TW3, TW2 

and TWI respectively in Reference 14. Details of the specimens and the test 

arrangements can be found in Figs. 6.1,6.2 and 6.5,6.7. In Table 7.1 the dimensions of 

the specimens are the nominal design values. The first data quoted for concrete material 

properties are the mean values of tested cube compressive strength and the second data 

are the corresponding characteristic tensile strengths. The nominal value of 275 N/mrn' 

is used as the characteristic yield strength for both the billet and the welded plate, while 

460 N/mm2 for both the main reinforcement and the links. The material strengths are 

arranged into groups with same properties when they are input into the models. 

In Analysis 2 (TW3), results have been corrected as if the concrete and grout material 

properties have been changed to same as those in Analysis 1. because the large 

difference between the measured concrete cube strengths for the two bearns was clearly 

significant. In fact, Analysis 2 is the standard case with reversed loading (with sagging 

moment at the beam end). In Analyses 3 and 4, the tested concrete and grout material 

properties are similar to those in the standard case for Analysis I. thus they are directly 

applied into the analyses. 

7.2.3 Beam geometry 

The highest likely beam depth for a normal beam with length of 4.73 m, 1200 mm, is 

added and schemed as Analyses 5 and 6 for the two different loading directions. 

Together with Analyses I to 4, sensitivities of the joint behaviour to the beam depths of 

300 mm, 600 mm and 1200 mm can be investigated. 

Beam breadth varies in the Analyses 7,8 and 9,10 with values of 250 mm and 400 mm 

respectively. 

The selected shortest and longest beam lengths are 3.15 m and 16.50 m. 3.15 m 
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produces a short frame beam, but with the span/effective depth ratio outside the range 

defined as a deep beam. 16.50 m offers a long and flexible ftame beam with the 

span/effective depth ratio just near the largest limit for a normal beam as given in the 

design standards. The relevant analysis numbers of the two cases are II and 12 

respectively. 

7.2.4 Column geometry 

Only one variable is made for column section, because in practical applications the 

dimensions of precast concrete members are normally limited to discrete regular values. 

The alternative value is 400*400 mrn2 as tabled in Analyses 13 and 14 for the two 

different loading directions. 

The lowest possible and highest practical column lengths for buildings, 2.55 m and 7.00 

m, are chosen as the next variables, scheduled as Analyses 15 and 16 in Table 7.1 

respectively. 2.55 m is probably the lowest level height in some special structures. such 

as a car park. 7.00 m height associates with a slender column. 

7.2.5 Concrete and grout grades 

C40 and C70 are considered to be the lowest and highest concrete grades regularly 

applied to precast concrete components, they are therefore selected as the limiting 

values for both the beam and the column. In-situ cast grout, however, will normally 

achieve lower strength than the precast beams and columns. Thus the lowest limit grade 

value for concrete in the practical engineering application, C25, is used as the lowest 

grout grade. See Analyses 17 to 19 in Table 7.1 for the details. 

7.2.6 Beam reinforcement 

The beam top main reinforcement is doubled from the amount contained in the standard 

case. Both the minimum and maximum rates of reinforcement in the design standards are 

selected as the variation of beam bottom main reinforcement. The rates of 0.1% and 

1.33% are chosen as the range for beam links. The associated analyses are numbered 20 

to 24 in Table 7.1. 

The ratios of both the top and the bottom main reinforcement in Table 7.1 were 

calculated using the following equation: 
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=A% (7.1) 
bbdb 

5 

where Pb iS the rate of beam top or bottom main reinforcement 

A, the total area of the beam top or the bottom main reinforcement 

bb the breadth of the beam section and 

db the effective depth of the beam section, equals the height from the centre of 

the tensile reinforcement to the edge of compressive zone of the beam 

section. 

The ratios of beam links in Table 7.1 were calculated using Eq. 7.2. 

nA, l /, 
bs 

where pI is the rate of the beam links 

n the number of links within one link space 

Am the area of one link section 
bb the breadth of the bearn and 

S the link space of the beam. 

7.2.7 Column reinforcement 

(7.2) 

The minimum and maximum rates of column main reinforcement, 0.4% and 6.0%, are 

taken as the limiting variables. They are shown as Analyses 25 and 26 in Table 7.1. 

These rates were determined using Eq. 7.3. 

A, 
. PC = A, 
/0 (7.3) 

where p, is the rate of column main reinforcement 

A, the total area of the column main reinforcement and 

A, the gross area of the column section. 

The varied rate of column joint links is taken as half of the value in the standard case. 
This case is listed as Analysis 27 in Table 7.1. The ratio was calculated using an 
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equation similar to Eq. 7.2. 

7.2.8 Monolithic joint 

In order to estimate the serni-rigid behaviour of the analysed joints based on the 

comparison with a rigid joint, one monolithic joint is scheduled. No billet, welded plate 

and in-situ grout exist in this joint, instead the beam and the column are treated as cast 

monolithically and both the top and the bottom beam reinforcement extends and anchors 

into the column. The other characteristics of this joint are similar to those in the standard 

case, see Analysis 28 in Table 7.1. 

7.3 Models 

All the models are built up using the finite element standardisation techniques described 

in Chapters 2 to 5. Due to the particular requirement in the scheme, however, each 

model has some individual features. The finite element model of the standard case acts 

as a basis. The models in the other cases are modified as little as possible to meet the 

need of the parameter variations in the scheme and to maintain the comparability with 
the standard model as well. 

7.3.1 Model geometry 

The standard cases in Analyses 1 and 2 have a common model geometry which has been 

graphically expressed in Fig. 6.9, while Analyses 3 and 4 in Fig. 6.8. Comparison of 

these two models indicates that all the differences between them are caused by the 

different beam depths. Detailed features of the two models have been described already 

in Chapter 6.3.1. 

Figs. 7.1 to 7.6 exhibits the meshed models for 1200 mm beamdepth (Analyses 5 and 
6), variations of beam breadth (Analyses 7 to 10), larger beam length (Analysis 12), 

bigger column section (Analyses 13 and 14) and longer column length (Analysis 16) 

respectively. The models for cases with shorter beam length (Analysis 11) and shorter 

column length (Analysis 15) can be achieved by changing constraint and loading 

positions on the column and the beam of the standard model respectively. Variations in 

Analyses 17 to 27 do not affect the model geometry, which for these analyses is the 

same as the standard model. 

The model of the monolithic joint in Analysis 28 contains no billet, welded plate or in- 
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situ grout, so no contact element is required. Both the beam top and the bottom main 

reinforcement extend into the column as long as the demanded anchorage length in the 

general design standards, Fig. 7.7. 

7.3.2 Material properties 

All descriptions of the material properties can be found in Chapter 6.3.2 and Figs. A. I to 

A. 3 in Appendix A, except those in Analyses 17 to 19. The stress-strain relationships of 

concrete for these three models are illustrated in Figs. A. 4. 

7.4 Solution 

The solution method is the same as that used in the numerical analyses of the 

experimental joints, Chapter 6.4. 

7.5 Results and analyses 

Results of the schemed sensitivity analyses for the joints are illustrated in Tables 7.2 to 

7.7 and Figs. 7.8 to 7.42. The numerical results in the tables are summarised in groups. 

