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Summary 

This thesis reports work on two aspects of framed structures: part I is con- 
cerned with sway frames and part II with the ductility of composite flush end 
plate connections. 

Part I has investigated the effect of adopting standardised end plate connec- 
tions as the method of providing the load path between the structural members of 
a steelwork sway frame. Practical low to medium rise multi-storey frame geome- 
tries have been designed in accordance with limit state principles in conjunction 
with the Wind-Moment Method. Each frame was analysed by undertaking a 
second-order elastic-plastic computer analysis to ascertain their structural per- 
formance, with particular emphasis directed towards problems associated with 
stability and sway deflections. The computer simulation necessitated the formu- 
lation of a prediction equation that modeled the initial stiffness characteristics of 
the standard connections. This model has been verified by comparison with full 

scale experimental test results, mainly taken from the literature. 
The investigation confirms that standardised end plate connections provide 

levels of stiffness and resistance which enable unbraced steel frames to be safely 
designed by the Wind-Moment method. There are however certain frame ge- 
ometries where serviceability considerations dictate that stiffening to the frame 

would be necessary, if the standardised end plate connections were used. 

Part II has investigated the ductility of five major axis composite flush end 
plate connections that incorporate nominally identical amounts of reinforcement 
in conjunction with either 457 or 533 serial size Universal Beams. Other variable 

parameters include end plate thickness and horizontal spacing of the rebars. The 

work was undertaken experimentally and the results analysed in the context of 

connection performance. 
The results have shown that it will not prove difficult to ensure virtually rigid 

behaviour of the overall composite connection, despite the use of relatively thin 

end plates. Moreover, the experiments also show that the rotation capacity of 

composite connections in which 1% reinforcement is provided, would be sufficient 
to allow plastic methods of design to be used for composite beams with -i i 

serial size designations; however, ductility remains a problem when the depth 

of beam is further increased. To this end, an empirical model for assessment of 

ductility has been proposed, based on the observed deformation characteristics 

of the joint as a whole. This enables the total rotation capacity of one type of 

a composite connection to be determined when the failure occurs by fracture of 

the reinforcing bars. 
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Notation 

Upper case letters 

As - Total steel area applicable to the reinforcement within the 

slab of a composite connection 

Avc - Shear area 

Bbf - Width of the lower beam flange 

B, f- Width of the column flange 

Cbf - Predicted compressive force acting through the lower beam 

flange 

D- Depth of the beam member 

Db - Lever arm to the bolts measured from the base of the beam's 

flange 

Dc - Depth of the column section 

Dr - Lever arm to the reinforcement measured from the base of 

the beam's flange 

E- Young's modulus for steel 

Eft - Vertical distance between the tensile bolts and the outermost 

surface of the top flange of the beam 

Fb - Compressive resistance of the beam cross-section 

Fbc - Flexibility of a bolted connection 

Fc - Applied axial load in the member 

F'c f- Flexibility of the column flange 
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F, 
w - Flexibility of a column web panel 

Fep - Flexibility of the end plate 

Fi - Force in a connection component 

Fi, Rd - Design resistance of a connection component 
Fs - Tensile resistance of the concrete floor 

Ft - Tensile resistance of the bolts to BS5950 

G- Horizontal distance between bolt centres or the Shear modulus 

Ht - Storey height 

I- Second moment of area 
Ib - Second moment of area applicable to a beam member 
IC - Second moment of area applicable to a cracked composite 

beam 

Ic f- Second moment of area applicable to a single flange 

outstand 

Iep - Second moment of area applicable to the end plate 

Iuc - Second moment of area applicable to an uncracked composite 

beam 

Kbc - Stiffness of a bolted connection 

K2 - Stiffness factor for a connection component 

Ký - Connection stiffness 

Kts - Spring stiffness 

LE - Effective length 

Lb - Lever arm to the centre of the top bolt row measured from 

the centre of the lower flange or span of beam 

Lc - Cracked length of a continuous composite beam 

Lf - Leg length of flange weld 

Lpoc - Distance between the the centre line of the column and the 

adjacent point of contraflexure at an internal span of a 

continuous beam 



Lr - Lever arm to the centre of the reinforcement measured from 

the centre of the lower flange 

Luc - Uncracked length of a continuous composite beam 

Lw - Leg length of web weld 
L1 - Length of reinforcement 
L2 - Slip at the slab/beam interface of a composite connection 
M- Connection classification by strength 

MA - Moment at the left hand connection of an internal span of 

a continuous composite beam 

MB - Moment at the right hand connection of an internal span of 

a continuous composite beam 

MAD - External moment applicable to the cracked composite beam 

MCD - Internal moment applicable to the uncracked composite beam 

at mid span 

MDA - Internal moment applicable to the cracked composite beam 

MDC - Internal moment applicable to the uncracked composite beam 

Mpconn - Predicted moment of resistance for a composite connection 

Mpste, i - Predicted moment of resistance of the bolted steelwork 

connection 

Mprein - Predicted moment of resistance for a composite connection 

when only the reinforcement within the slab is considered 

Mb - Lateral-torsional buckling resistance moment 

Mi - Moment 

Mpl. Rd - Moment of resistance for a composite beam with respect to 

negative bending 

Must - Moment of resistance for a composite connection determined 

experimentally 

MM - Largest column end moment 

p- Axial load 



Pb - Bolt spacing within the depth of the connected beam 
PC - Compression resistance of a column member 
Pl - Distance to the first shear stud measured from the face of 

