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ABSTRACT 

Frames are traditionally designed as being perfectly pinned or perfectly rigid. These 
connections do not actually exist in real structures, with connection behaviour being 
between these extremes. Assuming that the connection is pinned leads to an overly 
conservative design as no moment transfer can occur at the connection, meaning bigger 
steel sections being used for the beams than are necessary. 

Site monitoring of the first building to make use of the semi-continuous design 
approach was conducted. The monitoring covered a primary and secondary beam 
during the construction and later loading of the structure. After the site monitoring the 
structure was modelled, using the ANSYS software package for finite element analysis. 
The results for this were compared to those from the site monitoring, and the results 
were found to be very close, so the model was used in further analyses. 

In the next set of analyses the connection stiffnesses and column base stiffnesses were 
changed, by making changes to the M-cj) curve. It could then be seen how the joint 
stiffnesses affect the flexibility and strength of the frame. The model was then 
expanded to model multi-storey construction. Analysis techniques were used to show 
the trends that exist in the finite element results. The results were compared by means 
of a strength ratio, which was defined as the strength of any frame divided by that of a 
fully-fixed frame. 

Analyses were conducted on the results of frames with different section properties, 
different connection stiffriesses, and numbers of storeys. Curve fitting techniques were 
used to show trends for each of these variables. By changing the connection stiffness it 
was found that the strength ratio changed with a third-order logarithmic relationship. 
The relationship between the number of storeys of the frame and the strength ratio was 
demonstrated to be almost linear. 

The work detailed in this thesis has shown that semi-rigid connections can be used to 
improve the efficiency of frameworks. The frameworks can be designed using 
connections that are currently in use, but taking into account their inherent stiffness 
makes frame design more efficient. This efficiency is in the form of savings on steel 
costs, and a reduction in the beam depth required, which allows either an increase in the 
ceiling height within buildings, a shortening of buildings, or more space for services in 
the service space between the floors of buildings. 
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Introduction 

1.1 Background 

Beam-to-column connections are usually classified as being perfectly pinned or 

perfectly rigid. These ideals do not actually exist in real structures, with connection 

behaviour being between these extremes. Connections are usually designed as pinned, 

because the fabrication costs are lower, and the design is simpler, than for rigid 

connections. This leads to an overly conservative design, as no moment transfer is 

accounted for at the connection, meaning that bigger steel sections are used for the 

beams than are necessary. Design using semi-rigid connections could provide a way of 

saving steel costs, as it takes into account the real behaviour of structures. It has been 

suggested [1] that introducing semi-rigid connections into the design process could 

make a saving of 15% of the steel in a structure over that used for a structure designed 

with simple connections. 

The Eurocodes [2] give a classification for connections as pinned, rigid, or semi-rigid. 

There has been some research in recent years to classify connection types by strength, 

stiffness and ductility. The moment-rotation behaviour of a connection can then be 

shown using an M-(|) curve. Other research has shown the behaviour of column bases to 
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be semi-rigid. There has been some experimental study using semi-rigid connections, 

involving the study of full-scale, semi-rigidly connected frames. This is discussed in 

the literature review. 

Currently, the Steel Designer's Manual [3] states that design using semi-rigid 

connections is complex, and their wider appUcation depends on the development of 

simple design procedures based upon experimental evidence. Due to this, many 

connections which exhibit semi-rigid behaviour are presently used as simple 

connections. 

1.2 Research 

For the research in this project, an experiment was conducted on a building that made 

use of the semi-rigid design approach, the &st of its kind in Europe. Two of the 

supporting beams were monitored: a pre-cambered secondary beam, and a primary 

beam that was propped during construction. The deflections of the beams were 

monitored during the construction stages and later loading of the structure. The 

deflections of the beams were measured using displacement transducers on each beam. 

The concrete pour was observed with a video camera throughout so that it would be 

possible to match up any jumps in deflection with stages of the concrete pour. The 

fourth floor was chosen for the site monitoring as this floor supports the greatest loads, 

particularly the plant room, and hence the floor slab is thicker than those of other 

floors. The plant room floor is in three stepped levels of thickness, 130mm, 175mm 

and 250mm, the latter two of these being constructed from normal weight concrete and 

the 130mm thickness from lightweight concrete. The layout of the fourth floor is 

shown in Figure 3.4, with the monitored beams at grid reference just beyond E5-H5 

and H5-H1. The layout for the experiment is shown in Figure 1.1. 
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Primary Beam: UB406x178x60kg/m 
Secondary Beam; UB457x152x52kg/m (10mm pre-camber) 

e U2 

E5/H5 

Figure 1.1 

Transducer 

Ladder Beam 

Experimental layout 

H&fH1 

Once the experimental data had been collected, the structure was modelled using two 

different software packages: QSE, which solves using the stiffiiess method, and 

ANSYS, which solves using finite elements. QSE is unable to solve problems with 

semi-rigid connections, or to perform non-linear analyses, so it was only used for 

analysing the beams as if they were pinned or fully fixed. The ANSYS package is 

more flexible, with over 100 elements available in its element library, which can be 

further customised to perform specific tasks. The computer analyses were compared to 

the experimental data and shown to give very similar results, so it was then possible to 

develop further models with different section properties to those in the experiment. 

The ANSYS models were constructed using beam elements, either BEAMS, a two 

dimensional elastic beam, or BEAM23, a two dimensional plastic beam. The 

connections were modelled using either C0MBIN14, a linear elastic spring, or 

COMBIN39, a non-linear spring. The element types used depend on whether a model 

is being constructed for elastic, or plastic behaviour. 

Using ANSYS, it was possible to model many frames, with different section sizes for 

the beams and columns, and different beam-to-column and column base stiffiiesses. 

This was done for both single storey and multi-storey frames, for sway and non-sway 

modes. Using the batch file system, ANSYS is able to solve many frames in 

succession, using a few common geometry files that are called from a main file to set 

up the final model. 
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The models have shown that the beam-to-column connections have a dramatic 

influence on the beam deflections of both sway and non-sway frames, and also on the 

sway deflection of sway frames. The connection stiffness can also change the mode of 

failure of a &ame, with the failure either occurring in the connection, or with a plastic 

hinge forming in the beam or column section. For this research, the frames were 

generally analysed until a deflection limit was reached. This deflection limit was set to 

L/200 for the beam deflections and L/300 for the sway deflections (L/150 for the single 

storey portal frames). For showing the collapse mechanisms, the deflection limit was 

greatly increased to ensure that the frame had failed. 

The results in this research have been shown using the frame rigidity factor Kg. This is 

the factor that describes the ratio of strength between a fully-fixed frame, and a frame 

with semi-rigid connections. This simplifies comparing results of frames with different 

beam and column sections with one another, as then the rigidity factors can be 

compared, instead of the load that the frame was able to carry. Also, as the frame 

rigidity factor is found by dividing the load carried by the semi-rigid frame by the load 

carried by the fully-fixed frame, it means that the loading applied to the frame for the 

analysis is not critical, as long as it is the same value for both the semi-rigid and the 

fully-fixed frame, and greater than the value required to reach the deflection limits. 

1.3 Structure of this Report 

Chapter 2 presents a literature review of completed research into semi-rigid 

connections that is relevant to this project. Experimental work and numerical 

modelling of semi-rigid connections and column bases, which has been conducted by 

other researchers, is discussed. 

The onsite experiment is described in detail in Chapter 3. The experimental layout is 

described, along with the monitoring procedure. The results of the experiment are 

shown throughout the construction and later loading of the building. The measured 

deflections are plotted for both primary and secondary beams. Structural analysis 

software, QSE, is used to show a comparison between the experimental results and 

those predicted. 
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Chapter 4 introduces the Finite Element Method, along with the ANSYS package that 

was used for the analysis in this research. The elements used in the elastic and plastic 

modelling are described, and the suitability of the elements for use in the model is 

discussed. The method of non-linear analysis is also described. Results from the 

model are shown with the results from the experiment, and compared. 

Chapter 5 introduces the single storey models that are used in the research. Both elastic 

and plastic non-linear models are presented for sway and non-sway frame analysis. The 

elastic frames were analysed with a constant loading, and the plastic frames were 

loaded until a set deflection Umit had been reached, with the frame either yielding at 

any point or remaining elastic. Several different frames were analysed with different 

sections used for the beams and columns. The batch file method was then used to 

analyse the models with a span of beam-to-column connection and column base 

stiffnesses from pinned to fully rigid. Similarities and differences between the results 

for the various models are shown and discussed. 

Chapter 6 continues with the research in the previous chapter, with the models being 

altered to allow for multi-storey modelling. Frames of two, five and ten storeys are 

covered in this chapter. The essence of the model remains the same as that described 

earlier. With the increase in floor numbers, the PA effect becomes more obvious and 

its effects are shown here. The collapse mechanisms are shown for some of the frames 

that have been analysed, to demonstrate how the connection stiffness affects this. 

The results from the models are summarised in Chapter 7. Curve fitting and 

dimensional analysis is then used on the results to form relationships for the semi-rigid 

connections and the section properties of the beams and columns with the strength of 

the frames. Comparisons are shown between the single and multi-storey frames. 

Chapter 8 summarises all the research and presents the conclusions. The effectiveness 

of semi-rigid connections is further discussed. Some suggestions are also made for 

future work to fiirther the knowledge and use of semi-rigid connections. 

1.5 



Chapter 2 

2.1 Introduction 

The following sections document the relevant work that has already been conducted by 

other researchers into the area of semi-rigid connections. The reviews have been split 

into sxrverzd ckzpKaoding on die aresa ofwcwdk corverexi in tbeipsgxars. ITie arexis 

covered are frame design and experiments, analysis of semi-rigid connections, column 

bases, and finite element analysis. 

2.2 Frame Design and Experiments: Two-Dimensional Frames, Three-

Dimensional Frames, and Composite Structures 

Lloyd and Wright conducted an experiment on an in situ composite floor system [4], 

The experiment was set up close to the completion of the structure to assess the impact 

of the real boundary conditions on the structural characteristics of the floor system. 

The building consisted of pad foundations and a braced steel frame with composite 

beams and floor deck. Extensive instrumentation was built into the structure to monitor 

it during the construction stage and into its service life. 
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The permanent monitoring apparatus consisted of: 

Vibrating wire strain gauges, installed both on the inner beam flange surfaces at their 

mid- and quarter-spans and within the composite floorslab over the beam midspans and 

to the midslab spans. 

Slip gauges, installed along one half-span of the test beam, its adjacent main beam and 

their adjoining beams. 

Uniaxial inclinometers, installed around the structural joints of the test beam and 

adjacent main beam. 

In addition to these, a number of displacement transducers were positioned under the 

midspans of the beams and floorslabs. A framework of scaffolding supported these. 

The floor was loaded to the required dead load by using a 'water pillow'. This is a 

large self-supporting water reservoir. The water pillow was used to apply load in 

100mm (0.987 kN/m^) increments. At each increment readings were taken from all the 

instrumentation and displayed graphically to ensure that the structure remained within 

its working load range. 

The test results were compared to those from analysis, and it was found that the test 

results gave far lower deflections. This was due to the additional end restraint provided 

by the connection details. A finite difference model was then used to model the beam 

with built-in end conditions, which allowed for no rotation, but allowed slip to occur. 

The model gave results lower than those from the experiment, showing that the real end 

connections lay between simply supported and fixed assumptions. 

Using the end conditions measured during the experiment in the finite difference model 

gave a midspan deflection 77% greater than that measured in the experiment. This 

demonstrated that the transverse slab actions between the loaded test beam and the 

unloaded neighbouring beams were substantial. 

The authors concluded that the tensile strength of the composite floorslab over the 

beam supports contributed to the rotational capacity of the structural joint. The 

composite floorslab represented a transverse element of significant stiffness. The end 

connection details appeared to affect the observed stiflhess of the beams to an 
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appreciable extent. The test beam with partial endplate connections and a continuous 

composite floorslab over one of the supports was Aund to have an ef&ctive stif&ess of 

2 to 3 times that of a simple, roller supported beam. 

Kim and Chen's 1996 paper [5] presents three practical advanced analysis procedures 

for a two-dimensional semi-rigid steel frame design. The proposed methods for 

modelling can predict the combined non-linear effects of connection geometry, and 

material, on the behaviour and strength of semi-rigid frames. The results from the 

models have been compared to available experimental results. 

The semi-rigid connections influence the moment distribution in beams and columns as 

well as the drift and P-A effect of the frame. These effects can be accounted for by 

using a direct second-order inelastic frame analysis, "Advanced Analysis". The 

Advanced Analysis can capture the limit state strength and stability of a structure and 

its members so that separate member capacity checks are not required. 

The research is limited to two-dimensional steel frames. Lateral torsional buckling is 

assumed to be prevented by adequate lateral braces. The study covers both braced and 

unbraced semi-rigid frames. A plastic section is assumed so that the section can 

develop full plastic moment capacity without buckling. 

The three factors that influence the behaviour of semi-rigid frames are listed as 

connection, geometric and material nonlinearities. 

# Non-lmear behaviour of connections 

The forces transmitted through the beam-to-column connection are listed as; axial 

force, shear force, bending moment, and torsion. It is noted that the effects from axial 

force and shearing force are negligible since their deformations are small compared 

with the rotational deformation of connections. Torsion is also neglected in this study. 

The connections are assumed to unload with the initial slope of the moment-rotation 

curve. The loading and unloading behaviours of the connections are accounted for by 

using the tangent stiffness and initial stiffness. 
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* Geometric nonlineanty 

The bending moments in a beam-to-column connection consist of primary and 

secondary bending moment. Applied end moments and/or transverse loads on 

members cause primary moments. Secondary moments are caused by axial 

compressive force acting though the displacements of the member. The paper also 

considers the effects from geometric imperfections due to building tolerances. 

* Material nonlineanty 

The principle that the yield stresses start from the outermost fibres and the stresses of 

the interior fibres will be less. The gradual yielding effect leads to the concept of a 

hardening plastic hinge. 

The model proposed by Kishi and Chen [6] is used to find the moment-rotation 

relationship. The Kishi-Chen power model uses initial connection stiffness, ultimate 

connection moment capacity, and a shape parameter to define the moment-rotation 

curve of semi-rigid connections. 

The researchers went on to do a verification study of a two-storey, single bay structure. 

The frame's connections were bolted top and seat angle connections. The column 

bases were pinned supports. Gravity loading of 10.7kN was applied to third points of 

the first floor beam. A lateral load was applied as the second loading sequence. The 

lateral load displacement relationship was provided by the experimental work. The 

results from the experiment are shown to fit those from the Kishi-Chen power model 

satisfactorily. So the proposed method is adequate in predicting the behaviour and 

strength of semi-rigid connections. The authors go on to suggest an analysis/design 

procedure, as follows: 

* Step 1: Preliminary analysis/design assuming rigid frame. 

e Step 2: Preliminary selection of connection type and dimension. These are selected 

by considering the overall flexibility of a structural system. So flexible connections 

such as single/double web angles may be used for a braced system, or relatively 

rigid connections such as extended header plates may be used for an unbraced 

system. 
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® Step 3: Determination of connection parameters. The power model contains three 

parameters, shown earlier, that can be found using equations in the paper. 

® Step 4: Analysis of semi-rigid structure. The plastic hinge analysis is carried out to 

consider the effect of semi-rigid connections and geometric imperfections. 

• Step 5: Check for strength, serviceability and ductility. 

® Step 6: Local strength checks of members and connections. The proposed analysis 

only accounts for the global behaviour effects. Independent local strength checks 

of members and connections must still be carried out based on LRFD specifications 

(Load and Resistance Factor Design). 

® Step 7: Adjustment of member and connection sizes. For example, if there is too 

much lateral drift, the drift can be reduced by increasing member size, or by using 

stiffer connections. Iteration of steps 2-7 leads to an optimised design. 

Tlie re!»garcjiers cxirry out aii exzunple iisiag ii flutlier tvH3-stcH%?y siryrLe-bagf striKdiire 

with semi-rigid connections. The member sizes found by the proposed methods are 

compared to those determined using the modified LRFD method. The frame is shown 

in Figure 2.1 below. 

2.5 



27.2kN/m 

i V IF V y 

12.83kN 

39.5kN/m 

i V i V 

25.66kN 

c~-
cn 

t--
m" 

7.4m 

Figure 2.1 Example Frame Used by Kim and Chen 

The methods proposed in the paper generally found a member size one smaller than 

those found by the LRFD method. 

Moore, Nethercot and Kirby [7] carried out a series of tests on five lull-scale, multi-

storey steel frames. The frames were 11m, three storeys, in height, and were 10m, two 

bays, wide. The frames were tested under gravity loading in a non-sway mode. 

Measurements were taken to derive the member deflections, joint rotations, bending 

moment distribution, and column loading. 

The five frames were designed to incorporate semi-rigid connections. The details of 

these connections are shown in Table 2.1 below. 
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Table 2.1 Connections Used in Testing 

Frame Joint type Column 

orientation 

Beam size Column size 

1 and 2 Flush and 

extended 

endplates of 

between 12 

and 25 mm 

thickness 

Major 254xl46UB43 203x203UC71 

3 Flange cleats, 

lower cleat is 

125x75x8RS 

A 

Major 254x102xUB2 

2 

152xl52UC23 

4 Flange cleats, 

lower cleat is 

125x75x8RS 

A 

Minor 254xl02xUB2 

2 

152xl52UC23 

5 Flush and 

extended 

endplates of 

between 12 

and 15 mm 

thickness 

Major 254xl02UB28 

254xl46Lna37 

152xl52UC37 

Therefore frames 1 and 2 have relatively stiff connections with moment capacity 

approaching Mp for the beams. These connections increase the load the beam can carry, 

and reduce deflections, compared to ideally pinned connections. Frames 3 and 4 used 

grade 8.8 bolts sufficiently tightened to approximate normal site conditions. Frame 5 

used light endplates that are commonly regarded as only capable of transmitting shear. 

Separate joint tests were also conducted for each joint type. 

Frames 1 and 2 were designed to investigate the influence of very stiff moment 

resisting connections on the performance of beams in a non-sway frame. Loading 
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patterns were selected to achieve the most critical state for the beams and their 

connections. The sway supports were also removed to allow the frame to sway as a 

consequence of unequal bay widths and gravity loading; no extra horizontal loading 

was applied. Frames 1 and 2 were loaded under working (dead + live loading), and 

design (dead x 1.4 + live x 1.6) for the sway and non-sway conditions. The final test 

was for non-sway where the beams were loaded to the safe working load capacity of 

the loading system. The beams still had a reserve of strength and collapse was induced 

by moving the loading points. 

Frames 3, 4 and 5 were designed to study the influence of flexible and semi-rigid 

connections on the performance of the columns in a non-sway frame. Each beam was 

loaded in increments up to the dead load. Frames 3 and 4 were then loaded up to 

design load, except one beam that remained at dead load. For frame 5 all beams were 

loaded up to design load. The next stage of loading consisted of column loading. The 

column loading was used due to earlier studies by Nethercot that showed that different 

column behaviour could be obtained by changing with sequence of loading. The 

loading cases were (I) axial column load only and (II) beam loads applied, followed by 

column axial load. For case (I) the connections would be acting in the initial, stiffer, 

section of the M-(j) curve. For case (II) the beam loading would have taken up this 

initial stiff section, so change in connection type is more pronounced. 

The authors found that generally the peak moments occurred at the loading points or 

the connections for the beams, and the connections for the columns. This is as 

expected for any frame. 

For frames 1 and 2 the internal connections attracted the higher proportion of the load. 

The frame response remained linear for design load, and none of the beams had 

attained a 3-hinge plastic mechanism. After the moving of the load points to attain 

failure, failure occurred in a sudden manner and was caused by a fracture of the 

endplate welds, which were found to have an insufficient penetration. The weld size 

was therefore increased for frame 2. 
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Frame 2 formed plastic hinges at the connections; the redistribution of the moments 

then caused plasticity in the beam flanges at the loading points. 

For frames 3 and 4, the initial loading was applied so that the columns restrained the 

beams, followed by a second phase up to column collapse during which the beams 

restrained the columns. The deflected shape of the frames showed that there was 

significant interaction between all members of the frames, so the relatively flexible 

flange cleat connections were able to transmit interaction between the beams and 

columns. Bending moment diagrams showed that with the connections in the initial 

linear section of the M-cj) characteristic the points of inflection remain constant. 

Direct column loading in frame 3 caused failure in the top storey of the internal 

column, and the bottom storey of the external column. For frame 4 the failure occurred 

in the top storey of the external column and the two lower storeys of the internal 

columns. 

The results showed that the design methods in BS 5950 give inconsistent predictions of 

column load carrying capacity. Results were over-predicted where the beams fitted 

onto the major axis of the column, and under-predicted for beams that fitted onto the 

minor axis of the column. 

For frame 5 the moments were attracted from the mid-span due to the effect of the 

semi-rigid connections. The moments are then transferred to the columns, showing 

significant interaction between all frame members. A greater proportion of the free 

bending moment was attracted by the extended endplate than by the flush endplate 

connection. 

Failure occurred in the frame when the column was unable to sustain a steady axial 

load at an applied deformation. With the application of direct axial load there was a 

decrease of column moment. This was attributed to the development of plasticity 

within the column because of the increased direct axial load and the consequent 

increase in column end rotation. 
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In their subsequent detailed appraisal [8j, Moore and Nethercot proposed modifications 

to current design principles that take into account the contributions from the semi-rigid 

connections. The methods more accurately predict actual behaviour that can result in 

savings in construction. 

The usual practice for multi-storey design is to use either simple or continuous 

construction. Simple construction assumes that all resistance is provided by a system 

of braced bays, cores, shear walls or rigid frames, with the main steel work designed to 

withstand gravity loading only. Continuous construction utilises the main framing to 

resist both lateral and gravity loading. This produces a greater degree of interaction 

between the members. 

Simple construction is easy to design, as each member can be treated separately. The 

rigid connections used in continuous design are expensive to construct and the savings 

in steel over simple construction are not considered sufficient. 

The authors introduced a design method using their earlier experimental results. The 

method is based on the traditional design approach for simple frames. 

# Design of major-axis beams 

The beams are designed for strength using a plastic approach. In the case of a beam 

with constant cross section and subject to a uniformly distributed load the plastic 

section modulus is given as: 

" 2(1 + % 

Where: 

w is the intensity of the uniformly distributed load. 

L is the length of the beam. 

k is Mj/Mp (Mj is the moment capacity of the joint, Mp is the plastic moment capacity 

of the beam. 

Py is the yield strength. 



The above assumes that adequate bracing is supplied for the beam and that the 

connections have sufficient rotational capacity. 

The problem with the method is finding a suitable value for k. The authors suggest a 

value between 0 and 0.25 for weak connections (top and bottom cleats, flexible 

endplates, flush endplates and fmplates) and between 0.5 and 1.0 for heavier 

connections (extended endplates). 

# Serviceability 

If the rigidity factor is known then the following can be used to calculate the 

deflections at serviceability. 

Where: 

5s is the calculated beam deflection assuming simple supported ends. 

6r is the calculated beam deflection assuming fixed ends. 

R is the rigidity factor for the joints. 

® Column design 

Semi-rigid connections influence the load-carrying capacity of a column in two ways. 

The moment capacity of the connections is greater than that assumed by the traditional 

approach, so these moments need to be incorporated into the design; and the restraint 

from the connections has a beneficial effect, reducing the eflective length of the 

column and therefore increasing its resistance. 

The major-axis column moments should be calculated as: 

# For an external column 

= M . 4-
2 2 
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# For an internal column with an unbalanced arrangement of beams and loads 

Mc — {Mji + M ) + 
2 2 2 2 

These proposed calculation methods predict actual behaviour more accurately to the 

method currently given in BS5950. 

Composite construction offers the benefits of having the concrete floor slab in 

compression, with the steel section in tension; this substantially increases the moment 

capacity over when the materials are used separately. The problem with the system is 

then how to detail the beam/column/slab area. Present practice is to provide only light 

anti-crack reinforcement, and to detail the beam-to-column connection as a simple 

connection. 

IVfocHR;, Iskdiwancot aaxi (3bo() [9] txdieTM; thai elastic thecwry is uiapixnopriate chie to 

the incompatibility of the high support moments and the lesser resistance of a 

composite beam in hogging. Plastic hinge theory requires substantial degrees of plastic 

rotation from the beam in the support region if the full sagging moment capacity is to 

be developed in the span. The authors' 1996 paper therefore looked towards 'semi-

continuous framing' using semi-rigid connections. 

Analytical work has sought to establish the rotational requirements of the connections 

so that degrees of moment distribution may be achieved in non-sway composite frames. 

This has resulted in a quasi-plastic approach that has much in common with the plastic 

hinge method for steel frames. The difference is that the rotations for moment 

distribution now take place in the connections. 

The paper contains the first major experimental study of semi-rigid joint action in a 

complete frame. The test frame is shown in Figure 2.2 below. 
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Fig. 1. General layout of the frame specimen. 

Figure 2.2 Semi-Rigid Frame Used in Testing 

The frame can be divided into two, two-span, plane frames. One frame has the beams 

connected to the m^or axes of the columns; the other frame has the beams connected to 

the minor axes of the columns. As the study was mainly to investigate the semi-rigid 

connection effects on the frame, a finite width of concrete slab was used instead of a 

full slab layout. This made the load path clearer. 

Flush endplate connections were used for all the beam-to-column connections. The 

frame is non-sway, so horizontal constraints were used at each floor level. 

The frame moment distribution was based on strain measurements taken in the 

columns, as the steel stress-strain relationship is well defined, and the columns were 

designed to remain elastic for the beam loading stage. From the measured strains the 

column moment and axial force distributions can be determined. By incorporating the 

ai%)lk;d tKxmi Loadks and frtx: beiwiing naomeMk; ofiOhe tK%mis k is possible to c%ik%ikite 

the moment distribution for the beams. Beam strains were also measured at one of the 

point load sections to obtain the strain distribution of the composite beam section. 
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Inclinometers were used to measure rotations of the connections. Displacement 

transducers were used at quarter points to measure beam deflection. Vertical 

displacements were also measured at the connections so that the absolute deflections 

could be obtained. Shear slip was measured using small range displacement 

transducers. 

In the first frame, with the beams connected to the major axes of the columns, one of 

the top storey beams failed first. This failure was from large vertical deflections and 

local buckling of the lower flange. It was also seen that failure had started to take place 

on the other beams at the lower flange through local buckling. Column web horizontal 

deformations were also visible at all the connections. 

In the second frame, with the beams connected to the minor axes of the columns, one of 

the lower storey beams was the first to fail; this was triggered by local crushing failure 

of the concrete slab. This occurred at one of the connections, suddenly reducing the 

moment capacity, and redistributing the moment to the beam span. This resulted in the 

beam failing suddenly and the test had to be stopped. 

The crushing failure did not occur in the previous frame, which may have been due to 

lack of vibration and tamping owing to the concrete being inside the column flange. 

The paper concludes that failures were generated in a variety of components: local 

buckling of the beam compression flanges adjacent to columns; crushing of the slab 

adjacent to columns for the joints subject to highly non-symmetrical moments; and 

local failure of columns. 

Li, Moore, Nethercot and Choo published a more detailed appraisal of their 

experimental results in 1996 [10], including conclusions for design principles. 

It was found that the moment distributions from the experiments with composite frames 

differed greatly from those from analysis of rigid or pinned connection frames. So 

neither approach is appropriate for semi-rigid frame analysis. The research found that 

appropriate analyses are moment distribution and quasi-plastic analysis. 



The moment capacities for the connections in the frame were lower than those found in 

the isolated joint tests. This could have been due to the unbalanced loads in the frame 

tests. 

The linear strain distribution assumption is true for composite beam sections subject to 

low moments. It is not true for higher moments when the beam approaches the 

ultimate load and yielding starts to occur. 

The serviceability calculations from BS5950 are smaller than those found in the 

experiments. This was because of the yielding that started to occur in the test when 

deflections reached L/340. 

Yield and ultimate moment capacities of the beams were accurately predicted by 

BS5950, with the predicted values being more conservative. 

Quasi-plastic analysis gave the closest predictions to the experimental results, and the 

authors recommend that this be used for the design of semi-rigid non-sway composite 

frames. The quasi-plastic method also does not require the time-consuming integrated 

structure analysis to be carried out. 

The design steps for the quasi-plastic method are as follows: 

® Step 1: Select beam size and connection from previous experience. 

® Step 2: Calculate the load carry capacity of the beam. 

® Step 3: Check if capacity is greater than factored imposed load. Repeat steps 1 and 

2 until it is satisfactory. 

® Step 4: Calculate column internal forces from moments and shear forces at 

connections. Determine section size using codes. 

® Step 5: If pattern loading is required then the effect can be conservatively 

considered by reducing the moments of the connections with dead load to half their 

design moments. 

Further guidelines for using semi-rigid connections in braced frames were discussed by 

Jaspart and Maquoi (11). The authors comment on the second order effects on the 
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behaviour of braced frames, saying that the axial forces on the columns decrease the 

flexural stiffness, and have an influence on the bending-moment diagram which could 

cause a premature collapse of beams or beam-to-column connections. Snijder and 

Bijlaard [12] state that the second order effects can be neglected when the beam-span to 

column-height ratio is larger than 1.0, or when the moment capacity of the beam is 

larger than that of the column. 

Jaspart and Maquoi say that the frame should be designed using a first-order linear 

elastic analysis, and then the designer should check that the second-order effects in the 

frame at collapse do not exceed the plastic moment capacity of the beam, or the 

connections. For the analyses presented in the paper, a sfraightforward bi-linear curve 

is used for the representation of the beam-to-column connection. The column base is 

assumed to be fully fixed. A 5m x 5m frame, restrained against sway loading with a 

uniformly distributed load on the beam section, shows that the collapse using a first-

order analysis is from buckling in the column, followed by yielding of the beams and 

connections. A second-order analysis shows that there is an influence from the axial 

loads in the columns on the bending moment in the beam and connections, which could 

cause plastic hinge to occur in the beam section. 

Liew et al produced two papers [13, 14] on the limit state design of semi-rigid frames 

using advanced analysis. The works presented in reference 13 are the models that are 

suggested for representing different forms of connection. The models are an adaptation 

of the three-parameter models proposed by Kishi (presented below) [15] for 

connections made using angles. The authors' second paper [14] uses the model of the 

connection for commenting on frame design. The connections are introduced into a 

plastic hinge design method, and a design method is proposed. The design method is as 

follows: 

• Design the frame as if it had rigid connections. 

• Select the connection that is to be used and find its initial stiffness and moment 

capacity. 

® Check the ductility of the connections. 
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• Perform a second-order inelastic analysis of the frame using the semi-rigid 

connection properties. 

• Check limit states. 

• Repeat the analysis to find the most cost-effective sections for the frame. 

This design method does create more work 5)r the designer, increasing the design time 

fw the buUdiqg. In a design exarqple grwai im the ommaakwi 

between 9.8 and 88kNm/mRad are used. The authors use the example to show that the 

design method can be used for ultimate and serviceability load states, but they do not 

compare the cost of the final structure against that of a conventionally designed simple 

or fixed frame. The example in the paper was a simple frame, and a more complex 

structure would be much more expensive to design, both for the designer and in terms 

of computer time. The three-parameter power model is also used by Christopher and 

Bjorhovde in their research [16]. 

A further paper by Liew et al [17] covers the testing of semi-rigid unbraced frames. 

The researchers carried out tests on both frames and individual connections, to see if 

individual connections behave in the same way when they are a part of a frame. The 

frame tests are compared to the results from second-order inelastic analysis. Ten 

unbraced, single-storey, single-bay, portal frames, eleven connections, and two column 

bases were tested in the program. The types of connection tested were top-seat-double-

web angle, and extended end-plate connections. 

It was found that most of the frames failed due to significant deformation in the 

connections, leading to frame instability. One of the frames failed due to distortion of 

the beam-to-column connection, and a plastic hinge forming at the top of one of the 

columns. This frame had full-strength connections, and the column moment capacity 

was smaller than that of the beam. The researchers comment that the extended end-

plate connections behave differently under hogging and sagging. It is believed that 

these are the same tests as those described in the paper in the next section by Yu et al 

[18]. 
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For the tests of the connections, six end-plate connections, and five bolted angle 

connections were tested. For the test the column was pin connected at each end, and a 

cantilever test arrangement was used for the beam section. Each test for the end-plate 

connections was conducted twice, with the end-plate being extended either at the top or 

the bottom of the connection. The initial stiffnesses for the connections were found to 

be from 5.308kNni/mRad to 51.387kNm/mRad, with rotation capacities from 

71.85mRad, for a specimen with no lateral torsional buckling bracing, to 190.37mRad. 

The tests for the end-plate connections found that those with the plate extended at the 

top of the connection could be classified as frill-strength, whereas those with the plate 

extended at the bottom of the connection could be classified as semi-rigid. Moment 

capacities for those extended at the top were 27-70% higher than those extended at the 

bottom, and the initial stiffnesses were 225-288% higher. The tests for the angle 

connections showed that the initial stiffriess remained constant for about 15%-18% of 

the ultimate moment. The stiffiiess decreased rapidly after this point, but was still 

almost linear in behaviour. The column base tests gave initial stiffnesses of around 

25kNm/mRad. The initial stiffness was tested by applying a point load of 500kN to the 

top of the columns, and then applying a horizontal load until failure. It was found that 

the analysis used for the theoretical results generally underestimated the collapse load 

of the frame. 

Analysis of Semi-Rigid Connections 

Johnson and Hope-Gill were among the first to design a method of using a semi-rigid 

connection in composite frames [19]. They believed that neither simple nor rigid beam-

to-column connections were ideal. Simple design assumes discontinuity between two 

beams supported at the same column. It also assumes that moment transferred to the 

column is small. However, this can be incorrect if reinforcing crosses the column, as 

for two-way floor systems, or from crack-control reinforcement. If both beams are 

loaded to flexural failure, then cracking ensures that little of the force is transferred to 

the column by compression of the column flange. The worst case for the column is if 

one beam is unloaded: then the other beam will have a large compressive force in the 

bottom flange, and the column will largely resist this. This leads to an inefficient 
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column design. To solve the problem the rigidity of simple connections could be 

reduced and the crack-control reinforcement limited. 

Rigid connections are made by welding or friction-grip bolting. The beams are then 

designed as continuous, using plastic theory. This only works well for the collapse 

limit state for beams of compact cross-section. Negative moment regions have 

inadequate rotation capacity, and each yield at a load which is too low a proportion of 

the plastic collapse load for the beam as a whole. Rigid connections are also expensive 

for materials and labour. 

It is for these reasons that the authors developed a design for a semi-rigid connection 

with a large rotation capacity and a predictable flexural strength. 

Experiments carried out on the semi-rigid connection showed that they provide a well-

defined stiffness and moment of resistance at the support. This can result in smaller 

beam sections, and is cheaper than a fully rigid connection. The semi-rigidly connected 

members have greater resistance to buckling and much greater rotation capacity than 

rigidly connected members. 

Johnson and Hope-Gill also commented that strain hardening can occur in the negative 

moment regions before the design collapse load of a continuous beam is reached. 

Wong and Mak [20] modelled connections as rotational springs in order to be able to 

classify them. A 2m x 2m steel frame was set up, and tested under dynamic and static 

loading. Three types of connection were used in the experiments, T-stub, web-seat 

angle, and web-T. The authors comment that a rotational spring gives a good 

representation for the connection. Their final results show connection stiffnesses of 

around 2.5 - 5.5kN/mRad, but the section sizes used in the frames are very small. The 

research by these authors seems very brief, with only one section size being tested in 

the frame, UB203xl33x25kg, and UC 152x152x23kg. 

loannides and Tarpy [21] have conducted research into semi-rigid beam-to-column 

end-plate connections. The authors comment that frame analysis can be conducted 

using the stiffness method, using springs for the connections, but there is a lack of data 



for the M-^ curves for the connections. The researchers used a finite element model for 

the production of M-(|) curves. The construction of the model is explained in detail in 

the paper, but is not relevant to this thesis. The authors state that it is possible to 

represent the connection as a linear spring for most analyses, with the spring stiffness 

being the gradient of the M-^ curve. Unfortunately the authors do not give a table of 

stiffness values found from the numerical models. In an example calculation, they give 

a value of 734,690 kip-inch/Rad (83kNni/mRad). The researchers use this value for the 

analysis of a five-storey, three-bay frame. They find that the end-moments of the 

beams are reduced by 6% to 12% from those for a fixed connection, and the column 

moments range from 12% lower to 14% higher than those in the frame with fixed 

connections. Deflections were shown to be greatly affected, with the sway deflections 

increasing by 20%, and beam deflections increasing by 30% for exterior and 50% for 

interior beams. 

Cunningham [22] demonstrates the use of semi-rigid connections in steel frameworks, 

and a 'fixity factor' that can be used in the design of the frames. The author comments 

that the M/ij) curve for the connections can suitably be simplified as a linear stiffness 

model for the use of design, instead of the non-linear characteristics that are found 

during experimentation. 

THbe fixity fzwctor dksfuies ttw: stUIiisss oflJie cK)niM)ction to thie Ibeawii secfioiL 

The fixity factor is the ratio of the rotation of the end of the beam with a unit end 

moment, to the rotation of the beam plus the connection for the same moment. This 

gives a fixity factor of 0 for a pinned beam, and 1 for a fixed beam. 

The author comments on the use of semi-rigid connections for several frame types, by 

using moment distribution and the fixity value for the connections. For single-storey 

portal frames, it was found that the sway deflection was greatly reduced as the fixity of 

the column base was increased. For braced multi-storey frames, the author finds that 

the weight of the structure could be reduced, at the cost of design time, by utilising the 

semi-rigid relationship of the existing connections. However, careful checking of the 

columns would have to be carried out, due to the transfer of the bending moments. (In 

fact, as the connections are semi-rigid anyway, perhaps this checking should already be 
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connection is over-designed, there is a danger that the connection will attract more 

moment to the column and the columns could be overstressed. However, if the 

connections are not assumed to be stiff enough, the frame will tend to sway more, 

causing problems for serviceability. 

To simplify the connections it is suggested that a linear spring is used, as this gives 

adequate accuracies for the design of frames using semi-rigid connections. 

Kishi et al [23, 24] discuss of the behaviour of tall 6aines combining rigid and semi-

rigid connections. A frame of 4 bays and 8 storeys is numerically analysed by the 

researchers. The frame was analysed four times, with different combinations of semi-

rigid and rigid connections. The authors found that all combinations tried gave a sway 

deflection of A/H < 1/400, allowing semi-rigid connections to be rationally used in tall 

frames. The four combinations of connections that the researchers used are shown in 

Figure 2.3 below. 
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Figure 2.3 Connection Combinations Used by Kishi et al 
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It wras fbund Idbat causes 1 aiid I* jgaiw: very similar resiilk^ silio\%iiig tba&tlK: ccHinectioiK; 

on the roof beams may not add to the overall sway stiffness. Although cases 3 and 4 

contain the same number of semi-rigid connections, it was found that case 4 gave a 

stiffer structure against sway loading. The final results from the analysis gave; 

Rigid Frame: A/H = 1/880 

Case 3 and 4: A/H < 1/400 

Case 1 and 2: A/H < 1/500 

So although the authors state that it is possible to use semi-rigid connections in tall 

buildings, their results do show that the sway deflection is greatly increased when these 

connections are used. This could add complications to the design of the buildings. The 

authors do not state why the positioning of the semi-rigid connections affects the sway 

deflection of the frame, and they do not comment on the effects of the connections on 

beam deflections. 

Guo-Qiang and Mativo [25] presented work on the approximate estimation of the 

maximum load of semi-rigid steel frames. Their simplified method, for use in the 

design ofRce, is in the form of a multiple linear regression relationship between the 

maximum load and frame and section properties. Numerical analysis is used to obtain 

the results. Again the authors have used a rotational spring element in the modelling to 

represent the beam-to-column connections. The loading on the frames is added in 

small increments, as the frame behaviour is non-linear, due to the rotational spring 

relationship. For the plastic analysis the steel sections are assumed to yield with ideal 

plastic hinges, between these hinges the steel is assumed to behave elastically. An 

existing computer program was adjusted to allow for the semi-rigid analysis. There are 

several assumptions made in this unknown program. It does not allow 6)r any out of 

plane loading or stability; plastic hinges are assumed to have a zero length, it does not 

allow for local buckling, or shear stresses; all members are considered to be ideally 

straight, it does not allow for lateral bracing; and it does not deal with serviceability. 

Plastic hinges are checked for at the mid-span, and at the nodes only. The authors do 

not comment on the numbers of nodes used, but they could only be at the connections. 
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An initial stifkess of 684,600 in-k^/Rad (77.35kNm/mRad) was used in the analyses. 

A three-storey, one-bay frame was analysed in order to verify the model. To find the 

parameters that had most effect on the behaviour of the frames, the authors modelled a 

number of different frames with fixed column base connections. They find that by 

increasing the number of bays of the frame, the overall load carried by the structure 

increases. An increase in storey number decreases the overall load carried by the 

structure. Increasing the length of the beams decreases the load, as did increasing the 

length of the columns. Increasing the second moment of area of the beams and 

coluiiuis inonsasexi the k)ad (carried Ibgf liie striwcture. IVkmTf of thiese (ybseoryatiorK! are 

surely what the researchers expected, and are true for pinned and fixed frames. 

ILinear regrression vvzu; izarried oid (Dntlie resulks fnoinfiw: aiMilyscxl franwes, for frzuiies 

with varying section length and second moment of area, varying number of bays and 

rmmbMarofstoreg/s, Tanklitlie load carried l)y tbK;fi%uiie to failure. Ptiibire is classified as 

the point at which either the column buckles, or the frame forms a mechanism. The 

research in this thesis shows that not all these relationships are linear. The examples 

given in the paper show errors of up to 22%; they list an accuracy of +20% to -20% 

fhora (xompNiruig tlieir simplified iippMnoaxji to tlie resuhs jGnim the coiiqputer jprojgram. 

The values for the linear regression were between 0.75 and 0.86, showing that there 

could be problems extrapolating the data beyond that used for the regression analysis. 

The authors do comment that the errors became larger when the frames went beyond 9 

storeys. 

The calculation of serviceability deflections for non-sway frames with semi-rigid 

connections was researched by Gibbons et al [26]. The technique to calculate the 

connections assumed that the frame Allowed elastic behaviour, and that the 

connections had a linear stiffness. The paper presents equations for the support 

rotations, fr)r beams with a uni&rm load. The rotation at the beam ends was given as 

being: 

"6 - -
^ 4 

24E/, 2E7* 
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The cohimn rotation is given as: 

(|)b - i|)c then gives the total rotation of the connection. The researchers go on to show 

an equation that gives the total deflection at any point along the beam. The equation is 

validated by an e)q)eriment on a three-storey, two-bay 6ame, the results of which are 

compared to the results 6om analysing the 6ame as if it were simply coimected, and 

rigidly coimected. The deflections A-om the experiment were shghtly higher than those 

&om the theory presented, but the results were closer to those Ar semi-rigid 

connections than either for piimed or rigid coimections. The beam-to-column 

stifbesses found during the experiment were between 1.3 and 90.9kNm/mRad. Beams 

were UC254xl02x22kg, and columns were UC 152x152x23kg, with spans of4953mm, 

and heights of 3600mm. 

A design aid for semi-rigid connections for 6ame analysis was developed by Kishi et al 

[15]. The design aid aims to give values for the initial stifhess of connections, the 

ultimate moment capacity, and a shape parameter. The researchers looked at four 

coimection types; single web-angle coimections, double web-angle connections, top-

and seat-angle with double web-angle connections and top- and seat-angle without 

double web-angle connections. The theoiy they used to produce the Armulae is not 

relevant to this research, and so is not listed here. The researchers present a numerical 

analysis of a 6ame using semi-rigid connections, using the presented model for the 

connections. However, the values used for the connections are not stated in the paper. 

Reading 6om their graphs suggests a beam-to-column stifbess of up to around 

12kN/mRad, though end-plate connections are stif&r. The Aame analysis carried out 

by the researchers does not add anything to the other papers discussed in this chapter -

it is really only used to demonstrate the model used for the connection, which is made 

up of the initial stifbess and ultimate moment 6)r the connection. 

Yu et al [18] tested ten sway &ames with end plate connections up to collapse load. 

The experimental results were compared to those &om theory. The test Aames are 

single-storey, single-bay 6ames. Different column-to-beam stiffness ratios, and 
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dif&rent end plate thicknesses were used in the &ames. A refined plastic hinge 

analysis was conducted 5)r the test Aames. The power model proposed by Kishi and 

Chen was used to represent the beam-to-column connections [5], and this was applied 

to a rotational spring. For the experiments the vertical load and horizontal loads were 

applied proportionally until a chosen vertical loading was reached. Then the horizontal 

load was increased until failure was reached. In the Grst test, where the column-to-

beam stiffness ratio was 0.5 and the end plate thickness was 30mm, this caused a hinge 

to 6)rm in one of the columns, and then partial yielding of the connections. The 

connection in this case had an initial stiOhess of approximately 55kNm/mRad. A 

further test, with column-to-beam ratio of 1.0, and end plate thickness of 25mm caused 

a hinge to form in the beam, near to the connection. A third A-ame with column-to-

beam sti&iess ratio of 2.0, and a 20mm end plate thickness 6iled due to instability 

with no plastic hinges forming. It was also found that end plate connections behaved 

differently in hogging and sagging. In contradiction of some of the other papers 

reviewed here, the researchers state that the theoretical results can compare well with 

those f-om e^qieriments if the connection is carefully modelled. It was also 6)und that 

the stiffness of the column base greatly affected the sway behaviour of the Barnes. 

This would become more critical as the height of the structure was increased as the 

second order efkcts would be greater. Although the researchers have studied ten 

6ames, only three of them are described in the paper. 

Anderson and Benterkia [27] analysed semi-rigid steel &ames to find some criteria for 

their design. A program using the stifGiess method is altered 6)r the design, so that the 

connections can be added. The connections are represented by multi-linear rotational 

springs. Stability functions are used to take second-order ef&cts into account. In the 

analysis the second-order effects are ignored if the elastic critical load is greater or 

equal to ten times the design load, as these were Aund to af&ct the sway deflection and 

bending moment by less than 12%, except for the more flexible 6ames. The 

researchers found that under normal combined loading it would be the sway deflection 

that controlled the design, and not the ultimate strength of the 6ame. 