Each group includes the variation and the associated responses for one parameter. For 

convenience of describing and reading, the groups and the associate results are 

numbered, and these numbers will be referenced in the following text. Tables 7.2 and 7.5 

summarise the general load-displacement and moment-rotation results at the ultimate 

state for the cases with hogging and sagging beam end moments respectively. The 

derived load-displacement results are listed in Tables 7.3 and 7.6 for the two loading 

directions, whilst the derived moment-rotation results appear in Tables 7.4 and 7.7. 

The graphic results include the equivalent stress distribution at the ultimate state, the 

relationships of load-displacement at the column mid-height, and the relationships of 

moment-rotation at the beam end. The relationships are compared within groups as well. 

In addition, solid symbols are used for the cases with hogging bearn end moment, 

whereas hollow symbols represent the reversed loading direction. 

The terms defined in Chapters 6.5 and 6.6 are still valid. In addition, secant rotation 

stiffness will be used in the analyses, which is defined as the ratio of two-third moment 

resistance over the associated rotation, see Fig. 6.32. In the following analyses, the 

failure mode of a joint is weak beam end-strong column, unless it is otherwise 
described. 
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7.5.1 Beam depth 

As described in Chapter 6.9.1, the joints with 300 nim and 600 mm beam depths in 

Analyses I to 4 are weak beam end-strong column joints. The joints with 1200 mm 

beam depth (Analyses 5 and 6), have high stress concentrated at the column ends in both 

the two loading directions, Figs. 7.8 and 7.9, and they failed at the column ends. These 

1200 rmn deep bearnjoints are therefore strong beam end-weak columnjoints. 

For the weak beam endjoints, with an increase of beam depth, not only the capacities of 

load and moment resistance, but also the relevant stifffiess are improved significantly, 

Figs. 7.10 to 7.13. 

The numerical results in Table 7.2 indicate the following relationships: For the joints 

with hogging beam end moment, the 100% increase of the beam depth from 300 mm to 

600 nun causes increases of 94% for the load and the moment resistance (Group 1, 

Columns G and H, Table 7.2), 96% for the initial sway stiffiess (Group 1, Columns D 

and E, Table 7.3), 180% for the initial rotation stiflhess (Group 1, Columns D and E, 

Table 7.4) and 172% for the secant rotation stifffiess (Group 1, Columns G and H, 

Table 7.4). The rotation capacity, however, decreases by 5 1% (Group 1, Columns E and 

I, Table 7.2). For the joints with sagging beam end moment, the 100% increment of 

beam depth results in the increases of 297% for the load and the moment resistance 
(Group 1, Columns G and H, Table 7.5), 164% for the initial sway stiffiess (Group 1, 

Columns D and E, Table 7.6), 233% for the initial rotation stffffiess (Group 1, Columns 

D and E, Table 7.7) and 178% for the secant rotation stifffiess (Group 1, Columns G 

and H, Table 7.7). The reduction of the rotation capacity is 18% (Group 1, Columns E 

and 1, Table 7.5). 

For the weak column joints, according to the stages before and after the column yields 

(actually the reinforcement in the column yields), the response curves in Figs. 7.10 to 

7.13 distinctly contain two parts with different slopes in the ascending portions. The 

moment-rotation behaviour at the beam end can be analysed in the first part. 

A 100% increment of beam depth from 600 mm to 1200 mm causes increases of 41% 

for the initial sway stiffness (Group 1, Columns D and E, Table 7.3), 159% for the initial 

rotation stiffness (Group 1, Columns D and E, Table 7.4) and 120% for the secant 

rotation stifffiess (Group 1, Columns G and H, Table 7.4) for the cases with hogging 
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beam end moment. For the cases with sagging beam end moment, the relevant values are 
86% (Group 1, Columns D and E, Table 7.6), 267% (Group 1, Columns D and E, Table 

7.7) and 236% (Group 1, Columns G and H) respectively. 

Fig. 7.11 shows that in the cases with hogging beam end moment, the limit case between 

strong beam end and strong column for the analysed joints is very close to the standard 

case. 

The above results also indicate that the joints with sagging beam end moment respond to 

variation of the beam depth more sensitively than those with hogging beam end moment. 
The reason is that in the cases with sagging beam end moment, the effective beam depth 

increases more rapidly than the hogging beam end moment cases. 

7.5.2 Beam breadth 

As the beam breadth increases, the load, the moment resistance and the stifffiess 
improve, Figs. 7.14 to 7.17. However, the improvement in the force responses is so 

small that the error permitted by the convergence criteria result in some unreasonable 

conclusions around the peak values. 

For the deformation behaviour of the cases with hogging beam end moment, a 60% 

increase of beam breadth from 250 mm to 400 mm causes just 5% increase for the initial 

sway stiffness (Group 2, Columns D and E, Table 7.3) and 10% for the rotation stiffness 

(Group 2, Columns D and E, Table 7.4). Whereas, for the cases loaded in the reversed 

direction, the relevant increases are 12% (Group 2, Columns D and E, Table 7.6) and 

32% (Group 2, Columns D and E, Table 7.6) respectively. 

7.5.3 Beam length 

The beam length will influence the sway stifffiess of the joint, and it is shown in Fig. 

7.18. The beam length, however, will not change the rotation stiffness of the joints, Fig. 

7.19. The differences of moment resistance of the beam ends in Fig. 7.19 are probably 

caused by the different stress distributions at the beam ends. 

7.5.4 Column section 

The effect of the large column section stiffening the column rigidity can be clearly 

observed in the load-displacement relationships in Figs. 7.20 and 7.22. As the column 

sections vary from 300*300 mmý to 400*400 mmý, which is 78% enlarged (Group 4, 

-230- 



Columns A and F, Table 7.2), the initial sway stifffiess increases by about 70% (Group 

4, Columns D and E, Table 7.3) and 27% (Group 3, Columns D and E, Table 7.6) 

respectively for the two opposed directions of loading. 

The large column section also enhances the constraint to the grout at the beam end, thus 

the load and the moment resistance of the joint have been improved, Figs. 7.20 to 7.23. 

The 78% increase of column section results in about 22% and 5% increases of the load 

and moment resistance in the two loading directions, see Table 7.2 (Group 4, Columns 

B, q D, G and H) and Table 7.5 (Group 3, Columns B, D, G and H). The large column 

section does not affect the initial rotation stiffness at the beam end significantly, Figs. 

7.22 and 7.24, with only about 4% and 7% variation in Table 7.4 (Group 4, Columns D 

and E) and Table 7.7-(Group 3, Columns D and E). 

7.5.5 Column length 

The column length should be a very significant factor affecting the behaviour of the 

sway stiffness and the load at the column mid-height. These expectations are confirmed 

from the load-displacement relationships in Figs. 7.24. The numerical results indicate 

that as the column length increases 175% from 2.55 m. to 7.00 m, the load reduces 71% 

from 79.65 kN to 23.16 kN (Group 5, Columns B and G, Table 7.2) and the sway 

stifffiess reduces by about 9 times (Group 5, Columns D and E, Table 7.3). 

The column lengths, however, change neither the failure mode nor the rotation stifffiess 

of the joints, Fig. 7.25. Since the column lengths affect the stress distribution at the 

beam end, the moment resistance of the beam ends has been influenced. A short column 

associated with a slightly higher moment resistance, Figs. 7.24 and 7.25. 