the column 

P2 - Pitch of the shear studs along the hogging moment region of 

a composite beam 

Q- Shear force 

Rb - Tensile resistance of the bolts in accordance with 
Eurocode 3: Annex J 

Rf - Compressive resistance of the beam's lower flange 

Rr - Tensile resistance of the reinforcement 

Sj. Znit - Connection's initial stiffness 

Sb - Span of a composite beam 

Si - Secant stiffness 
Srigid - Rigid boundary applicable to the classification by rotation 

stiffness 

Sl - The vertical distance between the centre line of the top 

tension and the top of the upper beam flange 

T- Bolt force in a steelwork connection 

XP - The depth of the plastic neutral axis below the upper 

beam flange 

Lower case letters 

a 

b 

bc 

- Vertical distance between the centre line of the top bolt 

row and the centre line of the top beam flange 

- Vertical distance between the centre line of the top beam 

flange and the centre line of the slab reinforcement 

- Effective width of the concrete slab 



be ff- Effective breadth 

d- Width of a single column flange outstand 
dc - The effective depth of a concrete slab 
dep - The depth of the end plate 
f 

yb - Average yield stress applicable to the beam cross-section 
f 

yb f- Yield stress applicable to the lower beam flange 

f ybw - Yield stress applicable to the beam's web 
fyr - Yield stress applicable to the reinforcement 
f (6, f )- Elongation of the reinforcement due to the column flange 

deformation 

h- Vertical distance below the centre line of the top bolt row 

to the assumed point of rotation for a composite connection 
h1 - Lever arm from the highest bolt row in the connection to the centre 

of resistance of the compression zone 

i- Number of tension bolt rows that have yielded under the 

connection moment 

k- Secant stiffness applicable to a welded shear stud 

ki - Stiffness of a column web panel 

I- Length 

la - Lever arm 

M- Equivalent uniform moment factor 

me f- Horizontal distance between the bolt position and the column web 

mep1 - Horizontal distance between the bolt position and the beam web 

rnep2 - Vertical distance between the underside of the beam's tension flange 

and the tensile bolts 

n- Number of shear studs provided within the hogging moment 

region of a composite beam 

t- Thickness 

tbf - Thickness of the lower beam flange 



tbw - Thickness of the beam's web 
tc f- Thickness of the column flange 

tCW - Thickness of the column web 
tep - Thickness of the end plate 
tg - Tangent of an angle 

rb - Single bolt force acting through a column flange outstand 

rk - Root radius applicable to the column serial size 

ry - Radius of gyration about minor axis 

u- Buckling parameter 

v- Slenderness factor 

z- Lever arm or depth of shear zone 

Upper case Greek letters 

A- Displacement 

01 - Uncracked beam deflection 

OZ - Cracked beam deflection 

Ol - Extension of the reinforcement 

OA - Rotation at the left hand connection of an internal span of 

a continuous composite beam 

BB -Rotation at the right hand connection of an internal span of 

a continuous composite beam 

Lower case Greek letters 

/3 - Geometrical or a bending moment distribution coefficient 

Flexibility factor 

b- Displacement 

bcf - Column flange deformation 



Sep - End plate deformation 

E- Strain in the reinforcement 

77 - Force ratio coefficient 
ALT - Slenderness ratio 

µ- Stiffness ratio 

Pt - Modification factor 

v- Poisson's ratio 

Tr - Uniform shear stress 

TE - Shear strain 

Oj - Angular rotation 

Ou - Predicted rotation capacity for a composite connection 

quit - Rotation capacity for a composite connection determined 

experimentally 
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Chapter 1 

Wind-Moment design for 

unbraced frames 

1.1 Introduction 

For the design of unbraced frames, the traditional design approach has been to 

rely on the rotational stiffness of the connections to provide an adequate medium 

through which the stability of the structure can be assured. To analyse such a 

frame however, would be far from simple due to the inherent indeterminancy of 

the structure as a whole. Consequently, a design method was devised whereby 

the rotational stiffness of the connections was assumed to provide resistance to 

the horizontal forces only, and ignored moments developed in the connections 

under the action of gravity loads. This approach is termed the Wind-Moment or 

Wind-Connection Method[l] and offers an attractive approach for the design of 

unbraced structural steel frames. 

The method derives its popularity as a result of rendering the frame st apt i- 

cally determinate, thereby simplifying the analysis considerably. To achieve this 

transformation the following assumptions were adopted : 

1. The beam members were treated as though they were simply supported 
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under the action of gravity loads. The connections were therefore assumed 
not to transfer any bending moments from the beams into the attached 
columns. 

2. When analysing the frame under the actions of the horizontal forces, the 
connections between the beams and the columns possess full slope continu- 
ity with points of contraflexure at the mid-lengths of the structural mem- 
bers. This enables the internal moments and forces to be approximated by 

adopting the Portal Method of analysis [2] 
. 

The simplicity of the approach is illustrated in Figure 1.1. As a result of the 

internal moments and forces being independent of the relative stiffnesses between 

the structural members, time consuming re-analysis can be avoided. 