Ahmed and Kirby [28] researched into semi-rigid non-sway f-ames to find the 

maximum cotmection rotations. Finite element analysis was used by the researchers to 

model the semi-rigid 6ames. The models were solved untU they no longer converged -
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the load step be&re that was taken as being the ultimate load for the 6ame. The results 

were shown to 6t well with a test &ame. The finite element model was of a three-

storey, two-bay, non-sway &ame. A parametric study was then carried out covering 

connection behaviour, geometric dimensions, and loading. The steel properties were 

taken as being perfectly elastic-plastic, with the yield stress as 285N/mm^ and the 

modulus of elasticity as 210kN/mm .̂ It was 6)und that the behaviour of the flange 

cleat, flush end plate and extended end plate connections were similar, although the 

stiller connections had a smaller rotation. It was 5)und that rotations at the point of 

A-ame failure were less than I SmRad. The level of imperfection in the 6ames did not 

significantly aSect the fin AI rotation of the columns. The larger rotations were 6r the 

flexible flange cleat connections, and longer beam sections. The M-({* curve up to this 

point for most connections is linear, so this shows that a linear approach to 

approximating the semi-rigid connections is justiGable. 

Li, Choo and Nethercot developed a general procedure 5)r incorporating the effects of 

joint flexibility into standard methods for the analysis of frames [29]. Their paper 

applied the method to several examples using moment distribution technique, slope 

deflection equations, and matrix stiOhess method. 

Several techniques had been used previously to incorporate the e%cts of joint 

flexibility. These include the graphical method, 6r which the M-(|) curve must be 

known, and methods for slope deflection and moment distribution. By the 1960s the 

matrix stifQiess method of structural analysis had been established, utilising the 

increase of computer power. The effects of semi-rigid connections could be 

incorporated into the matrix stiShess method by modifying the beam stifSiess matrix. 

To estabhsh the dynamic behaviour of semi-rigid 6ames, equivalent springs have been 

used. 

All these methods incorporate the semi-rigid connection characteristics into modified 

beam elements. This means that the resulting beam slope-deflection equations, beam 

stiffness and carry-over coefficients, and the beam stiffness matrix would all differ 

from those in the conventional approach. Li, Choo and Nethercot wanted to analyse 
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semi-rigid &ames using conventional analyses, but to treat the connection as an 

independent element. 

In their research the semi-rigid coimection is modelled by a multi-degree spring 

element. The advantages of using a connection element are as Allows: 

# As the connections are considered separately &om the other members in the slope 

deflection and moment distribution analyses, there is no longer the need for 

complex coefBcients and equations. 

# The use of connection elements in matrix stiShess analysis does not require any 

modifications to the stifbess matrices of the beams and columns to establish 

connection efkcts. 

# It is easier to consider the shear and axial deformations of the connections. 

# Neglecting the connection length has very little influence on the column buckling 

capacities, especially for non-sway &ames. 

# Due to the increase of computer storage it is not a problem that this method 

increases the number of nodes and elements used. 

Yau and Chan's 1994 paper [30] presents a beam-to-column element with springs 

connected in series for efficient and elective geometric and material nonlinear analysis 

of steel frames with semi-rigid connections. The models have been used to find the 

effects of semi-rigid connections and material yielding. Proposed mathematical models 

for different joint types and assumed patterns for material yielding have been simulated 

independently. The paper proposes a simple method to trace the equilibrium path of 

steel &ames, allowing for geometrical, material, and joint stif&ess nonlinearities up to 

the ultimate load. 

An efficient and user-&iendly computer method is essential for the promotion of 

analysis of steel &ames that accounts A)r semi-rigid connections for engineers in 

practice. The paper presents a technique for developing an element with ends having a 

pair of springs connected in series, for incorporation into linear and nonlinear analysis. 

Experimental data on the stif&ess of various types of joint can be &d into the analysis 

program. The degrading curve for the various sections, due to the spread of plasticity 
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across the section, can also be incorporated into the program independently of the 

connection details. Figure 2.4 below shows the element. 

Outer spring elements for 
semi-rigid connection 

Inner spring elements for 
material nonlinearity 

Figure 2.4 Beam-to-Column Element with Springs in Series 

The paper presents some numerical examples where the element has been used, as 

follows: 

# Inelastic analysis of a portal frame. It was found that the material yielding affects 

the ultimate load, and the postbuckling behaviour of the structure. For rigid 

connections the elastic buckling load for the 6ame was 1.80EI/L .̂ With the 

nonlinear material properties included this fell to 1.49EI/ L̂ . For the semi-rigid 

example the load fell &om 1.49EI/ to 1.39EI/ L̂ . 

# Two-storey frame with Bxed supports. An exponential model describes the 

nonlinear moment-rotation behaviour of the beam-to-column connection. For this 

analysis the elastic stability loads fell &om 1 l,260kN 6r connections and 7,230kN 

&)r semi-rigid connections, to 2,060kN for rigid and 2,040kN for semi-rigid 

connections, when material yielding was taken into account. This shows that the 

frame's ultimate load capacity is controlled by material yielding, due to the 
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similarity of the results after material yielding is considered. The consideration of 

material yielding is indispensable to the accurate analysis of a typical steel &ame. 

* Six-storey hvo-bay &ame with semi-rigid connections. The six-storey 6ame has 

proportionally increasing distributed gravity loads and concentrated lateral loads. 

The ^ame has been analysed previously by Vogel [31]; his analysis assumed all the 

connections to be rigid, with a G-ame imper6ction of 1/450 of the storey height. 

Yau and Chan's paper presents the results for four different types of connection -

extended end plate, flush end plate, top and seated angle with double web cleats, 

and a single web angle - to study the influences of semi-rigid connections on the 

inelastic structural response of the six-storey frame. In this example the &ame is 

more sensitive to the joint type than in the last examples. This is because the 

loading is applied uniformly as opposed to point loading, which results in larger 

moments at the connections. The load-deflection results for all but the very stiff 

extended end plate example do not follow those for the rigid connection 

assumption, so this assumption cannot be used 6r the other connection types. 

The authors then investigate the assumption of linear joint stifGiess to see if it can be 

adopted in the design of semi-rigid jointed 6ames. Again, for all but the stifkst 

connection, this assumption is shown to be insufficient. However, it is suggested that 

the secant stif&ess may be used for practical design allowing for semi-rigid 

connections and based on the linear assumption; this would allow for the reduction in 

joint stif&ess at large joint rotations. 

Li, Choo and Nethercot [32] have developed a method 6)r the calculation of the 

necessary joint rotations to permit the use of moment redistribution 6)r the design of 

semi-continuous steel and composite &ames. A quasi-plastic approach to design is 

used. This design approach regards the joint rotations as being composed of an elastic 

and a plastic part and determines each contribution separately. The plastic calculations 

were calibrated against test results. 

The required rotation 6f is divided into the elastic rotation Ggrand the plastic rotation 8pf 

The elastic rotation is expressed by: 
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Where: 

a = M\/Md 

P = M'2/Md 

y - Er/EI 

Md = mid-span design moment 

and M'2 are the support moments 

Er and EI are the stifRiesses of the hogging and sagging cross-sections. 

The plastic part of the required rotations is caused by the mid-span plastic deformation. 

If Md is less than the yield moment then no plastic deformation will occur and thereAre 

the section is slender or semi-compact. The plastic rotation requirement at the support 

is given as: 

Where: 

L = Beam length 

Lm = position of hinge 

Gpq = plastic part of the mid-span rotation that occurs at Md 

8pq is dependent on the magnitude of curvatures at the mid-span design moment, the 

beam span and the load arrangement. There are empirical Armulae kr the beam 

curvatures. 

An example of a uniformly loaded beam is used to show how the value of 8pq is Aund. 

Figure 2.5 below shows the example beam. 

2.30 



U W i M I U N U U f f M 

(a ) 

K. 

Figure 2.5 Beam Example to Show 6pq 

Diagram (a) shows the load and moment diagram and diagram (b) shows the curvature 

distribution. 

From (b) the quasi-plastic rotation at mid-span is equal to the area of the semi-circle 

ABC. ABD has already been considered in the elastic analysis. So the effective area is 

found by the shaded area ABCD and 8pq is given by: 

= 0.533(1 - " ̂ 9̂) 

Where (|>yp = M/Er is the quasi-yield curvature. 

The paper presents similar analyses for a single point loaded beam, and a beam with 

two point loads. 

The characteristics of a &ame and its connections are non-linear, and the current studies 

of analysis and design aim to incorporate such semi-rigid concepts into the models. 

There are a large variety of connections in use in practice, and it is not feasible to 

utilise the properties of individual connections. Bjorhovde, Colson and Brozzetti [33] 
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developed a scheme in 1990 to enable the classification of connections in term of 

strength, stifSiess, and ductility. Testing and theoretical data were used to achieve this. 

The authors also considered some special cases, such as connections with soAening-

stiflening characteristics, connections with low ductility, and connections with 

properties that vary as a function of the applied load. The classification system that this 

research has produced can be used to add new connection types to the current database. 

The classification system incorporates the three basic joint types: (I) flexible 

connections (pinned); (2) rigid connections (Gxed); and (3) semi-rigid connections. For 

the research the M-O diagrams are simplified into linearised regions. These simplified 

M-0 diagrams are also useful as then the results can be used &r ultimate and 

serviceability limit state designs. The classification system that is developed is meant 

for use with semi-rigid beam-to-column connections in steel structures. 

For the experiments the authors used beams with a length equal to five times the depth 

of the beam, as this was found to place the connection in the middle of the semi-rigid 

range. A value of 0.2Mp is taken as being the boundary between flexible and semi-

rigid, and 0.7Mp as being the boundary between semi-rigid and rigid connections. 

Figure 2.6 below shows the Gnal classification system. 

1.01 

0.7 

0.2 

/ Rigid 

S e m ^ ^ Simplified Ductility 
Req{jirement 

Flexible 

1.2 phi 

Figure 2.6 Connection Classification System 
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The simplified ductility requirement is based on the magnitude of the rotation capacity. 

This diagram can be used with any beam-to-column coimection for steel structures to 

determine its stiffness, strength and overall ductility characteristics. 

2.4 Column Bases 

Aristizabal-Ochoa's 1994 paper [34] presented two formulas to evaluate the stability K-

factor (slenderness factor) of columns with semi-rigid cormections. The design 

formulas account for the rigidity of the connections as well as intermediate axial loads 

along the height and concentrated end loads. The krmulas can be applied to cases of 

unbraced and partially braced columns. The formulas have been tested against 

analytical results. 

iTie design examples used to demonstrate the formulas were a symmetrical @-ame with 

side sway and a partially braced &ame (diagonal truss bracing). 

The formula for K is as follows: 

(40 + 8 ( p j + X ) + - 34) + x[20 + ) 

+ 3 p ; + 5 / ? ; - 4 /7^ + 1 7 ] } 

3(4 - )(/)^ + /?* + ) + 
2;r^ 

I F 

For the case of a column under a heavy uni6)rmly distributed axial loading q, and light 

end load P the following equation is proposed: 

_ [20 + 1 - / ? * ) + + 5/7*) - A (3/7a - 4pt - 1 + 1 7 ) ] 

3(4 - + 
(4-/)a/?6) + +/?*) + 

+ /)& + 3/7 /̂7, -34)] 

2.33 



Where: 

K — Slendemess &ctor 

Pa,Pb = fixity factor at column top and base respectively 

h = column height 

E = Young's modulus for the column material 

I = second moment of area for column 

These are long krmulas but they could be input into a computer. It is also necessary to 

know the column cormection rigidity. 

Column bases are usually modelled in a very simple way. Displacement constraints are 

applied to the bottom nodes of the first storey columns. This means that the column 

bases are either completely fixed, with the nodes restrained &om rotating, or ideally 

pinned with the nodes allowed to rotate &eely. In reality the column bases act as being 

semi-rigid. The strength, stiffness and de&rmation capacity of the column base 

depends on the design procedure and the adopted detailing of the base. 

Stojadinovic, Spacone, Goel and Kwon's paper [35j presents a parametric study 

evaluating the consequences of using semi-rigid models for moment-resisting column 

bases. Two three-storey MRF steel 6ame buildings designed according to U.S codes 

were modelled using the finite element software packages SNAP-2D and FEAP. The 

column bases were modelled as rotational springs. The stiffness of these springs could 

then be varied to represent a range of semi-rigid behaviour &om virtually rigid to 

virtually pinned. 

The data used to model the column bases comes &om a finite element analysis using 

the ABAQUS software package. These models showed that with an unrealistically thin 

base plate the connection could be classified as pinned. However, even with an 

unrealistically thick base plate the connection never reaches the stif&ess required to 

classify the base as rigid. 
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The final frame models analyse the effects of bases &om pinned to fuUy fixed, with six 

intermediate stif&esses. These stif&esses are associated with column bases with plate 

thickness of25, 50, 75, and 100mm. 

Pushover analyses are used to compare the strength and stiffness of different &ame 

models, and the plastic hinge formation sequence and deArmation mechanisms are also 

found. A seismic study is also carried out using a time-history analysis. The seismic 

analysis gives information on inter-storey drift and roof displacement. 

The paper concludes that the rotation demands on the first-storey beams and 

connections increase as the stif&ess and strength of the column bases is reduced. The 

fixed-base G-ame has a uniform rotation demand distribution along its height. As the 

column base becomes less rigid the rotation demand distribution shifts towards the first 

floor beam. 

There may be an unintended reduction in column base stifGiess, which may be due to 

poor workmanship, long-term deformation and deterioration of the kundation concrete, 

or the effects of previous earthquakes. 

I he behaviour of the fixed-base &ame is representative of the behaviour of the models 

with realistic semi-rigid column bases. There6)re the use of fixed-supports to model 

the bases in moment resisting steel &ames may be justified. 

2.5 Finite Element Ana^sis of Frames 

Mei-xin, Nethercot and Li [36] used the finite element software package ABAQUS to 

analyse the full-range behaviour of composite frames with semi-rigid and partial-

strength connections. The results are compared with full scale 6ame test results. 

The columns were modelled using three-node I shaped beam elements and the material 

properties 6)und jrom steel coupon tests. There was no standard element that could be 

used to model the composite beam, due to the difference in behaviour in hogging and 

sagging of composite beams. A three-noded general beam section was used, which 
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used the moment-curvature relationship of a conq^osite beam. The relationship 

assumed no contribution 6om the concrete in the hogging region once cracked. The 

beam-to-column connections were modelled by a two-node non-linear spring element. 

One node was attached to the column centreline, the other to the end of the beam. The 

two nodes were given the same co-ordinates, and allowed to rotate. The test moment-

rotation curves of the connections were used for the sprir^ elements. 

The data 6om the &ame experiments by Li et al [9,10] was modelled. This 6ame used 

203x203UC60 columns and 254x102UB25 beams. For the model the columns were 

divided into ten elements and the beams into six. It is shown that the results of the 

model are 6irly close to those for the experiment, except where the small moments 

developed. 

The model was then used with some of the parameters changed, to find how they 

affected the &ame. The authors concluded that: 

# Modelling the Same with rigid connections led to results far &om the 

experimental results. 

# Using the sagging region second moment of area throughout had little effect on 

the moment distribution of the &ame. However, this may have been because of 

the short hogging moment region. 

# Assuming that the beams were elastic throughout loading leads to higher beam 

span moments and lower connection moments. 

# Increasing column size has little eSect on the moment distribution of the &ame. 

However, it has a large e8ect on rigid 6ames. 

# Connection rotations are reduced if the beams are assumed to remain elastic. 

# Changing the column size does affect the connection rotation. 

The authors also concluded that the ABAQUS package was an appropriate tool for the 

analysis of semi-rigid composite &ames. 

Rodrigues et al [37] used Aiite element analysis to model steel plane &ames with semi-

rigid connections. The element they used to model the connections was a spring 
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element consisting of two nodes, each with three degrees of freedom. The actual 

element is made 6om a combination of three springs: a rotational spring simulating the 

connections' rotational behaviour, an axial spring in the x-direction simulating the 

connections' axial behaviour, and an axial spring in the y-direction simulating the 

connections' shear behaviour. An incremental loading is used so that the connections' 

behaviour can be represented accurately at each stage. The authors state that the 

stif&iess of the axial springs was taken as being infinitely high, so really they could 

have been omitted &om the model. The rotational spring is set to zero for pinned 

connections, or made infinitely high for the fixed connections. The authors found that 

this spring model gave good results when used in their analyses. Unfortunately no 

comparisons are shown in the paper. 

Pertold and Xiao [38] have examined the influence of rigidity of beam-to-column 

connections and column base connections on non-sway frame behaviour. The plastic 

load capacity of a &ame was calculated using finite element analysis for four different 

&ame profiles. A rigidity factor, K, is defined as a ratio between the plastic load 

capacity of the semi-rigid and rigid frame for serviceability and ultimate hmit state. 

The capacity of the &ame is then found by multiplying the 6ctor K by the capacity of 

the frame with rigid connections. 

The method was developed via four stages: 

# Stage 1: Using finite element analysis to find the capacity of the A-ame with 

di@ering beam-to-column connection plastic rotations, and column base plastic 

rotations ({)«, (|)P and different member sections. 

# Stage 2: Defining the plastic rotations 0a, Op as a Ainction of 6ame geometry, 

member section and material characteristics. 

# Stage 3: Defining the connection rigidity coefBcients Oa and ap for the beam-to-

column and base connections as a function of On and 

# Stage 4: Defining the frame rigidity &ctor Ka as a function of Oa and Pa-

The single-bay, single-storey &ames were modelled in ANSYS using non-linear spring 

elements for the connections and plastic beam elements for the beams and columns. 

Six elements were used to model each beam and column. Local buckling and shear 
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deflection were not taken into account. Bilinear curves were used to model the 

connection rigidity. A serviceability state of L/200 was considered. 

The values of the modified plastic rotations 0^ and can be found from the following 

equations: 

0 
pi,b 

0 . =. 
-^C pl,c 

Where: 

0a and 0p = the modified plastic rotations for the beam-to-column connection and the 

column base 

(j)a and (t)p = the plastic rotation of the beam-to-column connection and the column base 

E = Young's modulus 

L = length of beam (b), length of column (c) 

rz = radius of gyration of beam (b), and column (c) 

Mpi = plastic moment of element 

I = second moment of area 

The connection rigidity coefficients aa and Pa are then given, found from: 

=0.803-O.1821n(0^)-O.O57ki"(0^) + O.O14]ii"(0^) 

= 0.764-O.1671n(0^)-O.O48]ii"(0^)-O.OO7]n'(0^) 

And finally the calculation of Ka is given by: 

+ (1 - -P (1 -

where k is 0.963 

And Kpp from: 
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^ Pl,b 

This method gives an error of less than 7% from the finite element models. 

Pertold and Xiao [39] then used the same models and theory to analyse frames acting in 

the non-sway mode. The calculations for the values required to find K differed from the 

non-sway frame due to the increased influence on ultimate load from the column base 

rigidity. For the non-sway frame, it was found that the influence from the column base 

on load capacity was only 5%, but for the sway frame the influence is increased to 

45"%. 

The equations for Oa and Psa are found from: 

= 0.888 - 0.177 ]n(0^ ) - 0.051 In J -h 0.012 In" ( 0 J 

=1.065-O.O66]n(0^)-O.lO41n"(0^)-O.O151n^(0^) 

The frame rigidity factor Ksa can then be calculated from: 

= A: + (1 - ] 

Where kga = 0.549 

The method gives an error of less than 11% compared to the finite element models. 
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Chapter 3 

Onsite Experiment 

3.1 Introduction 

The following sections describe the procedure used to monitor and measure the 

deflections of the primary and secondary beams at Southampton Institute's East-Park 

Terrace building. The structure was designed by Gifford and Partners consulting 

engineers, and is the first in Europe to make use of the semi-continuous design 

approach. Figure 3.1 shows a location map of the building in Southampton, and Figure 

3.2 shows a photo of the finished structure, the Michael Andrews building. The 

building is used for a new information technology suite for the business school, and for 

administration offices. 

The building was monitored during construction and subsequent loading of the plant 

room floor after the concrete hardened. The results from this experiment will be used 

for the calibration of a finite element model so that the effects of semi-rigid 

connections can be analysed. 

3.1 



Soumampton ^ 
Universiy 

Southampton 
Common 

m/ 

Figure 3.1 Location map of East-Park Terrace, Southampton 

Figure 3.2 The Michael Andrews Building, East-Park Terrace, Southampton 
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3.2 Structural Layout 

The fourth floor was chosen for monitoring as this floor supports the greatest loads. 

The fourth floor supports the plant room, and hence the floor slab is thicker than those 

of other floors. The plant room floor is in three stepped levels of thickness, 130mm, 

175mm and 250mm, the latter two of these being constructed from normal weight 

concrete and the 130mm thickness from lightweight concrete. 

Two of the supporting beams were monitored: a pre-cambered secondary beam, and a 

propped primary beam. The beam-to-column connections for these two beams are 

shown in Figure 3.3 below. These beams were chosen so that they were under the 

thickest of the floor areas and therefore subject to the highest loading cases. Both these 

beams were equipped with transducers so that the deflections could be found during the 

concrete pour, and then during later loading of the floor due to the placing of the plant. 

The layout of the fourth floor is shown in Figure 3.4. 

Figure 3.3 Beam-to-Column Connection 
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Figure 3.4 Diagram of Level 4, showing the steel layout, and the position of the monitored beams 
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3.3 Monitoring Apparatus 

The following sections describe the apparatus that was used in the onsite experiment. 

The apparatus had to be durable due to the harsh conditions onsite, and the fact that it 

would be in situ for several weeks. Failing this, it had to be possible to remove the 

apparatus from the site in between the separate stages of the experiment. 

3.3.1 Transducers 

The deflections of the universal beams were measured using transducers. These were 

attached to the underside of both the universal beams. The transducers were supported 

using scaffold ladder beams, which were attached to the columns at each end of the 

beams being monitored. Six 50mm transducers were used on each of the beams being 

studied. The spacing used for the transducers is shown in Figure 3.5. This spacing was 

chosen so that the transducers would be sited at the points of most interest, and would 

give a good indication of the deflected shape. Two transducers were placed at the mid-

point of the span, as this is where the maximum deflection along the beam would occur. 

This point was of greatest interest, and therefore a reliable result was required. Having 

two transducers at mid-span allowed for any problems that might have occurred with 

one of them, and it would also show if any gross torsional deformation occurred in the 

beam. Figure 3.6 shows this set-up photo graphically. 

Primary Beam: UB406x178x60kg/m 
Secondary Beam: UB457x152x52kg/m (10mm pre-camber) 

E5/H5 

car 

Ladder Beam 

H5/H1 

Figure 3.5 Positioning of the Transducers 
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Figure 3.6 The Experimental Set-Up 

3.3.2 Strain Gauges 

In the original experimental set-up proposal, strain gauges were to be attached to the 

beams used for the experiment. These were to be placed at mid-span and at the beam-

ends, on the lower flange, to find the maximum compressive strains at the beam ends 

and tensile strains at the mid-spans. Due to the construction method it would not be 

possible to attach strain gauges to the top flange. 

Gauges were also to be attached to the web of the column near the semi-rigid joint so 

that the strains and deformations could be found. It was hoped that these gauges could 

then stay in place during the Kfe of the structure so that regular readings could be taken 

during normal loading. 

However, due to the speed of construction of the structure, and the fact that there was 

very limited storage space on the building site, it was not possible to attach the strain 

gauges before the beams were bolted into place. Also, it was not possible to fix these 

gauges when the beams were in place due to safety reasons. 
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The information on the strains in the beams was not vital, as the primary aim of the 

experiment was to gather data for the calibration of a finite element model, which could 

be achieved using only the deflections found by the transducers. 

3.3.3 Data-Logger 

A data-logger was used to record the data from all the transducers. The transducers 

were connected to the data-logger so that resistance across the potentiometer was 

measured. The transducers were calibrated in the laboratory using a basic test rig and 

metric slip gauges. The relationship between electrical resistance and transducer 

displacement was found to be linear, as expected. Each transducer was calibrated to 

find its linear calibration factor. These factors were input into the data-logger so that 

the displacements could be read directly from the data-logger. The transducers were 

re-calibrated after the experiment to check that they had remained constant throughout 

the duration of the experiment. It was found that there was very little difference 

between the two sets of calibration data, and therefore no modifications were made to 

the test results. 

The data-logger was programmed so that the displacements would be measured for all 

the transducers, and both saved onto analogue tape and printed out onto paper roll as a 

back up. The program was run manually throughout the experiment so that it was 

possible to control when the readings were taken. It was important to have as much 

data as possible at the times when the concrete was being poured directly over the 

beams being monitored (i.e. the times of greatest change in deflection). Fewer results 

were required when the concrete pour was taking place further away, as this would 

have a negligible effect on the deflections of the monitored beams. This arrangement 

proved to work well through the course of the experiment. 

3.3.4 Video Camera 

The floor was filmed during the pouring of the concrete, as it was important that the 

times of the concrete pour and the pour pattern could be accurately noted. The filming 
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took place from an adjacent building that overlooks the site, giving a good, and safe, 

vantage point to set up the video camera. It was then possible to concentrate on the 

data logger during the experiment itself, and to use the video after the experiment was 

completed to note the concrete pour pattern, comparing the video to the deflection 

measurements that were taken. The clocks on the video and the data-logger were 

activated, and the time was noted on any notes made through the day so that the 

measured results could be compared accurately with the concrete pour pattern. A 

drawing has been made from the video recording to show the pour pattern, and the 

times for each area of the pour have been noted on this drawing (Figure 3.9). 

3.4 Monitoring Procedure 

The following describes how the apparatus was used to obtain the deflection values of 

the beams during the concrete pour, and plant placing stages of the experiment. 

3.4.1 The Concrete Pour Experiment 

Initial readings were taken before the start of the concrete pour. These readings were 

used as the offset readings for the transducers, and these values were input into the 

data-logger as part of the calibration stage, along with the calibration factors. 

However, these values were taken before the props were placed under the primary 

beam. Further offsets have been used when analysing the results by taking the initial 

deflection after the props were placed. 

The first area of concrete to be poured was the area furthest from the monitored beams, 

so only a few readings were taken at this stage. Once the concrete pour was over the 

monitored beams, readings were taken at one or two minute intervals. The filming of 

the site also concentrated mainly on the area above the concrete pour. The experiment 

ran satisfactorily with no problems from any of the equipment used. 
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3.4.2 Extraction and Plots of Results 

The primary beam was propped during the concrete pour, and these props were left in 

place until the concrete had cured sufficiently. The secondary beam was pre-cambered 

and was therefore not propped. Both ends of the primary beam were connected to a 

column with a semi-rigid connection, and this beam was propped at the third points 

along the beam. The secondary beam was connected with simple connections to a 

column at one end and a primary beam at the other. It was assumed that there was no 

vertical deflection at the beam-to-column connections, but this assumption could not be 

made for the beam-to-beam connection. Unfortunately it was not possible to place a 

transducer under the beam-to-beam connection due to falsework constraints on the site. 

However, the deflections from the other transducers positioned under the secondary 

beam have been used to estimate the deflection under the beam-to-beam connection, 

using the approaches described in this section. 

Offsets were implemented in the spreadsheet so that all initial readings at the point 

where the props were positioned under the primary beam were zero. These same 

offsets were also used in the analysis of the results for the later experiments carried out 

on the composite slab. 

Where two transducers were placed at the mid-span of each beam, the values for 

displacement were averaged between them with no bias. This would have been done 

differently if it had been shown that the rehability of one of the transducers was poor 

when compared to the other. However, the results from the experiment show that both 

transducers gave very similar deflection values, and no problems were detected when 

the calibrations of the transducers were checked in the laboratory after the experiments 

had finished. The transducers proved to be very reliable, and the initial calibrations had 

remained unchanged. 

The problem with not knowing the deflection at the primary beam to secondary beam 

connection was solved in two different ways. Firstly, extrapolation was used to fmd 

the deflection. The displacements from the two transducers closest to the beam-to-

beam connection were used for this. The values were extrapolated as if the deflected 

shape was linear after these two transducers. The deflection values were found for the 
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deflection at the beam-to-beam connection for each stage in the loading. Secondly, a 

function was fovind that defined the deflected shape: for this the least squares method 

was used. This function could then be used to determine the deflections at any points 

along the beam. The problem with this method is that there are few points that can be 

used, and therefore the accuracy of the function suffers. However, a quadratic function 

was found that fitted the deflected shape approximately, and the results given by this 

method were better than those from the extrapolation method. It was then possible to 

apply these deflections along the length of the beam as a linear transformation, and 

thereby to find the deflected shape of the secondary beam as if both ends of the beam 

were restrained against vertical movement. 

In the following, the values found for the deflections will be discussed and plotted with 

reference to the reading number, as opposed to the time. This gives a clearer plot to 

work from, due to the frequency with which the readings were taken when the concrete 

pour was directly overhead. 

The results are shown below in two ways. The displacement for each transducer has 

been plotted against the reading number: this shows where the results have changed the 

most, and these points can be compared to the notes and the concrete pour pattern 

drawing (Figure 3.9) to discover what caused the large increase in displacement. The 

displacement of each transducer has also been plotted against the length along the 

beam: this gives the deflected shapes of the beams. 

3.4.3 Change in Deflection 

The following graphs. Figures 3.7 and 3.8, plot the increase in displacement for each 

transducer with the reading number. These reading numbers can be compared against 

those on the drawing of the floor, showing the concrete pour pattern (Figure 3.9). 

3J0 



I I i I I I I I 

5 ~ 7 ~ 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 

Reading 
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Figure 3.8 Secondary Beam Transducer Displacements 
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Figures 3.7 and 3.8 show that the two monitored beams behaved rather differently. 

Both graphs go through zero on reading 2, as this is when the props were placed under 

the primary beam, and this was taken as being the initial, zero, reading. Figure 3.8, 

showing the secondary transducer displacements, shows that the deflection appears to 

go up in two main steps, between readings 6 and 7, and then between readings 20 and 

21. Figure 3.9 shows that at reading 6 the area towards the end of the secondary beam 

was being poured: at this end of the secondary beam there is a beam-to-beam 

connection, and therefore the concrete being poured in this area would cause a greater 

deflection than would have been the case for a beam-to-column connection. The 

biggest jump in transducer displacement occurred as the concrete was being poured 

directly over the centre of the span of the secondary beam, as expected. The concrete 

pour then moved away from the secondary beam and there is no further large increase 

in displacement. 

The transducer displacements for the primary beam go up more steadily. The concrete 

pour is also steadier around this area, taking place over a larger number of transducer 

readings. Once again, however, the majority of the displacement occurs when the 

concrete pour is directly over the primary beam. The deflections for this beam are 

more symmetrical than those for the secondary beam. This is probably due to the fact 

that each end of the primary beam ended in beam-to-column connections, and also to 

the fact that the loading was more consistent along the length of the primary beam. 

Further plots of deflection are shown in Figures 3.10 and 3.11. These graphs show the 

deflections of the beams for some of the readings taken. To plot these graphs, it was 

assumed that there was no deflection at the beam-to-column connections, and so the 

graphs go through zero at these points. The secondary beam ended with a beam-to-

beam connection, and therefore there would have been a deflection at this point, so it is 

not possible to make the same assumption. 

The graph for the primary beam (Figure 3.10) shows that the last reading for the 

primary beam produced a symmetrical curve. This did not occur for the earlier 

readings, due to the concrete pouring pattern, the equipment used for the concrete pour, 

and the presence of site personnel working on the concrete pour. The graph for the 

secondary beam (Figure 3.11) shows how the deflections for the earlier readings were 
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greatest towards the end of the beam, as this was where the concrete was being poured 

at that stage. Later, they became greater towards the mid-span, as the concrete was 

poured over those areas at that stage. 
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Distance Along Beam (mm) 

Figure 3.10 Primary Beam Deflections 
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Figure 3.11 Secondary Beam Deflections 
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3.5 Modelling of the Monitored Beams 

3.5.1 The Secondary Beam 

The secondary beam was modelled using the 'QSE Plane' structural analysis program, 

which uses the stiffness method. The beam was modelled as a beam with pinned 

connections, as it was designed with simple connections on the building. The wet 

concrete loads were used for the analysis, and these loads were distributed as 

rectangular loads. Figure 3.12 shows how these loads were distributed. 
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Figure 3.12 Load Distribution 

Other methods for distributing the loads were also tried, but the results from these were 

very similar to those found from this simple method. The loads for the primary beam 

were found in the same way. The built-in database that QSE contains was used for the 

assignment of beam properties, and the loads were applied as a uniformly distributed 

load. 

The chart below (Figure 3.13) plots the results from the QSE analysis and those 

measured from the onsite experiment. 
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Figure 3.13 Comparison of Experimental and Theoretical Results for the 

Secondary Beam with the Deflections Altered with a Linear Transformation 

This graph shows that the experimental results are very similar to those that would be 

expected from a theoretical analysis. The data used here as the experimental data is 

that which has been analysed using the least squares method (see Section 3.4.2), so that 

the data is found as if both ends of the secondary beam ended in a beam-to-column 

connection. This made the analysis of the beam more straightforward, and made it 

easier to compare the results. 

Although these results compare well, it is also important to consider errors that may 

have occurred. As the experiment was carried out on site, it is not possible to be certain 

that the thickness of the floor slab was exactly that which was stated in the design. 

During the construction of the building there were site personnel on the monitored 

floor, which would add to the deflections, although not greatly. There was also the 

equipment used to pour the concrete, notably the heavy pipe used to carry the concrete 

to the portion of floor being poured. The least squares technique could also introduce 

errors if it does not give an accurate value for the deflection at the beam-to-beam 
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connection. This error would then be transferred along the length of the beam, with the 

greatest errors being in the area of the beam-to-beam connection. This could explain 

why the graphs for the experimental and theoretical deflections A more closely to each 

other for the first part of the beam. 

3.5.2 The Primary Beam 

The primary beam was also modelled using QSE. Due to the fact that the primary 

beam was designed with semi-rigid connections, it would not be correct to model this 

as a pin connected beam, as was done for the secondary beam. It would also be 

inaccurate to model the beam as if it had rigid connections. The props are a further 

complication, as they do not provide full support against beam deflection. However, 

owing to the limitations of this software, the only option was to model the beam as if it 

was pin connected, and then to remodel it as if it was fully fixed at each end, giving the 

extreme connection conditions for the beam. 

The maximum deflection at mid-span, measured after the concrete pour, was 9.95mm. 

A simple support analysis gave 35.13mm, and a fixed support analysis gave 7.016mm, 

as the deflections in the mid-span. As would be expected, the experimental results fell 

between those given by the model for a simple connection and those for a rigid 

connection. These results did not take the props into consideration. 

These analyses demonstrated that to produce an accurate model of the primary beam, a 

finite element model would have to be developed, so that a value of stiffness could be 

applied to the connections; this could be done using a spring element. 

3.6 The Plant Placing Experiment 

The second stage of the experiment was to measure the deflections of the two 

monitored beams once the concrete had cured and the structure was acting as a 

composite structure. This was carried out in two stages. The first stage consisted of 

measuring the deflections whilst pallets of building blocks were situated directly over 
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the mid-span of the monitored beams. The second stage was to measure the deflections 

once the plant, consisting of cooling units for the air-conditioning, was placed. At the 

stage of the plant being placed, the props had also been removed from beneath the 

primary beam. 

Initial readings were taken before anything was moved, so that the results could be 

compared with those from the concrete pour experiment. It was shown that there was 

very little movement of the monitored beams over the time between the two stages of 

the experiment. 

It was not necessary to use the video camera for these stages of the experiment, as the 

loading conditions were either controlled or constant. The following sections of this 

report describe the results from the experiment. 

It was necessary to remove the experimental set-up after these experiments were 

completed, in order not to interfere with or interrupt the building work that was taking 

place in close proximity to the set-up. 

3.6.1 Results of the Plant Placing Experiment 

The first experiment after the concrete had cured was to use pallets of building blocks 

as weights over the monitored beams so that the deflections of the beams could be 

monitored. The props were still in position under the primary beam at this stage. 

Initial readings were taken, and it was found that these did not vary much from the final 

results taken at the end of the concrete pour experiment. 

It was found that the mass of the pallets was not sufficient to cause much deflection of 

the beams. The primary beam's deflections were negligible, which would be due to: 

the props still being in position under the beam; the semi-rigid connections; and the fact 

that the floor was very stiff and designed to support a far greater load, i.e. the plant. 

The deflection of the secondary beam was also only slight, with a maximum deflection 

of 0.2mm. It is not felt that the accuracy of the experimental set-up is good enough for 

these results to be significant. 
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The next results were taken once the plant had been placed onto the fourth floor. At 

this time the props had also been removed from under the primary beam. These were 

the last readings to be taken before the apparatus was removed. The results are plotted 

in Figure 3.14 below. 
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Figure 3.14 Final On-Site Readings 

The chart shows the changes in deflection between the last two visits to site, that is, the 

changes in deflection after the plant had been placed. The props under the primary 

beam had also been removed. The deflections for the secondary beam have been 

shown as the experimental results, and not in the compensated form shown earlier (as if 

the end of the beam was fixed to a column). Some of the increase in deflection of the 

primary beam will also be due to the removal of the props. 

Least squares analysis was used to show what the deflections for the secondary beam 

would have been if the beam were connected to a column at both ends. The deflection 

results were fitted to a quadratic and a cubic curve. The deflection result for the beam 

at 9m was then used to linearly transform the deflection results. This is the same 

method as that described in Section 3.4.2. Figure 3.15 shows the attempts at fitting 
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curves to the results, and Figure 3.16 shows how the deflections look after the linear 

transformations have been applied. 
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- quadratic 
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Figure 3.15 Fitting Curves to the Secondary Beam Deflections 
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Figure 3.16 Secondary Beam Deflections After Linear Transformation 
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Two attempts were made to fit a quadratic curve to the secondary beam deflection 

results. It was found that the quadratic curve did not fit well to the deflections for the 

end of the beam nearest the beam-to-beam connection. For this reason a weighting was 

added to these deflections to try and make the curve fit better to these results. 

However, this did not make much impact on the final curve, and it was found that a 

cubic curve fitted far better to the secondary beam deflections. Figure 3.16 shows how 

much difference choosing different curves makes to the transformed deflections of the 

secondary beam. 

3.7 Summary 

Considering the experiment was taking place on a busy building site during the 

construction of a floor slab, the experiment ran very smoothly. A great deal of 

deflection data was collected. The initial analysis of the secondary beam showed that 

the first computer models agreed very well with the actual data collected. However, 

the software package used for this initial analysis was not flexible enough to deal with 

the analysis of the primary beam, or with the more complex analysis needed for the 

later stages of this research. It was therefore necessary to use a finite element approach 

to continue. With this method, it is possible to model the semi-rigid behaviour of the 

connections. It will also be possible to go ftirther with the analysis and introduce 

material non-linearalities, and the non-linear behaviour of the connections. The results 

trom the secondary beam can be used for the calibration of a finite element model. The 

finite element method, and the models constructed using it, are described in the 

following chapter. 



Chapter 4 

Finite Element Analysis Modelling 

4,1 Introduction 

An alternative to the experimental approach to researching structures is that of using 

the finite element method. Finite element analysis has many advantages over the 

experimental approach. After the initial investment in the necessary computing 

equipment and software, it is possible to analyse many different structures with no 

additional cost, except the user's time. Once a model is constructed, it is easy to 

change the properties of the materials used and the dimensions of any part of the 

model. Increases in computing power make it possible to solve ever more complex 

models, more quickly. Parametric studies can be carried out to produce far more 

results than would be financially feasible using experimental methods. However, it is 

essential to be able to check the results from a finite element model against those from 

an experiment, to show that the model is behaving as expected with no errors. This 

chapter aims to validate the finite element model against the results obtained from the 

on-site experiment. 

The finite element package used in this research is the ANSYS package that was 

introduced in 1970 by Swanson Analysis Systems Inc. It is a general purpose package 
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that can be used for solving structural, mechanical, electromagnetic, electrical, 

electronic, thermal, fluid and biomedical analyses. 

To build, solve and view the results of an analysis three separate processor stages are 

used. These are the pre-processor (/Prep7), the solution (/Solu) and the post-processor 

(/Postl, /Post26). These are described in more detail below. 

4.1.1 The Pre-Processor 

The first processor entered by the user is the pre-processor. Here the geometry of the 

model is built up. The model is made up of nodes, elements, material properties, real 

constants and boundary conditions. ANS YS has a library of over 100 elements that can 

be chosen to construct the model; these elements can be further customised by use of 

the real constant sets. For this research, elastic and plastic beam elements, and linear 

and non-linear spring elements have been used. These are described in more detail in 

the later sections of this chapter. For the beam elements, the real constants are used to 

specify a general cross section (as opposed to a rectangular or circular section). Later 

releases of the ANSYS software also included an I section, but this was not present in 

the versions available at the time this research was carried out. The real constant sets 

also gave the dimensions of the beam. For the spring element, the real constants were 

set to allow it only to rotate, and to have no lateral movement. The real constant sets 

also specify the stiffiiess of the spring. 

The material properties can be defined in two ways, depending on whether the material 

will remain in its linear stage during the analysis, or whether the loading is going to be 

such that the non-linear behaviour of the material will be reached. The linear material 

properties are defined with information such as Young's modulus, Poisson's ratio and 

the shear modulus. The non-linear material properties can be given in several ways by 

specifying bi-linear or multi-linear curves. In this research bi-linear curves were used 

to specify the material properties of steel. 

Once the elements have been chosen and the material properties set, the geometry of 

the model can be built up. This can be done in two ways, using either direct generation 
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or solid modelling. Both are useful depending on the complexity and size of the model. 

For smaller models, direct modelling is useful, as it allows the user to place each node. 

Nodes can be located in the sites of greatest interest, and the spaces between nodes can 

be filled with more nodes, then the nodes can finally be joined up using the elements. 

However, this is a slow way of generating a model. For solid modelling, on the other 

hand, the user only needs to specify the boundaries of the model, the size constraint 

required for the element mesh, and the element type. ANSYS then meshes the model, 

placing the nodes and elements. 

In this research, as the frames modelled are relatively basic, direct generation has been 

used, which has allowed the accurate positioning of the nodes in the points of most 

interest. As this is a slow method of generating a model, the batch file system has been 

utilised, so that the model can be altered using a text file instead of having to access the 

user interface each time. 

4.1.2 The Solution Processor 

After the geometry has been set in the pre-processor the user enters the solution stage. 

Here the loading pattern is set, along with the solution parameters for the problem. The 

loading applied to the model can be in the form of point loading, pressures, 

displacements or temperatures. For a model constructed by direct modelling, these 

forces are applied directly to the nodes and elements. In the case of solid modelling, 

the forces are applied to the geometric model, which then transfers the forces to the 

mesh. For this study, point loads were either applied directly to the nodes, or, for a 

uniformly distributed load, the loading was applied as a pressure to the elements. 

The boundary conditions can be applied to the model either in the pre-processor or in 

the solution stage. For this research, to set the boundary conditions for the column 

bases, two nodes were positioned at the same point. One of these nodes was fully 

constrained, and the other was joined to this by a rotational spring element. For the 

beam to column connections, two nodes joined by a rotational spring were placed at the 

same point, and a constraint was applied to ensure that both nodes kept a common x 

and y position. 
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Next, the solving criteria are set. The solving criteria depend on whether a linear or 

non-linear analysis is to be solved. For a non-linear analysis, it is important to give a 

gradual increase in loading so that an accurate solution is obtained. The convergence 

criteria are also defined by the user - they can be set to converge a variety of values 

including stress and deflection. Once all the loading and solution criteria are chosen, 

the user can set ANSYS to run the analysis. Results are then written to the output and 

results files. 

4.1.3 The Post-Processor 

Now the model has been solved, the post-processors are used to view the results. The 

results can either be viewed at a chosen load and sub-step, or a particular result can be 

displayed over the whole load history. These results can either be viewed and saved as 

tables, for later analysis of the results, or viewed as a contour plot to give a more visual 

description of the results. 

The post-processing stage is also important so that the results can be compared against 

those fi-om experience and experiments. It is at the post-processing stage that most 

errors in the model will be found. 

4.1.4 Batch method 

The description of ANSYS above deals with the interactive method, where the user is 

interacting with the graphical user interface to construct a model. Another method of 

creating a model is to use batch files. In the batch file method, the model is constructed 

in text files that describe the geometry of the model, the boundary conditions, loading, 

and solving criteria. This method is very useful for the more advanced user, as the 

model can be constructed and then altered far more quickly. The batch files can also be 

submitted to solve in the 'background', to make better use of computing facilities. The 

files can be set to call other files, making it possible to solve a great many analyses in 

succession and save the results that are required. Batch files were used for this 

research, as fi-ames were being solved with many different beam-to-column connection 
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properties. All the geometry files could be created and saved, and then the connection 

properties were saved separately in individual files. This greatly cut down on the 

number of models that needed to be produced. 

4.2 Elastic Modelling 

Linear modelling is the simplest form of analysis in ANSYS. The material properties 

are set so that each element behaves elastically, then the load is applied. No sub-steps 

are required for this form of analysis as the fiill load can be applied directly. For the 

elastic analyses in this research two elements were used: the 2D elastic beam element, 

BEAMS, and the spring-damper element C0MBIN14. These elements are described in 

more detail in the following sections. 

4.2.1 Elastic Beam Element - BEAM3 

BEAMS is a uniaxial element with tension-compression and bending capabilities. It 

has three degrees of freedom at each of its two nodes. These are translations in the 

nodal X and y directions, and rotation at the nodes about the z-axis. 

Its two nodes, the cross-sectional area, second moment of area, the height and the 

material properties define the element. 

Distributed loads can be applied as surface loads on the element faces. Point loads are 

applied at the nodes. 

BEAMS allows many options for the final output data. Those that are most relevant to 

this analysis are the nodal displacement, stresses, and member moment about the z 

direction. 