7.5.6 Concrete and grout grades 

The concrete and grout grades are very important factors to the responses of the joints, 

Figs. 7.26 and 7.27. As the grades of the beam and column concrete and the grout 
increase to 70 N/mrný, the joint becomes a weak beam end-strong column joint, Fig. 

7.28. For the analysed joints, the critical zones are within the grouts, hence the grout 

grades are used as the variable parameter in the tables for comparison. 

When the grout grade has a 93% increase from 25.0 N/mrný to 48.2 N/mmý, the load 

and moment resistance gain by 87% (Group 6, Columns B, D, G and H, Table 7.2). The 
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rotation capacity increases by 47% (Group 6, Columns E and 1, Table 2). For the 

deformation response, with 180% grade increase from 25 Nlmn? to 70 N/mrný, the 

initial sway, initial rotation and secant rotation stifffiess increases by 39% (Group 6, 

Columns D and E, Table 7.3), 28% (Group 6, Columns D and E, Table 7.4) and 12% 

(Group 6, Columns G and H, Table 7.4) respectively. 

7.5.7 Beam reinforcement 

The beam top and bottom reinforcement and links are important factors to the 

mechanical behaviour of normal concrete joints, especially to the moment - rotation 

characteristics of the beam end. In the analysed precast concrete joints, however, both 

the beam top and bottom reinforcement is only located in the precast concrete beams, 

and there is no connection between this reinforcement and the column, Figs. 6.5 and 
6.9(c). The links in TWI to TW4 are located outside the joint core zone at the beam 

end, Fig. 6.5. Consequently, the variation of beam reinforcement does not significantly 
influence the behaviour of the joints, see Figs. 7.29 to 7.34. 

7.5.8 Column reinforcement 

The quantity and properties of column main reinforcement distinctly influence the 

mechanical behaviour of the column. As the amount of main reinforcement increases, 

both the load and the sway stifffiess of the joint at the column mid-height improve, Fig. 

7.35. However, the column main reinforcement is not a direct factor to the moment- 

rotation characteristics of the beam end. With the amount of reinforcement increases 

greatly, the rotation stiffness change only slightly as shown in Fig. 7.36. 

For the case with 0.4% ratio of main reinforcement in the column, Analysis No. 25, the 

joint becomes to a strong beam end-weak column joint. Thus lower load and moment 

responses which are determined by the column resistance capacity have been achieved, 

Figs. 7.35 and 7.37. 

The link characteristics in the joint core zone are significant factors for the normal 

concrete joint behaviour. The precast concrete joints analysed in the present work, 

however, fail in the grout at the beam end, thus variation of the column joint links does 

not significantly affect the joint behaviour, Figs. 7.3 8 to 7.3 9. 
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7.5.9 Configuration approach 

The analysis results of the monolithic joint is described in this chapter. Due to symmetry 

of the geometry and of the materials, this joint will behave the same for the two 

directions of loading. For ease of comparison, the results of the two standard precast 

joints, Analyses I and No. 2 are shown simultaneously. 

The effective beam depth of the monolithic joint has increased because of the connection 

of both the top and the bottom main reinforcement to the column. This has changed the 

characteristics of the joint so greatly that the joint failure mode has been converted into 

that of a strong beam end-weak column, Fig. 7.40. Both the load and the moment 

resistance have been enhanced significantly, Figs. 7.41 and 7.42. 

The numerical results in Tables 7.2 and 7.5 show that the monolithic joint increases the 

load and the moment resistance by about 46% that of the precast joint with hogging 

beam end moment, and about 93% that with sagging beam end moment (Group 12, 

Columns B, D, G and H). 

7.6 Summary 

7.6.1 Semi-rigid behaviour of the joints 

Since the monolithic joint of Analysis 28 is a strong beam end-weak column joint, its 

results can only be valid for the discussion of semi-rigid deformation behaviour at the 

beam ends of the joints. For the discussion of force behaviour, a fixed beam end moment 

resistance is required. The beam in the tested joint was equally reinforced at top and 

bottom of the section, Fig. 6.5. The fixed beam end moment resistance, M., J"'d is 

estimated using the normal method in the standards: 

m =Af (db - 0.45x) sztý Afy (db - a') (7.4) 
u, fixed 5y 

whereA, andfy are the area and characteristic yield strength of reinforcement in tension, 

db the effective beam depth, x the depth of compressive zone and a' the distance from 

the centre of the compressive reinforcement to the edge of the compression zone. This 

moment resistance equals 139 kNm, 361 kNm and 805 kNm for the beams with depths 

of 300 mm, 600 nim and 1200 nim respectively. 

The ratios of the moment resistance over the fixed beam end moments vary from 40% to 
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65% for the joints with hogging beam end moment (Co. C, Tables 7.4) and from 24% to 

40% for the joints with sagging beam end moment (Co. C, Table 7.7). The moment 

resistance in the standard cases are 48% and 37% of the fixed beam end moment for 

Analyses I and 2 respectively. 

For most precast joints which have similar geometry with the monolithic joint, the initial 

sway stfffness of is about 60% to 70% that of the monolithic joint in the hogging beam 

end moment loading condition. The initial rotation stifffiess is about 30% of the 

monolithic joint value, see Columns D and E in Tables 7.3 and 7.4 respectively. In the 

loading condition with sagging beam end moment, these ratios are around 50% and 17% 

respectively, see Columns D and E in Tables 7.6 and 7.7. 

7.6.2 Sensitivity of the force responses 

The sensitivity of the load and the maximum moment of the joints to the variation of the 

parameters is summarised in Figs. 7.43 to 7.45. Actually, these figures are the graphic 

presentation of the results in Columns F to H in Tables 7.2 and 7.5. The broken line 

means that the joint with the parameter at the end point is a weak column joint. For a 

weak beam end-strong column joint, the beam end moment response value is the 

moment resistance. Thus for the cases of weak column joints, the moment responses in 

the figures should be smaller than the relevant moment resistance. In these figures, if a 

trendline of a parameter has a more vertical direction then, this parameter is more 

significant to the responses of the joints. 

For most joints both the load and the moment respond to the variation of the parameters 

at same or very similar rates, see Figs. 7.43 and 7.44, because of the equilibrium 

relationship between the load at the column n-M-height and the moment at the beam 

mid-span. Thus the exception is only for those joints with the beam length, the column 
length or the column main reinforcement having been changed. This association is also 
indicated in Columns G and H in Tables 7.2 and 7.5. In the sagging beam end loading 

condition, both the load and the moment have exactly the same responses, thus they are 

surnmarised in one chart, Fig. 7.45. 

From the results shown in Figs. 7.43 to 7.45 and the analyses in the above chapters, it 

can be concluded that beam depth and concrete/grout grade are the most significant 
factors to the joint force responses. Furthermore, both of them increase the force 
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responses at the same rate for the cases with hogging beam end moment. About a 100% 

increase of the parameters causes about 100% increase of the force responses, Figs. 

7.43 and 7.44, until the column failure constrains the joint capacities. 

For most of the other parameters, the moment responses vary within 20% although the 

parameters range several hundred percentage points, Figs. 7.44 and 7.45. 

7.6.3 Sensitivity of the deformation responses 

The sensitivity of the secant rotation stifffiess is summarised in Figs. 7.46 and 7.47, 

because this stffffiess is frequently used in the simplified analyses. It is shown that the 

beam depth is the only significant factor affecting the secant rotation stifffiess of the 

beam end. 