LLF_ 

1r1 

Under gravity loads Under horizontal loads 

NOTES : 
o- Pinned connections at the beam ends 
o- Points of contraflexure at mid-length of the members 

-ý - Direction of applied load 

- Internal moments & forces 

Figure 1.1: Simplifying assumption used by the Wind-Moment Method 

Furthermore, since it is the mid span moment due to gravity load that controls 

the members size for low and medium-rise frames, the beam sections are generally 

the same size for all the floors which are intended for similar use and occupancy-, 

thus simplifying the fabrication of the building. This is in contrast to fully- 

continuous construction with rigid joints, where it is not uncommon for the beam 

sections to differ throughout the height of the frame[3]. Additionally, advantages 
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are also forthcoming as a result of the connection's comparative weakness when 
compared to the strength of the beams, since web stiffening to the column. which 
is so often associated with rigid joints, can generally be avoided. The absence 
of stiffeners reduces fabrication costs and also provides greater freedom in the 

positioning and sizing of the beams which connect to the minor axis of the column. 
To initiate the design sequence, the gravity load is considered in isolation 

from the horizontal force to enable the structural members and connections to 
be initially proportioned. The gravity and horizontal loads would then be com- 
bined in accordance with the appropriate design load cases and the initial design 

amended to withstand the combined effects. This would complete the design as 
far as the strength of the frame is concerned; however, further modification may 
be required following due consideration of sway deflections in accordance with 

serviceability requirements. 

For serviceability, the connections are assumed to be rigid when calculating 

the sway deflections and then amplified by a multiplying factor to account for 

the influence of connection flexibility on the frame's response. 

The design method described briefly above is not new and consequently, many 

buildings stand testimony to the acceptance that the above simplifications pro- 

duce a satisfactory structural performance. In recent years however, the method 

has been regarded as a form of semi-rigid design and to this end theoretical stud- 

ies in the mid 1980's [4,5] and late 1980's [6,7,8] have been carried out. These 

studies have been fully described by their respective authors, from which the 

following conclusions have been drawn: 

Beams 

The assumption of having pinned connections at the ends of the beams results in 

these members being over designed. This over design is the consequence of t hc 

design method neglecting the true behaviour of the connections (see l: 'igure 1.21). 
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Hoggin 
moment 

Reduction 
in mid-span 

bending 
moment 

Pinned connections Semi-rigid connections 

NOTES : 

-ý - Direction of applied load 

-- Internal moments & forces 

.ý 

Figure 1.2: The effect of the true behaviour of the connections on the mid-span 
bending moment 

The actual behaviour of the connections could be more accurately described as 

semi-rigid rather than pinned. Consequently, hogging bending moments would 

be developed at the support regions with the beneficial effect of reducing the 

bending moment at the centre of the beam. 

Columns 

The columns tend to be under designed, again as a consequence of the design 

method neglecting the true behaviour of the connections. The hogging moments 

that are developed at the connections have a detrimental effect on the column, 

since they will be generally required to resist greater moments than originally 

designed. In particular, the perimeter columns and other situations where un- 

balanced loading may be applied are the most vulnerable areas. However, it is 

thought that as the columns are also proportioned to resist the applied axial 

loads, the under design of these members is not as significant as the over design 

of the beams. 
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Connections 

The connections generally tend to be under designed for the following reasons : 

1. The hogging moment developed at the connections as a consequence of their 

true behaviour is neglected. 

2. The additional moments that arise as result of the P-, effect are neglected 
(see Chapter 2, Figure 2.8). 

3. The internal moment for at least one end of a beam would be in excess of 

that predicted by the method. 

In addition to the above, it was generally accepted that the connections 

would have a lower moment capacity than the beam and therefore be cka5si- 

fied as partial strength. This resulted from the connections being proportioned 

to resist end moments only, whereas the beams were governed by the much larger 

mid-span moment. 

Frame stability 

No direct allowance is made for the influence of the P-0 effect on the internal 

moments and forces. However, they are indirectly considered for columns by 

adopting the effective length concept for the design of these members. This 

approach allows a column length to be used in design which is greater than its 

true length, for axes about which sway can occur. An effective length factor of 

1.5 when considering major axis buckling, which is common in the design of fully 

continuous frames, has also been found to give satisfactory results with W'Vind- 

Moment frames[7]. However, since columns have been assumed to sway only 

about their major axis, an effective length factor equal to 1.0 is applied to minor 

axis buckling. 

Despite the difference between the effective lengths for column buckling, for 

Universal Column sections, it was found that the minor axis controls the axial 

resistance of the member. 
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For low and medium-rise multi-storey frames, instability was not encountered 
below the design load level. 

Sway deflections 

The sway deflections of all the frames considered were larger than those predicted 

assuming the connections to be rigid. This is because of the semi-rigid and 

partial strength nature of the connections increasing the overall flexibility of the 

structures. To overcome this problem, a multiplying factor to the rigid deflections 

of 1.5 was recommended, since this amplification of the sway deflections was 

proved adequate in situations were the serviceability limit state governed the 

subsequent frame design[9]. 