Important assumptions that this element uses are that the beam element can have any 

cross-sectional shape for which the second moment of area can be calculated, but the 

stresses are determined as if the distance from the neutral axis to the extreme fibre is 
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half the height. This is not a concern for this analysis, as the beams being modelled are 

symmetrical and this assumption is correct. The element must lie in the x-y plane and 

cannot have zero length or area. There are further assumptions that concern thermal 

calculations, but these are not relevant to this analysis. 

4.2.2 Spring-Damper Element — COMB1N14 

C0MBIN14 has longitudinal or rotational capability in one-, two-, or three-

dimensional applications. The longitudinal spring-damper option is a uniaxial tension-

compression element with up to three degrees of freedom at each node, which are the 

translations in the x, y, and z directions. In the longitudinal option no bending or 

torsion is considered. The rotational spring-damper option is a purely rotational 

element. It also has three degrees of freedom and these are the rotations about the 

nodal X, y, and z axes. In this case no bending or axial loads are considered. 

C0MBIN14 has no mass, and if this is needed it has to be added using an appropriate 

mass element. The spring or damping capability may be removed from the element. 

The input data for the element is the position of the two nodes, a spring constant (k) 

and damping coefficients (CV)1 and (CV)2. As the concern here is only with static 

analysis the damping coefficients are not used, and the key-options are set so that the 

spring works in one dimension as a torsional spring-damper. 

Assumptions and restrictions of this element are that: 

® If KEY0PT(2) is zero then the length cannot be zero, i.e. if the spring is in 

more than one dimension then its nodes cannot have the same co-ordinates, as 

the node locations determine the spring orientation. 

® The longitudinal spring element stiffness acts only along its length. 

® The torsion spring element stiffness acts only about its length. 

» The element allows only a uniform stress in the spring. 

• If KEY0PT(2) is greater than zero then the element has only one degree of 

ireedom; this is the same for both nodes. 
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4.3 Plastic Modelling 

Non-linear and plastic modelling are more complex forms of analysis. Non-linear 

modelling needs to be used when the material has passed its elastic limit, when the 

material does not deform linearly, or when there are geometric non-linearalities in the 

model. Plastic modelling is required when a material is deforming plastically. Sub-

steps are required for non-linear and plastic analysis. 

In the non-linear and plastic analysis the two previous elements were replaced with two 

more versatile elements; these were a 2D plastic beam element, BEAM23, and a non-

linear spring element, COMBIN39. The beam element allowed for the input of a 

general beam section, which was used as there was no allowance for an T beam 

section. The non-linear spring element allowed for the rotational stiffiiess to change as 

the moment increased. This was not possible with the spring element used for the 

elastic analysis. 

4.3.1 Plastic Beam Element — BEAM23 

BEAM23 is a uniaxial element with tension-compression and bending capabilities. It 

has three degrees of freedom at each of its two nodes. These are translations in the 

nodal X and y directions, and rotation at the nodes about the z-axis. The element has 

plastic, creep and swelling capabilities, which are the differences between this element 

and the elastic beam BEAMS. 

The element is defined by two nodes, the cross-sectional area, moment of inertia, the 

height for rectangular beams, the outer diameter and the wall thickness for thin-walled 

pipes, the outer diameter for solid circular bars, and the isotropic material properties. 

There is an option to input a general cross-section (KEY0PT(6)). This will be required 

in the analyses as ANSYS does not have input options for I-beams. The input data 

required by ANSYS then comes from functions of area and length at integration points 

over the height of the cross-section; these are shown in Figure 4.1 below. 
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(A(I)=L(l)xHeight) 

Figure 4.1 Input Data for the BEAM23 element 

The output data for this beam element differs from that for BEAMS in that the data can 

be obtained at different locations in the element. The solution printout contains the 

stresses and strains at nine locations in the beam. The locations are at three points 

through the height of the element (bottom, middle, and top) at each of the three axial 

stations (end I, mid-length, and end J). For more detailed results the ETABLE 

command can be used to show the postdata items - these contain the stresses and strains 

at the five weighted-area locations at each of the three axial stations. 

Assumptions and restrictions of this beam are that it must lie in the x-y plane and must 

not have zero length or area. The height is used in calculating the bending stresses and 

for locating the integration points used for calculation of the section properties. For a 

rectangular section the height, area and moment of inertia must be constant with one 

another. 
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4.3.2 Non-Linear Spring Element — COMBIN39 

C0MBIN39 is a unidirectional element with non-linear generalised force-deflection 

capability. The element has longitudinal or torsional capability in one-, two-, or three-

dimensional applications. The longitudinal spring-damper option is a uniaxial tension-

compression element with up to three degrees of freedom at each node, which are the 

translations in the x, y, and z directions. In the longitudinal option no bending or 

torsion is considered. The torsional spring-damper option is a purely rotational 

element. It also has three degrees of freedom and these are the rotations about the 

nodal X, y, and z-axes. In this case no bending or axial loads are considered. 

Figure 4.2 below shows how COMBIN39 can be better used to model the properties of 

a connection. 

, Combinl4 
A 

Force Combin39 

Displacement 

Figure 4.2 Force-Displacement Chart for Combinl4 and Combin39 

The element is defined by two points and a generalised force-deflection curve. The 

assumptions and restrictions for this element are the same as those for C0MBIN14 for 

the length restrictions. 
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The element is non-linear and requires an iterative solution. Loading and unloading 

should occur gradually. The real constants may not change from their initial values. If 

the force deflection curve is exceeded then the last defined gradient is maintained. 

4.4 Modelling of East-Park Terrace using the Finite Element Method 

The QSE package used in the initial analysis did not allow for modelling the stiffness 

of beam-to-column connections, or of the column bases. The next stage of this 

research was therefore to model the steel frame using the ANSYS release 5.3 finite 

element analysis package. The results from the experiment described in Chapter 3 

were used to check the results from the model, A further frame was also analysed to 

discover the effects of beam-to-column connections and of the column base 

connections on deflections. 

As with the QSE stiffness method analysis, the secondary and primary beams were 

modelled separately. As described above, the beams and columns of the frame were 

modelled with the 2-D elastic beam element (element type 3), and the beam-to-column 

connections were modelled with the linear elastic spring element (element type 14). As 

the experiment was carried out on the fourth floor, and the columns continued down 

through the building, the column bases were modelled as being fixed at the base of the 

fourth storey. 

The same loading was applied to the frames as that used for the QSE stiffness method 

analysis. This loading is shown in Figure 4.3. 
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Figure 4.3 Load Distribution 

The models were generated directly using nodes and elements. Meshing was not 

necessary for these models, and by modelling directly with nodes it was possible to 

place them as required. The elements used for these beam and frame models are 

described in the previous sections. Further frame modelling using plastic beam 

elements and a non-linear spring element is described later in this report. 

4.4.1 The Secondary Beam 

The secondary beam is connected to the column with pinned connections. It was 

therefore modelled with pinned connections in ANSYS to test whether the results 

agreed with those from using the stiffiiess method, and with those from the experiment. 

Figure 4.4 shows the geometry used for this analysis. 
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Figure 4.4 Secondary Frame Analysis 

The data that was used for the secondary beam jframe analysis was taken from steel 

tables, and is shown in Table 4.1 below. 

Table 4.1 Steel Data for Secondary Frame 

Size Depth 

(mm) 

Width 

(mm) 

Area 

(mm )̂ 

Ixx (mm )̂ lyy (mm'') 

Beam 457x152x52 449.8 152.4 6650 21.3x10' 0.645x10? 

Column 203x203x71 215^ 206.2 SUIO 1^65x107 2.54x10? 

4J2 



The secondary beam had aheady been modelled using the QSE stiffiiess method with 

success. The results fi-om the stiffness method were very close to those measured on 

site. The finite element method approach, with no joint stiffness at the beam-to-column 

connections, again gave very similar results; the results are plotted in Figure 4.5 below. 

- Experimental 

-QSE 

-Ansys 

3 4 5 6 7 8 

Distance along beam (m) 

Figure 4.5 Comparison of Results 

As this chart shows, all the results for the secondary beam compare very well. For the 

stiffiiess method analysis, the nodes were positioned where the transducers were 

attached in the experiment. However, for the finite element method, more nodes were 

used, so that the deflected shape could be shown in more detail. These results show 

that the beam-to-column connection for the secondary beam is acting like a simple 

connection with low rigidity. The chart also shows that the model has been constructed 

correctly to give the close correlation of results to the experimental and previous 

theoretical results. 
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4.4.2 The Primary Beam 

As discussed in Chapter 3, the QSE stiffness method analysis gave no meaningful 

results for the primary beam, as it was not possible to model the semi-rigid properties 

of the beam-to-column connection. Comparisons have therefore not been drawn with 

that analysis in the following material. 

The primary frame analysis is more complex than that of the secondary frame. The 

primary beam has semi-rigid connections, and it was also propped during the 

construction of the floor above. This causes complications, as the joint stiffness is 

unknown, and the influence from the propping on the deflection of the primary beam is 

also unknown. For the analysis of the primary beam, the stiffness of the beam-to-

column connection was varied to show how it affects the deflection of the primary 

beam. During the analysis the properties of the prop were also varied, and it was found 

that the use of propping has a large influence over the beam deflection. 

The unknowns in this analysis are mainly due to the props. The floor below supports 

the props. This floor was not completely rigid. The props are also placed on wooden 

blocks, which would deform as the loads were applied to the floor above. The props 

are adjustable, via a screw thread and locking pin; this would cause a small amount of 

'slack' that would be taken up as the load was applied. The exact properties of the 

props used at East-Park Terrace are also unknown. As explained below, changes to the 

area of the prop were used to simulate the role of all these factors, to examine how the 

stiffness of the whole propping arrangement affects the deflections of the beam. 

The results will be shown in the form of charts, some of which will show the deflected 

shape of the beam, whilst others will concentrate just on the mid-span deflection where 

the deflection was the greatest. 

The primary beam has semi-rigid connections. The frame was modelled with different 

spring rigidities at the connection, ranging from pinned to fully fixed (K=0 to K=oo). 

The effects of the propping were also modelled, using 2-D elastic beam elements. Two 

props were used, as in the experiment, and they were placed one-third and two-thirds of 



the way along the length of the beam. The effects that the propping had on the stiffiiess 

of the structure were investigated by altering the cross sectional area of the props (from 

A=0 to A=706mm^). Figure 4.6 shows the geometry of the primary beam frame. 

37.6kN/m 39.5kN/m 
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6.45m 

Figure 4.6 Primary Frame Geometry 

The steel data used for the analysis was taken from steel tables, and is shown in Table 

4.2 below. 

Table 4.2 Steel Data for Primary Frame 

Size Depth 

(mm) 

Width 

(mm) 

Area 

(mm )̂ 

In (mm*) lyy (mm*) 

Beam 406x178x60 406.4 1778 7600 21.5x10' 1.2x10? 

Cohunm 203x203x71 215.9 206.2 9110 7.65x10? 2.54x10? 
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4.4.3 Modelling With No Props 

To start with the primary frame was modelled with no props; the results of this analysis 

are shown in Figure 4.7, along with the experimental results. 
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Figure 4.7 Primaiy Beam Deflections with Change in Joint Stiffness 

This chart shows that joint stifihess of the model needs to be very stiff to get the results 

close to the monitored deflections from the experiment. At the stage of the experiment 

(the concrete pour) the connection was only a bare steel connection, so stiffness of this 

order would not be expected. The chart shows that a stiffiiess of about lOOkNm/mRad 

would be needed to produce the deflections for the experimental load. The deflected 

shape also did not follow that of the experiment. These results would be due to the fact 

that the props were not modelled. These would both reduce the deflection on the beam, 

and change the deformed shape of the beam. 
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These results do show that, as would be expected, using stiff connections as opposed to 

simple ones drastically reduces the beam's deflection. 

4.4.4 Modelling With Props 

As noted earlier, the precise properties of the propping arrangement were unknown. 

Several factors in this arrangement affect the deflection of the primary beam. The beam 

is propped, and the props (which are adjustable) are supported on wooden blocks, 

which in turn are supported on the completed floor slab beneath. As the complete 

properties of all these are unknown, the area of the prop was varied to create a pseudo-

stiffiiess that would act as a proxy for the role of all the elements in the propping 

arrangement. The primary frame was analysed for prop areas ranging from zero to 

infinite (fully fixed props acting as supports). The props were modelled using the 2-D 

elastic beam element (element type 3). 

4.4.4.1 Beam Deflections 

It was found that the prop area has a large influence over the beam deflection; the 

relationship of prop area and deflection is plotted in Figure 4.8. 
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Figure 4.8 Deflections of Primary Beam with Change in Prop Area: Joint 

Stifihess k=10kNm/mRad 

Figure 4.8 shows the deflections with a joint stiffiiess of 1 OkNm/mRad, and with 

differing prop areas as shown in the chart legend. Mid-span deflections for this 

example range jfrom 25.9mm for an unpropped beam, to 2.9mm for a prop area of 

707mm^ (prop with external diameter of 50mm and a 5mm wall thickness). An area of 

around 150mm^ seems to give the closest agreement with the experimental results for 

this joint stiffness. 

150mm^ is very low for a prop area. The regulations for a prop are given in BS4074 

[40]: the external diameter of the outer tube must be at least 60.3mm, with a wall 

thickness of 4.5mm; the inner tube must have an external diameter of at least 48.3mm, 

with a wall thickness of 4.0mm. This gives cross sectional areas of 560.5mm^ and 

788.9mm .̂ As the prop area found from this analysis was so low compared to the 

minimum required prop area given in BS4074, this would seem to indicate that the role 

of the other elements in the propping arrangement has a considerable influence on the 
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deflection of the primary beam. Blocks of wood are placed between the prop and the 

structure, and they would deform under loading. Slack would be taken up within the 

prop as the screw thread and locking pin bedded in. The props were also supported by 

the completed floor below, which would deflect under loading. 

The following charts show how both the prop area and the joint stifihess affect the 

deflections. 

Figure 4.9 shows how the mid-span deflection changes when the joint stif&ess is 

altered. Each of the lines of the chart represents a different prop section area in mm .̂ 

These prop areas are given in the chart legend. 
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Figure 4.9 Influence of Joint Stiffiiess on Deflection 

Figure 4.9 shows that initially the connection stiffiiess has an effect on the beam 

deflection, but its influence rapidly decreases as the connection becomes stiffen 

However, the prop area seems to have a very large influence over the mid-span 

deflection of the beam. Figure 4.10 shows this trend better. Here the x-axis represents 

the prop area, and each line on the chart represents a different connection stiffness, as 

shown in the legend. 
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Figure 4.10 Influence of Prop Area on Deflection 

Figure 4.10 demonstrates the influence of prop area on the mid-span deflection of the 

beam. 

The two charts above show that although connection stiffness is important, the 

importance of propping should not be overlooked during the construction phase. Good 

propping can drastically reduce the deflection of the beam, and therefore reduce the 

final sag in the beam after construction. The connection stifiBriess will be considerably 

more important once the construction is complete and the building is in use. The 

connections will then be composite connections, which will be far stiffer than those of 

the bare steel connections. The extra stiffness is due to the reinforcing bars, and the 

long lever arm from the base of the connection. 

So far, only changing the properties of the prop have been discussed. Of course, the 

deflection is also going to be greatly affected by the number of props supporting the 

loaded beam. 
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4.4.4.2 Bending Moments 

The effects that the props would have on the bending moments along the beam were 

then investigated. It was found that, similarly to the deflections, props greatly reduced 

the bending moments in the modelled beam. 

Figure 4.11 below illustrates how the bending moments along the primary beam 

decrease with an increased prop section area. 
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Figure 4.11 Influence on Bending Moments of Prop Section Area 

(fc=10kNm/mRad) 

The results shown in this chart are for a beam with a low beam-to-column stif&ess, and 

the connection stiffness is kept constant for each analysis. The decrease in bending 

moment is from the propping only. The prop area is shown in the legend (mm )̂. The 

largest bending moment at the beam mid-span that would be experienced with no props 

is 2.09x1 O k̂Nmm, for this example. This value drops to 5.20x1 Ô 'kNmm if two props 

of areaof 300mm^ are used to prop the beam. This is a reduction in bending moment 
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to around one quarter of the original value. The moment will drop still lower with 

larger prop areas. Obviously the moment would drop still more with the introduction 

of more props. The bending moment shown here is the bending moment in the steel 

beam during the construction loading. The bending moment will increase once the 

props are removed, but by this time the composite action of the steel beams and 

concrete floors will produce a very strong and stiff section. Also the connections 

between the beams and columns will be composite, and far stiffer than they are during 

construction. 

The influence on bending moment from the propping does decrease with the increase in 

connection stiflhess, but it still has a large influence even with very stiff connections. 

Figure 4.12 illustrates an example of this. 
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Figure 4.12 Influence on Bending Moment firom Prop Area (fc=Fulfy Fixed) 

This chart shows the opposite extreme of connection stiflhess to that shown in the 

previous chart: this time the beam-to-column connection is taken as being fully fixed. 

As the chart shows, the props still play a large part in the bending moments. They not 
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only decrease the bending moments in the sagging area in the mid-span, but also 

decrease the bending moments at the connections in the hogging area. In this example 

the largest bending moment with no propping is 1.66xl0^kNmm; this drops to 

5.17xlO''kNmm when 300mm^ section area of props is used. This gives a reduction in 

bending moment to around one third of the original value. So these analyses have 

shown that through a careful propping arrangement it is possible to greatly reduce the 

bending moments during the construction stages. The analyses have shown that the 

bending moments are reduced in both the hogging and sagging sections of the beam 

when props are used, and that the propping has a greater effect when the rigidity of the 

beam-to-column connections is low. 

4.5 Applying Sway Loading 

The next stage in the analysis was to see how the beam-to-column connection affected 

deflections from any sway loading that may be applied to the steel frame. For this 

analysis the East-Park Terrace frame was still used, with the addition of a sway load as 

shown in Figure 4.13 below. The building was a braced frame, so this analysis is not 

relevant to the building, but the analysis has been conducted to find out how the semi-

rigid connections can affect the sway deflection of frames. The applied sway load was 

chosen to give sensible sway deflections, around the deflection limit set in British 

Standards. 
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Figure 4.13 Sway Loading on Primary Frame 

As the props gave no horizontal resistance against sway they were removed from the 

analysis. In initial analyses it was found that the props reduced the sway deflection. 

The lower deflections occurred because when the props were in place, the deflection in 

the beam was lower, which meant that the tops of the columns experienced reduced 

lateral movement. 

It was found that by increasing the beam-to-column stiffiiess the sway deflection is 

decreased, as would be expected. 

Figure 4.14 plots the deformation of the column for different beam-to-column 

stif&esses. 
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Figure 4.14 Horizontal Deflection for Changes in Joint Stiffness 

As this chart shows, the beam-to-column stiffiiess affects the sway deflection. For this 

analysis the base connection rotational stiffness of the frame was constant and fully 

fixed, so the only change is from the beam-to-column stiffiiess. The chart shows that 

increasing the joint stiffness at lower stiffnesses has a greater effect than increasing 

them at a higher stiffiiess. This is demonstrated by Figure 4.15, which plots the sway 

deflection at the top of the column, where the load is applied, against the connection 

stiffness. 
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Figure 4.15 Maximum Sway Deflection 

As discussed previously, the above chart shows that initially the sway deflection 

decreases greatly with an increase in connection stiffness. 

4.6 Summary 

This chapter has shown that the finite element method can be used to great effect in the 

analysis of semi-rigid frames. The elements chosen for the modelling performed well in 

the analysis. 

The validation work in this chapter has shown that the finite element model has agreed 

closely with the results from the on-site experiment, with a discrepancy of less than 5% 

for the secondary beam deflection at mid-span. 

The finite element model based on the primary beam has been used to examine the 

effects of joint stiffness on bending moment, mid-span deflection and sway deflection. 
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It was found that an increase in joint stif&iess greatly reduces the sway and mid-span 

deflections, and also the bending moments at mid-span. 

The next chapter considers the analysis of single-storey structures in more depth, using 

elastic and plastic models of sway and non-sway frames. 
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Chapter 5 

Single-Storey Frame Analysis 

5.1 Introduction 

In this chapter finite element analysis is used to model a single-storey frame. This 

work is a direct development from the beam analysis in the previous chapter. The 

frame has been analysed using both elastic and plastic models with a range of 

connection stiffnesses from pinned to fully-fixed. The research in this chapter is an 

introduction to the techniques that will be used for the multi-storey modelling of the 

later chapters. 

5.2 Elastic Analysis 

The elastic models were constructed using the elastic beam and spring damper element 

that were presented in Chapter 4. The batch file system was used to make it possible 

to solve many frames in succession with different beam-to-column stiffiiesses, but 

keeping the same geometry file. 
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5.2.1 Non-Sway Analysis 

For this stage of the research both the beam-to-column and the base rotational stiffness 

were changed to see how the sway deflection and the beam deflection were affected. 

The model that was used for these analyses is shown in Figure 5.1 below. These frame 

dimensions were chosen to be the same as those used by Pertold [38, 39] in his 

analyses. 
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lOOkN lOOkN 

W 

3.6m 

Figure 5.1 Frame Loading for Non-Sway Analysis 

The frame is made from just one cross section to keep it simple. This cross section of 

the beam and column can easily be changed independently of each other in the ANSYS 

file to model a different frame. The properties of the beam and column are shown in 

Table 5.1 below. 
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Table 5.1 Steel Data for Non-Sway Frame 

Size Depth 

(mm) 

Width 

(mm) 

Area 

(mm )̂ 

Ixx (mm"̂ ) lyy (mm*) 

Beam 254x254x89 260.4 255.9 11400 14.3x10' 4.85x10' 

Column 254x254x89 260.4 255.9 11400 14.3x10^ 4.85x10? 

ANSYS batch files were set up so that one analysis would run directly after another, 

and the real constants for the column bases and beam-to-column connections would be 

changed in each analysis. The deflection results were then written to an output file, 

giving a set of results for input into a spreadsheet, and the input data could be easily 

altered if needed in later analyses. 

For the initial analysis the same beam-to-column connection stiffnesses were used as in 

the East-Park Terrace analyses, presented in Chapter 4. The results from these analyses 

showed that most of the effect on deflection was from increasing the joint stiffiiesses at 

the most flexible end of the range. Because of this, the connection stiflhesses were 

altered so that they started much lower, at IkNm/mRad. The connection stiffnesses for 

this analysis were then doubled in each of the subsequent analyses until a value of 

64kNm/mRad was reached, and finally the fully fixed case was analysed. Changing the 

beam-to-column and the base rotational stiffness independently of each other produced 

a table of 81 values for the beam deflection at mid-span. The results are given in the 

table below. 

Table 5.2 Non-Sway Deflection Results 

K Beam kNm/mRad 
K Column 0 1 2 4 8 16 32 64 Fixed 

0 -13.621 -12.858 -12.245 -11.323 -10.164 -8.9979 -8.0605 -7.4332 -6.6464 
1 -13.621 -12.858 -12.244 -11.32 -10.158 -8.988 -8.0462 -7.4155 -6.6238 
2 -13.621 -12.857 -12.244 -11.318 -10.153 -8.9788 -8.0329 -7.3989 -6.6028 
4 -13.621 -12.857 -12.242 -11.314 -10.144 -8.9623 -8.0089 -7.3692 -6.5649 
8 -13.621 -12.856 -12.24 -11.307 -10.129 -8.9352 -7.9694 -7.3201 -6.5022 

16 -13.621 -12.855 -12.237 -11.298 -10.107 -8.8964 -7.9129 -7.2497 -6.4121 
32 -13.621 -12.854 -12.233 -11.287 -10.082 -8.8512 -7.8465 -7.1669 -6.3059 
64 -13.621 -12.853 -12.229 -11.277 -10.059 -8.809 -7.7846 -7.0893 -6.2059 

Fixed -13.621 -12.851 -12.223 -11.26 -10.018 -8.7329 -7.672 -6.9479 -6.023 
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These results are plotted in Figure 5.2 below. 

Beam-Column Stiffness (kNm/mRad) 

Fixed 

Figure 5.2 Non-Sway Vertical Deflections 

The x-axis of the chart shows increasing beam-to-column stiffnesses. The chart 

demonstrates that the beam-to-column connections have a large influence over the mid-

span deflection of the beam, especially with increases at the lower end of the scale of 

stiffiiess. The influence becomes less with larger stiffiiesses. Each of the lines 

represents a different column base stiffness. As the lines are very close to each other, it 

is shown that, in this case, the column base stiffoess has very little influence over the 

mid-span deflection of a non-sway frame. 

The bending moments were also calculated from ANSYS; the charts below show the 

results from those analyses. 
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Figure 5.3 Bending Moments at the Top of the Column 

Figure 5.3 shows that the beam-to-column stifftiess has a large effect on the moments at 

the top of the column, but again the column base stiffness makes very little difference. 

This is also true for the mid-span moments, as shown in Figure 5.4 below. 
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Figure 5.4 Bending Moments at Mid-Span 
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The column base rigidity does, however, affect the moments at the base of the column, 

as would be expected; this is shown in Figure 5.5 below. 

Beam-Column stiffness (kNm/mRad) 

Fixed 

Figure 5.5 Moments at Column Base 

5.2.2 Sway Analysis 

For the sway analyses it is expected that there will be more influence from the column 

base connection, as shown in the research of Pertold [38, 39]. The same model is used 

as before, only this time the restraint at the top of the column is removed. The model is 

shown in Figure 5.6 below. 
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Figure 5.6 Sway Frame Model 

The same cross-sections were used as in the previous model. The beam-to-column 

stiffnesses and column base stiffnesses were also kept the same as in the previous 

analyses. The deflections at the top of the column, the sway deflection, and the 

deflection at the mid-span were calculated. 

The results of these analyses are shown in Table 5.3 and Table 5.4 below. 

Table 5.3 Mid-Span Vertical Beam Deflection 

K Beam kNm/mRad 
K Column 0 1 2 4 8 16 32 64 Fixed 

0 N/A -12.78 -12.167 -11.244 -10.084 -8.9171 -7.979 -7.3512 -6.5637 
1 -13.544 -12.78 -12.166 -11.241 -10.078 -8.9071 -7.9645 -7.3333 -6.541 
2 -13.544 -12.78 -12.165 -11.239 -10.073 -8.8979 -7.9511 -7.3167 -6.5198 
4 -13.544 -12.779 -12.164 -11.235 -10.064 -8.8812 -7.927 -7.2867 -6.4817 
8 -13.544 -12.779 -12.162 -11.228 -10.049 -8.8538 -7.8872 -7.2373 -6.4186 

16 -13.544 -12.778 -12.158 -11.219 -10.027 -8.8148 -7.8303 -7.1665 -6.3281 
32 -13.544 -12.776 -12.154 -11.208 -10.002 -8.7692 -7.7635 -7.0831 -6.2212 
64 -13.544 -12.775 -12.151 -11.198 -9.9784 -8.7267 -7.7011 -7.005 -6.1207 

Fixed -13.544 -12.773 -12.144 -11.18 -9.9365 -8.6499 -7.5878 -6.8628 -5.9368 
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Table 5.4 Horizontal Sway Deflection at Point of Applied Sway Load 

K Beam kNm/mRad 
K Column 0 1 2 4 8 16 32 64 Fixed 

0 N/A 69.246 36.847 20.65 12.553 8.5068 6.4846 5.4739 4.4637 
1 67.458 33.511 23.228 15.334 10.228 7.2815 5.6925 4.8664 4.0184 
2 35.058 22.685 17.308 12.381 8.728 6.4221 5.1115 4.4104 3.6761 
4 18.858 14.373 11.883 9.203 6.9077 5.2963 4.3164 3.7715 3.1845 
8 10.758 8.9948 7.8584 6.4796 5.1454 4.1089 3.4329 3.0407 2.6043 

16 6.7077 5.8902 5.317 4.5666 3.7755 3.1115 2.6524 2.376 2.0594 
32 4.6827 4.2148 3.8718 3.4026 2.8816 2.4217 2.0909 1.8864 1.647 
64 3.6702 3.3435 3.0984 2.7552 2.363 2.0065 1.744 1.579 1.3832 

Fixed 2.6577 2.4487 2.2881 2.0577 1.7861 1.5312 1.3384 1.2149 1.0659 

For the sway deflection the point where the loading was applied did not always give the 

largest deflection, as might have been expected. Where this was the case, the values 

are highlighted in the table above: these deflections are for the point where the loading 

was applied, but a larger deflection occurs elsewhere. This larger deflection is in the 

opposite column, where the top of the column bends outwards as shown in Figure 5.7 

below. 

Max Deflection 

Figure 5.7 Deformed Shape of Sway Frame 

The results for the sway deflections have been plotted on charts and these are shown 

below. The results are shown on four separate charts to demonstrate how the sway 

deflection and the beam deflection change with both the beam-to-column connection 

stiffiiess and the column base rotational stiffness. 
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Figures 5.8 and 5.9 show the vertical beam deflection at mid-span. 
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Figure 5.8 Mid-Span Beam Deflection v Beam-to-Column Stiffness 
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Figure 5.9 Mid-Span Beam Deflection v Column Base Stiffness 
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Both of these charts are plotted using the same set of results, but display them in a 

different way. Figure 5.8 shows how the beam-to-column stiffness affects the mid-

span deflection, and each of the lines on the chart represents a column base stiffiiess in 

kNm/mRad. Figure 5.9, however, shows how the base stiffness affects the mid-span 

deflection; this time each line on the chart represents a beam-to-column stiffiiess in 

kNm/mRad. These charts show that the beam-to-column stif&iess has a large influence 

over the mid-span deflection, especially at the lower stiffiiesses. The column base 

rotational stiffness, however, has a very low influence on deflection. This is as would 

be expected, as the only loading on it fi"om the beam is when the beam deflects, and 

therefore the columns get deflected inwards as the beam effectively shortens. There is 

no other sway loading applied to the column base from the beam loading. The results 

for this are very similar to those from the non-sway analyses of the deflections of the 

mid-span of the beam. 

Figure 5.10 and Figure 5.11 show how the horizontal, sway, deflection is influenced by 

the beam-to-column connection stiffness and the column rotational stiffiiess. Again 

these results are plotted on two different charts. 
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Figure 5.10 Sway Deflection v Beam-to-Column Stiffness 
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Figure 5.11 Sway Deflection v Column Base Stiffness 

Figure 5.10 shows how the beam-to-column stiffiiess affects the column sway. Each of 

the lines on the chart represents a column base stiffiiess in kNm/mRad. Figure 5.11 

shows how the column base rotational stiffiiess affects the column sway, and each line 

on the chart represents a beam-to-column stiffness in kNm/mRad. These charts show 

that whilst the vertical beam deflection is dependent only on the beam-to-column 

connection stiffness, the sway deflection is equally dependent on both the beam-to-

column connection stiffness and the column base rotational stiffness. The charts also 

show that an increase in stiffness at the lower end of the scale of stiffnesses has the 

most dramatic effect on lowering the deflections; this is true for both sway and beam 

deflections. 

As well as plotting the deflections, it is also possible to plot the beam-to-column 

connection, and column base rotations. This will be of more use as results can then be 

compared for different geometries. Figure 5.12 below plots the results for the column 

base rotations. 
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Figure 5.12 Column Base Rotation 

Figure 5.12 shows how the beam-to-column stiffiiess affects the column base rotation 

under the sway loading. Each of the lines on the chart represents a different column 

base rotation stiffiiess in kNm/mRad. As the chart shows, the beam-to-column stiffness 

has a large influence over the rotation at the column base. The results show that the 

column base rotational stiffiiess influences the rotation by a similar amount. Figure 

5.10 and Figure 5.11 above also show this trend. 

The moments of the elements were also output fi"om ANSYS. The results show the 

same trends as those for deflection, due to the model being elastic. The column base 

stiffness has very little influence on the bending moments at mid-span. However, it 

does have a large influence on the moments at the top of the column. Figure 5.13 

below plots the bending moments at the top of the column. 
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Figure 5.13 Bending Moments at the Top of the Column 

Each of the lines on the chart in Figure 5.13 represents a different column base 

stiffiiess. The chart shows that for low base stiffnesses the moments at the beam-to-

column connection are far greater, due to the moment being redistributed to the stiffest 

connection. 

The three bending moment diagrams below show the three extreme cases for pinned 

and rigid connections. These show how the bending moments are distributed to the 

rigid connection. For the semi-rigid connections the bending moments are distributed 

to the stiffest connection, and the bending moment diagrams fall in between those cases 

that are shown in the figures below. 
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Bending Moment Diagram (kNm) 

Figure 5.14 Column Base Fixed, Beam-to-Column Connection Pinned 

Bending Moment Diagram (kNm) 
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Figure 5.15 Column Base Pinned, Beam-to-Column Connection Fixed 
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Bending Moment Diagram (kNm) 

-75.3 

Figure 5.16 Column Base Fixed, Beam-to-Column Connection Fixed 

5.3 Summary of Elastic Analysis 

The vertical deflection of the beam is influenced mainly by the beam-to-column 

stiffness, with only a very small influence from the column base stiffiiess. The sway 

deflection, however, is influenced by both stiffnesses by a similar amount. This is also 

the case for bending moments, with the largest moments being carried by the stiffest 

connections, as expected. 

5.4 Plastic Analysis 

The plastic and non-linear analysis was carried out in two ways. Firstly the frames 

were analysed until a deflection limit had been reached, either at the top of the column 

in a sway frame analysis, or in the beam section in a non-sway analysis. The deflection 

limit was then removed, and the frames reanalysed to see how the beam-to-column 

connections affected the frames at higher loads, and how the frames would fail. Three 
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frames were analysed using different beam and column section sizes. The values used 

are shown in Tables 5.5-5.7 below. 

Table 5.5 Section Properties Used in Frame 1 

Frame 1 Height A(0) A(30) A(50) Mp, L Ixx 

xlO^ xlO^ xlO^ xlO^ xlO^ 

(m) (m) (m) (m) Nm (m) (m*) 

Beam 0.463 4&4 7.61 3J^ 553 4.8 &41 

UB457xl91x89 

Column 0.463 4&4 7^1 3J^ 553 3.6 (141 

118457x191x89 

Table 5.6 Section Properties Used In Frame 2 

Frame 2 Height A(0) A(30) A(50) Mpi L Ixx 

xlO^ xlO^ xlO^ xlO^ xio^ 

(m) (m) (m) (m) Nm (m) (m*) 

Beam 0.260 55.6 7.07 &871 338 4.8 0J43 

UC254x254x89 

Column 0.260 55^ 7.07 &871 338 3.6 0J43 

UC254x254x89 

Table 5.7 Section Properties Used in Frame 3 

Frame 3 Height A(0) /^30) A(50) Mp, L Ixx 

xlO^ xlO^ xlO^ xlO^ xlO^ 

(m) (m) (m) (m) Nm (m) (m") 

Beam 0.463 4&4 A61 3J^ 553 4.8 0.41 

UB457xl91x89 

Column 0.260 55.6 7.07 &87I 338 3.6 0J43 

UC254x254x89 



The model used for the finite element analyses is shown in Figure 5.17 below. 
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Figure 5.17 Single-storey Plastic Frame 

The model for these analyses has the same geometry as was used in the elastic 

analyses. The columns were split into 6 elements, and the beam into 6 elements. A 

constraint was added to the top right of the model for the non-sway analyses. Due to 

the differences between the linear spring element used in the elastic analyses and the 

non-linear spring element used in the non-linear analyses, the property of the spring is 

no longer given as a stiffness, but as a rotation. The rotation then defines the moment-

rotation behaviour of the beam-to-column and column base connection. 

Pertold [38, 39] has already carried out much work into single-storey plastic analysis. 

The results of the analyses described here have been compared against his to make sure 

that they are consistent. The comparison showed that the two sets of analyses are very 

close. The small variation in results will be due to how the ANSYS solve options were 

set, and how the dimensions for the elements cross-section were input, as ANSYS gives 

different options for this. 

The maximum sway and beam deflections were set as H/150 for the sway deflection, 

and L/200 for the beam deflection, as stipulated in BS 5950 [41], and the analyses ran 

until this deflection was reached. 
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5.4.1 Non-Sway Analysis 

The non-sway frame models were analysed until a deflection of L/200 had been 

reached. This occurred in the mid-span of the beam for all of the models. The tables 

below show the loading that was reached for each of the three frames analysed. 

The values in the tables are the ANSYS load step at which the frame failed, with the 

strongest frame being the frilly fixed case. The actual failure needs to be calculated 

from this figure; the maximum possible load applied to the frame; the ANSYS time 

step options; and the distribution of load on the frame, as shown in the diagram of the 

frame model above (Figure 5.17). 

Table 5.8 Frame 1 Results 

Phi Beam-to-Column mRad 
Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 

pinned 340.33 357.93 373.36 400,88 444.46 503.89 567.22 607.53 617,43 622,48 627,51 
256 340.33 357.93 373.36 400.88 444.46 503.89 567.72 608.28 617,86 622,98 628,01 
128 340.33 357.93 373.36 400.88 444.96 504.39 568.36 608.51 618,56 623,4 628,01 
64 340.83 357.93 373.36 400.88 444.96 504.39 569.11 609.02 618.98 624,03 629,01 
32 337.83 357.93 373.36 400.88 444.96 505.39 570.47 610.36 620,48 625,48 629.93 
16 337.83 357.93 373.36 400.88 445.46 506.39 572.31 612.36 622,57 627,56 631.48 
8 340.83 357.93 373.36 401.38 445.96 507.81 575,09 614.33 625,07 629,99 632.33 
4 340.83 357.93 373.36 401.38 446.46 509.31 577.82 616,83 627,33 632,41 633,33 
2 340.83 357.93 373.36 401.38 446.96 510.44 579.91 618,33 629,41 633,83 634,33 
1 340.83 357.93 373.36 401.38 446.96 510.96 581.4 619,83 630,75 634,83 634,83 

fixed 340.83 357.93 373.36 401.38 447.46 511.96 583.4 621,33 632,33 635,33 637,58 

Table 5.9 Frame 2 Results 
Phi Beam-to-Column mRad 

Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 
pinned 178,89 192,17 203,89 221,36 246,08 274,49 300,27 319,8 332.3 339,05 346,36 

256 178,89 192,17 203,89 221,86 246,36 274,99 301,05 320,58 333.08 340,11 347,92 
128 178,89 192,17 203,89 221,86 246,36 275,27 301,83 321,86 334.36 341,39 348,71 
64 178,89 192,17 203,89 221,86 246,86 276,05 303,11 322,92 336,21 343,24 351,05 
32 178,89 192,17 203,89 222,14 247,14 276,83 304,67 325,77 339,05 346,36 354,17 
16 178,89 192,46 204,17 222,14 247,92 278,39 307,02 328,89 342,96 350.27 358,08 
8 178,89 192,46 204.17 222,14 248,42 279,67 309,64 332,3 347,14 354,96 362,49 
4 178,89 192,46 204,17 222,64 249,21 280,74 311,71 335,42 350,77 358,58 365,89 
2 178,89 192.46 204,17 222,92 249,49 282,02 313,55 337,77 353,11 361,21 368.24 
1 178,89 192,46 204,17 222,92 249,49 282,3 314,33 339,33 354,67 362,49 369.8 

fixed 178,89 192,46 204,17 222,92 249,99 283,08 315,61 340,89 356,52 364,33 371.86 
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Table 5.10 Frame 3 Results 

Phi Beam-to-Column mRad 
Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 

pinned 340.33 350.96 359.98 375.61 398.33 426.83 455.06 477.33 489,83 496,25 501.96 
256 340.33 350.96 359.98 375.63 398.83 427.33 455,58 478.33 490,83 497,38 502.96 
128 340.33 350.96 359.98 375,63 398.83 427,83 456,57 479.33 492,21 498,39 503,96 

64 340.33 350.96 359.98 375,63 398.83 428.21 457,83 480.83 493,83 499,89 505,51 
32 340.33 350.96 359.98 375,63 399,33 429,21 459,33 483.33 496.33 502,46 508,01 
16 340.83 350.96 359.98 376,13 399.75 430.91 461,83 486.83 499.89 505,96 510,48 
8 337.83 350.94 359.98 376,13 400.75 432.33 464.75 490,33 503.46 509.01 512,83 
4 337.83 350.94 359.98 376.13 401,25 433,29 467.3 493,33 506,46 511.48 514,39 
2 337.83 350.94 359.98 376.13 401,38 434.33 468,89 495.33 508,56 513.08 515,31 
1 337.83 350.94 359.98 376.63 401.38 434.86 469,89 496.41 509,43 514.08 515.96 

fixed 337.83 350.94 359.98 376.63 401.88 435.36 471,31 497.83 511,01 514.83 516.36 

The results in the above tables show that the column base rigidity has very little 

influence over the load carried for the frame to reach the deflection limit. However, the 

beam-to-column connection can greatly increase the load carried by the frame, with up 

to twice the load being reached for a rigid frame, compared to that reached for a pinned 

frame. Frame 1 and Frame 3 have the same beam properties, so this shows that the 

column properties do have an influence over the load carried - Frame 1, with a stiffer 

column section, being able to carry a higher load until the deflection limit is reached. 

As was shown in the elastic analysis earlier in this chapter, and in the East-Park Terrace 

analysis in Chapter 4, increasing the stiffness of the more flexible connections has a far 

greater impact than increasing the stiffness of the more rigid connections. 

Dividing the load reached by the frames by the load reached by the fully-fixed frame 

gives a strength ratio. This was done for all the results to make it possible to compare 

the results for each frame ftirther. The strength ratio results for Frame 3 have been 

shown in Figure 5.18 below. 
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Figure 5.18 Strength Ratio Results for Frame 3 Non-Sway Frame 

Each of the curves in Figure 5.18 shows the strength ratio of a frame with a different 

column base connection rotation, as shown in the legend. The horizontal axis of the 

chart shows the beam-to-column connection rotation of a frame, with 0 representing a 

fully fixed connection. The vertical axis plots the strength ratio of a frame, which is the 

strength of any frame divided by the strength of the fully-rigid connection case. As the 

previous tables showed, the column base rotation has only a very small impact on the 

strength, and hence on the strength ratio, of a non-sway frame. This is shown here by 

all the curves being very similar. The 'error' bars have been set at 5% on the case of 

fixed column bases, to show that all the results are within this. 

5.4.2 Sway Analyses 

The sway frame models were analysed until a deflection of H/150 had been reached. 

This occurred at the top of the column where the sway load was applied for all of the 
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models. The tables below show the loading that was reached for each of the three 

frames analysed. 

Table 5.11 Frame 1 Results 

Phi Beam^o-Column mRad 
Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 

pinned 0 23.705 44.918 82.893 141.67 219.52 302.61 369.02 400.77 407.3 411.62 
256 24.205 48.622 70.78 109.52 170.3 250.77 336.21 400.27 423.42 427.61 430.83 
128 47.054 71.882 95.108 134.64 197.14 279.96 368.24 427.61 441.67 445.3 448.38 
64 89.102 115.11 139.33 181.24 246.86 333.86 422.92 465.61 472.14 475.27 477.07 
32 160.42 189.33 215.11 260.42 332.02 421.08 494.33 511.36 515.83 515.83 515.06 
16 268.24 300.27 328.74 378.11 439.33 500.33 547.83 556.39 557.97 557.83 557.76 
8 344.36 360.83 375.33 402.33 445.33 505.83 561.08 582.33 590.33 594.58 599.26 
4 344.36 361.33 376.61 403.33 447.84 509.83 570.07 595.33 604.88 609.46 613.68 
2 344.36 361.33 376.61 404.08 449.26 512.58 575.71 602.83 611.88 616.43 620.96 
1 344.36 361.33 377.11 404.58 450.39 513.83 579.26 606.33 615.33 619.43 623.46 

fixed 344.36 361.33 377.13 405.25 450.96 516.08 582.28 609.89 618.33 621.94 625.83 

Table 5.12 Frame 2 Results 
Phi Beam-to-Column mRad 

Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 
pinned 0 13.922 25.629 44.918 71.081 100.41 126.55 145.3 157.02 163.55 170.58 

256 14.188 28.9 41.715 61.97 89.602 120.58 147.92 168.24 180.46 187.49 194.02 
128 27,477 42.783 55.864 77.088 106.42 139.05 167.96 189.05 201.83 208.86 214.83 
64 50.258 66.776 80.692 104.02 135.42 171.08 202.61 225.77 239.33 244.52 249.49 
32 85.498 104.02 119.8 145.58 181.24 221.36 257.8 281.52 289.83 292.17 294.02 
16 131.52 152.61 170.58 200.27 240.89 276.05 303.89 321.36 328,11 329.96 329.36 
8 178.39 192.17 203.89 222.14 247.92 278.39 307.8 326.83 335.42 338.55 340.88 
4 178.89 192.46 204.17 222.92 249.21 280.74 310.42 331.24 340.11 343.74 346.83 
2 178.89 192.46 204.17 223.42 249.99 282.02 312.77 333.86 343.24 347.14 350.33 
1 178.89 192.46 204.17 223.42 250.27 282.3 313.55 335.42 345.3 348.71 352.33 

fixed 178.89 192.46 204.17 223.71 250.77 283.08 315.11 336.99 347.14 350.77 354.14 

Table 5.13 Frame 3 Results 

Phi Beam-to-Column mRad 
Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 

pinned 0 14.188 26.553 48.122 79.991 118.74 156.52 186.21 205.74 217.17 228.11 
256 14.188 29.4 42.783 65.475 98.712 140.11 180.46 211.99 232.8 244.8 254.96 
128 27.477 43.283 57.165 80.692 115.89 159.36 201,83 235.42 257.3 269,02 279.17 

64 50.258 67.077 82.393 107.62 146.08 193.24 240.11 277.33 301.55 310.92 318.74 
32 85.498 104.72 121.36 150.27 193.24 247.14 301.05 343.24 362.77 368.74 373,42 
16 131.52 153.39 172.92 206.24 256.52 319,8 380.74 413.55 418.86 418.24 417,46 
8 179.96 204,96 227.33 265.89 324.21 393.46 440.42 448.33 449,88 449,83 449,36 
4 220.58 247.92 272.92 315.89 378.33 428.83 455.77 463.39 465.96 466.33 466,83 
2 248.42 277.61 304.67 349.49 399.01 430.83 459.25 467.46 470.83 472.83 474,33 
1 265.11 295.58 322.92 369.08 400.01 431.83 460.93 469,33 473.33 474.83 47683 

fixed 283.86 315.89 344.52 376.58 400.26 432.83 462.51 471,83 475.33 477.33 478,83 

As for the non-sway frames presented above, these results can also be divided by the 

strength of the frilly fixed frame case to give a strength ratio. These have been plotted 

for Frame 3 and are shown in Figure 5.19 below. 
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Figure 5.19 Load Factor Results for Frame 3 Sway Frame 

The above tables and chart show that for the sway analysis the column base connection 

has a large influence. It can be seen from Tables 5.11-5.13 that the beam-to-column 

connection and the column base connection have a very similar influence over the 

strength of the frame. Plotting the results for Frame 3 as a surface plot can show this. 
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Figure 5.20 Load Step Results for Frame 3 Sway Frame 

Here the ANSYS load step result is plotted with the beam-to-column connection 

rotation value, and the column base rotation value. The chart shows that the influence 

on strength from the beam-to-column connection is similar to that from the column 

base connection for a single storey frame of this geometry. The column base has a 

slightly greater influence on the strength than that of the beam-to-column connection, 

which is shown by the greater increase in strength along the axis for column base phi. 