The sensitivity of the rotation at the peak point is summarised in Figs. 7.48 and 7.49. 

Again it indicates that both the beam depth and concrete/grout grade are the two most 

important factors on the rotation responses. As the beam depth increases, the rotation 

capacity reduces. However, as the concrete/grout grade increases, the rotation capacity 

improves. 

7.7 Simplified predictions for the characteristics of the beam end 

The semi-rigid behaviour of the joints in precast concrete frame structures can be 

reached by experimental investigation or/and finite element analyses. The behaviour of 

the billet-welded plate joints can be estimated from the existing test results and the 

sensitivity analysis results. Both of the two numerical approaches have been fully 

described in the preceding chapters. In engineering practice, however, simplified 

predictions may also be required, because they are quick, economic and convenient for 

preliminary analysis. Therefore methods of predicting the required characteristics at the 

beam end in the billet-welded plate joints are proposed through a statistical approach 

using the sensitivity analysis results. In other words, the beam end characteristics from 

the sensitivity analysis already described are surnmarised and represented by a set of 

statistical equations. These characteristics include the moment resistance, the initial 

rotation stifffiess, the secant rotation stiffness and the rotation capacity. Thus all 

characteristics required to define the joint performance in a fiffl frame analysis can be 

estimated. 
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The statistical analyses also have been made for predictions of the characteristics of 
horizontal force, displacement and associated stifffiess at the column n-M-height. 
However it is difficult to give a set of equations with acceptable statistical accuracy. 
Thus this part of calculation, which is not essential for full frame analysis, is omitted. 

7.7.1 General considerations 

a. Only the cases of weaker beam end-strong column are taken into account in 

derivation of the equations for the characteristics of the beam end. 

b. Although the numerical results provide some indications of behaviour, such as that at 

the ultimate state the compressive stress in the grout is triangularly distributed, the 

stress states of the connectors however are uncertain. Methods using equilibrium of 

the internal forces at the critical section are invalid. Consequently a statistical 

approach is adopted. 

c. The significant factors taken into account in the statistical calculation include the 

geometry and material properties of both the beam end and the column. The 

properties of the column dominate the boundary conditions of the beam end. These 

factors will be accounted in grouped items according to their physical relationships to 

the characteristics. 

d. Since many factors will be included, multiple linear regression statistical analyses are 

essential. 

7.7.2 Equations 

In each of the semi-empirical Eqs. 7.5 to 7.8, the coefficients for each term are 

statistically derived from the 23 appropriate FEA results described in the sensitivity 

analyses. Statistical measures (R 2) and Standard Error of Estimates (SEE) for each 

equation are quoted on the Figs. 7.50 to 7.53. 

a. Beam end moment resistance M., c. 1 

M= 9A28 *10-9 
cub 

d2+2.746 * 10-9 Ec Ic / Lc (7.5) 
-, cal 

f, 
b0 

where fcu is the mean value of the tested cube strength in N/mný 

bb the breadth of the beam end/grout in mm 

d, the effective depth of the beam end section in mm, taken as the distance from 
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the location 15 mrn below the billet top to the edge of the compressive zone. 
The value 15 mm is defined because it gives batter statistical predictions. 

E, the modulus of elasticity of column concrete in N/mmý, calculated using the 

methods described in Chapter 4.4.2 

I, the second area moment of the column section accounting the contribution of 

the reinforcement, in mmý and 

L, the height of the column in mm. 

b. Beam end initial rotation stiffness K, 

* 10-3 fi K�i, 
cal = 2.79 cubbd«2 

+ 1.8() * 10-7EdrIý / LIC (7.6) 

c. Beam end secant rotation stiffness K,,,,,,, d 

K,., 
se, cal = 2.13 * 10-5 f. bbd 

.2 +190*10-'EcIc / Lc (7.7) 

d. Beam end rotation capacity 0,,, ., 

0. 
��, = 1.80 * 10-'2f�. bbd. 2 +139 * 10-l'EJ� / Lý - 4.022 * 10-5d, + 0.0152 (7.8) 

The predicted beam end characteristics are shown in Figs. 7.50 to 7.53, against the 

targets of the numerical values. The associated data are fisted in Table 7.8. These results 

show that the statistical equations can provide predictions for the beam end 

characteristics with acceptable accuracy, and remain functions of parameters with clear 

physical meaning. 
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Chapter 8 

A Finite Element Model for FRP Tube Confined 

Concrete Circular Columns 

8.1 Introduction 

Fibre reinforced plastics (FRP) are widely used composite materials in many fields, such 

as aircraft structures, automobiles, and many consumer products, due to their superior 

potential for high ratios of strength to weight and stiffiess to weight. In building 

engineering they are primarily utilised as non-ferrous reinforcement particularly, for the 

purpose of avoiding corrosion and environmental degradation[61,62]. The FRP tube 

confined concrete circular column is an innovative application of the composites to 

concrete structures. A series of experimental investigations for the columns, funded by 

EPSRC, has been carried out by the Structures Research Group at the University of 

Southampton[63-67]. 

The column is formed by casting concrete into the prefabricated filament wound FRP 

tube which serves as both permanent formwork and circumferential reinforcement, Fig. 

8.1. The study includes variations of the reinforcing material using glass or carbon fibre, 

concrete strength, column diameter and slenderness ratio. Efficiency of using additional 

axial glass or carbon FRP reinforcement was also investigated. The columns were 

loaded either axially or eccentrically. The test results indicate that confinement of the 

FRP tubes has significantly enhanced both load and deformation capacities of the 

concrete columns. Subsequently, a design methodology for the columns has been 

proposed. 
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The connections of the columns to beams, slabs and foundations, however, also need to 

be studied in detail before practical application of the columns is possible. Combined 

experimental and numerical investigations provide an efficient research approach. 
Therefore a finite element model for the combination of FRP and concrete is essential, 

and it is built up in the present research. The model must be effective for the columns 
first. Thus it will be based on the previously derived standardised finite element 

techniques for reinforced concrete structures, including the modelling method for the 

composite FRP, and modified to consider the individual features of the columns. A 

number of typical tested columns will be analysed so that the efficiency and applicability 

of the model can be verified using the experimental results. Furthermore, some internal 

mechanism of the columns can be investigated during the modelling. 

8.2 Mechanical properties of an unidirectional lamina 

The filament wound FRP tube used in the tested column is a typical laminate. 

Performance of a laminate will be dominated by the characteristics and configurations of 

the individual laminae. Material properties of a laminate can be predicted by knowing 

the properties of its constituent laminae. Thus the mechanical properties of an 

unidirectional lamina is essential in analyses and applications. An unidirectional lamina is 

normally treated as an orthotropic material. Its mechanical properties are governed by 

the mechanical properties of constituent fibre and matrix and the amount of fibre 

embedded in the matrix. 

Stress-strain relationships of an unidirectional lamina in the lamina co-ordinate system 

coinciding with the symmetrical axes of the material as shown in Fig. 8.2 are 
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where El is Young's modulus of the lamina in the longitudinal lamina direction, G12the 

shear modulus of the lamina in lamina 1-2 plane, V12Poisson's ratio of the lamina in 1-2 

plane, etc. 