Justification by rigid-plastic theory 

The Wind-Moment Method can, in part, be justified by rigid-plastic theory[10]. 

as noted by Lay[11]. This theory describes the collapse condition as having the 

following characteristics : 

1. A mechanism of plastic hinges has formed. 

2. The internal moments and forces are in equilibrium with the applied loads. 

3. Nowhere does the internal moment exceed the plastic moment of resistance. 

The Lower-Bound Theorem then states that the applied loads are less than 

or equal to the loads which collapse the frame, and is applicable provided the 

second and third conditions are satisfied. The Wind-Moment Method meets 

these criteria required by this theorem and consequently produces safe designs. 

provided the frame also satisfies the assumptions of rigid-plastic theory. namely 

the effect of deflections on equilibrium can be neglected and collapse doe', not 

occur as a result of any form of buckling. 
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1.2 Analytical verification of the Wind-Moment 

method for unbraced design 

A comprehensive verification of the Wind-Moment method «-as undertaken by 

Reading[1] in 1989. The objective of the study was to provide design rules which 

were consistent with limit state principles, to enable the method to be used in 

conjunction with BS5950, Part 1[12]. 

In essence, these design rules apply to steelwork structures which can be 

idealised as a series of unbraced plane frames which are effectively braced against 

out-of-plane sway at roof level and each subsequent floor level. Within each plane 
frame, the column sections were orientated such that loads in the plane of the 

frame tend to cause bending about the major axis. However, the scope of the 

rules was restricted, in terms of frame geometry and allowable loadings, to those 

adopted by the study (see Table 1.1). 

Minimum Maximum 

Number of stories 2 8 

Number of bays 1 4 

Bay width (m) 4.5 9.0 

Bottom storey height (m) 4.5 6.0 

Storey height elsewhere (m) 3.5 5.0 

Bay width : storey height 0.75 2.00 
(bottom storey) 

Bay width : storey height 0.90 2.50 
(elsewhere) 

Greatest bay width : smallest bay width 1.00 2.00 

Clear span : storey height 1.80 5.00 

Dead load Floors 3.50 5.00 

(kN/m2) Roof 4.00 7.50 
Q 

Live load Floors 3.75 3.75 

(kN/m Roof 1.50 1.50 

Basic wind speed (m/s) 37 52 

Table 1.1: Geometrical and loading restrictions imposed on \Vind-Moment frames 

The frames studied consisted of horizontal beams, which were arranged in 
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several grid formations, and vertical columns. The first grid arrangement con- 
sisted of the Wind-Moment frames alone resisting the full gravity load applied 
across the width of each bay, whereas alternatively, the second grid arrangement 

consisted of the additional provision of secondary beams positioned cent rally be- 

tween the adjacent Wind-Moment frames. Variations in the arrangements of the 
horizontal beams were incorporated into the study as a reflection of variations 
typically encountered in modern practice. Consequently, the inevitable change in 

corresponding design of these primary members, as a result of changing the load 

path within the frame as a whole, could additionally be considered. 
Generally, for the majority of the frames considered, the bay width was kept 

constant over the complete height of the frame; however, in some instances an 

open-plan top storey was also investigated. 

In total 120 different frame configurations were considered, in conjunction 

with the following two characteristic loading patterns: 

1. Maximum gravity load combined with minimum wind load. 

2. Minimum gravity load combined with maximum wind load. 

The Wind loads were calculated in accordance with the British standard 

CP3 Chapter V, Part 2[13], and the gravity load is specified in Table I. I. 

Although it was recognised that considering only 120 configurations did not 

examine every possible combination of Wind-Moment frame which could be de- 

signed by the method, the selection adopted did encompass the extremes of frame 

geometry and loading, which were expected to provide the most critical appraisal 

of the method as a whole. 

The largest range of studies took place on two storey frames comprising one 

and four bays in width. For each configuration considered. the specification wa 

as follows: (i) The members were designed in UK Grade 50 steel, having a design 

strength equal to 355N/mm2. (ii) The beam and column sections were chosen 

from the standard range of Universal Beam I-sections and Universal Column 
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H-sections respectively. (iii) The beam-to-column connections were extende(1 
end-plates, in UK Grade 43 steel of design strength 2 75N/mm'. fastened to the 

column by M20 Grade 8.8 bolts. (iv) The column bases were taken to be fully- 
fixed. (v) The floor grid comprised primary beams only. 

Furthermore, for each configuration detailed above, the following variations to 
the basic frames were additionally considered: (i) Members designed in Grade 43 

steel. (ii) The extended end-plate connections were replaced by flush end-plates. 
(iii) Semi-rigid bases, modelled by assuming the base had a rotational stiffness 

equal to that of the attached column length. 

Moreover, under the greatest intensity of gravity loading, bay widths of less 

than the maximum of 9m were also incorporated. This enabled a greater range 

of frame designs to be considered, thereby widening the scope of the study to em- 

brace other configurations other than those applicable to the extremes of loading. 

The final variation to the frame geometries considered so far, concerns t he 

use of secondary beams. However, this particular arrangement was only adopted 

when the frames were being designed to resist the minimum amount of loading. 

since under these circumstances, the objective of the design was to obtain the 

smallest beams and columns. Clearly, this would be achieved by incorporating 

secondary beams as a consequence of the grid arrangement resulting in a further 

reduction in the gravity load carried by the beams forming part of the plane 

frame. 