5.4.3 Collapse Analysis 

The analyses described above do not show how the frames act over their full loading, 

right up to failure, only the loading that takes them up to the deflection constraints 

given in BS5950 [41]. In this section the analyses were carried on through to the 

failure load of the frame, to see how the semi-rigid frames behaved up to full plastic 

behaviour. The results presented here are for sway and non-sway frames with changing 
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beam-to-colunm connection stiffiiesses. The column bases are either fully fixed, or 

pinned. Frame 3 has been used for these analyses. 

The results from these analyses are shown in the graphs below. Figure 5.21 is the plot 

of a single storey sway frame, showing the deflection at the top of the column, where 

the sway load is applied. 
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Figure 5.21 Load Deflection Curves at the Top of the Column 

The frame used to plot the chart in Figure 5.21 had a fully fixed column base. Each 

curve plots the results for a different beam-to-column rotation, phi, which is shown in 

the legend. The chart shows that the frames with the least stiff connections obtained a 

greater deflection before failure, but they failed at a smaller loading. The chart does 

not show much in the way of formation of hinges for the more flexible connections: 

this is because the frames with the least stiff connections would have failed at the 

connection, as opposed to in the main steelwork. 
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The stress plot for the frame with beam-to-column connection of ImRad, a stiff 

connection, is shown in Figure 5.22. 
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Figure 5.22 Stress Plot for Fixed Base Sway Frame, Phi = ImRad 

A yield stress of 275kN/nim^ was used for the models, so it can be seen from Figure 

5.22 that the frame collapsed with a plastic hinge forming at the mid-span of the beam, 

the top right comer of the frame and the right hand column base. The stresses can be 

outputted for any of 15 points throughout the beam element, as shown in Figure 5.23 

below. For this plot the stresses were taken at position 5. A further hinge is required 

for the frame to fail; however, ANSYS is not able to find this, as an additional hinge 

would cause errors due to the very large deflections, and the solution cannot converge. 

A hinge forming at the base of the left hand column would cause a combined failure 

mechanism. 
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Figure 5.23 Output Points in BEAM23 

Figure 5.24 shows the stress plot for a sway frame with a connection of 128mRad, a far 

more flexible connection. 
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Figure 5.24 Stress Plot for Fixed Base Sway Frame, Phi = 128mRad 
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The stress plot shows that once again the centre of the beam has reached yield. 

However, there is no yielding at the top of the right hand column (as there was in the 

previous example with the stiff connection), which shows that this frame is failing with 

large rotations at the connection, rather than by yielding in the main column steel. 

Figure 5.25 shows the load-deflection curves for a non-sway frame. This time the 

deflection has been plotted at the mid-span of the beam. As in the last case, the column 

base is fixed, and the beam-to-column connection stiffnesses have been varied. 
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Figure 5.25 Load Deflection Curves at Mid-Span, Fixed Base 

The results from this set of analyses showed that a far greater deflection was reached 

for the frame with beam-to-column phi of 32mRad, than for any of the other results. 

This was due to an error in the solving of the matrices for the model. Small pivot terms 

were present in the model, so mathematical manipulations had to be performed on both 

large and very small numbers, which can introduce large errors in the results. For this 

reason the result has been omitted from the above graph. Further inspection of this 

frame showed the column section near the beam-to-column connection was yielding at 

the same load that the beam-to-column connection was reaching its ultimate rotation. 
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This is probably the reason for the small pivot term errors, as there would be a large 

increase in the strains in the columns, and large increases in the rotation of the 

connections, for very small additions in load. The other analyses have been checked 

and there are no such errors in these. 

The chart shows that the strength of the frame is increased with an increase in 

connection stiffness. The frames with a low connection stiffness fail at a low load, with 

low deflection values. This is due to the moment rotation limit of the beam-to-column 

connection being reached, and the frame failing with a beam mechanism. As the 

connection stiffness increases the maximum deflections of the frames also increase. 

This is due to the connections being able to redistribute more of the moment to the 

columns. The failure deflection and load of the frame continues to increase with beam-

to-column stiffness up to the 16niRad connection. After this, the failure deflection of 

the frame reduces, with the failure load remaining constant. This is because these 

stiffer connections carry more moment over to the column, causing the column to yield 

near the connection. The failure loads remain constant for the frames with the stiffer 

connections, as the columns and beam fail at the same bending moment regardless of 

the beam-to-column connection, but the failure deflection decreases due to the stiffer 

connections. Figure 5.26 shows the stress plot for a frame with beam-to-column 

connections of ImRad, and Figure 5.27 shows a stress plot for a frame with beam-to-

column connections of I28niRad. 
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Figure 5.27 shows that the stresses are very low in the column sections, compared to 

those in Figure 5.26 for the frame with the stiffer beam-to-column connections. This 

shows that the moments are not being transferred much from the beam to the columns 

for the frames with more flexible connections. The tops of the columns of the frame 

with stiffer connections, in Figure 5.26, are starting to reach the yield value used for the 

steel in the model. 

The analyses shown in Figure 5.28 are similar to those shown previously, but in these 

analyses the column base connection is pinned. 
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Figure 5.28 Load Deflection Curves at Mid-Span, Pinned Base 

The results are similar to those in the previous analyses, as the column base only has a 

small influence on the strength of a frame in the non-sway case. The chart shows how 

the frame becomes stronger with stiffer beam-to-column connections, but only up to a 

rotation of 32mRad. With connection stiffiiess greater than this, the frame fails with a 

lower deflection. 
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The frames with more flexible connections fail at the connection; the frames with the 

stiffer connections fail with a plastic hinge forming in the steel section. This explains 

why in the last two figures there is an increase in deflection for the first few frames, as 

the load the frame can carry increases. This deflection then drops back as the frames 

start to fail with plastic hinges forming in the steel section, and the connections restrict 

the maximum deflection reached at failure. This is shown in more detail in the 

following chapter, on multi-storey frames. 

5.5 Summary 

Both the elastic and non-linear analyses have shown that for a non-sway frame nearly 

all the influence on strength and deflection is from the beam-to-column connection, 

with hardly any influence from the column base connection. For the sway frames, 

however, both the beam-to-column connection and the column base have a very similar 

influence for frames of the geometry used in this research. The collapse analysis has 

shown that the frames with the most flexible connections fail at a low load with a low 

deflection with failure occurring in the cormection, whereas the stiffer frames fail in the 

steel sections. 

The next chapter presents the research conducted on multi-storey frames. Chapter 7 

then presents more discussion on the results found for the single storey frame and those 

found for the multi-storey frames. 
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Chapter 6 

Multi-Storey Frame Analysis 

6.1 Introduction 

In this chapter finite element analysis is used to model multi-storey frames. The 

theories reported in the previous chapters on single-storey frames were adopted. The 

first sections of this chapter present the research on two-storey frames. The later 

sections present the work on five- and ten-storey frames that followed on from this. 

6.2 Two-Storey Frame Analysis 

The two-storey frame was analysed using both elastic and plastic models. These 

models use the same elements and techniques as those shown in Chapters 4 and 5. 
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6.2.1 Elastic Analysis 

The model used for these analyses is shown in Figure 6.1 below. The frame's 

geometry is made up from two of the single-storey frames, one upon the other. The 

rigidities for column base, and beam-to-column rigidity are represented by a spring 

element, Combinl4. The base rigidity is varied independently of the beam-to-column 

rigidity. The beam-to-column connections of the first storey, and the second storey can 

also be varied independently of each other if necessary. The beams and columns are 

modelled using BeamS, the 2D elastic beam element. All the section properties can be 

varied independently of each other. Both the element types used have been described 

in Chapter Three, along with any assumptions and restrictions of the elements. 

The batch file system has again been utilised for these analyses, so that ANSYS can be 

used efficiently to output the results required for each set of analyses, with the analyses 

run for different column base, and beam-to-column connections. 

For the elastic analyses the results are mainly focused on the deflections of the frame. 

The plastic analyses are used to identify the ultimate capacity of the frame, and the 

failure mechanism. 

50 kN lOOkN lOOkN 50kN 

30kN 

lOOkN lOOkN 

Figure 6.1 Non-Sway Elastic Model 
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The joint areas show the positions of the spring elements. The rotations of the elements 

are given by (|)p for the column base and (])„ for the beam-to-column connections. The 

columns are each made from six elements and the beams from twelve elements. 

6.2.1.1 Non-Sway Analysis 

The deflection results for the non-sway frames have been plotted for the beams. The 

results are shown in Tables 6.1 and 6.2 below. Table 6.1 shows the deflection results 

for the first storey beam, at mid-span. Table 6.2 shows the mid-span deflection, in mm, 

for the second storey beam. 

Table 6.1 Deflections at Mid-Span of First Storey Beam 

K Beam kNmm/microRad 
K Column 0 1 2 4 8 16 64 Fixed 

0 -5.0553 -4.9544 -4.8595 -4.6861 -4.3929 -3.957 -3.4195 -2.8909 -1.8623 
1 -5.0553 -4.9544 -4.8595 -4.6861 -4.3928 -3.9569 -3.4193 -2.8906 -1.8616 
2 -5.0553 -4.9544 -4.8595 -4.6861 -4.3928 -3.9568 -3.4191 -2.8903 -1.861 
4 -5.0553 -4.9544 -4.8595 -4.6861 -4.3927 -3.9566 -3.4188 -2.8897 -1.8597 
8 -5.0553 -4.9544 -4.8595 -4.686 -4.3926 -3.9563 -3.4181 -2.8886 -1.8573 

16 -5.0553 -4.9544 -4.8595 -4.686 -4.3924 -3.9558 -3.417 -2.8866 -1.8531 
32 -5.0553 -4.9544 -4,8595 -4.6859 -4.3921 -3.955 -3.4152 -2.8836 -1.8465 
64 -5.0553 -4.9543 -4.8594 -4.6858 -4.3917 -3.9539 -3.4129 -2.8795 -1.8376 

Fixed -5.0553 -4.9543 -4.8593 -4.6853 -4.3904 -3.9502 -3.4046 -2.865 -1.8062 

Table 6.2 Deflections at Mid-Span of Second Storey Beam 

K Beam kNmm/microRad 
K Column 0 1 2 4 8 16 32 64 Fixed 

0 -5.2864 -5.1862 -5.093 -4.925 -4.6472 -4.2477 -3.7744 -3.3271 -2.499 
1 -5.2864 -5.1862 -5.093 -4.925 -4,6472 -4.2477 -3.7745 -3.3272 -2.4993 
2 -5.2864 -5.1862 -5.093 -4.925 -4,6472 -4.2477 -3.7746 -3.3273 -2,4995 
4 -5.2864 -5.1862 -5.093 -4.925 -4.6472 -4.2478 -3.7747 -3.3275 -2,4998 
8 -5.2864 -5.1862 -5.093 -4.925 -4.6473 -4.2479 -3.7749 -3.3279 -2,5006 

16 -5.2864 -5.1862 -5.093 -4.925 -4.6473 -4.2481 -3.7753 -3.3286 -2,5019 
32 -5.2864 -5.1862 -5.093 -4.9251 -4,6475 -4.2484 -3.776 -3.3296 -2,5039 
64 -5.2864 -5,1862 -5.0931 -4.9251 -4,6476 -4.2488 -3.7769 -3.3311 -2,5066 

Fixed -5.2864 -5,1862 -5.0931 -4.9253 -4.6482 -4.2503 -3.7799 -3.3361 -2,5163 

The results from these analyses are also shown in Figure 6.2 and Figure 6.3 below. The 

charts show the beam-to-column stiffness plotted against the deflections at the mid-

span. Each line on the charts shows the results for a different column base coimection. 

Figure 6.2 plots the deflections at the mid-span of the lower beam. 
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Beam-to-Column Stiffness (kNm/mRad) 

Fixed 

Figure 6.2 Non-Sway Vertical Deflections, First Storey Beam 

The curves for each of the column base stiffnesses are almost identical, showing that 

the column base stiffness has very little effect on the mid-span deflection in a non-sway 

frame. This is even more pronounced than in the results for the single storey frame, 

where the column-base connection also has a very small influence over the mid-span 

deflections. 

The trend of the column-base having virtually no influence on the mid-span beam 

deflection is again shown in the top storey beam deflections. The top storey deflections 

are shown in Figure 6.3 below. 
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Figure 6.3 Non-Sway Vertical Deflections, Top Storey Beam 

The top storey mid-span deflections are only very slightly influenced by the column-

base stiffness. 

The beam-to-column connections do have a large influence over the mid-span 

deflections, as would be expected in the light of the results of the single storey 

analyses. On the top storey the deflections are reduced by 53%, 5.29mm deflection 

reduced to 2.50mm, by going from a simple pinned beam-to-column connection to a 

fully fixed connection. The percentage reduction in the deflections on the first floor is 

63%, 5.06mm deflection reduced to 1.85mm. The greatest reduction in deflection from 

the column-base was 3% by changing the column base to fixed, from pinned. For the 

case with fully rigid beam-to-column connections, at such small deflection values this 

3% meant less than a 1mm reduction in deflection. Typical values for the reduction in 

deflection by changing the column base connection from pinned to fully fixed were less 

than 1%. So it is clear that for a non-sway frame, nearly all the influence on the 

deflection of the beams is from the beam-to-column connections. The column base 

rigidity can be neglected in the design of the beams in terms of deflection. 
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The next stage of the research is to see how the beam-to-column connections and 

column base rigidities affect the deflections of a sway frame. 

6.2.1.2 Sway Analysis 

The same model as used for the non-sway analyses is used for the sway analyses, 

except that the horizontal constraints are removed from each of the storey levels, 

allowing the frame to sway horizontally. All the loadings are the same as for the non-

sway analyses. 

For the sway analyses the deflections have been found for the horizontal deflection at 

the top of the column, where the sway load is applied. The results of these analyses are 

shown in Table 6.3 below. 

Table 6.3 Horizontal Sway Deflections for Sway Frame 

K Beam kNm/mRad 
K Column 0 1 2 4 8 16 32 64 Fixed 

0 N/A 398.28 203.84 106.57 57.843 33.354 20.966 14,652 8.098 
1 799.82 262.82 160.21 92.606 53.07 31.482 20.081 14.139 7.8742 
2 411.02 198.83 133.22 82.381 49.218 29.889 19.305 13.682 7.6711 
4 216.62 137.15 101.58 68.409 43.384 27.322 18.01 12.904 7.3167 
8 119.42 89.381 72.078 52.912 35.996 23.773 16.121 11.731 6.7622 

16 70.819 58.287 49.862 39.241 28.5 19.778 13.844 10.259 6.0276 
32 46.519 40.269 35.686 29.411 22.422 16.203 11.657 9.8404 5.2425 
64 34.369 30.524 27.572 18.427 18.331 13.602 9.9692 7.5875 4.5743 

Fixed 22.219 20.233 18.635 16.221 13.171 10.07 7.5328 5.7914 3.4976 

Obviously many of the results given in the chart above are very large, and would never 

be encountered in a real design. However, these have still included these for 

completeness of the test results. As these are elastic analyses, all the results - even 

those for small stiffiiesses - follow the same trends, as the charts below show. 

The results from the elastic sway analyses are also shown in the figures below. Figures 

6.4a and 6.4b show how the sway deflection varies with beam-to-column stif&iess. 

Each curve on the charts represents a different column base rigidity. Both the charts 

show the same set of results, but with different scales for the y-axis, to show the results 

for higher beam-to-column stiffnesses in more detail. 
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Figure 6.4b Two-Storey Sway Deflections 
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In contrast to the non-sway frame results, these charts shows that both the beam-to-

column connections and the column base rigidity influence the sway deflections of the 

frame. The sway deflection reduces as the stiffiiess of the beam-to-column connection 

increases. A small increase in connection stiffness at a low beam-to-column stiffness 

causes a large decrease in sway connection. The decrease in sway deflection rapidly 

lessens as the connections become stiffer. The results show a very large decrease in 

deflection between a pinned connection and one where the connection stiffiiess is 

lOkNm/mRad. The reduction in deflection becomes much less after 30kNm/mRad, but 

as Figure 6.4b shows, there is still a large reduction in deflection at the stiffer end of the 

scale. 

Figure 6.5 plots the same results, but this time the deflection has been plotted against 

column base stiffness, and each curve represents a different beam-to-column stiffiiess. 
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Figure 6.5 Two-Storey Sway Deflections 
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Comparing the chart in Figure 6.5 with that in Figure 6.4a shows that the curves are 

further spaced in the chart in Figure 6.5. Therefore the beam-to-column connection 

stiffiiess has a greater influence on the sway deflection than does the column base 

stiffness. As a further demonstration of this, the chart plotting deflection against beam-

to-column stiffness also has a greater initial gradient than the chart plotting deflection 

against column base stiffness. 

Comparing the two-storey elastic results with those from the single-storey elastic 

results shows that the trends are the same. The beam deflections in the non-sway 

frames are mainly dependent on the beam-to-column connection, with only very little 

influence on deflection &om the column base rigidity, especially for the two-storey 

frame. The sway results show that for both the single- and two-storey frames the sway 

deflection is largely influenced by the beam-to-column connections and by the column 

base stiffness. For the two-storey frame, with the geometry used, the beam-to-column 

connection stiffness has more influence over the deflection than the column base 

stifihess. Comparing the results in Chapter Five for the single-storey frames we can 

see that these frames follow the same trend, with the beam-to-column stiffness having 

more effect on the sway deflection of the frame, than the column base stiffiiess. 

So far only the deflections have been shown for an elastic model. Next, the frame was 

modelled with plastic elements to see how it behaved up to failure. 

6.2.2 Plastic Analysis 

The plastic model is similar to the elastic model described in the previous sections. 

This time, however, the plastic beam element Beam23 was used, and the non-linear 

spring element Combin39. The model used is shown in Figure 6.6 below. 
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Figure 6.6 Plastic Non-Sway Two-Storey Model 

The frame was loaded until a set deflection limit was reached. This deflection limit 

was set to that given in BS5950 [41] for serviceability, as L/200 for the beam 

deflection, and the height of storey under consideration/300 for the sway deflection. 

The deflection limit was set in ANSYS, and the load was applied using the load step 

options until this deflection was reached. 

As with the single-storey analyses in Chapter 5, three different frames were analysed. 

The sections used for the frames are given in Tables 6.4 - 6.6 below. 

Table 6.4 Section Properties Used in Frame 1 

Frame 1 Height A(0) A(30) A(50) Mpi L Ixx 

(m) (m) (m) (m) Nm (m) (m') 

Beam &463 4.84€-2 7.61 e-3 3.18e-3 5.53e5 4.8 4.1e-4 

UB457xl91x89 

Column 0.463 4.84e-2 7.61e-3 3.18e-3 5.53^ 3.6 4.1e-4 

UB457xl91x89 
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Table 6.5 Section Properties Used in Frame 2 

Frame 2 Height 

(m) 

A(0) 

(m) 

A(30) 

(m) 

A(50) 

(m) 

Mpi 

Nm 

L 

(m) 

Ixx 

(m") 

Beam 

UC254x254x89 

0.260 5.56e-2 7.076-3 8.71e-4 3.38e5 4.8 1.43e-4 

Column 

UC254x254x89 

0.260 5.56e-2 7.07e-3 8.71e-4 3 J 8 ^ 3.6 1.43e-4 

Table 6.6 Section Properties Used in Frame 3 

Frame 3 Height 

(m) 

A(0) 

(m) 

A{30) 

(m) 

Aĵ O) 

(m) 

Mpi 

Nm (m) 

Ixx 

(m") 

Beam 

UB457xl91x89 

0.463 4.84e-2 7.61e-3 3.18e-3 5.53e5 4.8 4.1e-4 

Column 

UC254x254x89 

0.260 5.56e-2 7^7^3 8.71e-4 3.38e5 3.6 1.43e-4 

6.2.2.1 Non-Sway Analysis 

For the non-sway analysis the top of the column, opposite from the sway load, was 

constrained in the UX direction. The results show the load step that was reached before 

the deflection limit was reached, in this case 24mm; the load is split into 1000 load 

steps in the solution parameters in ANSYS. 

Table 6.7 below shows the results for the non-sway analyses for combinations of 

column base stiffness and beam-to-column stiffness between pinned and fully fixed, 

with the stiffness being doubled for each analysis. The values in the table are the load 

step, where the maximum is 1000, and F is lOOOkN on the diagram above. The results 

for Frame 3 are shown here. 
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Table 6.7 Time Step Results for Non-Sway Frame 

Phi Beam-to-Column mRad 
Phi Colum pinned 256 128 64 32 16 S 4 2 1 fixed 

pinned 339.33 349.09 357.98 374 399.39 433.89 472.51 502.18 514.69 517.43 519.83 
256 339.33 349.09 357.98 374 399.39 433.89 472.51 502.18 514.69 517.51 519.33 
128 339.33 349.09 357.98 374 399.39 433.89 472.51 501.93 514.69 517.51 519.33 
64 339.33 349.09 357.98 374 399.39 433.89 472.51 501.68 514.69 517.51 519.33 
32 339.33 349.09 357.98 374 399.39 433.89 472.51 501.43 514.61 517.51 519.33 
16 339.33 349.09 357.98 374 398.89 433.39 472.01 501.51 514.44 517.01 519.33 
8 339.33 349.09 357.98 374 398.89 433.39 472.01 500.76 514.44 517.06 519.33 
4 339.33 349.09 357.98 374 398.89 433.39 471.51 501.06 513.81 516.85 519.33 
2 339.33 349.09 357.98 374 398.89 433.39 471.51 500.51 513.81 516.93 519.33 
1 339.33 349.09 357.98 374 398.89 433.39 471.51 500.76 513.56 516.93 519.33 

fixed 339.33 349.09 357.98 374 398.89 433.39 471.51 500.31 513.81 516.93 519.33 

Table 6.8 shows the ratio of strength of each frame compared to that of the frilly fixed 

frame. It is this ratio which will later be used to develop design equations similar to 

those developed by Pertold [38,39] for single storey frames. So it will be possible to 

design a semi-rigid frame by using the capacity of the frame as if it were frilly fixed, 

and applying the appropriate load factor. 

Table 6.8 Strength Ratio Results 

Phi Colum 
pinned 

pinned 256 128 64 
Phi Beam-to-CoIumn mRad 

32 16 8 1 fixed 
0.6534 
0.6534 
0.6534 
0.6534 
0.6534 
0.6534 
0.6534 
0.6534 
0.6534 
0.6534 
0.6534 

0.672193 
0.672193 
0.672193 
0.672193 
0.672193 
0.672193 
0.672193 
0.672193 
0.672193 
0.672193 
0.672193 

0.689311 
0.689311 
0.689311 
0.689311 
0.689311 
0.689311 
0.689311 
0.689311 
0.689311 
0.689311 
0.689311 

0.720159 
0.720159 
0.720159 
0.720159 
0.720159 
0.720159 
0.720159 
0.720159 
0.720159 
0.720159 
0.720159 

0.769049 
0.769049 
0.769049 
0.769049 
0.769049 
0.768086 
0.768086 
0.768086 
0.768086 
0.768086 
0.768086 

0.83548 
0.83548 
0.83548 
0.83548 
0.83548 

0.834518 
0.834518 
0.834518 
0.834518 
0.834518 
0.834518 

0.909845 
0.909845 
0.909845 
0.909845 
0.909845 
0.908883 
0.908883 

0.90792 
0.90792 
0.90792 
0.90792 

0.966977 
0.966977 
0.966495 
0.966014 
0.965533 
0.965687 
0.964242 

0.96482 
0.963761 
0.964242 
0.963376 

0.991065 
0.991065 
0.991065 
0.991065 
0.990911 
0.990584 
0.990584 
0.989371 
0.989371 

0.98889 
0.989371 

0.996341 
0.996495 
0.996495 
0.996495 
0.996495 
0.995533 
0.995629 
0.995225 
0.995379 
0.995379 
0.995379 

1.000963 

The results from Table 6.8 have been plotted in Figure 6.7 below. 
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Figure 6.7 Ratio of Strength Against the Fully-Fixed Frame 

The results show that the column-base stiffiiess has virtually no influence on the 

capacity of the non-sway frames. The frames will be reaching the deflection hmit at 

the mid-span of the beams. The influence of capacity from the column base stif&iess is 

even less than that for the single storey non-sway frame. The capacity of the frame is 

increased with increasing beam-to-column stiffiiess. The chart shows that the effect of 

the beam-to-column stiffness on strength becomes less for the stiffer connections. 

6.2.2.2 Sway Analysis 

The sway analysis was carried out in the same way as the non-sway analysis, with the 

sway constraint on the column removed. The same loading conditions were applied to 

the frame as before, and the same connection stiffiiesses used. The deflection limit was 

again set to 24mni, which is H/300. The ultimate rotation of the connection, has 

again been used to specify the stiffiiess of the connections. 
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Table 6.9 lists the load step results for the analyses of Frame 3. 

Table 6.9 Time Step Results for Sway Frame 

Phi Beam-to-Cotumn mRad 
Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 

pinned 0 7.0938 13.422 24.629 42.215 65.174 90.803 114.33 131.24 142.17 154.96 
256 3.5 10,891 17.984 29.9 48.122 72.683 100.41 125.27 144.02 155.74 169.52 
128 6.25 14.188 21.781 34.24 53.461 79.491 108.82 135.42 154.96 167.46 182.3 
64 10.891 19.434 27.477 41.147 61.97 90.303 122.14 151.83 173.42 187.49 203.39 
32 16.586 26.553 35.24 50.258 73.484 105.22 141.39 174.49 199.49 215.61 233.86 
16 22.781 33.672 43.283 59.869 85.998 122.14 163.27 201.55 230.74 249.21 270.58 
8 27.977 39.579 50.258 68.378 97.31 136.99 182.8 226.05 259.36 276.83 304.67 
4 31.748 43.851 55.063 74.285 104.72 147.64 197.14 244.52 280.74 289.33 329.17 
2 34.24 46.486 57.966 78.088 109.52 154.17 206.52 256.24 292.96 294.02 343.24 
1 35.308 48.122 59.568 79.991 112.43 158.08 211.21 262.77 301.83 297.92 351.55 

fixed 36.375 49.69 61.47 81.893 115.11 161.99 217.17 269.8 301.83 302.33 360.42 

Table 6.10 shows the capacity of each frame as a ratio of the frilly fixed frame. 

Table 6.10 Strength Ratio Results 

Phi Colum 
pinned 

pinned 256 128 64 
Plii Beam-fo-Cotumn mRad 

32 16 8 1 fixed 
0 0.019682 0.03724 0.068334 0.117127 0.180828 0.251937 0.317213 0.364131 0.394456 0.429943 

0.009711 0.030218 0.049897 0.082959 0.133516 0.201662 0.278592 0.347567 0.399589 0.432107 0.47034 
0.017341 0.039365 0.060432 0.095 0.14833 0.220551 0.301926 0.375728 0.429943 0.464625 0.505799 
0.030218 0.05392 0.076236 0.114164 0.171938 0.250549 0.338882 0.421259 0.481161 0.520199 0.564314 
0.046019 0.073672 0.097775 0.139443 0.203884 0.291937 0.392292 0.48413 0.553493 0.598219 0.648854 
0.063207 0.093424 0.12009 0.166109 0.238605 0.338882 0.452999 0.559209 0.640198 0.691443 0.750735 
0.077623 0.109814 0.139443 0.189718 0.269991 0.380084 0.507186 0.627185 0.719605 0.768076 0.845319 
0.088086 0.121666 0.152775 0.206107 0.29055 0.409633 0.546973 0.678431 0.778925 0.802758 0.913296 

0.095 0.128977 0.160829 0.216658 0.303868 0.427751 0.572998 0.710948 0.812829 0.81577 0.952333 
0.097963 0.133516 0.165274 0.221938 0.311942 0.438599 0.586011 0.729066 0.83744 0.826591 0.97539 
0.100924 0.137867 0.170551 0.227215 0.319377 0.449448 0.602547 0.748571 0.83744 0.838827 1 

The results from Table 6.10 are plotted in Figure 6.8 below. 
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Figure 6.8 Ratio of Strength Against Fully-Fixed Frame 

The chart shows that both the colunm base and the beam-to-column stiffiiess influence 

the capacity of the frame. This is consistent with the results from the single-storey 

frame. 

The results show that the beam-to-column connection causes the greatest increase in 

strength. This was also shown in the elastic analyses, with the beam-to-column 

stiffness reducing the sway deflection more than the column-base stiffiiess. 

The next analyses take the frames all the way to failure, by removing the deflection 

limit in ANSYS. The load deflection graphs for the frames can then be plotted for each 

frame, where the load is represented by the time step from ANSYS. The deflection is 

taken for the top of the column, where the sway loading is applied. The load step was 

set to remain constant during these analyses, and the deflection found for each time 

step. This was done for each frame, but due to the large amount of data that this gives, 

only the results for the fixed base models, and the fixed beam-to-column models have 

been shown. Figure 6.9 below shows the results for the fixed column base, with each 

curve representing a different beam-to-column stiffness, as shown in the legend. 
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Figure 6.9 Load Deflection Curves for Fixed Base Frame 

Figure 6.10 shows the load-deflection results for the frames with fixed beam-to-column 

connections, and each curve shows the results for a different column base stiffness. 
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Figure 6.10 Load Deflection Curves for Fixed Beam-to-Column Connection 
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The chart for the frames with fully fixed base connections shows that the frames 

increase in collapse strength, as the beam-to-column connections become stififer; this is 

as would be expected. There is also a reduction in flexibility, the sway deflection of 

the frame when it fails, for the four frames with the lowest beam-to-column rigidity. 

The flexibility increases again for the frame with a beam-to-column rotation of 

32mRad, and then again decreases with increase in beam-to-column rigidity. 

By using element tables in ANSYS it is possible to plot the stresses at 15 different 

points in each element, at each of the five integration points at each end of the element, 

and at the mid-length. This has been used this to find why the chart showing the results 

for the fixed base alters trends between the results for (j)=64mRad, and (j)=32mRad. 

The results from the element tables are shown in the figures below. Figure 6.11 shows 

the stresses of the outermost fibre of the elements, at node j. This is plotted for frame 

114, with a joint rotation of 64mRad. 
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Figure 6.11 ANSYS Stress Plot, <|)=64mRad 
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Figure 6.12 shows the stresses at the same points for the frame with a joint rotation of 

32mRad. 
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Figure 6.12 ANSYS Stress Plot, (|)=32mRad 

These figures show that the maximum material stress is reached in the outer fibres of 

the steel, in the second frame at the joints on the right-hand side. The red circles on the 

diagram show these points. Therefore a hinge has formed or is starting to form at this 

point. This has not happened in the first frame, although both show the last converged 

set of results for the frames, and therefore they are just about to fail. 

The next two figures show the stresses at node j, for the innermost fibre. Figure 6.13 

shows the frame with joint rotation of 64mRad. Figure 6.14 shows the frame with joint 

rotation of 32mRad. 
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Figure 6.13 ANSYS Stress Plot, (|)=64mRad 
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Red circles have again been used to show where the steel has reached its yield at the 

outer fibres by the connections on the right-hand side of the frame. These figures again 

show that a hinge is forming in the steel with the frame with the stiffer connections, by 

the two connections on the right-hand side. This means that the frame with the less 

stiff connections failed with hinges at the column bases and at the mid-spans of the 

beams; the connections on the right-hand side have failed due to excess rotation, and 

the steel by these has not reached yield. 

The frame with the stiffer connections has failed with hinges at the column bases, in the 

mid-span of the beams and with hinges in the steel by the connections on the right-hand 

side. This explains the change in trend with the chart showing the load deflection 

results for the fixed base frame. 

The chart showing the load deflection results for the frame with fixed beam-to-column 

connections, and varying column base stiffiiesses is much more uniform. Each increase 

in column base stiffiiess gives an increase in collapse load, but a reduction in the 

deflection reached before failure. 

6.2.3 Comparison of Results 

Comparing the results shown here with those presented in the previous chapter on 

single-storey frames shows that the same trends are true for both sets of results. The 

column base has little effect on the non-sway deflections, or on the load to reach the 

deflection limit. For the sway frames, the column base has a large influence on the 

results - however, this influence is less for the two-storey frames. The sway behaviour 

of the sway frames with semi-rigid connections is influenced by the section properties 

of the beam and column sections, and by the stiflhess and ultimate rotation capacity of 

the column base and beam-to-column connections. As the number of storeys of the 

frame increases, so does the number of beam-to-column connections, and therefore 

these play a increased role in the sway behaviour of multi-storey frames compared to 

the column base connections. This is shown in more detail in the following sections on 

five- and ten-storey frames. The load deflection curves, that plot the deflections up to 

failure, show the same trend in failure mechanism. The frames with the most flexible 
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connections fail at the connections, and the frames with the stiffer connections fail in 

the steel sections. 

6.3 Five- and Ten-Storey Frame Analysis 

The models for the five- and ten-storey models are an extension to the models for the 

single- and two-storey models discussed previously. For the analysis of these frames 

another column section was introduced, giving four different frame models. The 

sections used for these analyses are given in Tables 6.11 - 6.14 below. 

Table 6.11 Section Properties Used in Frame 1 

Frame 1 Height A(0) A(30) A(50) Mpi L Ixx 

xlO^ xlO^ xlO^ xlO^ xio^ 

(m) (m) (m) (m) Nm (m) (m") 

Beam 0.463 4&4 7.61 3J8 553 4.8 0.41 

in3457xl91x89 

Column 4&4 7.61 3J^ 553 3.6 0.41 

113457x191x89 

Table 6.12 Section Properties Used in Frame 2 

Frame 2 Height A(0) A(30) A{50) Mp, L Ixx 

xlO^ xlO^ xlO^ xlO^ xlO^ 

(m) (m) (m) (m) Nm (m) (m*) 

Beam &260 55^ 7.07 (1871 338 4.8 0J43 

UC254x254x89 

Column 0.260 55^ 7.07 &871 338 3.6 0J43 

UC254x254x89 
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Table 6.13 Section Properties Used in Frame 3 

Frame 3 Height A(0) A(30) A(50) Mp, L Ixx 

xlO^ xlO^ xlO^ xlO^ xio^ 

(m) (m) (m) (m) Nm (m) (m*) 

Beam 0.463 48.4 7.61 3J^ 553 4.8 0.41 

UB457xl91x89 

Column 0.260 55.6 7.07 0.871 338 3.6 0J43 

UC254x254x89 

Table 6.14 Section Properties Used in Frame 4 

Frame 3 Height A(0) A^30) Aĵ O) Mpi L Ixx 

xlO^ xlO^ xlO^ xlO^ xlO^ 

(m) (m) (m) (m) Nm (m) (m*) 

Beam 0.463 4&4 %61 3J^ 553 4.8 &41 

UB457xl91x89 

Column &3399 L85 l&l 109 946 3.6 &508 

lJC305x305xl98 

6.3.1 Plastic Analysis 

As for the previous analyses for single- and two-storey frames, the models were loaded 

until a deflection limit was reached. This deflection limit was set to that given in 

BS5950 (41) for serviceability, as L/200 for the beam deflection, and the height of 

storey under consideration/300 for the sway deflection. The deflection limit was set in 

ANSYS, and the load was applied using the load step options until this deflection was 

reached. 
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6.3.1.1 Non-Sway Analysis 

The analyses were run as described above, and the results for the non-sway five- and 

ten-storey frames are shown in Tables 6.15 and 6.16 below. These results show the 

load step that was reached for Frame 3 to reach the deflection limit. 

Table 6.15 Load Step Results for Five-Storey Frame 
Phi Beann-4o-Column mRad 

Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 
pinned 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.67 426.55 430.74 434.64 

256 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.67 426.55 430.74 434.36 
128 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.67 426.55 430.74 434.36 
64 312.77 321,08 328.11 340.11 357.3 378.39 399.49 416.67 426.55 430.74 434.36 
32 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.67 426.55 430.46 434.36 
16 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.67 426.55 430.46 433.86 
8 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.67 426.05 430.46 433.86 
4 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.67 426.05 429.96 433.86 
2 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.67 426.05 429.96 433.86 
1 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.67 426.05 429.96 433.86 

fixed 312.77 321.08 328.11 340.11 357.3 378.39 399.49 416.39 426.05 429.96 433.86 

Table 6.16 Load Step Results for Ten-Storey Frame 
Phi Beam-to-Column mRad 

Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 
pinned 175.27 176.83 178.39 181.24 185.14 189,83 194.52 197.92 200.27 201.83 203.39 

256 175.27 176,83 178.39 181.24 185.14 189.83 194.52 197.92 200.27 201.83 203.39 
128 175,27 176.83 178,39 181.24 185.14 189.83 194.52 197.92 200.27 201.83 203.39 
64 175.27 176.83 178,39 181.24 185.14 189.83 194.52 197.92 200.27 201.83 203.39 
32 175,27 176.83 178,39 181.24 185.14 189.83 194.52 197.92 200.27 201.83 203.39 
16 175,27 176.83 178,39 181.24 185.14 189.83 194.52 197,92 200.27 201,83 203.39 
8 175.27 176.83 178,39 181.24 185.14 189.83 194.52 197,92 200.27 201,83 203.39 
4 175.27 176.83 178,39 181.24 185.14 189.83 194.52 197,92 200.27 201,83 203.39 
2 175.27 176.83 178.39 181.24 185.14 189.83 194.52 197,92 200.27 201.83 203.39 
1 175.27 176.83 178.39 181,24 185,14 189.83 194.52 197,92 200.27 201.83 203.39 

fixed 175.27 176.83 178.39 181.24 185,14 189.83 194.52 197,92 200.27 201.83 203.39 

The results above show that the number of storeys of a frame decrease the load that can 

be applied to the beams before the deflection limit is reached. This will be due to the 

columns compressing under the loading applied. This is a problem of using a program 

such as ANSYS - it is not possible to output the relative deflections, only the absolute 

ones. This creates a difficulty for this type of analysis, as the results should be similar 

for all the non-sway analyses with the same beam and column sections. Figure 6.15 

shows the vertical deflections for a ten-storey frame with a fixed column base and 

beam-to-column ultimate rotation of 16mRad. This figure shows that the vertical 

deflections in the top beams are higher than those in the lower beams, but this is only 
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due to the axial shortening of the columns - in reality, all the beam deflections would 

be the same. 
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Figure 6.15 Vertical Deflections (Including Axial Shortning) for a Ten-Storey 

Frame 

As for the single- and two-storey frames, the load reached by the frame is not affected 

by the column-base stiffiiess. Figure 6.16 and 6.17 below plot the results above as a 

strength factor. 
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The figures above show that the beam-to-column connection affects the strength ratio 

of the frame more for the ten-storey frame than for the five-storey frame, although this 

may be due to the problem discussed above. However, the graphs are following a 

similar trend. The strength ratio increases slightly as the beam-to-column connection 

becomes stiffer, with the greatest increase in strength ratio occurring over the mid-

range of beam-to-column cormection stiffnesses. Note that each value of phi is half 

that of the previous value, giving a logarithmic scale to the graphs. 

6.3.1.2 Sway Analysis 

As the structure becomes taller there will be more of an influence from the P-A effect. 

This is when the building has a sway deflection, and the vertical loading on the frame 

causes a moment to occur at the column base, therefore increasing the sway deflection 

beyond that from the sway loading alone. As the height of the building increases, the 

P-A effect becomes greater as the sway deflections are increasing, and as the vertical 

loading is greater due to the greater number of storeys. 

The tables below show the load step reached for the five and ten-storey sway frames, 

using Frame 3. 

Table 6.17 Load Step Results for Five-Storey Frame 

Phi Beam-to-Column mRad 
Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 

pinned 0 18.484 24.629 34.74 51.559 75.086 103.52 131.52 154.17 169.02 187.77 
256 15.637 22.281 28.477 39.011 55.864 79.991 109.52 139.05 162.77 178.39 198.71 
128 18.484 25.129 31.324 41.715 59.068 83.595 114.33 144.8 169.8 186.21 207.3 
64 22.281 28.9 35.24 45.986 63.572 89.102 121.36 153.39 179.96 197.92 220.58 
32 26.053 33.172 39.511 50.258 68.679 95.608 129.67 164.33 192.96 212.49 237.49 
16 29.4 36.375 42.783 54.262 73.484 101.62 137.49 174.49 205.46 226.83 253.39 
8 31.748 39.011 45.418 57.466 77.088 105.92 143.24 182.3 215.11 237.77 265.11 
4 33.172 40.647 47.054 59.068 79.289 108.82 147.14 186.99 221.36 244.8 272.64 
2 34.172 41.147 48.122 60.369 80.491 110.73 149.49 190,11 224.99 249.21 276.83 
1 34.24 41.715 48.622 60.67 81.192 111.23 150.27 191.67 226.83 251.05 278.89 

fixed 34.74 42.215 49.19 61.47 81.893 112.43 151.83 193.24 228.89 253.39 280.74 
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Table 6.18 Load Step Results for Five-Storey Frame 

Phi Beam-to-Column mRad 
Phi Colum pinned 256 128 64 32 16 8 4 2 1 fixed 

pinned 0 21.332 27.477 36.875 51.86 72.382 95.608 118.74 136.21 144.8 150.08 
256 18.484 25.129 30.824 40.079 54.762 75.086 99.212 122.92 141.39 151,05 157,61 
128 20.832 27.477 32.748 42.215 56.665 77.588 102.12 125.77 144.8 155.74 162,64 

64 24.205 30.324 35.308 44.851 59.568 79.991 105.22 129.96 149.49 161.21 169.8 
32 27.053 32.748 37.943 47.054 62.271 83,095 108.82 134.64 154.96 167,46 176.83 
16 28.9 34.74 40.079 49.19 64.373 85.998 111.93 138.55 159.64 172,92 182.02 

8 30.324 35.808 41.147 50.758 65.975 87.699 114.33 140.89 162.77 176,05 184.64 
4 30.824 36.875 42.215 51.559 66.776 88.9 115.89 142.46 164.33 178.11 186.21 
2 31.324 36.875 42.215 51.86 67.077 89.102 116.39 143.74 165.89 179.17 186.99 
1 31.324 37.443 42.783 51.86 67.577 89.602 116.67 144.02 166.39 179.67 186.99 

fixed 31.748 37.443 42.783 52.36 67.878 90.102 117.17 144.8 166.67 179.96 187.49 

The strength factors for the above results are plotted in Figure 6.18 and Figure 6.19 

below. 
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Figure 6.19 Ratio of Strength Against Fully-Fixed Frame for Ten-Storey Frame 

The graphs above show that the same trends are followed for both the five- and ten-

storey frames. These curves are also similar to those for the single- and two-storey 

frames. However, as the number of storeys in the frame increases, the beam-to-column 

connections have more influence on the load step at which the deflection hmit is 

reached. The influence from the column base decreases. This is simply because there 

are more beam-to-column connections, and they have a cumulative effect on the sway 

behaviour of the frame, as discussed above. 

To fiirther show the effects that the storey number had on the loading to reach the 

deflection limit and the strength ratio, a set of frames was analysed from two storeys 

high through to ten storeys high. For these analyses the column base was kept fixed, 

and the beam-to-column cormections were varied using the same values as for the 

previous analyses. The results from these analyses, using Frame 3, are shown in 

Figures 6.20 and 6.21 below. 
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The results plotted in Figure 6.20 show that the strength of the jframe decreases as the 

number of storeys increases. The strength of the frame decreases more sharply with 

storey height for the frames with the stiffest beam-to-column connections. Figure 6.21 

shows the results for the strength ratio of the frames against the folly fixed frames. 

This graph shows that the strength ratio drops for frames with three to four storeys, 

with an ultimate beam-to-column rotation of less than 64mRad. In both the graphs 

above it is clear that there are trends occurring in the results. To show this trend the 

results for the strength ratios have been plotted against the ultimate rotation of the 

beam-to-column connections, phi, in Figure 6.22 below. 
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Figure 6.22 Strength Ratio Against Beam-to-Column Phi for Differing Number 

of Storeys 

This figure shows that the strength ratio is dropping as the beam-to-column connections 

become less rigid. A very similar curve is plotted for each frame, regardless of the 

number of storeys. It is important to remember, however, that with increasing structure 

height the allowable sway deflection has also been increased. 
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The above analyses were repeated, this time with only a sway loading applied to the 

frame, with no vertical loading. This is to show how the second order effects affected 

the strengths found for the previous analyses. 

The results for the load step applied to reach the deflection limit, and the strength ratio 

results are plotted in Figures 6.23 and 6.24 below. 

pinned 

Number of storeys 

Figure 6.23 Load Step to Reach Deflection Limit Against Number of Storeys 
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Figure 6.24 Strength Ratio Against a Fully Fixed Frame Against Number of 

Storeys 

Figure 6.24 shows that the load step reached for these frames is greater than that 

reached by the frames with vertical as well as sway loading. The biggest differences 

between the load steps reached are for the frames with the most storeys. This is due to 

the P-A effect, which will increase with the sway deflection, which is greater for the 

frames with the higher storey numbers. 

There is a big difference in the graphs of strength ratio. Figure 6.21 shows a dip in the 

strength ratio for frames with three or four storeys. There is no dip in Figure 6.24, the 

graph that shows the results for the frames with only sway loading. In fact the curves 

in this chart are almost linear, so the vertical loading must be causing these dips. 