As for an orthotropic material the elastic compliance matrLv is presumed to be 

symmetric, so that in the above equation, 

V21 

- 

V12 V31 

- 

V13 V32 

- 

V23 

(8.2) 
EI E2 9 EI E3 " E2 E3 

All the elastic constants in the above equations and the uniaxial strengths of the 

unidirectional lamina, which will be used in the failure criterion, should be determined in 

advance. Many methods are available to measure these properties [68-71 ]. The 

equations selected in the present research are based on the unified set of composite 

micromechanics equations[71], whilst the methods in other literature are also 

referenced. In the equations the matrix is assumed to be isoiropic. 

8.2.1 Elastic constants 

a. Longitudinal modulus E, 

Using the Law ofM! xture, 

EI =kfEfl+k. E. (8.3) 

where Ej, and E. are the longitudinal modulus of fibre and modulus of matrix 

respectively, kf and k. the volume ratios of fibre and matrix, determined by 

kf = 
Lf 

k. 
v 

in which Vf, V. and V are the volumes of fibre, matrix and total lamina respectively. 

b. Transverse module E2 and E3 

E2 =-E. =E3 I-Vkf (1-Em 'Ef2) 

where Ej2is the transverse modulus of fibre. 

(8.4) 
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c. Shear module G12 and G13 

G12 
= 

G. 
=G13 (8.5) 

1- Fkf (I - G. / Gfl2) 

where G. and Gjl2are the shear module of matrix and fibre in 1-2 plane respectively. 

d. Shear modulus G23 

G13 
=_ 

G. (8.6) 
1-kf (1-Gm 'Gf23 

where GJ23is the shear modulus of fibre in 2-3 plane. 

e. Poisson's Ratios V12 and V13 

V ': 
kf Vf 12+ kv. - (8.7) 12 V13 

In ANSYS the constants in the elastic compliance matrix at the symmetrical positions in 

Eq. 8.1 are all given in the forms Of V12/E2 and V13/E3 [31]. Thus, using the relations in 

Eq. 8.2, translated values V12E2/Ej and V13E3/Ej should be used as the input Poisson's 

Ratios. Hereafter V12 and V13 are the values defined by Eq. 8.7. 

L Poisson's Ratio V23 

V23 =kfVf23+ k. (2v. - 
VI2 

E2) 

EI 
(8.8) 

In ANSYS the similar translation should be made fbrV23, Since E2= E3, the translated 

value equals the one defined by Eq. 8.8. 

8.2.2 Uniaxial strengths 

a. Longitudinal tensile strengthfi, 

f1t = kf ff, 

whereff, is the tensile strength of fibre. 

(8.9) 
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b. Longitudinal compression strengthfi, 

As a conservative approach, the smallest value predicted using the following three 

equations is used. 

Fibre compression: f,, = kf ff, (8.1 Oa) 

Delamination/shear: f,, =10f,,, +2.5f., ý (8.1 Ob) 

Microbuckfing: fic = 
G. 

G (8.10c) 
1-kf (1- 

Gf12 

where ff, is the fibre compressive strength, if it is not known, ff, = 0.9ff, can provide a 

good approximation, fi2sthe intralaminar shear strength, calculated with Eq. 8.13, f., the 

tensile strength of matrix. 

c. Transverse tensile strengthf2i 

f2l (V-kf - kf )(I - 
E. 

))f. 
t Ef2 

In the thickness direction the tensile strengthf3, is taken as equalf2,. 

d. Transverse compressive strengthf2, 

f2l (V-kf - kf )(I - 
E. 

U., 
Ef 

2 

wheref., is the compressive strength of the matrix. 

In the thickness direction the compressive strengthf3, is taken as equalf2,. 

e. Intralaminar shear strengthsfi2,, fi3, andf23, 

The shear strengths in the three directions can be estimated with the fbHowing 

equations: 

G fl2s (Fkf - kf )(I - 
ý"' ))f. 

s = fl3s (8.13) Gf 12 

- 1-Fkf O-G. lGf23) 

f23s 

1-kf (I-G. lGf23) - 
-S (8.14) 
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wheref. is the matrix shear strength. 

8.3 Finite element modelling of the FRP laminate 

8.3.1 Methods 

Three possible approaches exist for modelling the FRP laminate. One is to use the 

normal solid element, and the mechanical properties of the composite laminate should be 

established first, normally using elastic mechanics methods [68-70]. However, it is not 

easy to do these calculations manually. The second approach is to use the specified 

layered elements provided in ANSYS, and the material properties are input in matrix 

form. That is, all the constants in the stiffness matrix in the force-strain and moment- 

curvature relationships are computed outside the ANSYS programme [31]. The third 

approach is again using the specified layered elements, but the material properties are 

input by layer form. The required mechanical properties in the layers are just those of the 

unidirectional lamina, so that they can be easily established with the existing equations. 

The method using layered element with layer form input of the material properties was 

selected. 

8.3.2 Element types 

Three layered structural element types are provided in ANSYS, SOLID46, SHELL91 

and SHELL99. All of them are 8-node 3-dirnension elements. SIHELL91 allows up to 16 

different material layers, while in SOLID46 and SHELL99 up to 100 uniform-thickness 

different material layers are permitted. In the modelling of the FRP tube confined 

concrete columns, the element type for FRP will be used simultaneously with the 

concrete element SOLID65. To maintain compatibility between the element types for 

the two different materials, SOLID46 is chosen as the element type for the FRP 

laminate. 

8.3.3 Failure criteria 

There are three predefined failure criterion options in ANSYS, the maximum strain, the 

maximum stress and Tsai-Wu failure criteria. The maximum stress failure criteria is 

selected because it gives a direct indication of the stress status. 

These failure criteria can only be used to obtain an indication as to whether a lamina has 

failed due to the applied loads. The lamina will behave linearly during the whole loading 
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process, and a manual check must be made to determine whether the constituents have 

ruptured or not. 

8.4 Special features of the columns and the associated methods 

8.4.1 Stress state of concrete 

The average confined compressive Stress of concrete at the ultimate state in the tested 

cylinder increased up to about 10 times that of the unconfined concrete compressive 

strengthfi, and the strain increased about 10 to 20 times that of the peak point strain co 

[63-67](Figs. 8.9 and 8.10). The stress of the concrete at this stage is much higher than 

the stress limit for the concrete element given in ANSYS, Chapter 2.8.2 and Reference 

31. Thus when the standard FEA techniques described in the previous chapters are 

directly applied to the modelling of the column, good prediction can be reached only 

while both the stress and strain ratios are smaller, less than 2 for instance. After the 

ratios become larger, the numerical result will underestimate load/stress, and the full 

solution will be unacceptable, see the example shown in Fig. 8.3 (details of the 

modelling are described in Chapter 8.5). 

Consequently, it is necessary to turn off the cracking and crushing capabilities of the 

concrete element, because this will simultaneously remove the stress limit for the 

concrete element. Also, the added smeared material is removed from the element. 

8.4.2 Poisson's ratio of concrete 

For plain concrete, Poisson's ratio is a constant, about 0.2, only while the compressive 

stress is under about 80% of the compressive strength. After the compressive stress is 

above this value, an apparent Poisson's ratio develops because the development of the 

micro-cracks results in voids in the specimen. As the compressive stress reaches the 

compressive strength, the apparent Poisson's ratio usually exceeds 0.2. In some cases 

values even in excess of 1.0 have been measured, Chapter 4.2. 