A third basic frame configuration consisting of an eight storey one bay frame 

was also considered. This was studied with all the variations given above, but 

only for the combination of maximum gravity load in conjunction with minimum 

wind load. The other combination of load was not considered, since preliminary 

calculations showed that under maximum wind load, such a slender frame was 

not suitable to be used as an unbraced structure. due to difficulty in designirr 

the corresponding connections to resist the high wind moments. 

In addition to the three basic frame types already described, two, four. six 
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and eight storey frames, all two bays in width. and a four storey. four bay frame 

were also investigated. 

These frames were designed using the characteristics given earlier; 
however'. 

the bay widths and column heights were kept constant throughout and were 
independent of the load case under consideration. To this end, the bay- widths 

were fixed at 9m and storey heights of 4.5m and 3.5m were adopted to represent 
the bottom and upper storeys respectively. 

The final frame configuration to be considered consisted of a two storev, two 

bay frame. This frame was designed to resist the maximum gravity in conjunction 

with the minimum wind load, as a consequence of the objective to investigate 

unequal bay widths, with or without open-plan top storeys. 

1.2.1 Design to British codes of practice 

Provisional design rules which are consistent with BS5950: Part 1: 1990[12] 

guidelines for Simple Construction, were used to design each frame. These are 

summarised below: 

Load combinations 

The following load combinations, which are consistent with the requirements of 

BS5950, were applied to each frame. 

1.4(Dead load) + 1.6(Imposed load) + Notional horizontal forces; 

1.2(Dead load + Imposed load + Wind load); 

1.4(Dead load + Wind load). 

The notional horizontal forces were taken as 0.5% of the factored dead plus 

imposed load. 

Internal moments and forces due to gravity load 

The maximum beam moment at mid-span was calculated on the assi. imption 

that simply supported conditions are applicable over the full span of the beam 



1.2 Analytical verification of the Wind-Moment method for unbraced de igi 12 

between centre lines of adjacent columns. However. in recognition of the fact that 

columns will generally receive a moment due to gravity load. as a consequence of 
the semi-rigid rather than pinned nature of the connections assumed, the beans 

end reaction is assumed to act a distance of 100mm from the face of the column, 

when determining the internal moments acting on the column. -No account need 
be taken of such a moment in the design of the connections, since this moment 
is intended to make some allowance for the semi-rigid nature of the connections, 

which are only designed to resist shear. 

When using BS5950, a further allowance may be optionally made for partial- 
fixity by assuming an end restraint moment equal to 10% of the maximum free 

moment in the beam. However, if this restraint moment is included at this 

stage, the connections should be designed to transmit the restraint moment to 

the columns, in addition to the vertical end reactions from the beam. This 

allowance was incorporated within the frame study. 

Both the eccentricity moment and the 10% end restraint moment applied 

at any one storey height are divided equally between the respective upper and 

lower column lengths, provided these lengths do not differ by more than 50% 

) c, in stiffness [12] 
. 

Furthermore, the moments are assumed to have no effect at t1 

levels above and below that at which they are applied and consequently, dissipate 

to zero at the far ends of the column lengths. 

Internal moments and forces due to wind load 

The analysis was made by using the portal method of analysis. Consequently. 

points of contraflexure are assumed to be located at the mid-heights and lengths 

of the columns and beams respectively. In addition each bay acts as a simple 

portal, such that the total horizontal load can be divided between the bays in 

proportion to their spans. 
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Design of beams members 

Since the Wind-Moment method can be justified in part by plastic theory. the 

corresponding beam members must be able to form plastic hinges and partici- 

pate in collapse mechanisms. Consequently, to preclude premature failure of the 

members as a result of local buckling, the sections must be Class 1, Plastic. 

Furthermore, to provide directional restraint to the columns, BS5950 requires 
the design moment of resistance of a beam member to be limited to 90% of the 

plastic moment of resistance. This does not however lead to an increase in the 

beams section when compared to simple design, since the design moment for 

the beam has also been reduced by 10% to take account of partial-fixity of the 

connections. Consequently, these two effects are mutually compensating. 

Design of column members 

For in-plane buckling, with bending about the major axis of the column. the 

effective length LE was taken as 1.5 times the storey height, Ht. 

For out-of-plane buckling, with bending about the minor axis, the provisional 

proposal was to take the effective length as 0.85Ht. This was to take into account 

a small degree of restraint from the minor axis beams and their connections. 

However, this was changed to 1. OHt as a result of the studies. 

By the same reasoning as provided under the design of the beam members, 

the column sections should also be Class 1, Plastic sections. 

To determine the lateral-torsional buckling resistance moment, an approxi- 

mate slenderness ratio, equivalent to that used when designing columns in simple 

multi-storey construction was adopted (see equation 1.1). 

ALT = 
0.5Ht 

ry 

where: 

(1.1) 

ry - Radius of gyration of the column section about its minor axis. 
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Finially, the following buckling check had to be satisfied by each of the column 
sections chosen (see equation 1.3). 

Fc+Mx 
<1.0 Pc Mb - 

where: 

Fý - Applied axial load in the member 

(l. ) 

P, ý - Compression resistance of column after taking account of its susceptibility 

to buckling 

Mx - The largest column end moment 
Mb - The lateral-torsional buckling resistance moment. 

Design of connections 

The design rules contained within BS5950[12], the Steel Designers lanual[2] and 

Manual on connections[14] were adopted where applicable to enable the connec- 

tions to be sized. 