6.4 Summary 

This chapter has shown that the same trends follow for the frames with multi-storeys, 

as for those with single-storeys. There are also trends relating the multi-storey frames 
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with differing numbers of storeys. The P-A effect has a big influence on the sway 

frames, which increases as the height of the frames increase. The beam-to-column 

connections have a greater influence over the strength of the sway frames than the 

column base stiffness does, due to the larger number of these connections. 

Chapter 7 further discusses the results shown here, and develops on the trends 

introduced in this chapter. 
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Chapter 7 

Analysis of FEM Results 

7.1 Introduction 

This chapter discusses the results in the previous two chapters, and uses analytical 

techniques to find the relationships between the strength ratio, and the factors that 

affect it. These factors are the stiffness and ultimate rotation of the connections, the 

beam properties, the column properties, and the number of storeys in the frame. 

As all the frames analysed in this research are based on the same size frame, with the 

same values being used for the yield stress of steel, and for the Young's modulus, it is 

thought that it will be possible to create a general formula, or set of formulae to allow 

for the quick prediction of strength for these steel frames. These could then be further 

expanded upon to allow for the design of frames consisting of members with different 

properties. 

Two different techniques have been trialled in this chapter, in the effort to create some 

general equations, which will specify the strength of a semi-rigid frame in relation to a 

fully-fixed frame (the strength ratio) for a frame consisting of any beam and column 

section, and any value of stiffness, or ultimate rotation, for the beam-to-column 
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connection. The methods used are curve fitting techniques, and dimensional analysis. 

The curve fitting is used as the previous chapters have shown that there are clear trends 

forming in the finite element analysis results. Dimensional analysis was tried, as it is a 

very strong tool that allows for equations to be formed that are dimensionless, and 

therefore can be applied to both physical models and real life situations. This technique 

is suitable for further examination of the numerical models produced in finite element 

analysis. 

7.2 Curve Fitting 

To fit curves to the data points, the least squares method was used. This is where the 

known data points are compared to those from a curve of an estimated function. The 

error between the two data sets is found and squared, and the errors are summed for all 

the data points. The curve is then adjusted until this error is at minimum value. For 

this technique to work there must be enough data points. Otherwise a curve may be 

found that does not properly represent the relationship. For the curve fitting, the frames 

with pinned and fully-fixed connections were ignored, as these did not have a value for 

the ultimate connection rotation. Only the frames with fixed column bases have been 

considered, to reduce the amount of data and variables. 

7.2.1 One-Storey Frames 

For the curve fitting analyses, various curves were tried. Also, some transformations 

were applied to the results before the curve fitting was conducted. This is shown in the 

following sections for the single storey sway and non-sway frames. 

7.2.1.1 Non-Sway Frames 

The first results shown here are for the single storey non-sway frame, with a fixed 

column base. These results are from frame 1. In Figure 7.1, the blue line, which has 

been plotted with 5% error bars, shows the strength ratio results for that frame. Two 

7.2 



different curves have been plotted with the results. The black line is a power curve in 

the form of y = cx\ the green line is a logarithmic curve in the form of y = c ln(x) + b. 

The equations found for each of these curves of best fit are shown on the figure. 

0.1206 y = 1.0891X 

R' = 0.9511 
tl 0.6 

y = -0.0933Ln(x) + 1.0569 

R = 0.9546 

—•-Seriesi 

Log. (Seriesi) 

Power (Seriesi) 

ICQ 150 200 

Beam-to-column phi (mRad) 

300 

Figure 7.1 Non-Sway Single-Storey Frame - Curve Fitting 

The error bars on the numerical results show that during most of the range of results 

both of the fitted curves fit closely to those from the finite element analyses. The 

values of R-squared given for each of the curves show that the logarithmic curve gives 

a better fit than the power curve. However, the power curve gives a more accurate 

interpretation of the results in the later stages of the curve, as it fits more closely to the 

results from the finite element analysis. It is during the first few values on the graph 

where the logarithmic curve is fitting more closely, and as there are more values at this 

end, it creates a smaller error value for that curve fit. 

As it was possible to fit curves to the finite element analysis results, the theory was 

taken further. The bar charts plotted in the previous chapters effectively give a 

logarithmic axis, so it was then decided to see if this could be used. In the next figure 
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the values of Phi, the ultimate column rotation, have been transformed by taking the 

logarithm. Once again the values of strength ratio have been plotted. 
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Figure 7.2 Non-Sway Single-Storey Frame - Curve Fitting 

The results in Figure 7.2 show that the curve plotted here agrees much more closely 

than the curves plotted in the previous figure. However, this is a much more complex 

curve. The logarithm has been taken for the values of phi, and then a third order curve 

has been fitted to these results. This means that the equation is in the form y = a ln(x)̂  

+ b ln(x)^ + c ln(x) + d. The 5% error bars show that all the points for the curve fit lie 

very close to those Irom the finite element results. 

The same approaches were applied to Frame 2 and Frame 3, and all the results are 

shovm in Tables 7.1 - 7.3 below. 
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Table 7.1 Results for the Power Curve Fit 

Frame No. Equation of curve R̂  

Frame 1 0.9511 

Frame 2 SR= 0.975 

Frame 3 SR= 1.0403(1,™'' 0.9704 

Table 7.2 Results for the Logarithmic Curve Fit 

Frame No. Equation of curve R̂  

Frame 1 SR = -0.0933Ln(,|)) + 1.0569 0.9546 

Frame 2 SR= -0.0935Ln(«|)) +1.0152 0.9814 

Frame 3 SR = -0.0661Ln((|)) + 1.0269 0.9716 

Table 7 3 Results for the Third Order Curve Fit using In (j) 

Frame No. Equation of curve R̂  

Frame 1 Sr = 0.008(ln(t,)̂  - 0 .0702(#y + 0.0668(ln(|)) + 0.995 0.997 

Frame 2 Sr - 0.0053(#)^ - 0 . 0 4 6 ( # / + 0.0084(#) + 0.978 0.9997 

Frame 3 Sr = 0.0047(lii(|))^ - 0.0401(hi(|))^ + 0.0209(ln(|)) + 0.9964 0.9991 

Where: 

Sr = Strength ratio 

(|) = Ultimate beam-to-column connection rotation 

The logarithmic curve has given a better error value than the power curve in every case. 

However, there is only a very slight difference between these two. The curve fit that 

used the ln((|)) values is by far the best fit. The R - Squared value is very close to one, 

which is a perfect fit through the given points. 

These results will be discussed in more detail later in this chapter, after the same 

analyses have been carried out on the sway frames, and multi-storey frames. 
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7.2.1.2 Sway Frames 

The same approaches were used for the sway frames as for the non-sway frames above. 

Again the frames with fixed column bases have been used for the following curve fits. 

Figure 7.3 below shows the curve fits using power and logarithmic curves for frame 1. 

1.2 

0.1137 y = 1.0821X 

R' = 0.9435 

t l 0.6 

(0 
0.4 

y = -0.0886Ln(x) + 1.0523 

= 0.9486 

- • - S e r i e s i 

Log. (Seriesi) 

Power (Seriesi) 

0.2 

50 100 150 200 

Beam-to-column phi (mRad) 

250 300 

Figure 7.3 Sway Single-Storey Frame - Curve Fitting 

The results for the sway frame with fixed column bases give a similar shaped curve to 

those from the non-sway analysis, and therefore the curves of best fit give a similar 

accuracy to before. The next graph. Figure 7.4, shows the results for a pinned base, and 

the associated curves of best fit. 

This graph shows that although the curve fits are good for the frames with fixed bases, 

they are not as good for the frames with pinned bases. As the frames with other values 

for base stiffness all fall between those for fixed and pinned bases, the equations used 

for best fit curves will become less accurate as the column base connection becomes 

more flexible. 
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Figure 7.4 Sway Single-Storey Frame, Pinned Base - Curve Fitting 

As for the non-sway frames in the previous section, the logarithm of the beam-to-

column ultimate rotation was taken, and plotted with the strength ratio. This is shown 

in Figure 7.5 below for the frame with fixed column bases. Figure 7.6 plots the results 

for the frame with pinned column base connections, to see if this approach gives a 

better representation of the results from the finite element models. 
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Figure 7.5 Sway Single-Storey Frame, Fixed Base - Curve Fitting 
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Figure 7.6 Sway Single-Storey Frame, Pinned Base - Curve Fitting 
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These figures show that this method is appKcable to either fixed based, or pinned based 

frames. The curves also fit well to any of the values in between the two extremes. 

Table 7.4 gives the equations of the lines of best fit for the three frames analysed. 

Table 7.4 Results for the Third Order Curve Fit using In (j) 

Frame No. Equation of curve 

Frame 1 Sr = 0.0076(]n(|,y - 0.0687(ln(|))^ + 0.0737(]n(|)) + 0.9855 0.9957 

Frame 2 Sr = 0.006(ln(|)y - 0.0541(ln<|))̂  + 0.0365(]]i(|)) + 0.9871 0.9993 

Frame 3 Sr = 0.0024(hi(|,)^ - 0.0301(ln<),)̂  - 0.0333(ln<|,) + 0.9925 0.997 

As the results gained by using the logarithm of the ultimate beam-to-column rotation, 

and then fitting a third order curve give better results than those from the other 

methods, only these will be considered from now on. 

7.2.2 Two-Storey Frames 

The same approaches have again been used to fit curves to the two-storey frame results. 

It will then be possible to see if there are any similarities with those from the single-

storey frames. 

The frames with fixed base connections have been used once more for the analyses in 

this section. The graphs shown are all for frame 1. Figure 7.7 plots the curve of best fit 

for the two-storey, non-sway frame, using the logarithm of phi, and the strength ratio. 
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Figure 7.7 Non-Sway Two-Storey Frame - Curve Fitting 

This graph shows that the curve still fits well for the two-storey frame, as it did for the 

single storey frame. Applying the method to each of the three frame sections gives the 

formulae in Table 7.5 below. 

Table 7.5 Non-Sway Frame Results for the Third Order Curve Fit using In (|) 

Frame No. Equation of curve RZ 

Frame 1 Sr = 0.0077(hi(j))̂  - 0.0666(ln(|))^ + 0.0544(hi(|)) + 0.9909 0.9974 

Frame 2 Sr = 0.0057(ln(j)y - 0.0488(#)^ + 0.0102(hi(j)) + 0.9762 &9997 

Frame 3 Sr = 0.005(ln(|))̂  - 0.0424(ln(j)f + 0.0226(ln(()) + 0.9954 0.9987 

Figure 7.7b plots the curve fit for the for the two-storey sway frame, using frame 1. 
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Figure 7.7b Sway Two-Storey Frame - Curve Fitting 

The formulae found for each of the three frames are given in Table 7.6 below. 

Table 7.6 Sway Frame Results for the Third Order Curve Fit using In <|) 

Frame No. Equation of curve RZ 

Frame 1 Sr = 0.0145(ln*)^ - 0.1267(ln(|))^ + 0.1337(ln(|)) + 0.9445 0.9954 

Frame 2 Sr = 0.0083(hi(t))̂  - 0.0698(ln(t))̂  - 0.0044(hi(t)) + 0.9635 0.9997 

Frame 3 Sr = 0.0106(hi(())̂  - 0.0835(hi(j))̂  + 0.0122(ki(|)) + 0.8504 0.9973 

So far, the curves fit well with the single and two-storey frames. The next section 

covers the higher structures with five and ten storeys. It will then be possible to see if 

trends are emerging which make it possible to form equations from these curve fits. 
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7.2.3 Five- and Ten-Storey Frames 

The curve fitting analyses have been repeated for the five- and ten-storey frames. The 

analyses have been carried out for frames with fixed column base connections, and the 

graphs plotted are for frame 1. The five- and ten-storey frame analyses also included 

frame 4, the properties of which can be found in Chapter 6. The results are shown for 

the sway and non-sway frames. 

Figures 7.8 and 7.9 show the curve fits for the analysis of the five-storey non-sway and 

sway frames. 
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Figure 7.8 Non-Sway Five-Storey Frame - Curve Fitting 
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Figure 7.9 Sway Five-Storey Frame - Curve Fitting 

The curves are still fitting to the finite element results for the strength ratio well, 

although for the sway frames the third order curve is starting to not fit as well as it did 

for the frames with a lower number of storeys. However, it is still giving a good 

representation of the curve. 

Finally the third order curves have been fitted to the strength ratio results for the ten-

storey frames. The curves for the non-sway and sway frames, for frame 1 are shown in 

Figures 7.10 and 7.11. 
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Figure 7.10 Non-Sway Ten-Storey Frame - Curve Fitting 
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Figure 7.11 Sway Ten-Storey Frame - Curve Fitting 
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The curves are still giving a good representation of the finite element results, so these 

curves have been fitted to all the fixed frame results for the five- and ten-storey frames, 

and the results are shown below. The equations for the third order curves for the five-

storey frames are given in Tables 7.7 and 7.8, and the equations for the third order 

curves for the ten-storey frames are given in Tables 7.9 and 7.10. 

Table 7.7 Five-Storey Non-Sway Frame Results for the Third Order Curve Fit 

using In ̂  

Frame No. Equation of curve 

Frame 1 Sr = 0 . 0 0 5 - 0.0447(]ii,|))^ + 0.0333x + 0.9924 0.9987 

Frame 2 Sr = 0.0047(ln# - 0.0418(lii<|,)̂  -h O.OlOlx + 0.973 0.9996 

Frame 3 Sr = 0.0031(#)^ - 0.0267(ln,|))^ + 0.0078x + 0.9905 0.9997 

Frame 4 Sr = 0.0064(In(|))̂  - 0.0514(#)^ + 0.0061x + 0.9573 0.9986 

Table 7.8 Five-Storey Sway Frame Results for the Third Order Curve 

using In ̂  

Frame No. Equation of curve 

Frame 1 Sr = 0.0098(W)^ - 0.0685(#)^ - 0.0624(#) + 0.9943 0.9963 

Frame 2 Sr = 0.0079(ln(|))^ - 0.0584(lii(|,)^ - 0.0575(#) + 0.9292 0.9994 

Frame 3 Sr = 0.0058(#y - 0.0325(ln(|)y - 0.1336(ln(|)) + 0.9109 0.9986 

Frame 4 Sr = 0 . 0 - 0.0703(ln(|))^ - 0.0513(#) + 0.9323 0.9937 

Table 7.9 Ten-Storey Non-Sway Frame Results for the Third Order Curve 

using In ^ 

Frame No. Equation of curve R̂  

Frame 1 Sr = 0.002(ln(|)y - 0 .0169(#y + 0.0018(#) + 0.9879 0.9994 

Frame 2 Sr = 0 . 0 0 3 - 0.0293(]ii(|))^ + 0.014(ln<|,) + 0.983 0.9993 

Frame 3 Sr = 0.0013(lii<|)y - 0.0111(ln<|))̂  - 0.0002(lii(|,) + 0.9915 0.9995 

Frame 4 Sr = 0.0032(ln(|))^ - 0.0256(lii(|))^ - 0.0074(#) + 0.978 0.9997 
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Table 7.10 Ten-Storey Sway Frame Results for the Third Order Curve Fit 

using In ̂  

Frame No. Equation of curve 

Frame 1 Sr = 0 . 0 1 - 0.0947(In(|))̂  + 0.0317(#) + 0.993 0.997 

Frame 2 Sr = 0.008(hi(|))̂  - 0.0603(ln(|,)^ - 0.0465(ln(|)) + 0.9352 0.9994 

Frame 3 Sr = 0.007(#)^ - 0.0457(ln(|))^ - 0.098(ln(|)) + 0.9674 0.9988 

Frame 4 Sr =0.0061(ln(|))^ - 0.034(ki(|))̂  - 0.1321(#) -k 0.9292 0.9982 

Although it has been shown that all the results follow the same trends, it would be very 

hard to form any actual design equations based on these results, especially with so few 

frames with differing beam and column sections analysed. To improve matters, many 

more five-storey frames were analysed, with different beam and column section 

properties. 

7.2.4 Further Five-Storey Frame Analysis 

The new frames were modelled using exactly the same methods as those described in 

Chapter 4 for the previous analyses. A selection of frames were made up by keeping 

the beam sections constant and changing the column constants, and then by keeping the 

column sections constant and changing the beam sections. The analyses were 

conducted both with the whole frame loaded, with no lateral restraint, giving a sway 

frame, and then with only the sway load applied, to rule out the P-A effect. The frames 

were also analysed with the lateral restraints giving a non-sway frame - in this case all 

the loading was applied. 

Table 7.11 lists the beam sections that were used for the analyses. For these analyses 

the column section was kept constant, using UC 254x254x89kg/m. 
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Table 7.11 Beam Sections Used for the Five-Storey Analyses 

Height 

(m) 

A(-50) 

xlO^ 

(m") 

A(-30) 

xlO^ 

(m )̂ 

A(0) 

xlO^ 

(m') 

M p i 

xlO^ 

Nm 

Ixx 

xio^ 

(m') 

BeamOl 

116356x171x57 

0.359 32.6 4.49 1.85 277.8 0.161 

Beam02 

118406x178x74 

0.413 4&9 6.21 2.67 412.5 0.273 

Beam03 

118457x191x74 

0.457 4&6 &34 Z56 456.5 0J34 

Beam04 

118457x152x82 

0.465 4L0 7^3 3J^ 495 0J62 

BeamOS 

118457x191x89 

0/K3 48/1 7.61 3J^ 553 0.410 

Beam06 

118533x210x92 

().533 49.3 7^8 3.66 651.8 (1554 

Beam07 

UB533x210xl09 

0.540 57.9 9.28 4137 775.5 0.667 

BeamOS 

tn3610x229xl25 

(1612 67.2 1&2 5.66 1012 (1986 

Beam09 

UB686x254xl25 

0.678 64.4 10.7 198 1100 L180 

Beam 10 

UB686x254xl40 

(X684 73.8 11.6 &61 1254 L360 

Table 7.12 shows the column section properties that were used for the analyses. For 

these frames the beam sections were kept constant, using UB 457xl91x89kg/m. 
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Table 7.12 Column Sections Used for the Five-Storey Analyses 

Height 

(m) 

A(-50) 

xIO^ 

(m') 

A(-30) 

xlO^ 

A(0) 

xlO^ 

(mZ) 

Mp, 

xlO^ 

Nm 

Ixx 

xio^ 

(m") 

ColumnOl 

UC203x203x46 

0.2032 29.7 338 0.712 136.7 0.0452 

Column02 

UC203x203x86 

0.2223 474 8.33 &868 269.2 0.0946 

ColumnOB 

UC254x254x89 

0.2604 55^ 7^7 0.871 338 0J43 

Column04 

305x305x97 

03078 63J 6.92 L23 437 0.222 

ColumnOS 

UC254x254xI67 

0.2891 &10 17.7 1.17 666.6 0299 

Column06 

UC356x368xl53 

0J62 9&9 11^ 1.95 814 &485 

Column07 

UC305x305xl98 

03399 109 19^ L85 946 &508 

ColumnOS 

UC356x406x235 

0381 141 2&0 2.69 1290 0.791 

Column09 

UC305x305x283 

03653 139 30.0 431 1403 0.788 

As described in earlier chapters, these models were solved until a set deflection limit 

was reached. This gives the loading on the frame to reach that deflection limit. 

Dividing this value by the loading reached for the fully fixed frame gives the strength 

ratio. To reduce the large amount of data that these analyses would give, and the large 

amount of computer time it would take to solve so many models, only the cases with 

fully fixed column bases have been considered for these analyses. 

The first results to be shown here are for the models with constant column sections, and 

changing beam sections. 



Figure 7.12 plots the strength ratio for each value of phi, against the second moment of 

area of each beam section, for the non-sway frames. 
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Figure 7.12 Non-Sway Frames Strength Ratio for Different Beam Sections 

The strength ratio increases as the second moment of area of the beams increases. This 

is as expected, as it is the beam deflection limit upon which the models are dependent. 

The strength ratio is also greater for the stiffer connections - this has already been 

shown to be true in the previous chapters. The results obtained from the finite element 

models have not produced perfectly smooth curves due to rounding off errors in the 

solving routines. These errors will be compounded as the solving routine goes through 

many iterations for each load step. 

Figure 7.13 plots the strength ratio results for the sway frame, with all the loading 

applied to the frame. These results will therefore be affected by the P-A effect. The 

strength ratio results for the frame with only the sway loading applied are shown in 

Figure 7.14. 
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Figure 7.13 Sway Frames Strength Ratio for Different Beam Sections with Full 

Loading 
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Figure 7.14 Sway Frames Strength Ratio for Different Beam Sections with Sway 

Loading Only 
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The load factor in the graph for the sway loading only (Figure 7.14) shows that the load 

factor decreases as the second moment of area for the beams increases. However, the 

loading reached by the frame does increase with an increase in the beam section. 

Although only the sway loading is applied to these frames, the beam sections still affect 

the loading reached by the frame. This is due to the bigger beam sections forming a 

stiffer connection with the column than the smaller beam sections. Also, the greater 

stiffriess of the larger beam sections will add to the overall stiffriess of the frames, as 

they can take larger moments that are distributed to them through the semi-rigid 

connections. 

The graphs shown above for the sway frames are very different to each other. This is 

due to the second order effects in the frame with all the loading applied. The curves 

that this graph produces are far more complex than those for the sway only loading. 

Using this for practical frame design could be complex. 

The next graphs show the results for the frames with changing column sections, and a 

constant beam section. 

The graph in Figure 7.15 shows the strength ratio chart for the non-sway frames. It 

plots the strength ratio against the second moment of area for the column section. 

The sway frame results are shown in Figures 7.16 and 7.17. Figure 7.16 shows the 

results for the frames with the frill loading, whereas Figure 7.17 shows only the frames 

with the sway loading applied. 
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Figure 7.15 Non-Sway Frames Strength Ratio for Different Column Sections 
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Figure 7.16 Sway Frames Strength Ratio for Different Column Sections with 

Full Loading 
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Figure 7.17 Sway Frames Strength Ratio for Different Column Sections with 

Sway Loading Only 

The graph of the non-sway frame results shows that the strength ratio decreases with an 

increase in section size. However, the load reached by the frame before the deflection 

limit is reached does increase with column section size, as is expected. The decrease in 

strength ratio with increasing column section size is due to a far greater increase in load 

being carried by the frames with fixed connections and large column sections, over the 

frames with fixed connections and small column sections. It is these fixed frames that 

are used to calculate the strength ratio for the semi-rigid frames. 

As for the previous analyses, when the column section remained constant and the beam 

sections were changed, the plots of the sway results show that the vertical loading has a 

large effect on the sway strength ratio. This is again due to the second order effects, 

showing how this complicates the analyses for the taller structures. 

The next analyses used the same results as those discussed above. However, this time 

the beam section properties have been divided by those for the column to give a 
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dimensionless value, and this has been plotted with the strength ratio. The graphs from 

these analyses are shown below. 

Figure 7.18 shows the strength ratio results for the non-sway frames when plotted 

against the second moment of area for the beam sections over the second moment of 

area for the column sections. 

p inned 

* i 0.6 

4 5 6 

Ixxb/lxxc 

Figure 7.18 Strength Ratio for Non-Sway Frames Against Ixx Beam/Ixx Column 

The same theory can be used to produce a plot of results where the plastic moment is 

used instead of the second moment of area. This is shown in Figure 7.19 below. 
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Figure 7.19 Strength Ratio for Non-Sway Frames Against Ixx Beam/Ixx Column 

Both of the above charts form similarly shaped curves. The strength ratio is increasing 

as the beam/column property increases. The strength ratio also increases with the 

connection stiffiiess, as already stated. It is expected for the non-sway frames that the 

strength ratio would increase as the beam/column property increases, as it has already 

been shown that the beam section has a greater influence over the load to reach the 

deflection limit, than the column section does. 

The same idea has been applied to the sway frames, both for the frames with frill 

loading, and for those where just the sway loading is applied, with no vertical loading. 

Figure 7.20 shows the results for the sway frame with frill loading, with the second 

moment of area for the beam over the second moment of area for the column. 

Figure 7.21 shows the results for the frame with sway loading only, and no vertical 

loading applied. Again the second moments of area are used for the horizontal axis. 
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Figure 7.20 Strength Ratio for Sway Frames With Full Loading Against 

Beam/Ixx Column 
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Figure 7.21 Strength Ratio for Sway Frames With Sway Loading Only Against 

Ixx Beam/Ixx Column 
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As before, the charts using the values of plastic moment for the beam and column 

instead of second moment of area, give graphs with similar curve patterns to those 

which use second moment of area. 

The charts for the sway frames differ greatly from those for the non-sway frames, as 

the curves are much flatter in those for the sway frames. This is due to the column 

having a greater influence on the load reached by the frame, and hence the resulting 

load factor. 

The curves for the frames with the frill loading pattern apphed are more horizontal than 

those for the frames with only sway loading applied. 

In Chapter 6, the strength ratio was compared for frames with constant beam and 

column sections, but increasing numbers of storeys. For the sway frames, with only the 

sway loading applied, it was found that the relationship was linear. This next section 

takes this analysis a step further. 

Curves have been fitted to the results from the analysis to give the equations of the 

lines, an example of which is shown in Figure 7.22 below. Only one of the lines has 

been shown on this graph for the sake of clarity. The example in the graph is of a chart 

with fixed base connections, and using frame 1, the section properties for which are 

given in Chapter 5 of this report. 
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Figure 7.22 Plot of Strength Ratio Against Number of Storeys for a Non-Sway 

Frame 

The linear relationship was found for each of the four sway frames, with each different 

beam-to-column connection. This gave a set of linear equations. The next step was to 

plot these linear equations to see if there were any relationships between them. For this 

the gradient of the line, and the y-axis intercept were separated and plotted separately 

against the beam-to-column ultimate rotation, phi. 

This gave eight separate curves, one for the gradient, and intercept for each frame 

analysed. 

The results for the linear curves for frame 1 are given in Table 7.13 below. 
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Table 7.13 Linear Curves for Frame 1, Sway Frame, With Sway Loading Only 

Applied 

Beam-to-column phi Gradient 

m 

y-axis Intercept 

c 

pinned 0.0163 0.1265 

256 (X0169 0.1557 

128 0.0176 0J^23 

64 0.0186 0.2297 

32 0.0193 0.3108 

16 0.0190 0.4294 

8 0.0167 0.5750 

4 0.0124 0.7190 

2 0.0080 0.8323 

1 0.0047 0.9069 

fixed 0 1 

Plotting the gradient of these lines gives the graph in Figure 7.23 below. 
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Figure 7.23 Plots of the Gradient of the Curve Fits Against Phi 
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The graph shows that the gradients for the curves increase greatly as the beam-to-

column ultimate rotation increases, up to a value of 16mRad. After this point the 

curves flatten, and then begin to fall as the connections become more flexible. This 

shows the change in gradient better than Figure 7.22, as the curves look much more 

parallel in that graph. The gradient for the fully-fixed case is horizontal, by definition, 

and then the gradients increase as the beam-to-column connections become more 

flexible. For the most flexible connections, where phi is greater than 32mRad, the 

curves are almost parallel in Figure 7.22, and this is shown in Figure 7.23. 

Figure 7.24 below shows the relationship of the y-axis intercept against beam-to-

column coimection ultimate rotation, phi. 

- c frame 1 

- c frame 2 

- c frame 3 

-c frame 4 

100 150 200 

Beam-to-column phi (mRad) 

300 

Figure 7.24 Plots of the Y-Axis intercept of the Curve Fits Against Phi 

The curves in Figure 7.24 are much more simple than those for the gradient. The 

intercept decreases as the beam-to-column connection becomes more flexible. There is 

no stage at which the curve appears to change form as it did in the graph for gradient. 
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It does not seem possible to form any meaningful formulae from the above graphs to 

aid the design of semi-rigid frames. However, the graphs presented here do show some 

of the effects that these connections have on frameworks, and how the properties of the 

sections used, and the number of storeys of a frame affect the strength ratio of the 

framework. 

7.3 Dimensional Analysis 

The next analysis method tried was dimensional analysis. This is a powerful tool 

which has been used and refined by engineers for many years. The following sections 

have used the indicial method to find dimensionless groups. 

The variables used in the dimensional analysis could include length of the beams and 

columns, second moment of area of the sections, plastic moment of the columns and 

ultimate beam-to-column rotation. 

7.3.1 Theory of Dimensional Analysis 

It is possible to reduce any physical quantity into three fundamental dimensions, mass, 

length and time. 

If the magnitude of J is compared for two similar systems, then 

This ratio must be dimensionless, which is true if the function is in the form of a 

product, and therefore 
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where K is numeric and a, b, and c are indices whose magnitudes have to be 

determined. Dimensionless equations are completely general, and are frequently the 

basis for the representation of data. 

For the dimensional analysis for this work the following variables were used: 

Variable Dimensions 

E 

I V 

L L 

(|) *Dimensionless 

As phi is dimensionless it means that it can occur anywhere in the final dimensionless 

group, and will therefore be omitted from the calculations to find the dimensionless 

groups. 

Combining these terms to form a dimensionless group proved complicated, as there are 

many length terms involved. Also, it was further complicated by the fact that any other 

terms that could have been involved, were also all forms of length. The first attempt at 

forming a dimensionless group is shown below. 

An indicial is applied to each of the variables, and shows that the final product must 

equal a dimensionless group. 

Then the dimensions for the variables are substituted into the equation. 
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The indices are then equated for each of the three dimensions. 

M b + c = 0 

T -2b-2c = 0 

L a + 2 b - c + 4 = 0 

It is not possible to solve these equations, as the top two are identical. Therefore a 

different technique had to be applied. 

As the problem is caused by there being too many terms involving length, for the next 

attempt the second moment of area was combined with the Young's modulus to give a 

stiffiiess. This gave the following list of variables and dimensions: 

Variable Dimensions 

EI 

L L 

Putting the terms equal to a dimensionless group gives: 

Then substituting in the dimensions: 

n = r )" ° 

Equating the variables for each of the three dimensions gives: 

M b + l = 0 

L a + 2b + 3 = 0 

T - 2 b - 2 = 0 

Giving: 
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b -1 

a = -1 

This gives; 

EI 

MpL 

This dimensionless group was then applied to the finite element results. This was done 

by multiplying the value of Phi by the dimensionless group, to give a modified phi 

value. For the column base connections the values for the section properties for the 

columns were used in the dimensionless group, and for the beam-to-column 

connections the values for the beam properties were used in the dimensionless group to 

give the modified phi values. 

This has been carried out for the five-storey sway fi-ames, and the results are shown 

below for the Irames with fixed column bases. 
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Figure 7.25 Sway Five-Storey Frame, Fixed Base - Mod Phi Curve Fit 
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Figure 7.26 Non-Sway Five-Storey Frame, Fixed Base - Mod Phi Curve Fit 

The graphs in Figures 7.25 and 7.26 show that the curves still follow the same trends as 

they did previously, which would be expected as the values of Phi have only been 

transformed by a constant value. However, as this value is different for each of the 

frames, the curves have changed in relation to each other. The curves are not similar 

enough to one another to make a general equation for these results. 

The same analysis was conducted vwth changing column base ultimate rotation, and 

keeping the beam-to-column coimections fixed. The results for the sway frames for 

these analyses are plotted in Figure 7.27. 
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Figure 7.27 Sway Five-Storey Frame, Fixed Beam-to-CoIumn Connections -

Mod Phi Curve Fit 

This graph again shows that the curves have kept the same form as before. The results 

in this case are much closer to each other. Frames 1 and 4 are very similar, as are 

frames 2 and 3. However, there is a large difference between these two sets of curves 

that would still make it implausible to form a general equation. Any changes that were 

made to one set of results to move them closer to the others, would have to be made to 

all the results, therefore moving them away. 

7.4 Summary 

The work in this chapter has shown that different methods can be used to analyse the 

results from the finite element models. Curve fitting has successfully shown a 

relationship for the strength ratio and the beam-to-column connections. This 

relationship was found to be a third order logarithmic curve. A dimensionless group 

was then found, but applying this to the finite element results did not result in any 

general equations for the frames that had been modelled. 
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Chapter 8 

Conclusions and Further Work 

8.1 Introduction 

The previous chapters have reported an experiment on a building during the 

construction stages and later loading of the frame; this was used to verify finite element 

models to allow the analysis of frames with semi-rigid connections. The finite element 

models were then developed beyond the modelling of the actual structure, to allow for 

analysis of multi-storey sway and non-sway frames. Several beam-to-column sections 

were used to show how these affect the frame. A range of beam-to-column connection 

stiffnesses, and column base connection stiffnesses are used to see how these affect the 

strength and deflections of the frame. The connection stiffnesses were chosen to 

represent a range from pinned to fully fixed. The results show that this spread gives a 

good representation between these two points, with the results for the most flexible 

connections being close to those for the pinned connections, and the results for the most 

rigid connections being close to those for the fully fixed connections. The literature 

review at the beginning of the thesis shows some values of connection stiffness that 

were found by other researchers from their experimentation. These fit in well with 

those chosen for this research, although the stiffest values used here may not be found 

in actual structures. Finally, the results from the finite element models were analysed 
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to show how the beam-to-column connections, the column base connections, the 

sections used for the beams and columns, and the number of storeys for the multi-

storey frames, affect the behaviour of the frames. Various trends have been found, and 

reported on. This chapter summarises the findings, and gives recommendations for 

further work that it is felt will further the knowledge, and widespread use of semi-rigid 

connections. 

8.2 Conclusions of the Research and Discussion on Semi-Rigid Connections 

The experiment that made up the first part of this research went very well, especially 

considering the harsh conditions on the building site. The information gained from the 

experiment was very useful in validating the initial finite element models. The models 

were compared to those from the building site, and the results between the two were 

found to be consistent. The finite element models were then expanded to allow for 

different sections, multi-storey frames, and sway behaviour. 

The elastic modelling showed that the beam-to-column connection stiffiiess could 

drastically reduce the deflections of the beams. This was found to be especially true 

when pinned connections were changed for connections with a low stiffness value. As 

the stiffiiess of the beam-to-column connections increased, it was found that the effect 

of decreasing beam deflections became less. The same trend was found to be true 

when the column base connection stiffness was increased, with the most impact being 

found with increases in the low stiffness range. As the column base became stiffer, 

increasing the stiffness had an ever-decreasing effect. This, however, was only true for 

the sway frames - it was found that the column base connection stiffness had only a 

very small influence on the non-sway frames. The beam-to-column stiffness also 

decreased the bending moments experienced in the mid-span of the beams. However, 

this also caused an increase in moment at the beam ends, and in the supporting 

columns. So if the connection stiffiiesses were used in design, the columns would have 

to undergo carefril design to make sure they could carry both the axial loads and the 

extra bending moments. As discussed in the literature review, the connections in use 

do behave semi-rigidly, so there could be higher bending moments in the supporting 

columns than expected at the moment. 
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Non-linear models were developed, that allowed for material non-linearity, and 

connection non-linearity. As these models were run using several small load-steps, 

they also allowed for any geometric non-linearity from the sway deflections in the 

columns. The non-linear models were analysed in two ways. First, they were analysed 

until a deflection limit had been reached. At this point the frame would have failed the 

serviceability criteria for design, or would have failed due to the ultimate load of the 

frame being reached. Secondly, some of the frames were solved with no deflection 

limit. This allowed the analysis to run until the ultimate load had been applied, and the 

frame had failed either due to yielding in the main steel sections, or the connections 

failing. 

The first analyses, where a deflection limit was applied, were used to find the strength 

ratio for the frame. This was defined as being the load step reached for any frame, over 

the load factor reached for the frilly fixed frame. These strength ratios were used to 

compare the results for frames with different connections, different section properties 

and different numbers of storeys. Curve fitting techniques were used to show trends for 

each of these changes. By changing the connection stiffiiess it was found that the 

strength ratio changed with a third-order logarithmic relationship. Increasing the 

number of storeys of the frame produced an almost linear relationship for the sway 

frames, especially when only the sway loading was applied, with no vertical loading on 

the frame. The vertical loading introduced second-order effects, which became more 

pronounced as the number of storeys increased (it would also increase as the storey 

height increased). The relationships have been shown in more detail in Chapter 7 of 

this thesis. 

The second group of analyses, with no deflection limit being applied to the frames so 

that the behaviour of the frame could be analysed up to the ultimate load, showed that 

the connection stiffness had a large influence on the collapse behaviour of the frame. 

The frames with the most flexible connections failed at the connections, with no 

yielding occurring in the sections. The frames with the stiffer connections failed with 

plastic hinges occurring in the steel sections. The plastic hinges occurred in the 

sections, near to the connections, where the bending moments would have been at their 

greatest. 
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The work detailed in this thesis has shown that semi-rigid connections can be used to 

improve the efficiency of frameworks. The frameworks can be designed using 

connections that are currently in use, but taking into account their inherent stif&iess 

makes frame design more efficient. This efficiency is in the form of savings on steel 

costs, and a reduction in the beam depth required, which allows either an increase in the 

ceiling height within buildings, a shortening of buildings, or more space for services in 

the service space between the floors of buildings. 

The main drawback to the use of semi-rigid connections is an increase in the time of 

the designer. The connections would have to be detailed by the designer, which is 

currently the job of the contractor. The columns would have to undergo more rigorous 

design, because of the moments that are carried over to them from the beams due to the 

semi-rigid behaviour of the connections. Unless a straightforward design approach can 

be established, this increase in costs could outweigh the savings from the quantity of 

steel being used. Further work is needed to resolve this situation. 

8.3 Recommendations for Further Work 

Semi-rigid connections in design affect the rest of the frame, its strength, overall 

rigidity, and collapse behaviour. For these reasons, it is very important that the full 

effects of semi-rigid connections are thoroughly understood. The research in this thesis 

shows the effects of changing connection stiffness on single- and multi-storey, single 

bay frames. To reduce the amount of data that could be produced using the analysis 

techniques used here, only one size of frame was analysed. Further work could 

usefully be done to analyse frames with different beam and column lengths, and also 

frames with multi-bays. 

The work presented by other researchers, which is reviewed in Chapter 2, shows that 

there is great further potential for research on semi-rigid connections. The work that 

has been done so far is mainly either concerned with how to model a single connection, 

or based on a few frames with similar initial stiffriess values. The literature review has 

showed that different connections have different initial stiffriesses, and these change 
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depending on the construction of each connection, and the section sizes of the beams 

and columns. 

More work needs to be done, following on from the work in this thesis, to find 

formulae or design principles that could be used when designing structures that make 

full use of the existing connections' behaviour. Unless specific design codes are 

written, the use of semi-rigid connections could be prohibited by the cost of the design 

of the frame. If design codes were available, savings in steel costs could be made 

without excessive cost in design time, resulting in an overall cost reduction for the 

project. 

The use of computers in design is now widespread, and these could be used for the 

effective design of frames with semi-rigid connections. Currently programs that solve 

problems using finite elements are prohibitively expensive, and require fast computers 

for a complete analysis of a structure, along with the experience to know how to use the 

program accurately. A more simplistic program could be used, and adapted, to allow 

for the moment distribution of the connections. The computer program would need a 

database of connection types, and the formulae required to work out the initial stiffness, 

and ultimate rotation of the different connection types depending on the section sizes of 

the beam and columns, and the detailing of the connection. The program would have to 

solve the problem using load steps set by the designer, so the moments and deflections 

could be calculated at each stage, and the correct stage on the moment-rotation curve 

for the connections would be used for the next load step in the analysis. This would 

further reduce design time, making the use of semi-rigid connections more cost-

effective, and bringing them into more widespread use. 
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Appendix A 

Single-Storey Model And Results 

A.l The Model 

The following text shows the finite element model that was used for the single storey 

plastic modelling. For each frame the geometry file would be called, followed by one 

set of stiffness files. The solution parameters were then loaded, and the model solved. 

For the next frame the same geometry file would then be loaded followed by the next 

set of stiffness files. 

The geometry file: 

/PREP7 
! material property 
UIMP,1,EX, 
UIMP,1,DENS 
UIMP,1,ALPX 
UIMP,1,REFT 
UIMP,1,NUXY 
UIMP,1,PRXY 
UIMP,1,GXY, 
UIMP,1,MU, 
UIMP,1,DAMP 
UIMP,1,KXX, 
UIMP,1,C, , 
UIMP,1,ENTH, 

2.1ell, 

0.3, 

8.07692el0, 
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UIMP,1,HF, , 
UIMP,1,EMIS, 
UIMP,1,QRATE, 
UIMP,1,MURX, 
UIMP,1,MGXX, 
UIMP,l.RSVX, 
UIMP,1,PERX, 
UIMP,1,Vise, 
UIMP,1,S0NC, 
!* data table yield stress Fy=275 MPa, E=0 after plasticity 
TB,BKIN,1, , , , 
TBM0DIF,2,l,2.75e8 

FIRST STOREY 
beam elements are r=l 
column elements are r=2 
base springs are r=3 
beam-column are r=4 

BEAM 
ET,1,BEAM23 
TYPE,1, 
MAT,1, 
REAL,1, 
ESYS,0, 
KEYOPT,1,2,0 
KEYOPT,1,4,1 
KEYOPT,1,6,4 
KEYOPT,1,10,0 
I * 

! section properties 
R,l,0.463,4.84e-2,7.61e-3,3.18e-3, , , 
RMORE, , 

^ COLUMN 
ET,2,BEAM23 
KEYOPT,2,2,0 
KEYOPT,2,4,1 
KEYOPT,2,6,4 
KEYOPT,2,10,0 
I * 

! section properties 
R,2,0.260,5.56e-2,7.07e-3,8.71e-4, , , 
RMORE, , 
I * 

!* BASE SPRING 
ET,3,C0MBIN39 
KEYOPT,3,1,0 
KEYOPT,3,2,0 
KEYOPT,3,3,6 
KEYOPT,3,4,0 
KEYOPT,3,6,0 
I 

! rigidity 
R,3,154.88e-3,3.3665e5,500,3.3665e8,,, 
RMORE,,,,,,, 

! BEAM TO COLUMN SPRING 
ET,4,C0MBIN39 
KEYOPT,4,1,0 
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KEYOPT,4,2,0 
KEYOPT,4,3,6 
KEYOPT,4,4,0 
KEYOPT,4,6,0 

! rigidity 
R,4,269.18e-3,3.3665e5,500,3.3665eE 
RM0R2,,,,,,, 

N,8,0,3.6, , , 
N,9,0,3.6,,, 
N,15,4.8,3.6 
N,16,4.8,3 . 6 
N,22,4.8,0,, 
N,23,4.8,0,, 
FILL,2,8,5, 
FILL,9,15,5, 
FILL,16,22,5 

1,1,1,1, 

, 1 , 1 , 1 , 1 , 
, 1 , 1 , 1 , 1 , 

COLUMNS 
TYPE,2 
REAL,2 

E,7, 

E,16,17 
E,17,18 
E,18,19 
E,19,20 
E,20,21 
E,21,22 

! BEAM 
TYPE,1 
REAL,1 
E,9,10 
E,10,ll 
E,11,12 
E,12,13 
E,13,14 
E,14,15 

! BASE 
TYPE,3 
REAL, 3 
E,l,2 
E,22,23 

! BEAM-COLUMN 
TYPE,4 
REAL,4 
E,8,9 
E, 15 ,16 
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! COUPLED RESTRICTIONS 
CP,1,UX,8,9 
CP,2,UY,8,9 
CP,3,UX,15,16 
CP,4,UY,15,16 

! EC'S 
D f1, , , I , ,ALL 
D,23, , , , , ,ALL 

D,2, , , , , ,UX,UY 
D,22, , , , , ,UX,UY 

! Restraint for non-sway frames 
!D,15, , , , , ,UX 

/SOLU 
F,9,FY,-500e3 
F,15,FY,-500e3 
F,ll,FY,-1000e3 
F,13,FY,-1000e3 
F,9,FX,300e3 

FINISH 

A set of stiffness files: 

!Column base stiffness 
/PREP7 
R,3,32e-3,338.25e3,l,338.25e3, 
RMORE, , , , , , , 
FINISH 

!Beam-to-column stiffnesses 
/PREP7 
R,4,32e-3,338.25e3,l,338.25e3, 
RMORE, , , , , , , 
FINISH 

The solution parameters: 

/SOLU 
I * 

NLGEOM,1 
NROPT,FULL, ,0N 
LUMPM,0 
EQSLV,FRONT,le-08,0, 
SSTIF 
PSTRES 
TOFFST,0, 

Analysis options 

Time and time step options 
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TIME,1000 
!* ON-automatic OFF- not automatic time step 
AUTOTS,ON 
!* for automatic step size 
DELTIM,1,0.5,50,OFF 
!PRED,ON 

iDELTIM,1 

KBC, 0 
I * 

NEQIT.BO, 
I * 

solution 
I * 

max. no. of iterations 

do not terminate analyses after non converging 

if UX,UY,ROTZ if higher than 0.024 than stop. (10m) 
NCNV,2,0.024,0,0,0, 

CNVTOL,F, ,0.001,2,-1, 

OUTRES,ALL,ALL, 
OUTPR,BASIC,NONE, 
/STAT,SOLU 
SOLVE 

A.2 The Results 

output controls 

The following lists all the single storey frame results. The results are given as tables as 

they were in the main text of the thesis. The title of each frame gives the frame 

number, and the sway/non-sway behaviour of the frame. The strength ratio is the value 

given in the tables. 