For the tested columns, at the later loading stage the concrete has seriously cracked. It is 

because of the confinement of the FRP tube that the concrete can still bear such a high 

stress. The circumferential strain of the cylinder depends on the circumferential stiffness 

of the laminate. This circumferential stiflhess is directly influenced by the winding angles 

of the laminae. From the cylinder test results the following relations can be derived 
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[63-65]: At the ultimate state the average value of circumferential strain at the mid- 

height is about 1.1 times the axial strain for the lamina with 450 nominal fibre winding 

angle to the vertical direction, 0.6 for 67.50, and 0.4 for 900. This phenomenon intimates 

that the concrete at the later loading stage has changed its material state from solid into 

a granular "soir'. The ratio of circumferential strain to axial strain v of the concrete can 

then be larger than 1.1. 

As for the confined columns, the bigger the Poisson's ratio of concrete, the more 

significant the confinement. In the ANSYS programme, however, Poisson's ratio is 

limited to 0.5 as it is in solid mechanics. Thus the effect of a larger Poisson's ration has 

to be achieved by some equivalent approaches. 

One approach is achieved by redefining the relations between the confining/radiate 

stress, Poisson's ratio of concrete and modulus of the composite. 

By equilibrium between the hoop tensile force Th and the radial confining stress a,. in an 

unit height tube as shown in Fig. 8.4, 

xD 
T= ar 2 cosodo th 

Ex 

= Dar 
(8.15) 

where D is the internal diameter of the tube. The following relationships also exist, 

T =a t th th 

= ethEtht 

= cchE tht 

= vcc. E 
. tht 

(8.16) 

where ah, ch and Eh are the hoop stress, strain and elastic modulus of the tube, t the 

thickness of the tube, -, h the hoop strain of concrete, v, the Poisson's ratio of concrete, 

and e,, the axial/vertical strain of concrete. In Eq. 8.16 following relations are assumed 

and used, both the tube and concrete have a same strain in the hoop direction, s, * = Eh, 

and the concrete hoop strain equals the axial strain times Poisson's ratio of concrete, Eh 

"-,: VCECZ. 

Substituting Th into Eq. 8.15, 
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2 
Cyr -" -vc8czEtht D 

This equation shows that a, is proportional to both v, and Ell, The short-fall of the input 

v, value can be complemented by an equivalent increase of the Eh value. This 

relationship is used to maintain adequate confinement in the columns with lower input of 

concrete Poisson's ratio. 

For the tube with 900 fibre winding angle laminae, Ethcan be approximately taken as the 

longitudinal modulus of a lamina El. Since the ratio of circumferential strain over axial 

strain of the concrete in the column was measured to be over 1.1, yet the maximum 

allowed input Poisson's ratio for concrete is 0.5, and the real fibre winding angles of the 

lamina are close to 900, an input value of 2.5E, is selected. 

From the typical experimental and the numerical results (see Chapter 8.5 for the details) 

shown in Fig. 8.5 some useful results can be obtained. All the experimental and 

numerical curves give the stress-strength ratios cdf, ' near to 1.0 as the strain ratio elco 

equals 1.0. Here a is the average compressive stress equalling the total load divided by 

the area of concrete cylinder section, and fi' is the concrete cylinder compressive 

strength taken as 0.83 times the mean value of cube strengthfi,,. The result indicates that 

the effects of confinement are significant only after the compressive stress is over the 

unconfined cylinder compressive strengthfi'. The numerical results with El and 2.5E, 

associating with similar responses as the ratios ay, ' and elco are smaller than I confirms 

that 2.5E, input value will not directly affect the results before the compressive stress 

exceeds the unconfined compressive strength. Whereas, after the compressive stress 

exceeds the unconfined compressive strength, the numerical curve with 2.5E, input 

value increases its slope and matches the tested curve well. This shows that the 

proposed method works effectively. 

For the tubes with other fibre winding angle laminae, further studies are required to 

determine the enhanced hoop modulus Eth. 
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8.5 Numerical modelling of the experimental columns 

8.5.1 Specimens 

Two sets of tested columns are analysed using the proposed model, so that the 

applicability of the model can be verified. The first set includes four short 

columns/cylinders, two with 80 mm. diameter and 160 mm. height, and the other two 

with 150 nun diameter and 300 mm. height. These are loaded axially. 

The second set includes four columns, two are 80 nun diameter and are 800 mm. in 

height, and the other two are 150 mm diameter and IS 00 mm. in height. They are loaded 

eccentrically with 4 mm and 7.5 nun eccentricity respectively. Concrete strengths vary 
between the coupled specimens with the same geometry and loading condition. E-glass 

FRP tubes are used for all the specimens. The nominal thickness of the tubes is 2.5 mm, 

and the nominal fibre winding angle is 900. Geometry and material details of the 

specimens are listed in Table 8.1. 

8.5.2 Models 

Due to the symmetrical conditions, only one eighth of the cylinders and a quarter of the 

columns are meshed. The meshed models are illustrated in Figs. 8.6 and 8.7 respectively. 

The element SOLID65 is used for the concrete without cracking and crushing 

capabilities and the smeared material in it. Poisson's ratio of the concrete is taken as 0.5. 

Since it is the modelling of cylinders and columns, the compressive strength of concrete 
f, is taken as 0.8f,., where fi. is the mean value of the tested cube strengths. The 

measured peak point strain of concrete co are utilised in the analyses. Other properties 

are determined using the standard methods as described in the previous chapters. The 

derived parameters for the concrete in the modelled specimens are listed in Table 8.2. 

The layered element SOLID46 is used for the FRP tubes. According to the 

configuration of the laminated tubes [63-67], 8 uniform-thickness layers are designed 

within the tube thickness, Figs. 8.6 and 8.8. The mechanical properties of the E-glass 

and the Epoxy resin used in the tested specimens are summarised in Table 8.3. The 

elastic constants and uniaxial strengths of a lamina are established with the equations in 

Chapter 8.2, and listed in Table 8.4. Due to the considerations explained in Chapter 8.4, 
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2.5E, is input for the longitudinal modulus of the laminae. The corresponding Poisson's 

ratios V12 andV13are also recalculated with the value of 2.5EI. 

The gap element CONTACT52 is applied to the interface between the concrete and the 
FRP tube. 

8.5.3 Solution 

Using the solution method in the standardisation, the displacement is applied by substeps 

which are determined with strain rate about 300ge/substep. 

8.5.4 Results and analyses 

a. Cylinders 

The numerical stress-strain curves of the cylinders are presented in Figs. 8.9 and 8.10 

together with the relevant experimental curves. Generally, the nurnerical results match 

the experimental results for the fiffl loading progress. However, since the mechanical 

properties of the FRP laminae are treated linearly even after rupture of the constituents, 

the numerical results give higher stresses around the ultimate state of the cylinder, and 

provide no ultimate loads. The stress-strain curves exhibit typical bilinear relationships. 

The slopes of the curves change where the strain ratios El&, o are around 1.0. 

The equivalent stress distribution at the end point of the solution in Fig. 8.11 shows that 

high stress concentrates at the two-thirds middle height of the cylinder. The stress here 

already exceeds the uniaxial tensile strength of the lamina. 

b. Columns 

The numerical load-compressive strain and load-deflection relationships for the columns 

and the associated experimental results are illustrated in Fig. 8.12 to 8.19. The numerical 

results again match the test results even after the curves have distinctly changed their 

slopes. However, with further loading, the numerical results give higher load because a 

limiting fibre rupture criterion cannot be defined. At this stage, the FRP tubes started 

rupturing in the tests, but they stiff behaved linearly in the numerical analyses. 