110 

+ 

Q` o 
++ 

. 
++ 

b 

+ 
U .0 

+ + ++ 
o 

(a) Extended end-plate (b) Flush end-plate 

Figure 1.3: Connection details 

The extended end plate connections consisted of four bolts symmetrically po- 

sitioned around both beam flanges (see Figure 1.3(a)). The bolts and welds were 

designed by following the procedures contained within section 6 of BS5950[12]. 

whereas the end plates were designed elastically by limiting the stress to the 
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yield value[14]. Furthermore, the column's flange was checked by the method 
proposed by Horne and Morris[15], which considers the following two modes of 
failure. Firstly, simultaneous bolt fracture in conjunction with column yielding 

and secondly, column yielding alone. To complete the design, the column web 

was also checked in tension and shear. 

The flush end-plate connections consisted of five bolt rows positioned sym- 

metrically between the beams flanges (see Figure 1.3(b)). The bolts and welds 

were again designed in the same manner as described for the extended end plate 

connections; however, the thickness of the flush end plates was determined by 

using a model proposed by Horne and Morris [15] 
. 

This model was based on a 

T-stub arrangement with the tension bolts inducing double curvature. 

1.2.2 Analytical procedure 

An incremental second-order elastic-plastic procedure[16], in which the behavioural 

characteristics of the connections were represented by moment-rotation relation- 

ships, was adopted to analyse the frames designed as described above. The 

connection relationships were predicted by the method given in Eurocode 3[17], 

prior to its subsequent revision[18]. In addition, to provide an upper bound on 

the joint behaviour, the frames were also analysed assuming the connections were 

rigid and full strength. 

The analysis represented the overall in-plane behaviour of the frame, thus 

enabling the deflections and internal moments and forces to be determined at load 

levels up to and including the collapse load. Consequently, the overall buckling 

check contained with BS5950 could be utilised to assess the lateral stability of 

the columns over each storey height. 

F, 
+mm, <1.0 (1.: 1) 

PC Mb 

where: 

m- Equivalent uniform moment factor. 
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For this check, the more precise relationship for calculating the slenderness 
ratio was utilised (see equation 1.4). 

ALT = uv 
Ht 

ry 

where: 

(1.1) 

u and v are parameters which depend on the section properties which influ- 

ence the member's resistance to lateral-torsional buckling and are determined in 

accordance with Annex B of BS5950. 

1.3 The need to re-verify the design method for 

Wind-Moment frames 

Design rules which are consistent with BS5950: Part 1: 1990[12]. together 

with a comprehensive commentary, have been published[1]. They were devel- 

oped in conjunction with the analytical study described above, which was de- 

signed to investigate the behaviour of typical frames designed in accordance with 

Wind-Moment method[8]. The scope of the rules were therefore restricted, in 

terms of frame geometry and allowable loadings, to those adopted by the study 

(see Figure 1.1). Furthermore, the types of frames covered by the method 

were limited by the necessity to provide a suitable bracing system to prevent 

out-of-plane movement, about the minor axis of the columns members. This 

limitation is generally considered unwelcome and consequently, studies are being 

undertaken at present within the University of Warwick[19] to lift this undesir- 

able restriction. Moreover, the design rules only apply to frames which employ 

either extended or flush end-plate beam-to-column connections. which invariably, 

as a consequence of the design method assuming little end restraint under the 

action of gravity loads, produces a connection strength lower than the adjacent 

beam members. Therefore the connections can be classified as partial-st ren gt h 



1.3 The need to re-verify the design method for Wind-Moment frames 17 

in accordance with Eurocode 3[17]. This increases the likelihood of plastic hinges 
forming in these connections as the load increased. Therefore. to ensure that the 
assumptions made in design are not compromised, the connections must possess- 
the necessary rotation capacity to enable moment redistribution to continue unin- 
hibited until a hinge mechanism has formed. Although this assumption was also a 

requirement of the original verification described in section 1.2, it was recognised 
that this could not be guaranteed by the corresponding connection design meth- 

ods adopted. Therefore, this has lead to the development of a range of standard 
ductile connections for Wind-Moment frames[20]. These connections achieve a 
ductile response whilst using the industry standard M20 or M24 Grade 8.8 bolts. 

by employing relatively thin end-plates (12-15mm) designed in accordance with 

Eurocode 3[18]. Consequently, they are more flexible than the typical connec- 

tions used in the original analytical study[8], which were based on earlier design 

rules for moment connections[14,15]. These rules tended to produce thicker end- 

plates than the proposed standard connections, and were based on the assumption 

that brittle modes of failure would be avoided mainly by using larger bolts and 

welds. Thus by incorporating the standard connections within the design of a 

Wind-Moment frame, the restraint to the columns would be reduced. which in 

turn would increase the second-order effects. The net effect on the frames be- 

haviour would therefore be a reduction in its overall stiffness, thus increasing 

its susceptibility to problems of instability. In addition, a further increase in 

the frames flexibility will also have a pronounced effect on the subsequent sway 

deflections under serviceability loadings. It was therefore necessary to repeat as- 

pects of the original analytical study, to re-confirm the safety of Wind-Moment 

frames using the new standard connections. This re-validation is described in 

Chapter 4 within this thesis. 