Table A.l Frame 1, Non-Sway, Strength Ratio 

Phi Column 
0.585589 0.628752 pinned 0.533784 0.561388 

0.533784 0.561388 0.585589 0.628752 
0.533784 0.561388 0.585589 0.628752 

0.585589 0.628752 0.534568 0.561388 
0.529863 0.561388 0.585589 0.628752 

0.529863 0.561388 0.585589 0.628752 

0.534568 0.585589 0.629537 0.561388 
0.585589 0.629537 0.534568 0.561388 

0.534568 0.561388 0.585589 0.629537 
0.534568 0.561388 0.585589 0.629537 
0.534568 0.561388 0.585589 0.629537 

Phi Beam-to-Column mRad 
32 16 8 1 fixed 

0.697105 

0.697105 

0.697889 

0.697889 

0.697889 
0.698673 

0.699457 
0.700242 

0.701026 
0.701026 

0.70181 

0.790317 
0.790317 
0.791101 
0.791101 

0.792669 

0.794238 

0.796465 
0.798817 

0.80059 

0.801405 
0.802974 

0.889645 

0.890429 
0.891433 

0.89261 
0.894743 

0.897629 
0.901989 
0.906271 

0.909549 
0.911886 
0.915022 

0.952869 

0.954045 
0.954406 
0.955206 
0.957307 

0.960444 
0.963534 

0.967455 
0.969808 

0.97216 
0.974513 

0.968396 
0.969071 
0.970168 
0.970827 

0.97318 

0.976458 

0.980379 
0.983924 

0.987186 

0.989288 

0.991766 

0.976317 
0.977101 

0 . 9 7 ^ 6 
0.978748 

0.981022 

0.984284 

0.988096 

0.991891 
0.994118 
0.995687 

0.996471 

0.984206 
0.98499 

0.98499 
0.986559 

0.988002 

0.990433 

0.991766 
0.993334 
0.994903 

0.995687 

1 
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Table A.2 Frame 2, Non-Sway, Strength Ratio 

Phi Column 
pinned 

pinned 256 128 64 

Phi Beam-lo-Column mRad , 
3 2 16 8 1 fixed 

0.481068 
0.481068 
0.481068 
0.481068 

0.481068 
0.481068 
0.481068 
0.481068 
0.481068 
0.481068 
0.481068 

0.516781 
0.516781 
0.516781 
0.516781 

0.516781 
0.51756 
0.51756 
0.51756 
0.51756 
0.51756 

0.51756 

0.548298 
0.548298 
0.548298 
0.548298 
0.548298 

0.549051 
0.549051 
0.549051 
0.549051 
0.549051 
0.549051 

0.595278 
0.596622 

0.596622 
0.596622 
0.597375 
0.597375 
0.597375 

0.59872 
0.599473 
0.599473 
0.599473 

0.661754 
0.662507 

0.662507 
0.663852 

0.664605 
0.666703 
0.668047 

0.670172 
0.670925 
0.670925 
0.672269 

0.738154 
0.739499 
0.740252 
0.742349 
0.744447 
0.748642 
0.752084 
0.754962 
0.758404 
0.759157 

0.761254 

0.807481 
0.809579 
0.811676 
0.815119 
0.819314 

0.825633 
0.832679 
0,838246 
0.843194 
0.845291 

0.848733 

0.860001 
0.862099 
0.865541 
0.868391 
0.876056 
0.884446 
0.893616 
0.902006 
0.908326 
0.912521 
0.916716 

0.893616 
0,895713 
0.899156 
0,904131 
0.911768 
0.922283 
0.933523 
0.943285 
0.949578 

0.953773 
0.958748 

0.911768 
0.914618 
0.918061 
0.923036 
0.931426 
0.941941 
0.954553 
0.964288 

0.97136 
0.974802 

0.97975 

0.931426 
0.935621 
0.937745 

0.944038 
0.952428 
0.962943 
0.974802 
0.983946 
0.990265 

0.99446 
1 

Table A.3 Frame 3, Non-Sway, Strength Ratio 

Phi Column 
pinned 

pinned 256 128 64 

Phi Beam-lo-Column mRad 
32 16 1 fixed 

0.659094 
0.659094 
0.659094 

0.659094 
0.659094 

0.660063 
0.654253 
0.654253 
0.654253 
0.654253 
0.654253 

0.679681 

0.679681 

0.679681 

0.679681 
0.679681 

0,679681 
0.679642 

0.679642 

0.679642 

0.679642 
0.679642 

0.697149 
0.697149 

0.697149 

0.697149 
0.697149 
0.697149 
0.697149 
0.697149 

0.697149 

0.697149 

0.697149 

0.727419 
0.727458 
0.727458 

0.727458 

0.727458 

0.728426 

0.728426 

0.728426 
0.728426 

0.729394 
0.729394 

0.771419 
0.772387 
0.772387 

0.772387 

0,773356 
0.774169 
0.776106 

0.777074 
0.777326 

0.777326 

0.778294 

0.826613 
0.827582 

0 82855 

0.829286 

0.831222 

0,834515 
0.837265 
0.839124 

0.841138 

0.842164 

0.843133 

0.881284 

0.882291 

0.884209 

0.886649 
0.889554 
0.894395 

0.90005 
0.904989 

0.908068 

0.910005 
0,912755 

0.924413 
0.92635 

0.928286 

0.931191 
0,936033 
0.942811 
0.949589 
0.955399 
0.959273 
0.961364 
0.964114 

0.948621 

0,950558 
0.95323 

0.956368 
0.961209 
0.968104 
0.975017 

0.980827 
0.984894 

0.986579 

0.989639 

0.961054 

0.963243 
0.965199 
0.968104 
0.973081 

0.979859 

0.985766 
0.990549 
0.993648 

0.995584 
0.997037 

0.972112 
0.974049 
0.975986 

0.978988 

0.983829 
0.988613 
0.993164 

0.996185 
0.997967 
0.999225 

1 

Table A.4 Frame 1, Sway, Strength Ratio 

Phi Column pinned 
0.037878 0.071773 0.132453 pinned 

0.038677 0.077692 0.113098 0.175 
0.075187 0.114859 0,151971 0.215138 

0.183932 0.222632 0,289599 0.142374 

0.256332 0.302526 0,34372 0,416119 
0.428615 0.479795 0.525286 0.604174 

0.576562 0.599732 0.642874 0.550245 
0.601777 0.644472 0.550245 0.577361 

0.550245 0.577361 0.601777 0.645671 

0.550245 0.577361 0.602576 0.646469 

0.602608 0.64754 0.550245 0,577361 

Phi Beam-to-Column mRad 
32 16 1 fixed 

0,226371 
0.272119 

0.315006 

0.394452 

0,530527 
11701996 

0.711583 
0,715594 
0.717863 

0.719668 

0.720579 

0.350766 

0 4 M 7 

0.447342 

0.533468 

0.672834 

0.799466 

0.808255 

0.814646 

0.81904 

0,821038 
0.824633 

0.483534 

0.537223 

0.588403 

0.675775 

0.789879 

0.875366 
0.896537 
0.910902 

0.919914 
0.925587 

0.930412 

0.589649 

0.639583 
0.683269 

0.743988 

0.817091 
0,889043 
0,930492 
0,951265 
0.963249 

0.968841 

0.97453 

0.640382 

0.676574 

0,705735 
0.754422 

0.824233 

0.891568 

0.943275 
0.966524 

0 . 9 7 n i 

0.983222 
0.988016 

0.650816 

0,683269 
0.711535 

0.759423 

0.824233 

0.891344 

0,950066 
0.973843 

0.98498 

0.989774 

0.993784 

0.657719 

0.688414 

0.716457 
&%B3 

0.823003 
0.891232 

0.957544 
0.980586 

0.992218 

0.996213 

1 
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Table A.5 Frame 2, Sway, Strength Ratio 

Phi Column 
pinned 

pinned 256 128 64 

Phi Beam-to-Column mRad 
32 16 8 1 fixed 

0 
0.040063 
0.077588 
0.141916 
0.241424 
0.371379 
0.503727 
0.505139 
0.505139 
0.505139 
0.505139 

0.039312 
0.081606 
0.120808 
0.188558 
0.293726 
0.430931 
0.542639 

0.543457 
0.543457 
0.543457 
0.543457 

0.07237 
0.117792 
0.157746 
0.227853 
0.338284 

0.481674 
0.575733 
0.576523 
0.576523 
0.576523 
0.576523 

0.126837 

0.174987 
0.217677 
0.293726 

0.41108 
0.565511 
0.627266 
0.629469 

0.63088 
0.63088 

0.631699 

0.200714 
0.253013 
0.300503 
0.382391 
0.511775 
0.680211 
0.700062 
0.703705 
0.705907 
0.706698 

0.70811 

0.283532 

0,340487 
0.392641 
0.483086 
0.625064 
0.779494 
0.786102 
0.792737 
0.796352 
0.797142 
0.799345 

0.357345 
0.417688 

0.474276 
0.572118 
0.727961 
0.858107 
0.869148 
0.876546 

0.883182 
0.885384 
0.889789 

0.41029 
0.475066 
0.533828 
0.637516 

0.79494 

0.907438 
0.922884 
0.935336 
0.942735 

0.94714 

0.951573 

0.443384 

0.509572 

0.569916 
0.675806 
0.818405 
0.926498 

0.94714 
0.960383 
0.969221 
0.975038 

0.980234 

0.461823 

0.529423 

0.589767 

0.690461 
0.825013 

0.931722 
0.955978 

0.970633 
0.980234 
0.984667 
0.990484 

0.481674 
0.547862 

0.606624 
0.704495 
0.830237 
0.930028 
0.962557 

0.979358 
0.989242 
0.994889 

1 

Table A.6 Frame 3, Sway, Strength Ratio 

Phi Column pinned 
pinned 0.029631 0.055454 

0.089349 0.029631 0.0614 
0.057384 0.090393 0.119385 

0.10496 0.140085 0.172072 
0.178556 0.2187 0.253451 

0.27467 0.320343 0.36113 
0.428043 0.474761 0.375833 

0.569973 0.460665 0.517762 
0.518806 0.579767 0.63628 

0.553662 0.617296 0.674394 
0.59282 0.659712 0.719504 

64 

Phi Beam-to-Column mRad 
32 16 1 fixed 

0.100499 
013G74 

0.168519 
0.224756 

0.313827 

0.430717 
0.555291 
0.659712 
0.729883 
0.770795 
0.786459 

0.167055 
0.206152 

0.242027 

0.305077 
0.403567 
0.535722 
0.677088 

0.790113 
0.833302 

0.83539 
0.835913 

0.247979 
0.292609 

0.332811 

0.403567 

0.516133 
0.667878 

0.821711 
0.895579 
0.899756 

0.901844 

0.903933 

0.32688 
0.376877 
0.421507 

0.501451 
o a # ^ 

0.795147 
0.919784 

0.951841 
0.959109 

0.962617 

0.965917 

0.388885 

0.442725 
0.491657 

0.579183 

0.716831 
0.863668 

0.936303 
0.967755 
0.976255 

0.98016 
0.985381 

0.429672 

0.486185 

0.537351 

0.629764 
0.757618 

0.874757 

0.93954 

0.973122 
0.983293 

0.988514 

0.992691 

0.453543 

0.511246 
0.561828 

0.649333 
0.770085 

0.873462 

0.939436 
0.973895 

0.987469 

0.991646 

0.996867 

0.47639 

0.532465 

0.583025 

0.665664 

0.779859 

0.871833 
0.938454 
0.974939 

0.990602 
0.995823 

1 
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Appendix B 

Two-Storey Model And Results 

B.l The Model 

The following text shows the finite element model that was used for the two-storey 

plastic modelling. For each frame the geometry file would be called, followed by one 

set of stiffness files. The solution parameters were then loaded, and the model solved. 

For the next frame the same geometry Hie would then be loaded followed by the next 

set of stiffness Oles. 

The geometry file: 

/PREP7 
! material property 
UIMP,1,EX, 
U I M P , 1 , D E N S 

UIMP,1,ALPX 
UIMP,1,REFT 
UIMP,1,NUXY 
UIMP,1,PRXY 
UIMP,1,GXY, 
UIMP,1,MU, 
UIMP,1,DAMP 
UIMP,1,KXX, 
UIMP,1,C, , 
UIMP,1,ENTH, 

2.1ell, 

0.3, 

8.07692el0, 
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U I M P , 1 , H F , , 

UIMP,1,EMIS, 
UIMP,1,QRATE, 
UIMP,1,MURX, 
UIMP,1,MGXX, 
UIMP,1,RSVX, 
UIMP,1,PERX, 
U I M P , 1 , V i s e , 
UIMP,1,SONG, 
!* data table yield stress Fy=275 MPa, E=0 after plasticity 
TB,BKIN,1, , , , 
TBM0DIF,2,l,2.75e8 

! FIRST STOREY 
! beam elements are r=l 
i column elements are r=2 
! base springs are r=3 
! beam-column are r=4 

!* BEAM 
ET,1,BEAM23 
TYPE,1, 
MAT,1, 
REAL.l, 
ESYS,0, 
KEYOPT,1,2,0 
KEYOPT,1,4,1 
KEYOPT,1,6,4 
KEYOPT,1,10,0 
I * 

! section properties 
R,l,0.463,4.84e-2,7.61e-3,3.18e-3, , , 
RMORE, , 

^ COLUMN 
ET,2,BEAM23 
KEYOPT,2,2,0 
KEYOPT,2,4,1 
KEYOPT,2,6,4 
KEYOPT,2,10,0 
I * 

! section properties 
R,2,0.260,5.56e-2,7.07e-3,8.71e-4, , 
RMORE, , 
I * 

!* BASE SPRING 
ET,3,C0MBIN39 
KEYOPT,3,1,0 
KEYOPT,3,2,0 
K3Y0PT,3,3,6 
KEYOPT,3,4,0 
KEYOPT,3,6,0 
I 

! rigidity 
R,3,154.88e-3,3.3665e5.500,3.3665e8, 
RMORE,,,,,,, 

! BEAM TO COLUMN SPRING 
ET,4,C0MBIN39 
KEYOPT,4,1,0 
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KEYOPT,4,2,0 
KEYOPT,4,3,6 
KEYOPT,4,4,0 
KEYOPT,4,6,0 

! rigidity 
R,4,269.18e-3,3 .3665e5,500,3.3665e8, 
RMORE,,,,,,, 

N / 2 , , , , , , , 

N,8,0,3.6,,, 
N,9,0,3.6,,, 
N,15,4.8,3.6 
N,16,4.8,3.6 
N , 2 2 , 4 . 8 , 0 , , 
N,23,4.8,0,, 
FILL,2,8,5, 
FILL,9,15,5, 
FILL,16,22,5, 

1,1,1,1, 

,1,1,1,1, 

,1,1,1,1, 

! COLUMNS 
TYPE,2 
REAL,2 
E,2,3 
E,3,4 
E,4,5 
E,5,6 
E,6,7 
E,7,8 

E,16,17 
E,17,18 
E,18,19 
E,19,20 
E,20,21 
E,21,22 

! BEAM 
TYPE,1 
REAL,1 
E,9,10 
E,10,ll 
E,ll,12 
E,12,13 
E,13,14 
E,14,15 

! BASE 
TYPE,3 
REAL,3 
E,l,2 
E,22,23 

! BEAM-COLUMN 
TYPE,4 
REAL,4 
E,8,9 
E,15,16 
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! COUPLED RESTRICTIONS 
CP,1,UX,8,9 
CP,2,UY,8,9 
CP,3,UX,15,16 
CP,4,UY,15,16 

! EC'S 
D,1, , / , , ,ALL 
D,2 3, , , f , ,ALL 

D,2, , , , , ,UX,UY 
D,22 UX,UY 

! FOR NON-SWAY ADD... 
D,15, , , , , ,UX 

/SOLU 
!F,9,FY,-500e3 
!F,15,FY,-500e3 
F,ll,FY,-1000e3 
F,13,FY,-1000e3 
!F,9,FX,-300e3 

! SECOND STOREY 
/PREP7 
! beam elements are r=5 
! column elements are r=6 
! beam-column are r=7 

^ BEAM 
ET,5,BEAM23 
TYPE,1, 
MAT,1, 
REAL,5, 
ESYS,0, 
KEYOPT,5,2,0 
KEY0PT,5,4,1 
KEY0PT,5,6,4 
KEYOPT,5,10,0 
I * 

! section properties 
R,5,0.463,4.84e-2,7.61e-3,3.18e-3, 
RMORE, , 

!* COLUMN 
ET,6,BEAM23 
KEYOPT,6,2,0 
KEY0PT,6,4,1 
KEY0PT,6,6,4 
KEYOPT,6,10,0 
I * 

! section properties 
R,6,0.260,5.56e-2,7.07e-3,8.71e-4, 
RMORE, , 

! BEAM TO COLUMN SPRING 
ET,7,C0MBIN39 
KEYOPT,7,1,0 
KEYOPT,7,2,0 
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KEY0PT,7,3,6 
KEYOPT,7,4,0 
KEYOPT,7,6,0 

! rigidity 
R,7,269.18e-3,3.3665e5,500,3.3665e8,,, 
RMORE,,,,,,, 

N, 29,0,7.2, 
N, 30,0,7.2, 
N, 36,4.8,7.2, 
N, 37,4.8,7.2, 
PILL,8,29,5,24,1,1,1,1, 
FILL,30,36,5,31,1,1,1,1, 
FILL,37,15,5,38,1,1,1,1, 

! Columns 
T Y P E , 6 
REAL,6 
E,8,24 
E,24,25 
E,25,26 
E,26,27 
E,27,28 
E,28,29 

E,37,38 
E,38,39 
E,39,40 
E,40,41 
E,41,42 
E,42,16 

I Beam 
T Y P E , 5 
REAL,5 
E,30,31 
E,31,32 
E,32,33 
E,33,34 
E,34,35 
E,35,36 

! Beam-column 
T Y P E , 7 
R E A L , 7 
E,29,30 
E,36,37 

! COUPLED RESTRICTIONS 
CP,5,UX,29,30 
CP,6,UY,29,30 
CP,7,UX,36,37 
CP,8,UY,36,37 

! FOR NON-SWAY ADD... 
D,36, , , , , /UX 

F,30,FY,-500e3 
F,36,FY,-500e3 
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F,32,FY,-1000e3 
F,34,FY,-1000e3 
F,30,FX,300e3 

FINISH 

A set of stiffness files: 

!Column base stiffness 
/PR2P7 
R,3,32e-3,338.25e3,l,338.25e3,,, 
R M O R E , 1 1 1 1 , 1 
FINISH 

!Beam-to-column stiffnesses 
/PREP7 
R,4,32e-3,338.25e3,l,338.25e3,,, 
RMORE, , , , , , , 
FINISH 

!Beam-to-column stiffnesses 
/PREP7 
R,7,32e-3,338.25e3,l,338.25e3,, 
RMORE, 
F I N I S H 

The solution parameters: 

/SOLU 
! * 

NLGEOM, ! 
NROPT,FULL, ,0N 
LUMPM,0 
EQSLV,FRONT,le-08,0, 
SSTIF 
PSTRES 
TOFFST,0, 

Analysis options 

! * 

TIME,1000 
I * 

AUTOTS.ON 
!* for automatic step size 
DELTIM,1,0.5,50,OFF 
!FRED,ON 

! D E L T I M , 1 

KBC,0 
I * 

NEQIT,80, 

Time and time step options 

ON-automatic OFF- not automatic time step 

max. no. of iterations 
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! * do not terminate analyses after non converging 
solution 
!* if UX,UY,ROTZ if higher than 0.024 than stop. (10m) 
NCNV, 2,0.024,0,0,0, 

CNVTOL,F, ,0.001,2,-1, 

OUTRES,ALL,ALL, 
OUTPR,BASIC,NONE, 
/STAT,SOLU 
SOLVE 

B.2 The Results 

output controls 

The following lists all the two-storey frame results. The results are given as tables as 

they were in the main text of the thesis. The title of each frame gives the frame 

number, and the sway/non-sway behaviour of the frame. The strength ratio is the value 

given in the tables. 

Table B.l Frame 1, Non-Sway, Strength Ratio 

Phi Column 
pinned 

pinned 256 128 64 

Phi Beam-to-Column mRad 
32 16 1 fixed 

0.531124 

0.531124 
0.531124 

0.531124 

0.531124 
0,531124 
0.531124 
0.531124 
0.531124 
0.531124 
0.531124 

0.556449 

0.556449 
0.556449 
0.556449 
0.556449 
0.556449 
0.556449 
0.556449 
0.556449 
0.556449 
0.556449 

0.579865 

0.579865 
0.579865 
0.579865 

0.579865 
0.579865 

0.579865 

0.579865 

0.579865 

0.579865 

0.579865 

&621907 

0 621907 

0.621907 
0.621907 
0.621907 
0,621907 
0.621907 
0,621907 

0.621907 

0,621907 
0,621907 

0,690385 
0,690385 
0,690385 
0.690385 

0,690385 
0,690385 
0.690385 

0.690385 

0.690385 

0,690385 
0,690385 

0,788023 
0,788023 
0,788023 
0,788023 
0,788023 

0.78724 

0,78724 
0.78724 

0.78724 

0,78724 
0.78724 

0.898746 
0.898746 

0,897964 
0,897964 
0.897964 
0.897964 

0,897964 
0,897478 

0,897478 

0,896586 
0,896586 

0,969024 
0,969024 
0.969024 
0.968602 
0,968602 
0,967819 

0,967819 
0,967819 
0.967819 

0,967037 
0.967037 

0.987431 

0,987431 
0,987431 
0.987431 

0,987431 
0.987384 

0.987384 
0.986602 

0.986602 

0.986602 

0,986602 

0.995962 

0.995179 
0.995179 

0.995179 

0,995179 
0,995179 
0.995304 
0,994522 

0,994522 

0.994522 

0.994522 

1,000329 
1,000329 
1,000329 
1,000329 
1,000329 
1,000329 

1,000329 

0,999859 

0,999859 

1 

1 

Table B.2 Frame 2, Non-Sway, Strength Ratio 

Phi Column 
0,498944 pinned 0,464205 

0,464205 0,498944 
0,464205 0,498944 
0,464205 0,498944 
0.464205 0,498944 
0,464205 0,498944 
0.464205 0.498944 

0,498944 0,464205 
0,498944 0,464205 
0,498944 0.464205 
0.498944 0,464205 

128 64 
Phi Beam-to-Column mRad 

32 16 1 fixed 
0,530237 
0,530237 
0,530237 
0,530237 
0.530237 
0.530237 
0,530237 
0,530237 
0,530237 
0,530237 
0,530237 

0,583202 
0,583202 

0.582454 

0.582454 

0.582454 

0.582454 

0.582454 

0.582454 

0,582454 
0.582454 

0.582454 

0,659683 
0,659683 
0,659683 
0,659683 
0,659683 

0.658347 

0.658347 
0.658347 
0.658347 

0.658347 
0.658347 

0.751557 
0.751557 
0.751557 

0.751557 
0.75022 
0.75022 
0.75022 

0.75022 

0.75022 
0.749472 

0.844152 

0.844152 
0.844152 
0.844152 
0.843403 

0.843403 
0.842067 
0.842067 
0.842067 
0.841319 
0.841319 

0.918575 
0.918575 

0.918575 
0.918575 

0.917239 

0.917239 

0.916491 
0.915155 
0.915155 
0,915155 

0,91438 

0.962401 

0.962401 

0,961065 
0,961065 
0.961065 

0,960316 
0.95898 

0 ^ # # 8 
0.958232 

0,958232 
0,956896 

0.983298 

0,981962 
0,981962 
0,981962 
0.981187 

0,981187 
0,979851 
0,979103 
0,979103 
0,977766 
0,977766 

1,004917 

1,004917 
1,004917 
1,004169 

1,004169 
1,002833 

1,002084 
1,000748 

1,000748 
1.000748 

1 
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Table B.3 Frame 3, Non-Sway, Strength Ratio 

Phi Column 
pinned 

pinned 256 128 64 

Phi Beam-to-Column mRad 
32 16 8 fixed 

0.6534 0.672193 0.689311 0.720159 0.769049 0.83548 0.909845 0.966977 0.991065 0.996341 
0.6534 0.672193 0.689311 0.720159 0.769049 0.83548 0.909845 0.966977 0.991065 0.996495 
0.6534 0.672193 0.689311 0.720159 0.769049 0.83548 0.909845 0.966495 0.991065 0.996495 
0.6534 0.672193 0.689311 0.720159 0.769049 0.83548 0.909845 0.966014 0.991065 0.996495 
0.6534 0.672193 0.689311 0.720159 0.769049 0.83548 0.909845 0.965533 0.990911 0.996495 
0.6534 0.672193 0.689311 0.720159 0.768086 0.834518 0.908883 0.965687 0.990584 0.995533 
0.6534 0.672193 0.689311 0.720159 0.768086 0.834518 0.908883 0.964242 0.990584 0.995629 
0.6534 0.672193 0.689311 0.720159 0.768086 0.834518 0.90792 0.96482 0,989371 0.995225 
0.6534 0.672193 0.689311 0.720159 0.768086 0.834518 0.90792 0.963761 0.989371 0.995379 
0.6534 0.672193 0.689311 0.720159 0.768086 0.834518 0.90792 0.964242 0.98889 0.995379 
0.6534 0.672193 0.689311 0.720159 0.768086 0.834518 0.90792 0.963376 0.989371 0.995379 

1.000963 

Table B.4 Frame 1, Sway, Strength Ratio 

Phi Column 
pinned 

256 

128 
64 

32 

16 
8 
4 
2 
1 

fixed 

pinned 256 128 64 
Phi Beam-to-Column mRad 

32 16 1 fixed 
0 

0.011365 

0.022514 

0.040286 

0.067673 
0.102498 

0.137321 
0.165221 
0M84216 

0.196087 

0.207961 

0.023037 
0.036533 

0.04784 

0.067673 

0.097221 
0.134157 

0.172344 
0.203218 
0.224583 
0.236778 

0.250672 

0.045025 

0.059096 
0.070772 

0.091877 

0.123075 
0.164232 

0,205589 
0.238319 
0.261483 
0.274824 

0.289272 

0.083435 

0.098209 
0 111995 

0.135145 
&16997 

0.216065 
0.262471 
0.300083 

0.341766 
0.358764 

0.143654 

0.161459 
0.177093 
0.203218 

0.245494 

0.298541 

0.354119 

0.399893 

0.431338 

0.449858 
0.47148 

0.227508 

0.247589 
0.266108 
0.298541 

0,347952 

0,413788 
0.482291 

0,53941 
0,579018 
0,602735 

0,629971 

0.321705 
0.345857 

0.368033 
0.40608 

0.465294 
0.545596 

0.629971 

0.701557 
0.751957 

0.78184 

0.815815 

0.408175 

0.435963 

0.460669 

0.505455 
0.574927 
0.667582 

0.767946 

0.846687 

0.896099 
0,924895 
0.956321 

0.473022 

0,503913 
0.531149 

0.579572 
0.656771 
0.750968 

0.842063 
0.889932 
0.919262 
0.937248 
0.954779 

0.514705 
0.547138 
0.575915 

0.62588 

0.699443 

0.784924 
0,843051 

0.88839 

0,917721 
0.933157 
0.949601 

0.563562 

0,595008 
0.621255 

0,669124 

0,743241 

0,82971 
0.899202 

0.943968 
0.970215 
0.985098 

1 

Table B.5 Frame 2, Sway, Strength Ratio 
Phi Beam-to-Column mRad 

# 16 8 Phi Column 
0.054889 0.158759 0.229212 0.29853 0.352107 pinned 0.030133 0.098569 0.38783 0.408241 

0.014867 0.046262 0.074484 0.118839 0.183854 0.259833 0.33255 0.390808 0.428638 0.449919 
0.026548 0.060267 0.088489 0.136981 0,204409 0,284925 0,363172 0,424407 0,464362 0.487767 

0.08255 0 / n 2 7 9 0.165708 0.237295 0.326595 0.411222 0.477572 0.522131 0.54749 0.046262 

0.145442 0.284925 0.382729 0.477572 0.552035 0.070453 0.110666 0.201996 0.601776 0.63168 
0.334674 0.444822 0.552035 0.096767 0.140906 0.179318 0.2441 0,638306 0,694716 0.727891 

0.118839 0.168121 0.208946 0.27812 0.378481 0.498938 0.618384 0.714638 0.777674 0.816286 
0,134857 0,186267 0,23049 0.301933 0.409099 0.538739 0.666978 0.771047 0.84071 0,880554 

0.242821 0.426514 0.561974 0.698029 0.806346 0,877241 0,922479 0.145442 0,19746 0,317666 

0,438875 0,575227 0,714638 0,824144 0,149979 0,201996 0.249626 0.326595 0.900476 0.94359 
0.154511 0.208946 0.256431 0.334674 0.449919 0.591836 0.733328 0.847379 0.923711 0.965636 

fixed 
0.431654 

0.475448 
0.514315 

0.575227 

0.664854 

0.766545 
0.859443 

0.923711 
0.959009 

0.978931 
1 

Table B.6 Frame 3, Sway, Strength Ratio 

Phi Column pinned 
pinned 0.019682 

0.009711 0.030218 
0.017341 0.039365 
0,030218 0,05392 
0,046019 0.073672 

0.063207 0.093424 
0.077623 0.109814 

0.088086 0.121666 

0.095 0.128977 
0,097963 0,133516 
0.100924 0.137867 

128 64 
Phi Beam-to-Column mRad 

32 16 1 fixed 
0.03724 

0.049897 

0.060432 

0.076236 

0.097775 

0.12009 
0.139443 
0.152775 
0.160829 

0 165274 

0.170551 

0.068334 
0.082959 

0.095 
0.114164 
0.139443 

0M6G109 

0,189718 
0,206107 
0.216658 

0.221938 

0.227215 

0.117127 
0.133516 

0.14833 

0.171938 

0.203884 
0.238605 
0.269991 

0.29055 
0.303868 
0.311942 
0,319377 

0,180828 
0,201662 
0.220551 

0.250549 
0.291937 
0.338882 
0.380084 

0.409633 
0.427751 
0.438599 
0.449448 

0.251937 
0.278592 
0.301926 

0.338882 

0.392292 
0.452999 
0.507186 
0.546973 
0.572998 
0.586011 
0.602547 

0.317213 
0.347567 
0.375728 

0.421259 
0.48413 

0.559209 

0.627185 
0.678431 

0.710948 
0.729066 
0.748571 

0.364131 
0.399589 

0.429943 

0.481161 
0.553493 

0.640198 
0.719605 
0.778925 
0.812829 

0.83744 

0.83744 

0,394456 
0.432107 

0.464625 

0.520199 
0.598219 
0.691443 
0.768076 
0.802758 

0,81577 
0,826591 
0,838827 

0,429943 
0,47034 

0.505799 

0.564314 
0.648854 

0.750735 
0.845319 

0.913296 

0.952333 
0.97539 

1 
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Appendix C 

Five-Storey Model And Results 

C.l The Model 

The following text shows the finite element model that was used for the Ove-storey 

plastic modelling. For each frame the geometry file would be called, followed by one 

set of stiffness files. The solution parameters were then loaded, and the model solved. 

For the next frame the same geometry file would then be loaded followed by the next 

set of stiffness files. 

The geometry Rle: 

/PREP7 
!,material property 
UIMP,1,EX, , 
UIMP,1,DENS, 
UIMP,1,ALPX, 
U I M P , 1 , R E F T , 

UIMP,1,NUXY, 
UIMP,1,PRXY, 
UIMP,1,GXY, 
UIMP,1,MU, , 
UIMP,1,DAMP, 
UIMP,1,KXX, 
UIMP,1,C, , 
UIMP,1,ENTH, 

2.10E+11, 

0.3, 

8.08E+10, 
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UIMP,1,HF, , 
UIMP,1,EMIS, 
UIMP,1,QRATE, 
UIMP,1,MURX, 
UIMP,1,MGXX, 
UIMP,1,RSVX, 
UIMP,1,PERX, 
UIMP,1,VISC, 
UIMP, 1,SONC, 
!* data table yield stress Fy=275 MPa, E=0 after plasticity 
TB,BKIN,1, , , 
TBMODIF,2,1,2.75E+08 

,FIRST STOREY 
,beam elements are r=,l 
,column elements are r=,2 
,base springs are r=,3 
,beam-column are r=,4 
* BEAM 

ET,1,BEAM23 
TYPE,1, 
MAT,1, 
REAL,1, 
ESYS,0, 
KEYOPT,1,2,0 
KEYOPT,1,4,1 
KEYOPT,1,6,4 
KEYOPT,1,10,0 

!,section properties 
R,l,0.463,4.84E-02,7.61E-03,3.18E-03, 
RMORE, ,,,,,,, 

ET,2,BEAM23,,, 
KEYOPT,2,2,0,, 
KEYOPT,2,4,1,, 
KEYOPT,2,6,4,, 
KEYOPT,2,10,0, 

COLUMN 

!,section properties 
R,2,0.260,5.56e-2,7.07e-3, 
RMORE, 
I * 

^71e-4 

!* ,,BASE SPRING 
ET,3,C0MBIN39 
KEYOPT,3,1,0 
KEYOPT,3,2,0 
KEYOPT,3,3,6 
KEYOPT,3,4,0 
KEYOPT,3,6,0 

I,rigidity 
R,3,1.55E-01,3.37E+05,500,3.37E+08,,, 
RMORE 

,,BEAM TO COLUMN SPRING 
ET,4,C0MBIN39 
KEYOPT,4,1,0 
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KEYOPT,4,2,0 
K2Y0PT,4,3,6 
KEYOPT,4,4,0 
KEYOPT,4,6,0 
I 

!,rigidity 
R,4,2.69E-01,3.37E+05,500,3.3TE+08 
RMORE 

N / 2 , , , , , , / 

N, 8 , 0 , 3 . 6, , , 
N,9,0,3.6,/, 
N,15,4.8,3.6 
N, 16,4.8,3 . 5 
N,22,4.8,0,, 
N,23,4.8,0,, 
FILL,2,8,5, 
FILL,9,15,5, ,1,1,1,1, 
FILL,16,22,5, ,1,1,1,1, 

1,1,1, 

!,COLUMNS,,,,, 
TYPE,2,,,,,,,, 
REAL,2, 
E,2,3 
E,3,4 
E,4,5 
E, 5, 6 
E,6,7 
E,7,8 

E,16,17 
E,17,18 
E,18,19 
E,19,20 
E,20,21 
E,21,22 

!,BEAM, 
TYPE,1, 
REAL,1, 
E,9,10 
E,10,ll 
E,ll,12 
E,12,13 
E,13,14 
E,14,15 

!,BASE, 
TYPE,3, 
REAL,3, 
E,l,2 
E,22,23 

!,BEAM-COLUMN, 
TYPE,4,,,,,,, 
REAL,4,,,,,,, 
E, 8, 9 , , , , , / 
E,15,16,,,,,, 
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!,COUPLED RESTRICTIONS,,,,,,, 
CP,1,UX,8,9,,,, 
CP,2,UY,8,9,,,, 
CP,3,UX,15,16,,,, 
CP,4,UY,15,16,,,, 

!,BC'S 
D , 1 , , , , , , A L L , 

D , 2 3 / / , , t , A L L , 
I 

D,2, , , , , ,UX,UY 
D,22, , , , , ,UX,UY 

! / / / / / / / / 

! , F O R NON-SWAY A D D . . . 
D,15, , , , , ,UX, 

/SOLU 
!P,9,FY,-5.00E+05 
!F,15,FY,-5.00E+05 
F,ll,FY,-1.00E+06 
F,13,FY,-1.00E+06 
F,9,FX,-3.00E+05 

.SECOND STOREY 
PREP7 
,beam elements are r=,5 
,column elements are r=,6 
,beam-column are r=,7 

* BEAM 

,section properties 
R,5,0.463,4.84E-02,7.61E-03,3.18E-03, , , 
RMORE, 

* Column 
.section properties 

R,6,0.260,5.56e-2,7.07e-3,8.71e-4 
RMORE, 

,beam to column rigidity 
R,7,2.69E-01,3.37E+05,500,3.37E+08, 
RMORE 

N,29,0,7.2 
N,30,0,7.2 
N,36,4.8,7.2 
N,37,4.8,7.2 
FILL,9,29,5,24,1,1,1,1 
FILL,30,36,5,31,1,1,1,1 
FILL,37,15,5,38,1,1,1,1 

!,Columns 
TYPE,2 
REAL,6 
E,8,24 
E,24,25 
E,25,26. 
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E,26,27 
E,27,28 
E,28,29 
I ^ ^ 

E,37,38 
E,38,39 
E,39,40 
E,40,41 
E,41,42 
E,42,16 

!,Beam, 
TYPE,1, 
REAL,5, 
E,30,31 
E,31,32 
E,32,33 
E,33,34 
E,34,35 
E,35,36 
I ^ ^ 

!,Beam-column, 
TYPE,4, 
REAL,7, 
E,29,30 
E,36,37 

,COUPLED RESTRICTIONS, 
CP,5,UX,29,30,,, 
CP,6,UY,29,30,,, 
CP,7,UX,36,37,,, 
CP,8,UY,36,37,,, 

!,FOR NON-SWAY ADD... 
D,3 6, , , , , ,UX 

!F,30,FY,-5.00E+05 
!F,36,FY,-5.00E+05 
F,32,FY,-1.00E+06, 
F,34,FY,-1.00E+06, 
F,30,FX,-3.00E+05 
***************************************************** 

,Third STOREY 
PREP7 
,beam elements are r=,8 
,column elements are r=,9 
,beam-column are r=,10 

* BEAM 

, section properties,,,,,,,, 
R,8,0.463,4.84E-02,7.61E-03,3.18E-03, , , 
RMORE, 

* Column 
,section properties 

R,9,0.260,5.56e-2,7.07e-3,8.71e-4 
RMORE, 
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,rigidity 
R,10,2.69E-01,3.37E+05,500,3.37E+08,, 
RMORE 
I 

N,48,0,10.8 
N,49,0,10.8 
N,55,4.8,10.8 
N,56,4.8,10.8 
FILL,30,48,5,43,1,1,1,1, 
FILL,49,55,5,50,1,1,1,1, 
FILL,56,36,5,57,1,1,1,1, 

,Columns 
TYPE,2 
REAL,9 
E,30,43 
E,43,44 
E,44,45 
E,45,46 
E,46,47 
E,47,48 
I 

E,56,57 
E,57,58 
E,58,59 
E,59,60 
E,60,61 
E,61,37 

,Beam 
TYPE,1 
REAL,8 
E,49,50 
E,50,51 
E,51,52 
E,52,53 
E,53,54 
E,54,55 
I 

!,Beam-column 
TYPE,4 
REAL,10 
E,48,49 
E,55,56 

,COUPLED RESTRICTIONS 
CP,9,UX,48,49 
CP,10,UY,48,49 
CP,11,UX,55,56 
CP,12,UY,55,56 

!,FOR NON-SWAY ADD... 
D,55, , , , , ,UX,, 
I 

!F,49,FY,-5.00E+05 
!F,55,FY,-5.00E+05 
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F,51,FY,-1.00E+06 
F,53,FY,-1.00E+06 
F,49,FX,-3.00E+05 
***************************************************** 

.forth STOREY 
PREP7 
,beam elements are r=,11 
,column elements are r=,12 
,beam-column are r=,13 

* BEAM 

,section properties,,,,,,,, 
R,ll,0.463,4.84E-02,7.61E-03.3.18E-03, , , 
RMORE. 

* Column 
,section properties 

R,12,0.260,5.56e-2,7.07e-3,8.71e-4 
RMORE, 

,rigidity 
R,13,2.69E-01,3.37E+05,500,3.37E+08,,, 
RMORE 
I 

N,67,0,14.4 
N.68,0.14.4 
N,74,4.8,14.4 
N,75,4.8,14.4 
FILL,49,67,5,62,1,1,1,1, 
FILL,68,74,5,69,1,1,1,1, 
FILL,75,55,5,76,1,1,1,1, 

!,Columns 
TYPE,2 
REAL,12 
E,49,62 
E,62,63 
E,63,64 
E,64,65 
E,65,66 
E,66,67 
I 

E,75,76 
E,76,77 
E,77,78 
E,78,79 
E,79,80 
E,80,56 

!,Beam 
TYPE,1 
REAL,11 
E,68,69 
E,69,70 
E,70,71 
E,71,72 
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E,72,73 
E,73,74 
I 

!,Beam-column 
TYPE, 4 
REAL,13 
E,67,68 
E,74,75 

!,COUPLED RESTRICTIONS 
CP,13,UX,67,68 
CP,14,UY,67,68 
CP,15,UX,74,75 
CP,16,UY,74,75 
I 

! , F O R NON-SWAY A D D . . . 
D,74, , , , , ,UX,, 
I 

!F,68,FY,-5.00E+05 
!F,74,FY,-5.00E+05 
F,70,FY,-1.00E+06 
F,72,FY,-1.00E+06 
!F,68,FX,-3.00E+05 
I 

I * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

!,fifth STOREY 
/PREP7 
! ,beam elements are r=,14 
!,column elements are r=,15 
!,beam-column are r=,16 
I 

! * BEAM 
I * 

!,section properties 
R,14,0.463,4.84E-02,7.61E-03,3.18E-03, , , 
RMORE, 
I 

!* Column 
!,section properties 
R,15,0.260,5.56e-2,7.07e-3,8.71e-4 
RMORE, 
I * 

I 

!,rigidity 
R,16,2.69E-01,3.37E+05,500,3.37E+08,,, 
RMORE 
I 

N, 86,0,18 
N,87,0,18 
N, 93,4.8,18 
N,94,4.8,18 
FILL,68,86,5,81,1,1,1,1, 
FILL,87,93,5,88,1,1,1,1, 
FILL,94,74,5,95,1,1,1,1, 
I 
I 
!,Columns 
T Y P E , 2 
REAL ,15 

E,68,81 
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E,81,82 
E,82,83 
E,83,84 
E,84,85 
E,85,86 
I 
E,94,95 
E,95,96 
E,96,97 
E,97,98 
E,98,99 
E,99,75 

!,Beam 
TYPE,1 
REAL,14 
E,87,88 
E,88,89 
E,89,90 
E,90,91 
E,91,92 
E,92,93 
I 
! , Beam-column 
TYPE,4 
REAL, 16 
E,86,87 
E,93,94 

,COUPLED RESTRICTIONS 
CP,17,UX,86,87 
CP,18,UY,86,87 
CP,19,UX,93,94 
CP,20,UY,93,94 

!,FOR NON-SWAY ADD... 
D,93 UX,, 
I 
F,87,FY,-5.00E+05 
F,93,FY,-5.00E+05 
F,89,FY,-1.00E+06 
F,91,FY,-1.00E+06 
F,87,FX,3.00E+05 

A set of stiffness files: 

!Column base stiffness 
/PREP7 
R,3,32e-3,338.25e3,l,338.25e3,,, 
RMORE, 
F I N I S H 

!Beam-to-column stiffnesses 
/PREP7 
R,4,32e-3,338.25e3,l,338.25e3,,, 
RMORE, 
FINISH 
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!Beam-to-column stiffnesses 
/PREP7 
R,7,32e-3,338.25e3,l,338.25e3,,, 
RMORE, 
FINISH 

!Beam-to-column stiffnesses 
/PREP7 
R,10,32e-3,338.25e3,l,338.25,,, 
RMORE, 
FINISH 

iBeam-to-column stiffnesses 
/PREP7 
R,13,32e-3,338.25e3,l,338.25,,, 
RMORE, 
FINISH 

!Beam-to-column stiffnesses 
/PREP7 
R,16,32e-3,338.25e3,l,338.25,,, 
RMORE, 
FINISH 

The solution parameters: 

/SOLU 
I * 
N^GEOM,! 
NROPT,FULL, ,0N 
LUMPM,0 
EQSLV,FRONT,le-08,0, 
SSTIF 
PSTRES 
TOFFST,0, 

Analysis options 

TIME,1000 
I * 
AUTOTS.ON 
!* for automatic step size 
DELTIM,1,0.5,50,OFF 
!PRED,ON 

Time and time step options 

ON-automatic OFF- not automatic time step 

IDELTIM,1 

KBC,0 

I * 
NEQIT,80, 
I * 
solution 
!* if UX,UY,ROTZ if higher than 0.024 than stop. (10m) 
NCNV,2,0.024,0,0,0, 

max. no. of iterations 

do not terminate analyses after non converging 

CNVTOL,F, ,0.001,2,-1, 

OUTRES,ALL,ALL, 

output controls 
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OUTPR,BASIC,NONE, 
/STAT,SOLU 
S O L V E 

C.2 The Results 

The following lists all the five-storey frame results. The results are given as tables as 

they were in the main text of the thesis. The title of each frame gives the frame 

number, and the sway/non-sway behaviour of the frame. The strength ratio is the value 

given in the tables. 