Figs. 8.20(a & b) show the stress distribution status and the deformed shape of the 

column. The high equivalent stress is concentrated towards the middle height of the 

column as well as the loading location. 
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8.6 Summary 

A finite element analysis model for the FRP tube confined concrete columns has been 

developed and applied to the modelling of typical tested columns. This model is based 

on the standard FEA methods for reinforced concrete structures, modified to be 

applicable to the high stress and large deformation found in these components. 

The numerical results indicate that the standard FEA method can predict the behaviour 

of the FRP tube confined column up to the stage with stress-strength and strain ratios 

roughly equalling 2, Fig. 8.3. After the cracking and crushing capabilities and the 

smeared material have been removed, the numerical results can match the test results up 

to the stage with stress-strength and strain ratios roughly equalling 1. Afterwards, the 

two models give lower stress responses. As the equivalent longitudinal lamina modulus 
2.5E, is input , the model can provide a prediction fully matching the test results but 

with higher and never failing results around the tested ultimate state, Figs. 8.9 to 8.19. 

Therefore the model is applicable whilst the strain is limited to twice the unconfined 

concrete ultimate uniaxial compressive strain. However, further development is 

required. 
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No. D 
(MM) 

H 
(nun) (MM) 

a 
(degree) 

fl. 
(N/mm) (%) 

kf e 
(n=) 

1 79.88 158.82 2.43 78.10 23.43 0.23 0.63 0.00 

2 79.88 158.11 2.40 78.10 35.17 0.23 0.63 0.00 

3 150.48 299.87 2.40 83.60 27.43 0.30 0.61 0.00 

4 150.44 300.14 2.49 83.60 46.30 0.27 0.61 0.00 

5 79.71 797.90 2.52 78.10 25.60 0.24 0.63 4.00 

6 79.84 799.70 2.48 78.10 31.23 0.28 0.63 4.00 

7 150.56 1500.00 2.47 83.60 28.37 0.22 0.61 7.50 

8 150.18 1499.95 2.50 83.60 37.83 0.18 0.61 7.50 

Note: D, Hand t are the internal diameter, height and thickness of the FRP tube, a the fibre winding 

angle to the vertical directionj,, and Fo the tested cube strength and peak point strain of 

concrete, e the eccentricity of loading, and kf the fibre valume fraction. 

Table 8.1 Parametersfor the modelled FRP tube confined concrete specimens 

Specimen No. f, 
(N/rnmý) 

f, I 
(N/mm) 

E, 
(Mrnmý) 

1 18.74 19.44 22.99 

2 28.14 29.20 26.33 

3 22.00 22.83 24.23 

4 37.00 38.39 28.85 

5 20.48 21.25 23.68 

6 25.00 25.94 25.30 

7 22.70 23.55 24.51 

8 30.30 31.44 26.98 

Table 8.2 Derivedparametersfor the concrete in the modelled specimens 
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No. Property E-glass Epoxy resin 
I Specific Gravity (W&) 25.60 12.00 

2 Tensile strengthfi (NlrnrW) 3448 85 

3 Elastic modulus E, (kN/rnn? ) 75.90 2.35 

4 Elastic modulus E2 (kN/rnn? ) 75.90 2.35 

5 Shear modulus G12 (kN/rnn? ) 31.11 0.89 

6 Shear modulus G23 (Mrnmý) 31.11 0.89 

7 Poisson's ratio V12 0.22 0.32 

8 Poisson's ratio V23 0.22 0.32 

Table 8.3 Mechanical propertiesfor the constituents of the lamina 

kf = 0.61 kf = 0.63 

Elastic E, (Mrnný) 47.62 48.69 
constant of 
lamina 

E2, E3 (kN/mm) 9.66 10.18 

V129 V13 0.053 0.054 

V23 0.363 0.356 

G12, G13 (kwmrný) 3.69 3.89 
G23 (kN/mm) 2.18 2.29 

Uniaxial fl, (N/mrný) 2103 2172 
strength of 

lamina 
fl, (N/mm) -923 -928 
fibfil (N/mn? ) 71 72 
ficqfic (N/nin? ) -71 -72 
f12qfI3 (Nlnln? ) 71 72 
f23 (N/mm) 174 184 

Table 8.4 Elastic constants and uniaxial strengths of the laminae 
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Chapter 9 

Conclusions and Recommendations for Further Work 

9.1 Summary 
I 

Precast concrete frames are extensively used building structures for their distinct 

advantages. Beam and column joints play very important roles in the structures but there 
have been only few design standards which have included the recommendations for 

design of the joints. The semi-rigid nature of the joints has traditionally not been 

considered in engineering practice. Consequently, recent research on the mechanical 

perforniance and recommendation for the design methods of the joints have been 

significant and necessary. 

Due to the expense of physical testing of full scale specimens, FEA acts as a useful and 

effective approach in research. Therefore, numerical investigation of the mechanical 

behaviour of the joints in precast concrete building frames have been carried out in the 

present research. This was within the co-ordinate research projects funded by EPSRC 

and carried out at Nottingham, Southampton and City Universities. 

A standardisation of FEA techniques for reinforced concrete structures were proposed 
firstly. FEA theory and method for modelling reinforced concrete structures were 

summarised. Special attention was paid to the non-linear mechanical properties and 

numerical presentations of both steel and concrete. A simplified mechanical model for 

steel was proposed, based on a statistical analysis of existing data. For concrete also, 

constitutive equations for the parameters required by the elastic constants and failure 

criteria in the ANSYS programme were proposed and analysed. Many numerical tests 

on standard prisms and cubes were carried out to define the effect of several factors on 
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the mechanical performance of the concrete element. The factors include the element 

aspect ratio and the properties required for the smeared material which was added into 

the concrete element to solve the- earlier crushing problem which precluded solution of 

the analysis. A method to modify the strength reduction caused by the slender element 

shape, 0.33 to 1.0 element aspect ratio, is recommended. An optimum value of the 

smeared material was provided under the condition that with this value the standard 

prism test model produced a concrete stress-strain relationship which matched the input 

uniaxial compression curve. To apply this value into the general analyses in which 

concrete elements would work in the multiaxial stress state, fixther consideration was 

made. 

To calibrate accuracy of the standardised FEA techniques, a series of connections and 
joints in precast concrete structures tested in European Union countries through the 

COST initiative were numerically modelled. These range from the simple tensile bar, 

through the T-stub connector and the bolt embedded in joint concrete, to the full scale 
billet-welded plate joints. The joints were tested in the University of Nottingham, and 

some of them had also been numerically modelled in the City University. In the 

numerical analyses the mechanical performance and the internal mechanism of the joints 

were investigated and comparison made between the results from different research 

teams. The internal mechanism includes the cracking and crushing status of the concrete 

components, stress distribution of the connectors and failure mode of the joints. 

Subsequently, sensitivity analyses on the mechanical behaviour of the billet-welded plate 
joints to a wide range parameters were carried out. Variations of the parameters covered 

the beam and column geometry, concrete and grout grades and amount of reinforcement 

in beam and column. The range extended to the limits of realistic construction for such 

frame structures. The altered loading orientations and the comparison with a monolithic 

joint were also investigated. Based on the analysis results, simplified calculation methods 

were proposed for estimating the moment resistance, the initial rotation stiffness, the 

secant rotation stiffness and the rotation capacity of the joints. 