A secondary benefit of the repeated study has been the opportunity to model 

the stiffness of the connections used in the frame analysis more accurately. The 

original study used a preliminary version of Annex J, prepared during the drafting 
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of Eurocode 3. Work subsequently undertaken by Moore[21] however. concluded 
that the estimate of stiffness using this method was erratic and for thinner end- 

plates was consistently understated. This in part led to the annex being re- 
drafted[18], a process in progress during the period that this study «was being 

undertaken. Consequently, a finalised version of the initial stiffness model now 

proposed to represent the connection behaviour (see Chapter 2) was unavailable: 

therefore an alternative initial stiffness prediction model was formulated by the 

author and verified using experimental test data (see Chapter 3). 

1. - Standardised connections for Wind-Moment 

Frames 

Guidance for the design of unbraced frames in accordance with the Wind-Moment 

method was published by the Steel Construction Institute in 1991[l]. 

This publication covered all aspects of the method with the exception 

of providing specific design rules applicable to the connections. 't'his 

omission has however, now been addressed by a separate volume entitled 

Joints in Steel Construction - Moment Connections, which has just been 

published[20]. Within this volume there is a specific chapter covering the design 

of suitable connections that can be incorporated directly into a Wind-Moment 

frame. The guidance is given in the form of standardised end-plate connections 

(see Figure 1.4), whose design is all but complete. Consequently, a few simple 

checks to ascertain the suitability of a designated connection to meet the re- 

quired structural performance would be all that is incumbent on the designer to 

complete the frame specification. 

For a connection to behave successfully in a Wind-Ioment frame. it must 

be able to satisfy the following criteria. (i) The connection's moment capacity 

should be greater than the applied design moment, for both positive and negative 

applied bending moments. (ii) The connection should possess adequate rot ational 
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No. 1 + + No. 3 ++ 
(W) (W) ++ 

++ 

+ + ++ 
No. 2 No. 4 ++ 
(w) (W) 

+ + ++ 
NOTES : 

+ + 
For dimensions & design table s see Appendix A 

No 5 + + An additional bolt row may be provided for details 
. + + 1,2 &4 to increase the connections shear resistance 

(W) 
(w) - Connection available with an increased 

plate width to accomada te larger 
+ + serial size beams 
+ + Not to scale 

+ + 

Standard Type of Bolt size / end plate thickness Universal Universal 

connection end plate beam range column range 

1 flush M20/12mm 
M24/15mm 254x102 - 762x267 202x203 - 356x368 

2 M20/15mm 254x102 - 533x210 
extended 202x203 - 356x368 

2(w) M24/20mm 457x191 - 762x267 

3 M20/12mm 406x140 - 533x210 
flush 202x203 - 356x368 

3(w) M24/15mm 457x191 - 762x267 

4 M20/12mm 254x102 - 533x210 
extended 202x203 - 356x368 

4(w) M24/15mm 457x191 - 762x267 

5 M20/l2mm 406x140 - 533x210 

extended 202x203 - 356x368 
5(w) M24/15mm 457x191 - 762x267 

Standard Type of Bolt size / end plate thickness Universal Universal 

connection end plate beam range column range 

1 flush M20/12mm 254x102 - 762x267 202x203 - 356x368 
M24/15mm 

2 M20/15mm 254x102 - 533x210 
extended 202x203 - 356x368 

2(w) M24/20mm 457x191 - 762x267 

3 M20/12mm 406x140 - 533x210 
flush 202x203 - 356x368 

3(w) M24/15mm 457x191 - 762x267 

4 M20/12mm 254x102 - 533x210 
extended 202x203 - 356x368 

4(w) M24/15mm 457x191 - 762x267 

5 M20/12mm 406x140 - 533x210 

extended 202x203 - 356x368 
5(w) M24/15mm 457x191 - 762x267 

Figure 1.4: Proposed standard end-plate connections 
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stiffness compatible with the assumptions made in the validation studies for the 
Wind-Moment method. (iii) The connections should possess sufficient rotation 

capacity (subsequently referred to as ductility) to enable the connection to act as 

a plastic hinge, in response to negative bending moments. (iv) The connection s 

shear resistance should be greater than the applied design shear force. 

The ductility requirement is recognised as the single most important factor 

that distinguishes a Wind-Moment connection from the other more general mo- 

ment resisting connections, and is achieved at the expense of strength and stiff- 

ness. These losses result from the necessity to use thin end plates to avoid brittle 

failure of the bolts, as a consequence of the standardisation process restricting 

the choice of bolt Grade to 8.8 and the bolt sizes to either M20 or I21. 

Unfortunately, the connections ductility must not be compromised by incorpo- 

rating refinements which would improve its corresponding strength and stiffness, 

such as substituting stronger material. If this happened, there would be a high 

risk of a tensile failure occurring through bolt fracture. This must be avoided, 

since the connection's mode of failure would be transformed into a mode which 

is emphatically non-ductile. 