Table C.l Frame 1, Non-Sway, Strength Ratio 

Phi Column pinned 256 128 64 

Phi Beam-lo-Column mRad 
32 16 1 fixed 

0.635931 
0.635931 

0.635931 

0.635931 
0.635931 

0.635931 
0.635931 

0.635931 
0.635931 

0.635931 

0.635931 

0.662363 

0.662363 

0.662363 

0.662363 
0.662363 

0.662363 
0.662363 
0.662363 
0.662363 

0.662363 
0.662363 

0.685176 

0.685176 
0.685176 

0.685176 
0.685176 

0.685176 

0.685176 

0.685176 

0.685176 

0.685176 

0.685176 

0.721713 

&721713 

0.721713 
0.721713 
0.721713 

0.721713 
0.721713 
0 721713 

0.721713 

0.721713 
0.721713 

0.775715 

0.775715 
0.775715 
0.775715 
0.775715 

0.775715 

0.775715 
0.775715 

0.775715 

0.775715 

0.775715 

0.846614 
0.846614 
0.846614 
0.846614 
0.846614 
0,846614 
0.846614 
0.846614 
0.846614 

0.846614 

0.846614 

0.919688 

0.919688 
0.919688 

0.919688 
0.919688 
0.919688 
0.919688 

0.919688 
0.919688 

0.919688 

0.919688 

0.970518 

0.970518 
0.970518 
0.970762 
0.970742 
0.970254 

0.970966 
0.970254 

0.970274 
0.970518 
0.970518 

0.987618 

0.987618 

0.987984 
0.987984 
0.987414 
0.988085 
0.988248 
0.988248 

0.988248 

0.988248 
0.988248 

0.993961 
0.993961 
0.993961 
0.993961 
0.993961 
0.994978 
0.994978 
0.994978 
&994978 

0.993961 
0.994734 

1.000691 
1.000854 
1.000691 
1.000854 

1.001342 
1.000407 
1.000366 
1.000895 

1.000386 
1 

1 

Table C.2 Frame 2, Non-Sway, Strength Ratio 

Phi Column pinned 
0.509684 0.545654 
0.509684 0.545654 
0.509684 0.545654 

0.509684 0.545654 

0.509684 0.545654 
0.509684 0.545654 
0.509684 0.545654 

0.509684 0.545654 

0.509684 0.545654 

0.509684 0.545654 

0.509684 0.545654 

128 64 

Phi Beam-to-Column mRad 
32 16 1 fixed 

0.575584 

0.575584 

0.575584 
0.575584 
0.575584 
0.575584 

0.575584 
0.575584 
0.575584 

0.575584 

0.575584 

0.627345 

0.627345 
0.627345 

0.627345 
0.627345 
0.627345 
0.627345 

0.627345 

0.627345 

0.627345 
0.627345 

0.699487 

0.699487 

0.699487 

0.699487 

0.699487 

0.699487 
0.699487 

0.699487 
0.699487 

0.699487 

0.699487 

0.782899 

0.782899 
0.782899 

0.782899 

0.782899 

0.782899 

0.782899 

0.782899 

0.782899 

0.782899 

0.782899 

0.860305 

0.860305 
0.860305 
0.860305 
0.860305 
0.860305 
0.860305 
0.860305 
0.860305 

0.860305 

0.860305 

0.918275 

0.918275 

0.918275 

0.918275 

0.918275 
0.918275 

0.918275 

0.918275 

0.918275 
0.918275 

0.918275 

0.95519 

0.95519 
0.95519 

0.95519 
0.95519 

0.95519 
0.95519 
0.95519 
0.95519 
0.95519 

0.976279 
0.976279 

0.976279 

0.976279 
0.976279 

0.976279 

0.976279 

0.976279 

0.976279 

0.976279 

0.976279 
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Table C.3 Frame 3, Non-Sway, Strength Ratio 

Phi Column 
pinned 

pinned 256 128 64 
Phi Beam-to-Coiumn mRad 

32 16 1 fixed 
0.720901 
0.720901 
0.720901 
0.720901 
0.720901 
0.720901 
0.720901 
0.720901 
0.720901 
0.720901 
0.720901 

0.740054 
0.740054 
0.740054 
0.740054 
0.740054 
0.740054 
0.740054 
0.740054 
0.740054 
0.740054 
0.740054 

0.756258 
0.756258 
0,756258 
0.756258 
0.756258 
0.756258 
0.756258 
0.756258 
0.756258 
0.756258 
0.756258 

0.783916 
0.783916 
0.783916 
0.783916 
0.783916 
0.783916 
0.783916 
0.783916 
0.783916 
0.783916 
0.783916 

0.823538 
0.823538 
0.823538 
0.823538 
0.823538 
0.823538 
0.823538 
0.823538 
0.823538 
0.823538 
0.823538 

0.872148 
0.872148 
0.872148 
0.872148 
0.872148 
0.872148 
0.872148 
0.872148 
0.872148 
0.872148 
0.872148 

0.920781 
0.920781 
0.920781 
0.920781 
0.920781 
0.920781 
0.920781 
0.920781 
0.920781 
0.920781 
0.920781 

0.960379 
0.960379 
0.960379 
0.960379 
0.960379 
0.960379 
0.960379 
0.960379 
0.960379 
0.960379 
0.959734 

0.983151 
0.983151 
0.983151 
0.983151 
0.983151 
0.983151 
0.981999 
0.981999 
0.981999 
0.981999 
0.981999 

0.992809 
0.992809 
0.992809 
0.992809 
0.992163 
0.992163 
0.992163 
0.991011 
0.991011 
0.991011 
0.991011 

1.001798 
1.001152 
1.001152 
1.001152 
1.001152 

Table C.4 Frame 4, Non-Sway, Strength Ratio 

Phi Beam-to-Column mRad 
32 16 8 Phi Column pinned 

0.502174 0.523499 0.561394 pinned 0.479521 0.622795 0.708077 0.805149 0.888828 
0.479521 0.502174 0.523499 0.561394 0.622795 0.708077 0.805149 0.888828 
0.479521 0.502174 0.523499 0.561394 0.622795 0.708077 0.805149 0.888828 
0.479521 0.502174 0.523499 0.561394 0.622795 0.708077 0.805149 0.888828 

0,502174 0.523499 0,561394 0.622795 0.708077 0.805149 0.479521 0.888828 
0.502174 0.523499 0.561394 0.622795 0.479521 0.708077 0.805149 0.888987 
0.502174 0.523499 0.561394 0.479521 0.622795 0.708077 0.805149 0.888741 

0.479521 0.502174 0.523499 0.561394 0.622795 0.708077 0.805149 0.888741 
0.479521 0.502174 0.523499 0.561394 0.622795 0.708077 0.805149 0.888741 

0.502174 0.523499 0.561394 0.622795 0.708077 0.805149 0.479521 0.889492 
0.502174 0.523499 0.561394 0.622795 0.479521 0.708077 0.805149 0.889492 

0.944696 
0.944696 
0.944696 
0.944696 
0.944696 
0.944696 
0.944696 
0.944696 
0.944696 
0.944696 
0.944696 

_1_ 
0.951963 
0.951963 
0.951963 
0.952555 
0.952555 
0.952555 
0.952555 
0.952555 
0.952555 
0.952555 
0.952555 

fixed 

Table C.5 Frame 1, Sway, Strength Ratio 

Phi Beam-to-Column mRad 
32 16 Phi Column 

pinned 0.086769 0.109538 0.150491 0.21862 0.321025 0.446992 0.575091 
0.099415 0.122764 0.163626 0.233119 0.335183 0.464074 0.595698 0.075096 
0.109538 0.132887 0.174569 0.243521 0.348001 0.479024 0.08561 0.61278 

0.100782 0.125683 0.148301 0.18989 0.259936 0.365848 0.501735 0.639154 
0.143926 0.167181 0.20877 0.28238 0.391484 0.5324 0.677581 0.118295 
0.161436 0.185515 0.22847 0.303998 0.419224 0.566564 0.135806 0.719533 

0.148301 0.174569 0.200014 0.244888 0.323157 0.442729 0.596463 0.756594 
0.183326 0.20877 0.256104 0.335948 0.459045 0.617809 0.784361 0.157058 

0.18907 0.213969 0.261303 0.343737 0.468337 0.630627 0.800678 0.161436 
0.191257 0.217254 0.265954 0.348001 0.473968 0.637022 0.80997 0.163626 

0.352264 0.479024 0.645577 0.165815 0.194269 0.220536 0.269237 0.819891 

0.678947 
0.701085 
0.720298 

0.75233 
0.796387 

0.8455 
0.886851 
11916724 
0.931673 
0.938096 

0.94236 

_1_ 
a740878 
0.765148 
0.786493 
0.818525 
0.863347 
0.911695 
0.945858 
0.965071 
0.972259 
0.975758 
0.978655 

fixed 

0.812621 
0.833119 

0.908634 
0.946623 
0.975293 
0.988466 
0.994971 

1 

Table C.6 Frame 2, Sway, Strength Ratio 

Phi Column 

0.061196 
0.07159 

0.086502 
0,100324 
0,108857 
0,117097 
0,120041 
0,122686 
0.122686 

0.12563 

256 128 64 
Phi Beam-to-Column mRad 

32 16 1 fixed 
0.079046 
0.094735 
0.105913 
0.117097 
0.131219 
0.145047 
0.153433 
11156378 
0.159323 
0.16182 
0.16182 

0.105913 
0.122686 
0.134164 
0.147992 

&16182 
0.17609 

0.184476 
0.189918 
0.192862 
0.192862 
0.195359 

0.156378 
0.173145 
0.184476 
0.198304 
0.217167 
0.229747 
0.242326 
0.248616 
0.251961 
0.251961 
0.254906 

0,229747 
0.248616 
0.261196 
0.280059 
0,300701 
0.319564 
0,333716 
0,341378 
0.346095 
0.347868 
0.350813 

0.328999 
0.352585 
0.366731 
0.390318 
0.416843 
0.442203 
0.456938 
0.468145 
0.475218 
0.478163 
0.482291 

0.437485 
0.464011 
0.482291 
0.513539 
0.545972 
0.577214 
0.598469 
0.612603 
0.622615 
0.626737 
Ô M̂  

0.53182 
0.560118 
0.584287 

0.61967 
0.659187 
0.696349 
0.726855 
0.745289 
0.754476 
0.760718 
0.765371 

0.595524 
0.63086 

0.658009 
0.696349 
0.742344 
0.783746 
0.818905 
0.838987 
0.852768 
0.857362 

&8M9 

0.636749 
0.673322 
0.700942 
0.742344 
0.792933 
0.838987 
0.875795 
0.898763 
0.912603 
&920141 
0.926384 

0.682509 
0.722261 
0.751531 
0.797527 
0.852768 
0.903357 
0.944759 

0.97073 
0.984511 
0.990813 

1 
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Table C.7 Frame 3, Sway, Strength Ratio 

Phi Column 
pinned 

pinned 256 128 64 

Phi Beam-to-Colunnn mRad 
32 16 1 

0 
0.055699 

0.06584 
0.079365 
0.092801 

0.104723 
0.113087 
0.118159 
0.121721 
0.121963 
0.123744 

0.06584 
0.079365 

0.08951 
0.102942 

0,118159 
0.129568 
0.138958 
0.144785 
0.146566 
0.148589 

0.15037 

0.087729 

0.101435 
0,111577 
0.125525 
0,140739 
0.152394 

0.16178 
0.167607 
0.171411 
0.173192 
0.175216 

0.123744 
0.138958 
0.148589 

0.163803 
0.17902 

0.193282 
0.204695 
0.210401 
0.215035 
0.216107 
0.218957 

0.183654 
0.198988 

0.210401 
0.226444 
0.244636 
0.261751 
0,274589 
0.282429 

0.28671 
0.289207 
0.291704 

0.267457 
0.284929 
0.297767 
0.317383 

0.340557 

0.361972 
0.377289 
0.387618 
0.394422 

0.396203 
0.400477 

0.36874 
0.390112 
0.407245 
0.432286 
0.461886 
0.489741 

0.510223 
0.524115 
0.532486 
0.535264 
0.540821 

0.468476 

0,495298 
0,51578 

0.546377 

0.585346 
0.621536 
0.649355 
0.666061 
0.677175 
0.682731 

0.688324 

0.549156 
0.579789 

0.60483 

0,64102 
0.687326 
0.731852 

0.766225 

0.788488 
0.801418 
0.807972 

0.81531 

0.602052 

0.635428 

0.663283 
0.704994 
0.756892 
0.807972 

0.84694 
0.871981 

0.88769 

0.894244 

0.902579 

fixed 
0.668839 
0.707808 
0.738406 

0.785709 

0.845943 
0.902579 
0.944326 
0.971148 
0.986073 

0.99341 
1 

Table C.8 Frame 4, Sway, Strength Ratio 

Phi Beam-to-Column mRad 
32 16 Phi Column pinned 

0.079204 0.098966 0.134087 0.194529 0.286167 0.40724 pinned 0.535554 0.643974 0.712006 

0.075753 0.096338 0.114943 0,150761 0,211203 0,30539 0,430072 0,562665 0.674693 0.743373 

0.08777 0,107532 0.127372 0.162572 0,223942 0,320495 0,447004 0.583692 0.699352 0.766875 
0.123666 0,14335 0,179477 0.242239 0.341522 0.473444 0.615059 0.801203 0.102593 0,736155 
0.140342 0.160719 0.197775 0.264469 0.119963 0.367476 0,504835 0.654823 0,781332 0.844576 

0.132931 0.155163 0.176699 0.215605 0.283692 0.390978 0.535554 0.693939 0,821096 0.876452 

0.142193 0.165582 0.186657 0.227876 0.298149 0.409045 0.56019 0.725307 0.85362 0.891557 
0.148908 0,171837 0.193373 0.235068 0.307194 0.421698 0.575318 0.745177 0.899954 0.873491 

0,175542 0.197775 0.239463 0.312607 0.428267 0.58434 0.151457 0.75783 0.886144 0.905367 
0.176699 0.200088 0.241777 0.315082 0.431899 0.589776 0.15331 0.764423 0.891557 0,907842 

fixed 0.155163 0.178321 0,201709 0.243396 0.318043 0.435508 0.595189 0.770483 0,898797 0.910803 

fixed 
0.781332 

0.810248 

0.834883 

0.871686 

0.916216 
0.949387 

0.971085 

0,983738 
0.990955 
0.995744 

1 
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Ten-Storey Model And Results 

D.l The Model 

The following text shows the finite element model that was used for the ten-storey 

plastic modelling. For each frame the geometry file would be called, followed by one 

set of stiffness files. The solution parameters were then loaded, and the model solved. 

For the next frame the same geometry file would then be loaded followed by the next 

set of stiffness files. 

The geometry Ale: 

/PREP7 

,material property 

UIMP, 
UIMP, 
UIMP, 
UIMP, 
UIMP, 
UIMP, 
UIMP, 
UIMP, 
UIMP, 
UIMP, 

1,EX, 
1,DENS 
1,ALPX 
1,REFT 
1,NUXY 
1 , P R X Y 
1,GXY, 
1,MU, 
1,DAMP 
1,KXX, 

2 . l O E + 1 1 , 

,0.3, 

,8.08E+10, 
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UIMP,1,C, , , 
UIMP,1,ENTH, 
UIMP,1,HF, , 
UIMP,1,EMIS, 
UIMP,1,QRATE, 
UIMP,1,MURX, 
UIMP,1,MGXX, 
UIMP,1,RSVX, 
UIMP,1,PERX, 
UIMP,1,Vise, 
UIMP,1,S0NC, 
!* data table yield stress Fy=275 MPa, E=0 after plasticity 
TB.BKIN,1, , , 
TBMODIF,2,1,2.75E+08,, 

.FIRST STOREY 

,beam elements are r=,l 
,column elements are r=,2 
,base springs are r=,3 
,beam-column are r=,4 

BEAM 
ET,1,BEAM23,,, 
TYPE,1, 
MAT,1, 
REAL,1, 
ESYS,0, 
KEYOPT,1,2,0,,,,, 
KEYOPT,1,4,1,,,,, 
KEYOPT,1,6,4,,,,, 
KEYOPT,1,10,0,,,,, 

!,section properties 
R,l,0.463,4.84E-02,7.61E-03,3.18E-03, 
RMORE, 

ET,2,BEAM23,, 
KEYOPT,2,2,0, 
KEYOPT,2,4,1, 
KEYOPT,2,6,4, 
KEYOPT,2,10,0 

COLUMN 

!,section properties 
R,2,0.260,5.56e-2,7.07e-3, 
RMORE, ,,,,,,, 

,,BASE SPRING 
ET,3,C0MBIN39 
KEYOPT,3,1,0, 
KEYOPT,3,2,0, 
KEYOPT,3,3,6, 
KEYOPT,3,4,0, 
KEYOPT,3,6,0, 

..71e-4, 

!,rigidity 
R,3,1.55E-01,3.37E+05,500,3.37E+08, 
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RMORE * 

I 

!,,BEAM TO COLUMN SPRING 
ET,4,C0MBIN39, 
KEYOPT,4,1,0, 
KEYOPT,4,2,0, 
KEYOPT,4,3,6, 
KEYOPT,4,4,0, 
KEYOPT,4,6,0, 
I 
!,rigidity 
R,4,2.69E-01,3.37E+05,500,3.37E+08, 
RMORE, 

N, 8, 0, 3 . 6, 
N,9,0,3.6, 
N,15,4.8,3 
N,16,4.8 
N,22,4.8 
N,23,4.8 
FILL,2,8 1,1,1, 

PILL,9,15,5, ,1,1,1,1, 
FILL,16,22,5, ,1,1,1,1, 

,COLUMNS 
TYPE,2, 
REAL,2, 
E,2,3 
E,3,4 
E,4,5 
E, 5, 6 
E,6,7 
E,7,8 

16,17 
17, 18 

E, 
E, 
E, 
E, 
E, 20,21 
E,21,22 

18.19 
19.20 

!,BEAM, 
TYPE,1, 
REAL,1, 
E,9,10 
E,10,ll 
E,11,12 
E,12,13 
E,13,14 
E,14,15 
! , , 

! , B A S E , 
T Y P E , 3 , 
REAL,3, 
E, 1,2 
E,22,23 
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!,BEAM-COLUMN, 
TYPE,4,, 
REAL,4,, 
E,8,9,,, 
E,15,16, 

!,COUPLED RESTRICTIONS 
CP,1,UX,8,9,,,, 
CP,2,UY,8,9,,,, 
CP,3,UX,15,16,,,, 
CP,4,UY,15,16,,,, 

!,BC'S 
D,l, , 
D,23, 

D,2, , 
D,22, 

, ALL, 
,ALL, 

,UX,UY 
,UX,UY 

!,FOR NON-SWAY ADD... 
!D,15, , , , , ,UX, 

/SOLU 
!F,9,FY,-5.00E+05,, 
!F,15,FY,-5.00E+05, 
F,ll,FY,-1.00E+06,, 
F,13,FY,-1.00E+06,, 
F,9,FX,-3.00E+05,, 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

.SECOND STOREY 
PREP7 
,beam elements are r=,5 
,column elements are r=,6 
,beam-column are r=,7 

* BEAM 

,section properties 
R,5,0.463,4.84E-02,7.61E-03,3.18E-03, , , 
RMORE, 

Column 
section properties 

R, 6,0 . 260,5.56e-2,7.07e-3,8.71e-4 , , , 
RMORE, 

,beam to column rigidity 
R,7,2.69E-01,3.37E+05,500,3.37E+08, 
RMORE, 
I 
N, 29,0,7.2,,,, 
N, 30,0,7.2,,,, 
N, 36,4.8,7.2,, 
N, 37,4.8,7.2,, 
FILL,9,29,5,24,1,1,1,1 
FILL,30,36,5,31,1,1,1,1 
FILL,37,15,5,38,1,1,1,1 
I 
I 
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! ,Columns 
TYPE,2,,,,,,, 
REAL,6,,,,,,, 
E,8,24,,,,,, 
E,24,25 
E,25,26 
E,26,27 
E,27,28 
E,28,29 

E,37,38 
E,38,39 
E,39,40 
E,40,41 
E,41,42 
E,42,16 

, Beam, 
TYPE,1, 
REAL,5, 
E,30,31 
E,31,32 
E,32,33 
E,33,34 
E,34,35 
E,35,36 

!,Beam-column, 
T Y P E , 4 , 

R E A L , 7 , 
E,29,30 
E,36,37 

,COUPLED RESTRICTIONS, 
CP,5,UX,29,30,,, 
CP,6,UY,29,30,,, 
CP,7,UX,36,37,,, 
CP,8,UY,36,37,,, 

,FOR NON-SWAY ADD... 
D,36, , , , , ,UX 

F,30,FY,-5.00E+05 
F,36,FY,-5.00E+05 

F,32,FY,-1.00E+06, 
F,34,FY,-1.00E+06, 
F,30,FX,-3.00E+05 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

,Third STOREY 
/PREP7 
,beam elements are r=,8,,,,,,, 
,column elements are r=,9,,,,,,, 
,beam-column are r=,10,,,,,,, 

* BEAM 

,section properties, ,,,,,,, 
R,8,0.463,4.84E-02,7.61E-03,3.18E-03, , , 
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RNORE, 

* Column 
,section properties 

R,9,0.260,5.56e-2,7.07e-3,8.71e-4, 
RMORE, 

,rigidity 
R,10,2.69E-01,3.37E+05,500,3.37E+08,,, 
RMORE, 
I 
N, 48,0,10.8 
N,49,0,10.8 
N,55,4.8,10.8 
N,56,4.8,10.8 
FILL,30,48,5,43,1,1,1,1, 
FILL,49,55,5,50,1,1,1,1, 
FILL,56,36,5,57,1,1,1,1, 

,Columns 
TYPE,2 
REAL,9 
E,30,43 
E,43,44 
E,44,45 
E,45,46 
E,46,47 
E,47,48 

E,56,57 
E,57,58 
E,58,59 
E,59,60 
E,60,61 
E,61,37 

, Beam 
TYPE,1 
REAL,8 
E,49,50 
E,50,51 
E,51,52 
E,52,53 
E,53,54 
E,54,55 
I 
!,Beam-column 
TYPE,4, 
REAL,10, 
E,48,49, 
E,55,56, 

.COUPLED RESTRICTIONS 
CP,9,UX,48,49 
CP,10,UY,48,49 
CP,11,UX,55,56 
CP,12,UY,55,56 
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,FOR NON-SWAY ADD... 
D,55, , , , , ,UX,, 

F,49,FY,-5.00E+05 
F,55,FY,-5.00E+05 

F,51,FY,-1.00E+06 
F,53,FY,-1.00E+06 
F,49,FX,-3.00E+05 
**************************************************** 

,forth STOREY 
PREP7 
,beam elements are r=,ll 
,column elements are r=,12 
,beam-column are r=,13 

* BEAM 

,section properties 
R,ll,0.463,4.84E-02,7.61E-03,3.18E-03, , , 
RMORE, 

* Column 
,section properties,,,,,,,, 

R,12,0.260,5.56e-2,7.07e-3,8.71e-4, , , 
RMORE, 

,rigidity 
R,13,2.69E-01,3.37E+05,500,3.37E+08,,, 
RMORE 
I 
N,67,0,14.4,,,,,, 
N,68,0,14.4,,,,,, 
N,74,4.8,14.4,,,,,, 
N,75,4.8,14.4,,,,,, 
PILL,49,67,5,62,1,1,1,1, 
FILL,68,74,5,69,1,1,1,1, 
FILL,75,55,5,76,1,1,1,1, 

,Columns 
TYPE,2,, 
REAL,12, 
E,49,62, 
E 
E 
E 
E 

62.63, 
63.64, 
64.65, 
65.66, 

E,66,67, 

E,75,76, 
E,76,77, 
E,77,78, 
E,78,79, 
E,79,80, 
E,80,56, 

,Beam,, 
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TYPE,!,,, 
REAL,11,, 
E,68,69,, 
E,69,70,, 
E,70,71,, 
E,71,72,, 
E,72,73,, 
E,73,74,, 
I 
!,Beam-column 
TYPE,4,,,,,,,, 
REAL,13,,,,,,,, 
E,67,68,,,,,,, 
E,74,75,,,,,,, 

,COUPLED RESTRICTIONS 
CP,13,UX,67,68,,,,, 
CP,14,UY,67,68,,,,, 
CP,15,UX,74,75,,,,, 
CP,16,UY,74,75,,,,, 

,FOR NON-SWAY ADD... 
D,74, , , , , ,UX,, 

F,68,FY,-5.00E+05 
F,74,FY,-5.00E+05 

F,70,FY,-1.00E+06, 
F,72,FY,-1.00E+06, 
F,68,FX,-3.00E+05 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

,fifth STOREY 
/PREP7 
,beam elements are r=,14 
,column elements are r=,15 
,beam-column are r=,16 

* BEAM 
* 

,section properties, ,,,,,,, 
R,14,0.463,4.84E-02,7.61E-03,3.18E-03, , , 
RMORE, 

* Column 
,section properties 

R,15,0.260,5.56e-2,7.07e-3,8.71e-4, , , 
RMORE, 

,rigidity 
R,16,2.69E-01,3.37E+05,500,3.37E+08,,, 
RMORE, 
I 

N,86,0,18,,,,,, 
N,87,0,18,,,,,, 
N,93,4.8,18,,,,,, 
N,94,4.8,18,,,,,, 
FILL,68,86,5,81,1,1,1,1, 
FILL,87,93,5,88,1,1,1,1, 
FILL,94,74,5,95,1,1,1,1, 
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!,Columns 
T Y P E , 2 , , 
REAL,15, 
E,68,81, 
E,81,82, 
E,82,83, 
E,83,84, 
E,84,85, 
E,85,86, 
I 
E,94,95, 
E,95,96, 
E,96,97, 
E,97,98, 
E,98,99, 
E,99,75, 

,Beam 
TYPE,1, 
REAL,14 
E,87,88 
E,88,89 
E,89,90 
E,90,91 
E,91,92 
E,92,93 

!,Beam-column 
T Y P E , 4 , , , , , , , , 
REAL,16,,,,,,, 
E, 86,87,,,,,, , 
E,93,94,,,,,,, 

,COUPLED RESTRICTIONS 
CP,17,UX,86,87,,,,, 
CP,18,UY,86,87,,,,, 
CP,19,UX,93,94,,,,, 
CP, 20, UY,93, 94 

,FOR NON-SWAY ADD... 
D,93 ,UX,, 

F,87,FY,-5.00E+05 
F,93,FY,-5.00E+05 

F,89,FY,-1.00E+06, 
F,91,FY,-1.00E+06, 
F,87,FX,-3.00E+05 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

. s i x t h STOREY 
PREP7 
,beam elements are r=,17 
,column elements are r=,18 
,beam-column are r=,19 

* BEAM 
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!,section properties 
R,17,0.463,4.84E-02,7.61E-03,3.18E-03 
RMORE, 

Column 
section properties 

R,18,0.260,5.56e-2,7.07e-3,8.71e-4, 
RMORE, 

,rigidity 
R,19,2.69E-01,3.37E+05,500,3.37E+08,, 
RMORE, 
I 
N,105,0,21.6,,,,, 
N, 106,0,21.6,,,,, 
N, 112,4.8,21.6,,,,, 
N, 113,4.8,21.6,,,,, 
FILL,87,105,5,100,1,1,1,1 
FILL,106,112,5,107,1,1,1,1 
FILL,113,93,5,114,1,1,1,1 

(Columns 
T Y P E , 2 , , , , 
REAL,18,,, 
E,87,100,, 
E,100,101, 
E, 101,102, 
E,102,103, 
E,103,104, 
E,104,105, 
I 
E,113,114, 
E,114,115, 
E,115,116, 
E,116,117, 
E,117,118, 
E,118,94,, 

,Beam 
T Y P E , 1 , , , 
REAL,17,, 
E,106,107 
E, 107,108 
E, 108,109 
E, 109,110 
E,110,111 
E,111,112 
I 
!,Beam-column 
T Y P E , 4 , , , , , , , 
REAL,19,,,,,,, 
E,105,106,,,,,, 
E, 112,113,,,,,, 

,COUPLED RESTRICTIONS 
CP,21,UX,105,106,,,, 
CP,22,UY,105,106,,,, 
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CP,23,UX,112,113 
CP,24,UY,112,113 

,FOR NON-SWAY A D D . . . 
D,112, , , , , ,UX, 

F,106,FY,-5.00E+05 
F,112,FY,-5.00E+05 

F,108,FY,-1.00E+06 
F,110,FY,-1.00E+06 
F,106,FX,-3.00E+05 
********************************************************** 

,seventh STOREY 
PREP7 
,beam elements are r=,20 
,column elements are r=,21 
,beam-column are r=,22 

* BEAM 

,section properties 
R,20,0.463,4.84E-02,7.61E-03,3.18E-03, , , 
RMORE, 

* Column 
,section properties 

R,21,0.260,5.56e-2,7.07e-3,8.71e-4, , , 
RMORE, 

,rigidity 
R,22,2.69E-01,3.37E+05,500,3.37E+08, 
RMORE 

N, 124,0,25.2 
N, 125,0,25.2 
N, 131,4.8,25.2 
N, 132,4.8,25.2 
FILL,106,124,5,119,1,1,1,1 
FILL,125,131,5,126,1,1,1,1 
FILL,132,112,5,133,1,1,1,1 

,Columns 
TYPE,2 
REAL,21 
E,106,119,, 
E,119,120,, 
E,120,121,, 
E, 121,122,, 
E, 122,123,, 
E,123,124,, 
I 

E,132,133,, 
E,133,134,, 
E,134,135,, 
E,135,136,, 
E,136,137,, 
E,137,113,, 
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!,Beam 
TYPE,1 
REAL,20 
E,125,126,,, 
E,126,127,, 
E,127,128,, 
E,128,129,, 
E,129,130,, 
E,130,131,, 

!,Beam-column 
TYPE,4,,,,,,, 
REAL,22,,,,,,, 
E,124,125,,,,,, 
E,131,132,,,,,, 

,COUPLED RESTRICTIONS 
CP,25,UX,124,125,,,, 
CP,26,UY,124,125,,,, 
CP,27,UX,131,132,,,, 
CP,28,UY,131,132,,,, 

,FOR NON-SWAY ADD... 
D,131, , , , , ,UX, 

F,125,FY,-5.00E+05 
F,131,FY,-5.00E+05 

F,127,FY,-1.00E+06, 
F,129,FY,-1.00E+06, 
F,125,FX,-3.00E+05,,,,, 
*************************************************** 

,eight STOREY 
/PREP7 
,beam elements are r=,23 
.column elements are r=,24 
/beam-column are r=,25 

* BEAM 

,section properties 
R,23,0.463,4.84E-02,7.61E-03,3.18E-03, , , 
RMORE, 

* Column 
,section properties 

R,24,0.260,5.56e-2,7.07e-3,8.71e-4, , , 
RMORE, 

,rigidity 
R,25,2.69E-01,3.37E+05,500,3.37E+08, 
RMORE 

N,143,0,28.8,, 
N,144,0,28.8,, 
N,150,4.8,28.8 
N,151,4.8,28.8 
FILL,125,143,5 138,1,1,1,1 
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FILL,144,150,5,145,1,1,1,1 
PILL,151,131,5,152,1,1,1,1 

,Columns 
TYPE,2 
REAL,24 
E,125,138,, 
E,138,139,, 
E,139,140,, 
E,140,141,, 
E,141,142,, 
E,142,143,, 
I 

E,151,152,, 
E,152,153,, 
E,153,154,, 
E,154,155,, 
E,155,156,, 
E,156,132,, 

, Beam 
TYPE,1 
REAL,23 
E,144,145,, 
E,145,146,, 
E,146,147,, 
E,147,148,, 
E,148,149,, 
E,149,150,, 
I 
i,Beam-column 
TYPE,4,,,,,,, 
REAL,25,,,,,,, 
E,143,144,,,,,, 
E,150,151,,,,,, 

,COUPLED RESTRICTIONS 
CP,29,UX,143,144,,,, 
CP,30,UY,143,144,,,, 
CP,31,UX,150,151,,,, 
CP,32,UY,150,151,,,, 

,FOR NON-SWAY ADD... 
D,150, , , , , ,UX, 

F,144,FY,-5.00E+05 
F,150,FY,-5.00E+05 

F,146,FY,-1.00E+06, 
F,148,FY,-1.00E+06, 
F,144,FX,-3.00E+05 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

,nineth STOREY 
/PREP7 
, beam elements are r=,2 6 
,column elements are r=,27 
,beam-column are r=,28 
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* BEAM 
* 

,section properties 
R,26,0.463,4.84E-02,7.61E-03,3.18E-03, 
RMORE, 

* Coliimn 
,section properties 

R,27,0.260,5.56e-2,7.07e-3,8.71e-4, , 
RMORE, 

,rigidity 
R,28,2.69E-01,3.37E+05,500,3.37E+08,, 
RMORE, 
I 
N,162,0,32.4,,,,, 
N,163,0,32.4,,,,, 
N,169,4.8,32.4,,,,, 
N,170,4.8,32.4,,,,, 
FILL,144,162,5,157,1,1,1,1 
FILL,163,169,5,164,1,1,1,1 
FILL,170,150,5,171,1,1,1,1 

Columns 
T Y P E , 2 
REAL,27 
E, 144,157, 
E,157,158, 
E,158,159, 
E,159,160, 
E,160,161, 
E,161,162, 

170.171, 
171.172, 

E,172,173, 
173.174, 
174.175, 

E,175,151, 

, Beam 
TYPE,1,,, 
REAL,26,, 
E,163,164 
E,164,165 
E,165,166 
E,166,167 
E,167,168 
E,168,169 
I 
!,Beam-column 
TYPE,4,,,,,,, 
REAL,28,,,,,,, 
E,162,163,,,,,, 
E,169,170,,,,,, 

,COUPLED RESTRICTIONS 
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CP,33,UX,162,163 
CP,34,UY,162,163,,,, 
CP,35,UX,169,170,,,, 
CP,36,UY,169,170,,,, 

,FOR NON-SWAY ADD.. 
D,169, , , , , ,UX, 

F,163,FY,-5.00E+05 
F,169,FY,-5.00E+05 

F,165,FY,-1.00E+06, 
F,167,FY,-1.00E+06, 
F,163,FX,-3.00E+05 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

,tenth STOREY 
/PREP7 
,beam elements are r=,29 
,column elements are r=,3 0 
,beam-column are r=,31 

* BEAM 

,section properties 
R,29,0.463,4.84E-02,7.61E-03,3.18E-03, 
RMORE, 

* Column 
,section properties 

R,30,0.260,5.56e—2,7.07e-3, 
RMORE, 

l.71e-4. 

,rigidity 
R,31,2.69E-01,3.37E+05,500,3.37E+08,,, 
RMORE 
I 
N,181,0,36 
N,182,0,36,,,,, 
N,188,4.8,36,,,,, 
N,189,4.8,36,,,,, 
FILL,163,181,5,176,1,1,1,1 
FILL,182,188,5,183,1,1,1,1 
FILL,189,169,5,190,1,1,1,1 

,Columns 
T Y P E , 2 
REAL,30 
E,163,176,, 
E,176,177,, 
E,177,178,, 
E,178,179,, 
E,179,180,, 
E,180,181,, 
I 
E,189,190,, 
E,190,191,, 
E,191,192,, 
E,192,193,, 
E,193,194,, 
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E,194,170,,,,,, 

, Beam 
TYPE,1 
REAL,29 
E,182,183, 
E,183,184, 
E,184,185, 
E,185,186, 
E,186,187, 
E,187,188, 

!,Beam-column 
TYPE,4 
REAL,31 
E,181,182,,,,, 
E,188,189,,,,, 

,COUPLED RESTRICTIONS 
CP,37,UX,181,182,,,, 
CP,38,UY,181,182,,,, 
CP,39,UX,188,189,,,, 
CP,40,UY,188,189,,,, 

,FOR NON-SWAY ADD... 
D,188, , , , , ,UX, 

F,182,FY,-5.00E+05, 
F,188,FY,-5.00E+05, 
F,184,FY,-1.00E+06, 
F,186,FY,-1.00E+06, 
F,182,FX,3.00E+05,, 

FINISH 

A set of stiffness files; 

!Column base stiffness 
/PREP7 
R,3,32e-3,338.25e3,l,338.25e3,,, 
RMORE, , , , , , , 
FINISH 

!Beam-to-column stiffnesses 
/PREP7 
R,4,32e-3,338.25e3,l,338.25e3,,, 
RMORE, , , , , , , 
FINISH 

!Beam-to-column stiffnesses 
/PREP7 
R,7,32e-3,338.25e3,l,338.25e3,,, 
R M O R E , , , , , , , 
FINISH 

!Beam-to-column stiffnesses 
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/PREP7 
R,10,32e-3,338.25e3,l,338.25,,, 
RMORE 
FINISH 

!Beam-bo-column stiffnesses 
/PR3P7 
R,13,32e-3,338.25e3,l,338.25,,, 
RMORE, , 
FINISH 

!Beam-to-column stiffnesses 
/PREP7 
R,16,32e-3,338.25e3,l,338.25,,, 
R M O R E , , 1 1 1 1 1 
FINISH 

/prep?,,,,, 

r,19,3.20E-02,338250,1,338250 

/prep7,,,,, 

r,22,3.20E-02,338250,1,338250 

/prep7,,,,, 

r,25,3.20E-02,338250,1,338250 

/prep7,,,,, 

r,28,3.20E-02,338250,1,338250 

/prep7,,,,, 
r,31,3.20E-02,338250,1,338250 
The solution parameters: 

/SOLU 
!* Analysis options 
NLGEOM,! 
NROPT,FULL, ,0N 
LUMPM,0 
EQSLV,FRONT,le-08,0, 
SSTIF 
PSTRES 
TOFFST,0, 

!* Time and time step options 

TIME,1000 
!* ON-automatic OFF- not automatic time step 
AUTOTS,ON 
!* for automatic step size 
DELTIM,1,0.5,50,OFF 
!PRED,ON 

IDELTIM,1 

KBC,0 
I* max. no. of iterations 

NEOIT,80, 

! * do not terminate analyses after non converging 
solution 
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if UX,uy,ROTZ if higher than 0.024 than stop. (10m) 
NCNV,2,0.024,0,0,0, 

CNVTOL,F, ,0.001,2,-1, 

OUTRES,ALL,ALL, 
OUTPR,BASIC,NONE, 
/STAT,SOLU 
SOLVE 

D.2 The Results 

output controls 

The following lists all the ten-storey frame results. The results are given as tables as 

they were in the main text of the thesis. The title of each frame gives the frame 

number, and the sway/non-sway behaviour of the frame. The strength ratio is the value 

given in the tables. 

Table D.l Frame 1, Non-Sway, Strength Ratio 

Phi Column 
pinned 0.800955 

0.800955 
0.800955 
0.800955 
0.800955 
0.800955 
0.800955 
0.800955 
0.800955 
0.800955 
0.800955 

256 128 64 

Phi Beam-to-Column mRad 
32 16 

0.81515 
0.81515 
0.81515 
0.81515 
0.81515 

0.81515 
0.81515 
0.81515 
0.81515 
0.81515 
(^81515 

0.825842 

0.825842 
0.825842 

0.825842 
0.825842 
0.825842 
0.825842 

0.825842 
0.825842 

0.825842 
0.825842 

0.843585 
0.843585 
0,843585 
0.843585 
0.843585 
0.843585 

0.843585 
0.843585 
0.843585 
0.843585 

0.843585 

0.87202 

0.87202 

0.87202 
0.87202 
0.87202 
0.87202 
0.87202 
0.87202 
0.87202 
0.87202 

0.87202 

0.906324 

0.906324 
0.906324 

0.906324 
0.906324 
0.906324 
0.906324 
0.906324 
0.906324 
0.906324 

0.906324 

0.938308 

0.938308 

0.938308 

0.938308 

0.938308 
0.938308 

0.938308 

0.938308 
0.938308 

0.938308 

0.938308 

0.963194 

0.963194 

0.963194 
0.963194 

0.963194 
0.963194 

0.963194 
0.963194 
0.963194 
0.963194 

0.963194 

2_ 
0.978662 

0.978662 

0.978662 
0.978662 

0.978662 
0.978662 

0.978662 
0.978662 

0.978662 

0.978662 

0.978662 

1 

0.989354 

0.989354 

0.989354 

0.989354 

0.989354 
0.989354 

0.989354 
0.989354 
0.989354 
0.989354 

0.989354 

fixed 

Table D.2 Frame 2, Non-Sway, Strength Ratio 

Phi Column pinned 256 128 64 
Phi Beam-to-Column mRad 

32 16 1 fixed 

Ô Ŵ  
0.64878 
0.64878 

0.64878 

0,64878 
0.64878 
0,64878 
0.64878 

0,64878 
Ô Ŵ  
0,64878 

0.68094 

0,68094 

0,68094 
0,68094 
0,68094 
0,68094 
0,68094 
0,68094 
0.68094 
0.68094 
0.68094 

0.709648 

0.709648 

0.709648 
0.709648 
0.709646 

0.709648 

0,709648 
0.709648 

0,709648 
0,709648 

0.709648 

0.749258 

0,749258 

0,749258 
0.749258 

0,749258 

0,749258 
0,749258 

0,749258 
0,749258 
0,749258 
0.749258 

0,806008 
0,806008 
0.806008 
0,806008 
0.806008 
0.806008 
0,806008 
0,806008 
0,806008 
0,806008 
0.806008 

0,865847 

0.865847 
0,865847 

0,865847 

0,865847 
0,865847 

0,865847 
0,865847 

0.865847 

0.865847 

0,865847 

0,914845 
0.914845 
0.914845 
0.914845 
0.914845 

0.914845 

0.914845 

0,914845 

0,914845 
0.914845 

0.914845 

0.952698 

0.952698 
0.952698 
0.952698 
0.952698 
0.952698 
0.952698 
0.952698 

0.952698 
0.952698 

0.952698 

0,974623 

0,974623 
0.974623 
0,974623 

0.974623 

0.974623 
0.974623 
0.974623 
0,974623 

0,974623 
0.974623 

0,985828 

0,985828 

0.985828 
0.985828 
0.985828 

0.985828 
0.985828 

0,985828 

0,985828 

0,985828 

0.985828 
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Table D.3 Frame 3, Non-Sway, Strength Ratio 
Phi Beam-to-Column mRad 

Phi Column pinned 256 128 64 32 16 8 4 2 1 f ixed 
pinned 0,861743 0.869413 0.877083 0,891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 

256 0.861743 0.869413 0.877083 0.891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 
128 0,861743 0.869413 0.877083 0,891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 

64 0,861743 0.869413 0.877083 0,891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 
32 0,861743 0.869413 0,877083 0,891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 
16 0,861743 0.869413 0,877083 0,891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 

8 0.861743 0.869413 0,877083 0,891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 
4 0.861743 0.869413 0,877083 0.891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 
2 0.861743 0.869413 0,877083 0.891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 
1 0.861743 0,869413 0,877083 0.891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 

f ixed 0.861743 0.869413 0,877083 0.891096 0.910271 0.93333 0.956389 0.973106 0,98466 0.99233 1 

Table D.4 Frame 4, Non-Sway, Strength Ratio 

phi Column 

pinned 

pinned 256 128 64 

Phi Beam-to-Column mRad 

32 16 1 f ixed 

0.674504 

0.674504 

0.674504 

0.674504 

0.674504 

0.674504 

0.674504 

0.674504 

0.674504 

0,674504 

0.674504 

0.691633 

0.691633 

0.691633 

0.691633 

0.691633 

0.691633 

0.691633 

0.691633 

0.691633 

C.691633 

0.691633 

0.706861 

0.706861 

0.706861 

0.706861 

0.706861 

0.706861 

0.706861 

0.706861 

0.706861 

0.706861 

0.706861 

0.733517 

0.733517 

0.733517 

0.733517 

0.733517 

0.733517 

0.733517 

0.733517 

0.733517 

0.733517 

0.733517 

0.774719 

0.774719 

0.774719 

0.774719 

0.774719 

0.774719 

0.774719 

0.774719 

0.774719 

0.774719 

0.774719 

0.828005 

0.828005 

0.828005 

0.828005 

0.828005 

0.828005 

0.828005 

0.828005 

0.828005 

0.828005 

0.828005 

0.883217 

0.883217 

0.883217 

0.883217 

0.883217 

0.883217 

0.883217 

0.883217 

0.883217 

0.883217 

0.883217 

0.927684 

0.927684 

0.927684 

0.927684 

0.927684 

0.927684 

0.927684 

0.927684 

0.927684 

0.927684 

0.927684 

0.960041 

0.960041 

0.960041 

0.960041 

0.960041 

0.960041 

0.960041 

0.960041 

0.960041 

0.960041 

0.960041 

0.978388 

0.978388 

0.978388 

0.978388 

0.978388 

0.978388 

0.978388 

0.978388 

0.978388 

0.978388 

0.978388 

Table D.5 Frame 1, Sway, Strength Ratio 

Phi Column 

pinned 0.161393 0.197847 0.255355 0.349166 

0.143182 0.17832 0.212488 0.362431 

0.156511 0.19068 0.222252 0.28098 0.371129 

0.207606 0.239338 0.29425 0.385318 0.173438 
0.401792 0.19068 0.224848 0.255355 0.310271 

0.239338 0.324912 0.418266 0.205321 
0.248032 0.279609 0.335896 0.42925 0.215084 

0.343219 0.437025 0.219966 0.255355 0.284641 

0.224848 0.259016 0.288303 0.34688 0.440234 

0.259016 0.290588 0.34688 0.44252 0.224848 
0.261302 0.291964 0.349166 0.445724 0.227134 

Phi Beam-to-Column mRad 

32 16 f ixed 

0.480962 

0.494218 

0.502903 

(L517118 

0.535585 

0.551172 

0.56548 

0.574896 

0.579741 

0.582027 

0.583307 

0.636879 

0.649861 

0.660602 

0.676144 

0.694017 

0.715455 

0.729716 

0.740458 

0.747589 

0.751154 

0.782009 

0.797596 

0.808292 

0.826164 

0.849842 

0.87256 

0.890433 

0.901129 

0.908306 

0.911871 

0.851442 

0.869132 

0.885222 

0.904694 

0.930429 

0.951136 

0.962198 

0.967272 

0.969694 

0.97198 

0.97198 

0.877771 

0.894867 

0.907711 

0.928418 

0.949582 

0.967866 

0.976139 

0.98071 

0.9&W7 

0.98487 

0.987155 

0.89569 

0.914156 

0.925081 

0.964483 

0.98007 

0.987064 

0.992869 

0.995429 

0.997714 

1 

Table D.6 Frame 2, Sway, Strength Ratio 

Phi Column 

0.091341 

0.10518 

0.115101 

0.126056 

0.129974 

0.133493 

0.137411 

0.137411 

0.140929 

f ixed 0.140929 

256 

0.115101 

0.133493 

0.140929 

0.152292 

0.163247 

0.170684 

0.174602 

0.174602 

0.17852 

a i 7 8 5 2 

&17852 

128 64 

Phi Beam-to-Column mRad 

^ 16 8 1 f ixed 

0.152292 

0.167166 

0.174602 

0.185761 

0.19692 

0.204161 

0.208079 

0.211997 

0.211997 

0.211997 

0.21532 

0.211997 

0.223156 

0.234308 

0.245467 

0.256626 

0.263866 

0.268318 

0.272236 

0.272236 

0.272236 

0.276687 

0.297336 

0,314074 

0.322443 

0.335264 

0.347551 

0.359831 

0.364282 

0.368733 

0.368733 

0,372651 

0.372651 

0,41659 

0,431494 

0.444048 

0.456602 

0.475433 

0.487979 

0.494256 

0.500533 

0.504451 

0.504451 

0.50681 

0.542113 

0,560936 

0.575848 

0.594679 

0.613502 

0.62684 

0.640169 

0.645663 

0.649581 

0.651164 

0,651164 

0.649581 

0,669995 

0.688817 

0.707648 

0.730397 

0.753138 

0.764133 

0.773544 

0.777463 

0.781381 

0.782964 

0.724896 

0.74922 

0.768051 

0.792414 

0,819058 

0,839433 

0.856673 

0,866076 

0,87164 

0,87164 

0,877126 

0,771969 

0,796333 

0,81514 

0.843351 

0.87164 

0.895933 

0.912076 

0.920461 

0.926573 

0.930491 

0.932686 

0.824544 

0.852754 

0.87164 

0.902045 

0.932686 

0.957135 

0,975551 

0,987775 

0,993888 

0,997806 

1 
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Table D.7 Frame 3, Sway, Strength Ratio 

Phi Co lumn 

pinned 

0.098587 
0.11111 

0.1291 

0.14429 

0.154142 

0.161737 

0.164403 

0.16707 

0.16707 

0.169332 

2S6 128 64 

Phi Beam-to-Column mRad 

32 16 8 1 f ixed 

0.113777 

0.134028 

0.146552 

0.161737 

0.174665 

0.18529 

0.190986 

0.196677 

0.196677 

0.199707 

0.199707 

0.146552 

0.164403 

0.174665 

0.188319 

0.202373 

0.213766 

0.219462 

0.225159 

0.225159 

0.228188 

0.228188 

0.196677 

0.213766 

0.225159 

0.239218 

0.250968 

0.262361 

0.270724 

0.274996 

0.276601 

0.276601 

0.279268 

0.276601 

0.29208 

0.302229 

0.317713 

0.33213 

0.343341 

0.351885 

0.356158 

0.357763 

0.36043 

0.362035 

0.386058 

0.40048 

0.413825 

0.426641 

0.443197 

0.45868 

0.467753 

0.474159 

0.475236 

0.477903 

0.48057 

0.509937 

0.529159 

0.544669 

0.561203 

0.580404 

0.596992 

0.609793 

11618113 

0.62078 

0.622273 

0.62494 

0.633314 

0.655608 

0.670809 

0.693157 

0.718118 

0.738973 

0.751453 

0.759827 

0.766654 

0.768148 

0.772308 

0.726492 

0.75412 

0.772308 

0.797323 

0.826497 

0.851459 

0.868153 

0.876473 

0.884794 

0.887461 

0.888954 

0.772308 

0.805643 

0.830658 

0.859833 

0.893168 

0.922289 

0.938983 

0.949971 

0.955624 

0.958291 

0.959838 

0.800469 

0.840632 

0.86746 

0.905648 

0.943144 

0.970825 

0.984799 

0.993173 

0.997333 

0.997333 

1 

Table D.8 Frame 4, Sway, Strength Ratio 

pinned Phi Co lumn 

pinned 

0.103618 

0.114169 

0.126338 

0.138504 

0.145447 
0.151434 

0.153713 

0.154571 

0.155995 

f ixed 0.156852 

256 128 64 

Phi Beam-to-Column mRad 

32 16 1 fixed 

&111127 

0.126338 

a i 3 7 0 8 

0.147728 

0.159134 

0.168261 
0.172824 

0.176528 

0.177385 

0.178809 

0.179667 

0.13242 

0.147728 

0.156852 

0.168261 

0.179667 

0.188794 

0.193357 

0.197063 

0.199342 

0.200199 

0.200199 

0.172824 

0.186512 

0.195639 

0.207045 

0.217596 

0.226438 

0.23328 

0.236704 

0.238128 

0.239553 

0.240125 

0.238128 

0.250392 

0.260085 

0.270924 

0.282615 

0.292893 

0.299729 

0.304572 

0.306566 

0.30799 

0.30856 

0.336021 

0.349352 

0.359066 

0.371628 

0.384959 

0.396895 

0.405811 

0.410255 

0.412477 

0.414699 

0.416123 

0.461444 

0.477026 

0.487338 

0.501496 

0.518502 

0.532859 

0.543769 

0.550463 

0.554109 

0.556331 

0.557129 

0.592736 

0.61054 

&621678 

0.639482 

0.659507 

0.677311 

0.690671 

0.698761 

0.703205 

0.706224 

0.708475 

0.70178 

0.719584 

0.734368 

0.754394 

0.777439 

0.798918 

0.814471 

0.824185 

0.830053 

0.833101 

0.835323 

0.772995 

0.794445 

0.810825 

0.833101 

&859792 

0.88204 

0.899843 

0.908759 

0.915425 

0.917647 

0.919869 

0.859792 

0.88204 

0.897621 

0.917647 

0.942145 

0.963595 

0.977752 

0.988862 

0,993334 

0.99698 

1 
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Frame Analysis with Semi-Rigid Connections 
Rigidity Factor Method 
Part I Non-Sway Mode 
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ABSTRACT 

In this paper, the influence of rigidity of beam-column and column base connection on the overall non-
sway frame behaviour has been studied. The calculation of one storey one bay frame was modelled by 
use of finite element method (FEM). The plastic load capacity of the frame with semi-rigid beam-
column and base connections (semi-rigid frame) was calculated for four different beam and column 
profiles, each for 121 combinations of connection rigidity. The design model for plastic load capacity 
calculation of semi-rigid frame has been proposed based on the FEM results, these in turn were 
calibrated with experimental results''̂ . The rigidity factor K was defined as a ratio between the plastic 
load capacity of semi-rigid and rigid frame for serviceability and ultimate limit state. Formula for the 
frame rigidity factor K was proposed as a function of connection rigidity, frame geometry, member 
section and material characteristics. The capacity of semi-rigid frame can be obtained by multiplying the 
load capacity of the frame with all connections rigid by the rigidity factor K. Using this factor, there is 
no need to conduct FEM calculation. The results show that the difference between rigid and semi-rigid 
frame load capacity is influenced with the base rigidity by 5% only and with the beam-column 
connection rigidity by 95%. Comparison of plastic load capacity calculated from the proposed rigidity 
factor method with values calculated by FEM yields maximum error of 7% for all 484 calculated 
frames. 