Finally, as an extensive application of the standardisation of FEA techniques, a finite 

element model for the FRP tube confined concrete columns was developed. The model 

was based on the standard FEA methods developed earlier in this research, were 
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supplemented with additional FEA method for the FRP laminate, and calibrated using 
typical specimens tested as part of a separate study in the University of Southampton. 

9.2 Conclusions 

1. The standardisation of FEA techniques has provided predictions close to the 

experimental data for a wide range of many joint types, thus it can be applied with 

confidence to other structure configurations in which concrete is locally and fully 

confined. The sensitivity analysis of the joints supplies the opportunity to comprehend 

the impact of semi-rigid behaviour in any realistic frame connected with billet-welded 

plate joint types, so that full frame analyses can be made. 

2. The simplified mechanical model for steel was derived through a statistical approach 

using the data from test results carried out in the University of Southampton and in 

various other standard publications. Comparison with the test results and application to 

the numerical analyses show that this model can accurately represent the mechanical 

properties of steel both with or without a definite yield point and so improve the 

accuracy of the finite element analyses. 

3. The parameters required by the elastic constants and the failure criteria for the 

concrete element, such as elastic modules, uniaxial compressive strength and tensile 

strength, are chosen from a number of proposals published in the design standards. 

Therefore they possess higher reliability. The recommended simplified mechanical model 

for concrete in uniaxiial compression is created from the constitutive equations in the 

general form used in most design standards. It accurately represents the properties of 

concrete, and is also convenient for use in commercial versions of FEA packages. 

4. The addition of smeared material is a successful approach to avoid the early failure of 

the models during post crushing behaviour of the concrete element. The optimum 

volume of smeared material recommended for an accurate solution is about 9.7%. The 

compressive strength of the smeared material is suggested to be 1.725 times the uniiaxial 

compressive strength of concrete, so that the increased failure strength of concrete in 

multhiaxiial compression can be approximated. 
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5. Slender elements of the mesh require their input compressive strength to be modifled 

to compensate for the loss of strength due to numerical inaccuracies resulting from the 

element aspect ratio. 

6. The numerical test of the tensile steel bar indicates that a more accurate input stress- 

strain relationship will result in a more accurate solution being obtained, because the 

output curve can more accurately match the input one. The numerical modelling of the 

bolt in joint concrete shows that utilising contact elements at the interface between steel 
bolt and concrete is an effective and necessary way to simulate the bond feature of the 

materials when debonding is anticipated. 

7. All the modelling of the general connectors prove that coarser meshed models can 

also give solutions with acceptable accuracy if the models are carefully designed. This is 

a significant conclusion for the modelling of large and complex components or 

structures, such as precast concrete joints. 

8. The numerical analyses of the experimental billet-welded plate joints provide good 

agreement with the test results and the relevant modelling results. Furthermore, 

prediction of the global failure mechanism of the joints is included in the model. All the 

joints cracked early in the concrete surrounding the connectors, and at the ultimate state 

cracked zones have extended into most parts of the joints, which matches the 

experimental phenomena. Additional configurations are recommended for the joint core 

zone, such as adding more links at the beam end, to lessen the cracking. All the joints 

with flexible failure are weak beam end-strong columnjoints, and they fail by crushing 

of the grout with the connectors not yielding. Thus, the beam ends are over reinforced. 

9. All the numerical modelling results of the experimental billet-welded plate joints 

indicate that the standard FEA techniques for reinforced concrete structures proposed in 

the present research, including the general FEA methods, mechanical models of the 

materials and the solution methods, are successful and accurate. Consequently, the 

techniques can confidently be used in the further research. 

10. The sensitivity analyses show that the billet-welded plate joints have certain potential 

of force resistance and stffffiess. The hogging beam end moment resistance ranges from 
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40% to 65% of the fixed beam end moment, while the sagging beam end moment 

resistance ranges from 24% to 40%. The initial sway stiffness of the precast joints is 

about 60% to 70% that of the monolithic joint in the hogging beam end moment loading 

condition. The secant rotation stifffiess is about 60% of the monolithic joint value. In the 

reversed loading condition, these stiffness values are around 50% and 33% respectively. 

11. The sensitivity analyses also indicate that beam depth and concrete/grout grade are 

the most significant factors to the joint force responses. For the joints with hogging 

beam end moments, a 100% increase of the parameters cause about 100% increase of 

the force responses, until the column failure constrains the joint capacities. For most of 

the other parameters the moment responses vary within 20% although the parameters 

change several hundred percentage points. For the deformation sensitivity, the beam 

depth is the only significant factor affecting the rotation stiffiess of the beam end. 

12. The simplified equations can provide acceptable predictions of the moment-rotation 

characteristics for the billet-welded plate joints with the parameter ranges used in the 

sensitivity analyses. Thus full frame analysis can be conveniently made. 

13. The finite element model for the FRP tube confined concrete columns is a successful 

and extended application of the standardised FEA techniques. It can reliably predict the 

mechanical behaviour of the columns for the full loading processes, but requires manual 

supervision to determine the ultimate loads. 

14. All the FEA techniques and results can be confidently used to improve engineering 
design methodology for structures with locally and fully confined concrete. 

9.3 Recommendations for further research 

At the moment the research has only investigated the semi-rigid behaviour of the 

existing joint types for which the configuration is designed as a pin connection. The 

characteristics of the joints are achieved passively. To effectively improve the joints 

characteristics, research into active changes to this configuration is essential. The 

following aspects are recommended for further research of the joints in precast concrete 
frames: 
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1. For the analysed billet-welded plate joint, a common joint type in the engineering 

practice provides a weak beam end-strong column joint, and has the beam end over- 

reinforced. Thus the ductility of the joint should be improved if the semi-rigid potential 

of the joint can be utilised for the moment redistribution design of the frame structures. 
Additionally, the other force resistance capacities which ensure the beam end moment 

resistance is fully developed, such as the bond strength of the billet embedded in the 

column concrete and the strength of the welds connecting the billet and the plate, also 

need to be particularly studied. 

2. The joints crack early, and long before the ultimate state is reached the cracks 
develop extensively. Thus special attention should be paid to the durability of the joints 

when its serni-rigid potential will be used in the design. 

3. In the finite element analysis complete bond between rebar and concrete was 

assumed. Where concrete to steel connection hardware, and concrete to grout 
interfaces, have the ability to separate, gap elements were used. In other concrete 

analyses these assumptions may not be adequate. Anchorage and dowel action of the 

rebars in shear may need to be included, and warrant further investigations. 

4. No account has been made for experimental error in the data used to calibrate the 
finite element analysis techniques. The significance of lack of squareness or lack of 

alignment in the joint as it is assembled also warrant further research. 

5. The simplified calculation method appears to have large error margins on the 

predictions. These error margins are significantly less than they appear, because the 

statistical analysis is based (in most cases) on one central value plus the two extremes 

rather than a more realistic distribution of parameter variations. Further work is needed 

to correct the coefficients in these equations and make them appropriate for direct 

application to ful. 1-frame analysis. 

The FEA model for the FRP tube confined concrete columns needs further calibrated to 

predict the failure features of the FRP laminate. Extensive research on the composite 

structures of FRP and concrete should be carried out, using FEA as one of the research 

approaches. 
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