INTRODUCTION 

Traditionally, the connections in framed structures are classified into two types, perfectly pinned and 
perfectly rigid-plastic. The Eurocode introduce a criteria for classification of the connection as a rigid, 
pinned or semi-rigid®. However, in the real structures, perfectly pinned and rigid connections do not 
exist, all the connections are semi-rigid. M-(p characteristics for semi-rigid connection and for its 
various simplifications are shown in Figure I. 



M 
perfectly rigid-plastic 

.. "EC limit 
for rigid 

semi-ngid 

EC limit for pmned 

perfectly pinned 

Figure 1. Moment - rotation characteristic for different connections. 

Because of the rigid connections are typically complicated to fabricate and the production cost is high, 
in most cases the connections has been conservatively designed as perfectly pinned. The experimental 
results show, that the simplification of semi-rigid connection behaviour to pinned or rigid model is for 
some connection types very inaccurate and can lead to an over conservative design of the fi-ame. If the 
real semi-rigid property of the connection is taken into account, the frame design becomes more precise 
and the cost of the structure consequently reduced. The beam-column connection rigidity has been 
studied in recent years^'\ The connections were classified in terms of strength, stiffness and ductility, 
using test and theoretical data. Some special cases were also classified, such as connections with 
softening-stiffening characteristics, connections with low ductility, and connections with properties that 
vary as a function of the applied load sense. The classification system is arranged such that new 
connection types can easily fit into the current data base. The experimental work for steel columns and 
concrete bases within the past 15 years has revealed the semi-rigidity of the column baseŝ '̂ . 

In this paper the influence of column-beam and base connections rigidity on the overall fi-ame behaviour 
is expressed by use of frame rigidity factor K. Proposed analytical model represents very accurate 
simplification of reality. 

To develop this method, four steps have been carried out: 
1) Plastic load capacity calculation for semi-rigid frame by use of FEM. The results are presented for 

various combinations of plastic connection rotations and different member sections. 

2) Definition of modified plastic rotations 0 a and as a function of frame geometry, member section 
and material characteristics for beam-column and base connections respectively. 

3) Definition of connection rigidity coefficients Ua and fSa for beam-column and base connections 
respectively as a function of 0 a and 0 p to fit the best the FEM results. 

4) Definition of frame rigidity factor Ka as a function of and Pa-

NUMERICAL SIMULATION BY USE OF FEM PROGRAMME 

In order to check the accuracy of FEM model, the experimentally tested semi-rigid framê '̂  has been 
modelled by FEM program ANSYS 5.3. A good agreement of numerical with experimental data was 



found. In numerical analysis the semi-rigid full strength connections were modelled by use of non-linear 
spring elements COMBIN39 of zero size. Beam and column members were modelled by plastic beam 
elements BEAM23. Local buckling was not taken into account, shear deflection was not included. The 
numerical model has yielded similar results like previously reported simulation '̂*, when FEM program 
ABAQUS was used, beams were modelled by elements B22 and connections were modelled by a two-
node nonlinear spring element SPRING2 of zero size. 

After a good agreement with experimentally tested frame was reached, another frame models were 
prepared in order to study the behaviour of semi-rigid frame. One bay, one storey non-sway semi-rigid 
frame was modelled by use of FEM program ANSYS 5.3. The geometry of the frame is shown in 
Figure 2. Four different frame models were prepared, each one with different profile of the beam and 
column section. These models were labelled A, B, C, and D. Details for the models are summarised in 
Tables 1,2,3 and 4. As it can be seen from Figure 2, the ratio of vertical and horizontal load was equal 
to 10 and the serviceability limit state for vertical deflection L/200 was considered .̂ 

1.6m 1.6m 1.6ni 

F * 
r r 

K*3 

10 

r r 
> '' i 

1 F 4^ 

K 

< 
200 

P 

I 

4.8m 

Figure 2. Geometry of FEM model of the noTi-sway semi-rigidframe. 

Where: 

K 
Fr.r 

is the plastic rotation at M , for beam-column connection, 

is the plastic rotation at for column base connection, 

is the frame rigidity factor, 
is the plastic load capacity of frame with rigid beam-column and base connections at 
serviceability or ultimate limit state. 



Semi-rigid, full strength connections were modelled by use of non-linear spring elements COMB INS 9 of 
zero size, beam and column members were modelled each by 6 plastic beam elements BEAM23. Local 
buckling has not been taken into account, shear deflection has not been included. The connection 
rigidity was modelled as a bilinear as shown in Figure 3. 

M k M 

/ 
-M , 

pi 
-M , 

pi 

(a) from tests (b) from FEM model 

Figure 3. Connection M-(j) characteristics 

Where; 
Mpi 
Mu 

is the plastic moment of designed connection, 
is the connection ultimate moment from experiments, 
is the plastic rotation at M , from experiments. 

For all the numerical models material with the modulus of elasticity E as 2.1 10̂  N/mm^ and yield stress 
Ry as 275 N/mm^ was used. 

For frame analyses, section sizes HE300B, UC 254x254x89 and UB 457x191x89 were used. These are 
the representative section sizes for common design practise. Tables 1 through 4 summarise the input 
values for FEM analysis of frames A, B, C and D. 

Table L: Section properties and geometry offrame A. Input data for the FEM model. 

FRAME A A/p/ L h A rz FRAME A 
(m") (m") (m") (Nm) (m) (m^) (m) 

beam 
HE300B 

7.41E-02 9.24E-03 9.79E-04 5.14E+05 4.80E+00 2.52E-04 1.49E-02 1.26E-01 

column 
HE300B 

7.41E-02 9.24E-03 9.79E-04 5.14E+05 3.60E+00 2.52E-04 1.49E-02 1.26E-01 



Table 2.: Input data for FEM model offrame B. Section properties andframe geometry. 

FRAME B L h A rz FRAME B 
(m )̂ (m^) (Nm) (m) (m') (m) 

beam 
DC 254x254x89 

5.565+04 7.07E+03 8.7IE+02 3.37E-H)5 4.80E-K)0 1.43E-04 1.13E-02 1.08E-01 

column 
UC 254x254x89 

5.56E+04 7.07E+03 8.71E+02 3.37E+05 3.60E+00 1.43E-04 1.13E-02 1.08E-01 

Table 3.: Input data for FEM model offrame C. Section properties andframe geometry. 

FRAME C Mpi L h A rz FRAME C 
(m") (m )̂ (m )̂ (Nm) (m) (m") (m )̂ (m) 

beam 
UB 457x191x89 

4.84E-H)4 7.61E+03 3.18E-t-03 5.54E+05 4.80E+00 4.10E-04 1.14E-02 1.77E-01 

column 
UB 457x191x89 

4.84E+04 7.61E+03 3.18E+03 5.54E+05 3.60E+00 4.10E-04 1.14E-02 1.77E-01 

Table 4. Input data for FEM model offrame D. Section properties and frame geometry 

FRAMED M pi L h A rz FRAMED 
(m") (m )̂ (m )̂ (Nm) (m) (m") (m )̂ (m) 

beam 
UB 457x191x89 

4.84E+04 7.61E+03 3.18E+03 5.54E-K)5 4.80E+00 4.10E-04 1.14E-02 1.77E-01 

column 
UC 254x254x89 

5.56E-K)4 7.07E+03 8.71E-H)2 3.37E-H)5 3.60E-K)0 1.43E-04 1.13E-02 1.08E-01 

Where: 
A(0), A(30J, A(50) are the geometry input values used for BEAM23 element, 

is the plastic moment of member section, 
is the member length, 
is the second moment of area of member section, 
is the area of member section, 
is the radius of gyration of member section. 

L 
ly 
A 

l̂ EMKESinUTS 

After each FEM analysis the full history of load-deflection response of the frame was obtained. The 
plastic load capacities of the frames A, B, C and D are summarised in Tables 6, 7, 8 and 9. These values 
were calculated for the whole range of modified plastic rotations going from pinned {(Pa(p)= 50) to 
rigid { 0 0 . 5 ) . The definition of 0 w i l l be described later. In addition, the plastic load capacity 
of the frame with pinned and rigid connections has been calculated without use of spring elements. In all 
analysed frame models the calculation was stopped when either the ultimate or serviceability limit state 
was reached. The influence of plastic rotations was expressed by the frame rigidity factor K. This factor 
represent the ratio of plastic load capacity of semi-rigid and rigid frame and is calculated in Tables 6, 7, 
8 and 9. By definition it has the value of 1 for frame with rigid connections. The minimum value of K is 
for the frame with pinned connections. Frame rigidity factor K for all the other connections lays in 
between of these two limits. 



Plastic load capacity of the frame with various plastic rotations was labelled in accordance with the 
Table 5. 

Table 5. Indexes i, j of plastic load capacity Fyfor the semi-rigid frame 

Beam-Column 
rigidity pinned semirigid rigid 

rigidity 0 a 0 a <0.5 

Dinned 0p >2.5 Fpp F<Pa, p Frp 
semirigid Fp, <pp F<Pa, 00 Fr, 
rigid <0.5 Fpr F<t>a, r Frr 

Where; 
0 / ; is the modified plastic rotation of beam-column connection, 

is the modified plastic rotation of base connection. 

Table 6. Plastic load capacities F and rigidity factors K and Ka for frame A. Values of 0, 
(Zg, fia have been calculated by analytical model described further in this paper. 

0 a 

F R A M E A 

(mrad) 

Beam-Column ^ (mrad • piAiied 313.67 156.83 78.42 39.21 19.60 9,80 4.90 2.45 1.23 figiii 

(mrad) 

0 a (rad) 11 53.33 26.76 13.38 6.69 3.35 1.67 0.84 0.42 0.21 nwitJ 

(mrad) (rad) : omQ 0,036 0.073 0.185 0.345 0.524 0.696 0.834 0.910 1,000 t-ooa 

pinned PBWted t>Oil K" 
F' 315 
K' 0.52 
Ka- 0.52 

f - 328 
A'- 0.54 
A'fl- 0.54 

F=- 353 
A- 0.58 
A'o- 0.59 

F- 388 
A- 0.64 

F- 435 
K- 0.72 
A'a- 0.75 

F- 483 
A- 0.80 
ATo- 0.84 

F= 524 
A- 0.87 
Aa- 0.90 

F= 551 
A- 0.91 
Aa— 0.94 

F= 564 
A- 0.93 
Aa- 0^8 

F' i n 

S' top 

268.86 0.00 0.000 
F' 301 
fC" 0.50 

o j o 

F~ 315 
032 
0J2 

F- 330 
K- 0.55 
Ka- 0.54 

F- 352 
A- 0.58 

0J9 

F- 388 
AT- 0.64 

F- 435 
A"- 0.72 
Ka» 0.75 

F- 483 
A- 0.80 
Aa- 0.84 

F- 524 
A- 0.87 
Aa- 0.90 

F- 552 
A-- 0.91 
Aa- OjM 

F- 566 
A- 0.94 
Aa- 0.98 

F« 
-ftSS 

Ka» 

134.43 30.59 0.000 
F" 300 
/ r- 0.50 
A - 0.j0 

F' 315 
A'- 0.52 
A," 0J2 

F- 330 
A- 0.55 
A:- 0,M 

F- 352 
A- 0.58 
Aa- 0.59 

F - 388 
044 
0.67 

F= 436 
A- 0.72 
Ka' 0.75 

F- 485 
A- 0.80 
Aa- 044 

F- 526 
A- 0.87 
Aa- 0.90 

F- 554 
A- 0.92 
Aa- 0.94 

F« 568 
A- 0.94 
Aa- 0.98 

f " s a 
S.9S 

i f f - ews 

67.21 15.29 0.000 
F= 301 
JIT- 0.50 
/To- OJO 

315 
A'- 0.52 
Afl= 0.52 

F- 329 
A'= 0.54 
Ao= 0.54 

F= 352 
A'- 0.58 
A'a- 0.59 

F= 389 
044 

jCo- 0.67 

F' 436 
A'- 0,72 
A'a- 0,75 

F- 4M 
A- 0.80 
Ah- 0.84 

F= 527 
A- 0.87 
Ka= 0.90 

F= 555 
f - 0.92 
Aa- 0.94 

F= 570 
A- 044 
Aa- 0.98 

Pk 
AP* 

33.61 7.65 0.170 
F= 30 i 
K' 0.50 
Jfg- OJO 

f - 315 
A'- 0.52 
f a - 0J2 

F= 329 
A« 0.54 
Aa= 0,54 

F= 352 
A- 0.58 
Ka= 0.59 

F= 389 
A= 0.64 
Aa= 0.67 

F= 436 
A- 0,72 
Ka'- 0.76 

F= 488 
A- 0.81 
JTo- 0.84 

F= 530 
A= 0.88 
Ao- 0.90 

F- 5M 
A- 0.93 
Aa- 0.94 

F" 574 
A- 0.95 
Ka= 0.98 

}S6 
ftST 

' 

16.80 3.82 0.438 
301 
0.50 

Ka' 0.51 

F= 315 
K« 0.52 
A'fl« 0.53 

330 
A'» 0.55 
A'a- 0,54 

F= 352 
A'= 0.58 

0.60 

F= 389 
0:64 

Aa= 0.67 

F= 439 
A- 0,73 
Ka' 0,76 

F" 491 
A- 0.81 
Aa- 0.84 

F= 536 
A= 0.89 
f a - 0.91 

F= 564 
A- 0.93 
A'fl- 0.95 

F= 579 
A= 0.96 
Aa- 0.99 

f " SS3 

MS 
Am B9S 

8.40 1.91 0.634 
f " 301 
K" 0.50 

ATa- OJI 

315 
K' 0.52 
ATo" 0J3 

F- 330 
K- 0.55 
A'fl- 0,55 

F« 354 
0.58 

Aa- 0.60 

F« 391 
A-- 0.65 
JCa" 0.68 

F= 441 
K' 0.73 
A'a- 0,76 

F- 495 
A'- 0.82 
Ao- 0.83 

F= 541 
f - 0.89 
Afl- 0.91 

F- 570 
A - 0S4 

Ka" 0.95 

F= 584 
K« 0.97 
Aa- 0.99 

g * ty>? 

4.20 0.96 0.771 
f - 301 
A'= 0.50 
Ka' 0.51 

F= 315 
/:» 0.52 
/To- 0.53 

F= 330 
A= 0,55 
A'a- 0.55 

F= 354 
A= 0.58 
Ka" 0.60 

F= 392 
A=. 0.65 
ATo- 0.68 

F= 442 
A= 0.73 
Aa= 0.77 

F= 498 
A= 0.82 
Aa- 0.85 

F= 546 
A- 0.90 
Aa- 0.92 

F- 576 
A'- 0.95 
Ao- 0.95 

F= 588 
A- 0.97 
Aa- 1.00 

$ar 
0?^ 

Ks» WQ: 

2.10 0.48 0.864 
F- 301 
K" 0.50 
Ka' 0.52 

F' 315 
A"- 0.52 
Xa' 0J3 

F- 330 
A'- 0.55 
Aa- 0.55 

F- 353 
A- 0.58 
Ka" 0.61 

F- 392 
A- 0.65 
Aa- 0.68 

F— 444 
A"" 0,73 
Ka' 0.77 

F= 501 
A- 0.83 
Aa- 0.85 

F= 549 
A- 0.91 
Aa- 0.92 

F - 580 
A- 0.96 
Aa- 0.95 

F- 592 
A- 0.98 
Aa- 1.00 

8M 
1 w 

Jfo« J-6? 

1.05 0.24 0.925 
F- 301 
K~ 0.50 
Ka" 0.52 

F~ 315 
K~ 0.52 
Ka" 0.53 

F - 330 
A- 0.55 
A'a- 0.55 

F- 353 
A- 0.58 
Ka' 0.61 

F- 392 
A"- 0.65 
Ka' 0.68 

F- 445 
A-- 0.73 

0.77 

F - 502 
A- 0.83 
Aa- 0.85 

F- 552 
A- 0.91 
Ao- 0.92 

F - 582 
A- 0.96 
Xa' 0S6 

F- 594 
A- 0.98 
Aa- 1.00 
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Table 7. Plastic load capacities F and rigidity factors K and Ka for frame B. Values of 0 < 
(Zg, Pa have been calculated by analytical model describedfurther in this paper. 

0 p and 



FRAME B 

(mrad) 

Beam-Coluinn (mrad 1 538.36 269.18 134.59 67.29 33.65 16.82 8.41 4.21 2.10 

(mrad) (rad) 

<Pa (rad) 9Z16 46.08 23.04 11.52 5.76 2.88 1.44 0,72 0.36 riiiJ 

(mrad) (rad) 7 r ? i x £ ^ UW5D- 0.000 0.036 0.092 0.217 0.383 0.563 0.730 0.856 0.916 'LUU 

I^snsc pttlOwJ 0000 
F- 184 
JC- 0.50 
Ka" 0.50 

F- 190 
fC- 0.51 
Ka~ 0.52 

F- 203 
AT- 0.55 
Ka" 0.54 

F- 220 
K- 039 
ATa- 0.60 

F- 243 
AT- 0.65 
Ka" 0.68 

F- 271 
AT- 0.73 
ATa- 0.77 

F- 299 
A'- 0.81 
ATo- 0.85 

F- 318 
AT- 0.86 
ATfl- 0.91 

F- 330 
AT- 039 
ATa- 0.94 

?•« Wf 

A.-

A.O- Ssit 

309.76 0.00 0.000 
F" 178 
K" 0.46 

Ka" 0.50 

185 
0.50 

Xa" 0.50 

F- 191 
K' 0.51 
A a - 0.52 

F- 202 
A:- 0.54 

Ka~ 0.54 

F- 220 
A-- 0.59 
ATc" 0.60 

F- 243 
K~ 0.65 
Jta- 0.68 

F- 273 
AT- 0.74 
A a - 0.77 

F- 299 
AT- O.Sl 
Ara= 0.85 

F- 320 
AT- 0.86 
ATa- 0.91 

F- 332 
AT" 0.90 
Ara=' 0.94 

K* 

- J C-fc 

154.88 35.35 0.000 
pm 178 
K" 0.48 
fCa" 0.50 

f - 185 
0.50 

Ka" 0,50 

F- 191 
A:- 0.52 
/To- 0.52 

F- 202 
AT- 0J4 
ATa- 0.54 

F- 220 
AT- 0.59 
Ka' 0.60 

F- 243 
AT- 0.65 

F- 273 
AT- 0.74 
ATfl- 0.77 
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A= 0.59 
ATo- 0.61 

F= 244 
Ar= 0.66 
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AT- 0.83 
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1.21 0 . 2 9 0.915 
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F- 279 
A'- 0.75 
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Table 8. Plastic load capacities F and rigidity factors K and Ka for frame C. Values of 0 < 
Ua, pa have been calculated by analytical model described further in this paper. 
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Table 9. Plastic load capacities F and rigidity factors K and Ka for frame D. Values of 0 a, 0 p and 
oCa, Pa have been calculated by analytical model described further in this paper. 
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(mrad) 
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(mrad) 
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K" 046 

F - 339 
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ATo- 0.62 
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K" 0.67 
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Ar<a-« 0.65 
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F - 429 
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A - 0.78 

ATa- 0.77 

F- 431 

K- 0.84 

Ka- 0.83 
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F - 495 
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In Tables 6 to 9; 
a index ^ stands for analytically calculated value, i.e. from the proposed design model, 

F is the plastic load capacity calculated by the FEM analysis 
K is the frame rigidity factor calculated from FEM results as F divided by Frr, 
Ka is the frame rigidity factor calculated from proposed analytical design method described 

further in this paper. 
0 a, 0p are the modified plastic rotations calculated from proposed analytical design method 

described further in this paper. 
a a, P a are the connection rigidity coefficients calculated from proposed analytical design 

method described further in this paper. 

FRAME RIGIDITY FACTOR/T- GENERAL DESCRIPTION 

Based on the calculated results for different plastic rotations and different frame geometries (see Tables 
6 to 9) the model for calculation of semi-rigid frame plastic load capacity has been derived. The 
proposed model enables designers to calculate the plastic load capacity of frame with various plastic 
rotations without a need of conducting plastic FEM analyses of semi-rigid frame. To find the load 
capacity of semi-rigid frame, the capacity of the rigid frame have to be calculated and multiplied by the 
frame rigidity factor Ka. For validity of the proposed analytical model the sufficient rotational capacity 
for all connections is required. 



A.'J 

The use of frame rigidity factor method consists of three steps; 
1) Calculation of the plastic load capacity for a rigid frame . 

2) Calculation of the frame rigidity factor Ka from the proposed analytical model. 
3) The plastic load capacity of the semi-rigid frame equals to the plastic load capacity of the 

rigid frame iv,r multiplied by the frame rigidity factor Ka. 

Further described research is a comprehensive work carried out by FEM program to derive the 
relationship between plastic connection rotations and plastic load capacity of a general frame. The frame 
plastic load capacity has been calculated for various plastic rotations and the analytical model has been 
derived to fit the best the calculated values. 

The values of K for frame C with various plastic rotations (j)^ and (j)p summarised in Table 8 are 

graphically presented in Figure 4. Note that the axes (f)p and (j)̂  are in an exponential scale. 

<1>P ( m r a d ) 

(j)a (mrad) <N g 

Figure 4. Values of frame rigidity factor K for frame C from table 8. 

It can be seen, that for infinite changes of beam-column and base plastic rotations and (pp the frame 

rigidity factor K creates a surface in three dimensional space with axes K, and . This surface has 

been plotted in Figure 5. 
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rigid 

(mrad) 

(pa (mrad) 

Figure 5. Surface created by the values offrame rigidity factor K for infinite 
fvYMTg 

The equations for calculation of frame rigidity factor Ka described hereafter have been derived to fit the 
best the calculated values from FEM analyses (Tables 6 to 9). This is in other words to analytically 
describe the surface in Figure 5. The proposed model has been derived to take into account different 
frame sections, material properties and load conditions providing the ratio of vertical to horizontal load 
equals 10. 

In general, the frame rigidity factor Ka is a function of the plastic rotations , (pp, member length L, 

second moment of area I, member plastic moment and the modulus of elasticity E. 

K„ f \ ^ a 3 5^/3' -^6 J ^y,b ^ y . o ^ p i . b > ^ p i . c E (0 

In the proposed model the frame rigidity factor K is has been defined as a function of the connection 
rigidity coefficients a and j3. Values of a and p has been defined to be in between zero and one. 

(2) 

The values of Ka calculated as a function of a and /? from proposed frame rigidity factor method are 
plotted in Figure 6 for frame C. 
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Figure 6. Frame rigidity factor Ka calculatedfrom the connection 
rigidity coefficients a and jS. Frame C. 

The connection rigidity coefficients a and {3 are functions of modified plastic rotations and 0 , 
respectively. 

J 

The modified plastic rotations 0 a and O p 
the frame behaviour. 

(3) 

(4) 

represent the influence of 

0 a Lb, ly.b, Mplbt E, r 

^p Lc, Iy,c, Mplc, E, r2,c) 

Where: 
a 

P 
M 

M 
pl.b 

pl,c 
T 

y.c 

E 

'z,b 

is the rigidity coefficient of beam-column connection, 
is the rigidity coefficient of base connection, 
is the plastic moment of beam element, 

is the plastic moment of column element, 

is the second moment of area of beam element, 

is the second moment of area of column element, 

is the length of beam element, 
is the length of column element, 
is the modulus of elasticity, 
is the radius of gyration of beam element, 

is the radius of gyration of column element. 

(5) 

(6) 
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see Table 5. 

f). iTRAJMDE Ri(;ii)iTnfiP/i(:Tr()it jc. - (z/LijcnLnL^nric)?* 

A) First the formulas for calculation of modified plastic rotations <P a and 0p have been proposed. The 
formulas have been derived according to the theory of plasticity and by numerically calculated 
influence of connection parameters on the plastic frame capacity. Proposed formulas (7) and (8) 
describe the influence of element length L, member section characteristics E, ly, plastic moment of 
the member section Mp, and modulus of elasticity E on the modified plastic rotation CP a. and 

(7) 

(8) 

When 0 is constant, change of the frame rigidity factor K depends only on 0 a. The relationship 
between K and 0 a when 0p is constant is shown on Figure 7. 

1.000 T 

0.900 

0.800 

'C 

W OJW 

0.600 

0.500 

• * 

• Frame C 

4 5 6 7 8 9 10 II 12 

bg(<2>a ) (iTirad) 

Figure?. The relationship between modified plastic rotation^ ̂  and fi-ame rigidity factor K 

B) Second, the calculation of beam-column connection rigidity coefficient % and base connection 
rigidity coefiBcient fia has been proposed. The % represents the influence of beam-column connection 
rigidity on the frame rigidity factor K. This influence can be derived from Tables 6 to 9 for the cases 
with constant plastic rotations of the base connections. The coefficient fia has been derived similarly to 
the coefficient %. The coefficient a a is defined to be zero for pinned beam-column connection and one 
for rigid beam-column connection. The exact value of % and /%, can be calculated from Tables 6 to 9 by 
the following two equations; 

13 



a -

P j r ( 4 ) „ ) - % , ) 

(9) 

(10) 

The analytical formulas for calculating a and )9has been proposed in (11), (12), (13) and (14) to fit the 
best the values of a and f3 fi-om FEM analyses. The relationship between 0 a ((P ̂ ) and a iJ3) can be 
numerically expressed as a logarithmic polygon of the third grade; 

- a + 6-ln(0^) + c-ln^(0_^) + 6f-ln^(0^) 

= a + Z)-ln(Og) + c-ln^(Og) +J-ln^(0„) 

Formula above is valid for: 0^ e (o.3 ;50) 

and for 0^G(o.l;12) 

(11) 

(12) 

(13) 

(14) 

Above stated limits were obtained from FEM analyses. Outside described interval the connection is 
considered as rigid or pinned and the connection rigidity coefficient a and P is equal to one or zero 
respectively: 

for beam-column connection: if > 50 then = 0 pinned connection 
if 0^ < 0.3 then = 1 rigid connection 

for base connection: if 0^ > 12 then /% = 0 

if 0 . < 0.1 then = 1 

pinned connection 

rigid connection 

(15) 
(16) 

(17) 

(18) 

The constants a, b, c and d used for calculation of a were derived to minimise the error between FEM 
results (Tables 6 to 9) and proposed analytical model results. The values are listed in Table 10, 

Table 10. Constants a, b, c, dfor the calcidation of a a and p a-

Constant k for calculation of the rigidity factor Ka. 

aa 0a 
a 0.803 0.764 
b -0.182 -0.167 
c -0.057 -0.048 
d 0.014 -0.007 
k 0.963 

The relationship between a a and frame rigidity factor both calculated from FEM analyses K 
(Table 6 to 9) and from proposed analytical model Xg (19) is shown on Figure 8. 
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4) The calculation of frame rigidity factor Ka. 

K,=K,„+[l-K,J)\k-a,+(\-k)-l3, (19) 

w 

has been derived based on assumption of collapse in the beam element (see Figure 9). 

^P.P 
— - — 

pinned 

1% pl.b 

pinned 

V 

• V 

^ pl,b ^ 

Figure 9. The limit moment distribution of generally loaded beam with pinned and rigid connections. 

Neglecting the influence of axial and shear forces, the following equation can be written; 
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+ min , M^ j 

Where: 
k̂  is derived to fit the best the FEM calculated values (Tables 6 to 9), 

VP the frame rigidity factor for frame with all connections pinned, 
= l is the frame rigidity factor for frame with all connections rigid. 

resulting K pp • 

COMPARISON OF THE ANALYTICAL MODEL WITH FEM RESULTS 

The difference between plastic load capacity calculated by FEM and by the proposed analytical model is 
smaller than 7 % for all 484 calculated semi-rigid frames. The average error between semi-rigid and 
rigid frame load capacity calculated by FEM and by use of frame rigidity factor method is 3%. For 
connections with satisfactory rotational capacity the proposed analytical model can be used with high 
accuracy. 

IPVlR/irWEETRK: STrUI)Tf 

The influence of connection rigidity (expressed by plastic rotations <f)̂  and (pp at Mpi) on the frame 

rigidity factor Ka calculated by proposed frame rigidity factor method can be seen in following three 
Figures. All the graphs are plotted for the frame C (see Table 3). The horizontal axes are in the 
logarithmic scale. In Figure 10 the relationship between <j)p and Ka can be seen for different plastic 

rotations of beam-column connections . 
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In Figure 11 the relationship between and Ka can be seen for different plastic rotations of column base 
connections (j)p. 
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Figure 11. Influence of <j)^ on frame rigidity factor Ka for constant 
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In Figure 12 the relationship between and on Ka can be seen for the case when not plotted 

connections are rigid. 
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CONCLUSIONS 

The use of plastic analysis for semi-rigid frames reduce the safe assumptions taken for the load capacity 
design of the frame structures. The proposed analytical model for plastic load capacity calculation 
significantly simplify the calculation and unable to study the frame behaviour under changing parameters 
including connection rigidities and geometry. The analytical model for calculation of plastic load 
capacity was derived from a large database of FEM results published in this paper. 

The mathematical expression for semi-rigid frame plastic load capacity calculation (equation xxxxx. ) 
reveals clearly the influence of different parameters on the frame behaviour. In particular the following 
three facts can be concluded: 

- The difference between frame rigidity factors K ^ = l and (equation xxxxx.) indicates the 

difference of plastic load capacity between rigid and pinned frame. This difference can reach up to 
50%, depending on the ratio of second moments of area for beam and column. 

- The plastic load capacity of semi-rigid frame is influenced with base rigidity by only 5 % and with the 
column-beam connection rigidity by 95 %. This influence is expressed by the coefficient (in the 
equation xxxxxx) 
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Frame Analysis with Semi-Rigid Connections 
Rigidity Factor Method 

Part n Sway Mode 
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University of Southampton 
Southampton, UK 

ABSTRACT 

In this paper the frame rigidity factor method for sway frames was researched. The idea to introduce 
frame rigidity factor K defined as a ratio between plastic load capacity of semi-rigid and rigid frame was 
introduced in Part I of this paper. 

The plastic load capacity was calculated for 363 one storey one bay sway frames with various 
connection rigidities. Based on the results from FEM analyses the analytical model was proposed. 
Analytical model describes how to calculate the frame rigidity factor K from frame geometry, 
connection rigidities and from plastic load capacity of the frame with rigid connections. 

The derived analytical model reveals the fact, that column base connection influence the frame capacity 
by 45 % and the beam-column connection influence the frame capacity by 55 %. In contrast to non-
sway frame, the influence of base connection rigidity in the case of sway mode is ver>' significant. 

The results yielded fl-om analytical model and from FEM analyses differ by less than 11%. 

INTRODUCTION 

In the past the connections have been simplified as perfectly pinned or perfectly rigid. The 
Eurocode no.3^ introduces the criteria for classification of connections as pinned, semi-rigid and rigid, 
as it is shown on Figure 1, Part I of this paper. In recent years the rigidity of beam-column and column 
base connections was studied̂ "®. The frames with semi-rigid connections were tested as well̂ '̂  
When the real connection rigidity is taken into account, the frame design becomes more complicated. In 
commercial FEM packages there are no elements with in-built connection rigidity and the plastic 
analysis is time consuming. To overcome these disadvantages and to research in details the influence of 
connection rigidities, frame rigidity factor method have been proposed. Particularly for sway frames it is 
very useflil to be able to estimate the influence of connections rigidities on the overall fi'ame behaviour 
so that the designer can choose the connection which is most effective for particular frame. 

In this research 363 semi-rigid frames were analysed by FEM program ANSYS 5.3. Based on the 
numerical simulation results the design model was proposed. The design model is valid for sway frames 
of different geometries and connection rigidities. 

rnjAdCEiRiciALi, siivruij/nnorf mr usic ()iT]FiGTW]pit()(];iRjuvi]vii: 



The elements, material properties and loads that were used in numerical model are the same as in Tables 
1 to 3, Part I of this Paper. 

The geometry of the sway frame modelled is shown in Figure 2. Three different frame models were 
prepared, each one with different profile of the beam and column section. These models were labelled 
A, B and C and are summarised in Tables 1,2 and 3, Part I of this Paper. 

1.6m 1.6m 1.6m 

Where: 

't'p 
Ks 
F,r 

f "AT F*K 

' 4.8m 

Figure 1. Geometry of FEM model of the sway semi-rigid frame. 

is the plastic rotation at M , for beam-column connection, 

is the plastic rotation at for column base connection, 

is the frame rigidity factor, 
is the plastic load capacity of frame with rigid beam-column and base connections at 
serviceability or ultimate limit state. 

in&MKESinUTS 

The frame plastic load capacity values Fs were calculated by FEM analysis for serviceability and limit 
states (see Figure 1). The resulting values are summarised in Tables 1 to 3 for geometry models A, B 
and C. The Tables 1 to 3 contain as well the values of , 0g, Op,Ks and Ksa that were calculated 
by the analytical model proposed further in this paper. If we look carefully at the Tables, from the 
values of we can see the influence of particular connection rigidity on the overall frame behaviour. 
Taking into account the values for different geometry, the general design model was derived so it 
would fit the values from FEM analysis. From the proposed model the frame rigidity factor was 
calculated and written into the tables labelled as K̂ a-



Plastic load capacity of the frame with various plastic rotations was labelled in accordance with the 
Table 1. Fy is defined as the plastic load of the frame. The sub-note / stands for the beam-to-column 
connections and j stands for the column bases. The sub-note s stands for values for sway frame mode. 
The sub-note a stands for values calculated by proposed analytical model. 

Table 1. Plastic load capacity Fyfor the semi-rigidframe 

Beam-Column 
Base connection pinned semirigid rigid 
connection 0 a >30 0 a 0 a <0.3 
riKidity 

pinned >300 F s p p Fs Oa, p Fsrp 

semirigid Fsp, <S>0 Fs 0a, Fs r. 0p 

rigid <0.75 F spr Fs 0a, r Fs rr 

Where: 
(P. 0^ is the modified plastic rotation of beam-column connection, 

is the modified plastic rotation of base connection. 

Table 2. Plastic load capacities F, and rigidity factors atjd Ksa for frame A. Values of 0 a, 0, 
and as, have been calculated by analytical model described further in this paper. 
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Table 3. Plastic load capacities Fs and rigidity factors Ks and Ksa for frame B. Values of O < 
and as, fis have been calculated by analytical model described further in this paper. 
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In Tables 2 to 4; 
Fs 
K. 

<Z> 

J3s. 

is the plastic load capacity of sway frame calculated by the FEM analysis 
is the sway frame rigidity factor calculated from FEM results as Fs divided by Fs.rr, 
is the sway frame rigidity factor calculated by proposed analytical model for sway frames 
(described further in this paper). 
are the modified plastic rotations calculated from proposed analytical design method 
(described further in this paper). 
are the connection rigidity coefficients calculated G-om proposed analytical design 
method described further in this paper. 

SWAY FRAME RIGIDITY FACTOR - GENERAL DESCRIPTION 

The analytical model for sway frame was derived and can be used in similar way like the model for non-
sway frame described in Part I of this Paper. The difference from non-sway mode is the high influence 
of base rigidity on the frame behaviour. 

The values of Ks for frame A with various plastic rotations <j)̂  and from Table 2 are graphically 

presented in Figure 2. Note that the axes <j)p and (j)̂  are in an exponential scale. 
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Figure 2. Values offrame rigidity factor K^for frame A from table 8. 

It can be seen, that for the infinite changes of beam-column and base plastic rotations <j)̂  and the 

frame rigidity factor Xj creates a surface in three dimensional space with axes , 

surface has been plotted in Figure 3. 
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Figure 3. Surface created by the values offrame rigidity factor Ksfor infinite 



changes of plastic rotations (j)p and . Frame A. 

The equations for calculation of frame rigidity factor Ksa have been derived to fit the best the calculated 
values from FEM analyses (Tables 2 to 4). This is in other words to analytically describe the surface in 
Figure 3. The proposed model has been derived to take into account different frame sections, material 
properties and load conditions providing the ratio of vertical to horizontal load equals 10 and the beam 
and column have the same sections. 

The values of Ksa calculated as a function of and fis from proposed frame rigidity factor method are 
plotted in Figure 4 for frame A. 

(mrad) 

<j) a (mrad) 

Figure 4. Frame rigidity factor Kas calculated from the proposed analytical model. Frame A. 

5. SWAY FRAME RIGIDITY FACTOR 7C. - CALCULATION 

The modified plastic rotations O a and CP p can be calculated for sway frame in the same way like for 
the non sway frame. See equations (7) and (8) from Part I of this Paper. 

The rigidity coefficients a s and for beam-column and column base connections respectively are 
defined to be zero for pinned connections and one for rigid connections. The relationship between 
a J (/%) and 0 can be calculated directly from Tables 2 to 4 by the following equations; 

a , = (1) 

A (2) 



The equation for a ^ and has been derived to fit the best the numerically calculated values of a ^ 
and ps from (1) and (2): 

Psa ~ '^sp (^/s) 

Formula above is valid for: 0^ e(0.4;80) 

and for e(l.9;125) 

(3) 

(4) 

(5) 

(6) 

Above stated limits for connection rigidity were obtained from FEM analyses. Outside described 
interval the connection is considered as rigid or pinned and the connection rigidity coefficient â a and 
psa is equal to one or zero respectively: 

for beam-column connection; if 0^ > 80 then = 0 
if < 0.4 then a - 1 

for base connection: if 0 . > 125 then = 0 

if 0^ < 1.9 then {3̂^ = 1 

The values constants a,, b„ c. and d, are listed in Table 10. 

pinned connection 
rigid connection 

pinned connection 

rigid connection 

Table 10. Constants Qs, bs, Cs and d^for the calculation of a sa cind 
Constant k^for calculation of the rigidity factor Ksa-

(X sa 0 sa 

as 0.888 1.065 
b s -0.177 -0.066 
Cs -0.051 -0.104 
ds 0.012 0.015 
ks 0.549 

(7) 

(8) 

(9) 

(10) 

4) The calculation of frame rigidity factor K̂ a. 

A. 

The plastic sway frame resistance can be than calculated as: 

JO * jr/ 

(11) 

(12) 

Where: 
a sa, Psa are the rigidity coeflficients of beam-column and base connection respectively calculated 

from analytical model. 



as, bs, 

Ks 

Fsa 

ds, ks are the constants used to calculate a sa, Psa, 
is the frame rigidity coeflBcient calculated by FEM analysis, 
is the frame rigidity coefficient calculated by analytical model, 
is the plastic load capacity of the semi-rigid sway frame, 

COMPARISON OF THE ANALYTICAL MODEL WITH FEM RESULTS 

The difference between plastic load capacity calculated by FEM and by the proposed analytical model is 
smaller than 11 % of the rigid frame capacity for all 484 calculated semi-rigid frames. The average error 
between semi-rigid and rigid frame load capacity calculated by FEM and by use of frame rigidity factor 
method is 3%. For connections with satisfactory rotational capacity the proposed analytical model can 
be used with a high accuracy. 

IVURAJWn&TRICSTTIDTf 

The influence of connection rigidity (expressed by plastic rotations (f)̂  and at Mpi) on the frame 
rigidity factor Ksa calculated by proposed frame rigidity factor method can be seen in following three 
Figures. All the graphs are plotted for the frame A (see Table 1, Part I Paper). The horizontal axes are 
in the logarithmic scale. In Figure 5 the relationship between and Ksa can be seen for different plastic 

rotations of beam-column connections . 
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Figure 5. Influence of on frame rigidity factor Ka for constant <j)^ 

In Figure 6 the relationship between and Ksa can be seen for different plastic rotations of column base 
connections (j)̂ . 
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Figure 6. Influence of (j)^ on frame rigidity factor Ka for constant (pp 

In Figure 7 the relationship between and cpp on Ksa can be seen for the case when not plotted 

connections are rigid. 

5 

IS rigid, 

a is rigid 

10 IW IMO 

(j)a . (pb (1) 

10000 

10 



Figure 7. Influence of <j)^ and (j)p on the frame rigidity factor Ks, 

CONCLUSIONS 

The Analytical model for design of semi-rigid sway frames has been proposed in this paper. The frame 
rigidity factor calculation has been derived from database of numerical results. From the proposed 
equation (11) it can be seen that column base connection rigidity influence the frame capacity by 45% 
and beam-column connection rigidity by 55%. The limits of connection rigidity have been set to define 
the rigid and pinned connections (7) to (10). 

Proposed frame rigidity method is a fast and simple method to design frames in plastic region. It can be 
as well used to study the influence of various types of connections on the frame response. 

The analytical model for calculation of plastic load capacity was derived from a large database of FEM 
results published in this paper. 

The frame load capacity depends on described above in 

details. 

Results of this research could lead to a reduction of the cost for steel frame fabrication. 
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