The ductility of a wind-moment connection is provided by designing the 

end-plate to deform essentially in double bending, to achieve a -Mode 1' type 

of failure in accordance with the revised Annex J of Eurocode 3[18]. This was 

achieved by careful consideration of the thickness of the end-plate in relation to 

the size and strength of the bolts. To achieve this desired mode of failure, the end 

plate thickness would have to be limited to no more than half the corresponding 

bolt diameter[22]. Thus, the end result would be the achievement of an admirable 

ductile performance at unexceptable expense in terms of the connection's strength 

and stiffness. Consequently, the thickness adopted for the end plates was slightly 

greater than the maximum otherwise allowed to ensure Mode 1 failure; the thick- 

nesses adopted were 12mm and 15mm for the M20 and I24 bolted connect ions 

respectively. The justification for this approach was initially one of engineering 
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judgement within the BCSA/SCI Connections Group, «ho collectively thought 
that adopting slightly thicker end plates would provide a more acceptable bal- 

ance between the competing demands made on the connection. while remaining 

adequately ductile. This proposal has been subsequently born out by full scale 

experimental tests undertaken on a selection of the proposed connections at the 
University of Dundee[23,24]. 

The technical interpretation of Eurocode 3 and the relevant annex. 
Annex J (revised), was undertaken by Hughes. Further details of the background 

work which led to the connections' publication is to be found else«vhere[22,20]. 

The author's contribution to this aspect of the work was concerned with the 

production of validated computer software to produce the dimension and de- 

sign tables for the standardised connections (see Appendix A). This work will be 

explained subsequently and was undertaken under the supervision of Hughes. 

1.4.1 Production of the design and dimension tables 

The computer software written for the production of the design and dimension 

tables was undertaken using a commercially available spreadsheet package enti- 

tled Lotus 123. This enabled the large amounts of data to be processed easily 

and the inevitable repetitive calculations to be completed with the minimum of 

complication. 

For each connection detail, the design tables were split up into three spread- 

sheet programs, covering the connection's design moment of resistance, associated 

column limitations (explained below) and design shear resistance. The dimen- 

sion tables were initially incorporated as part of the tables for the connections' 

design moment of resistance and separated at a later stage. Following this com- 

putation stage, each table was transferred directly into a word processor package. 

Wordstar, whereby the data was manipulated to produce the desired presenta- 

tion. The advantage of this procedure was that once the data had been verified 

on the corresponding spreadsheet, the automatic process of transferring to the 
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word processor would minimise data corruption. The verification for the tables 
took the form of spot checks on every step of the calculation process. for each 

connection detail proposed. 

Unfortunately, the following problem was encountered which threatened the 

automatic procedure outlined above. The output from each spreadsheet was t o0 
large, in the sense that each table occupied a greater proportion of the allocated 

space on the page than could be accommodated. One of the requirements laid 

down at the beginning of the project was the restriction on the total space neces- 

sary to present the design information. It was decreed that for each connection, 

all the design tables must be presented on a single side of A4 paper. This was to 

aid the designer by speeding up the process of connection choice, by having all 

the necessary information immediately to hand. 

To overcome this set back, each spreedsheet was reduced to a sufficiently small 

size to enable the presentation objective to be met. The reduction necessary to 

achieve this goal however was prohibitive, since the clarity of the tables was 

severely compromised. The solution adopted was therefore to take the data from 

the spreadsheets and manually transfer it to the graphics package .I 
fig, which 

was available at the University of Warwick. In doing this, the data tables were 

easily sized to enable the presentation requirements to be fulfilled. To maintain 

confidence in the reliability of the data as a result of switching to a manual method 

of data transference, rigorous checking procedures were again implemented. 

The use of the design tables, an example of which is shown in Figure 1.5. is 

discussed in detail in Chapter 4, which is additionally supplemented by a worked 

example (see Appendix B, Section B. 3). The full set of design tables has been 

included in Appendix A of this thesis. The purpose of the following sections 

will therefore be to highlight some of the assumptions adopted in producing the 

design information. Further information with regard to the philosophy adopted 

in the design of the standardised connections may be obtained from the moment 

connections publication itself[20]. 
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i 
Moment Resistance 
M. R. (in Nm)= 193 (h - 0.5 tf + 40) 

305 (h-0.5 tf - 60 ) 

tf h Serial Size Moment 
Mass per Resistance 

(mm> (mm) 
metre kNm 

533 x 210 
21.3 544.6 122 b 256 
18.8 539.5 109 b 254 
17.4 536.7 101 253 
15.6 533.1 92 251 
13.2 528.3 82 250 

457 x 191 
19.6 467.4 98 b 218 
17.7 463.6 89 bw 216 
16.0 460.2 82 215 
14.5 457.2 74 214 
12.7 453.6 67 212 

457 X 152 
18.9 465.1 82 b 217 
17.0 461.3 74 215 
15.0 457.2 67 214 
13.3 454.7 60 213 
10.9 449.8 52 211 

406 X 178 
16.0 412.8 74 191 
14.3 409.4 67 190 
12.8 406.4 60 189 
10.9 402.6 54 187 

406 X 140 
11.2 402.3 46 187 
8.6 397.3 39 185 

356 x 171 
15.7 364.0 67 167 
13.0 358.6 57 165 
11.5 355.6 51 164 
9.7 352.0 45 163 

356 X 127 
10.7 352.8 39 163 
8.5 348.5 33 161 

305 X 165 
13.7 310.9 54 141 
11.8 307.1 46 140 
10.2 303.8 40 138 

305 x 127 
14.0 310.4 48 141 
12.1 306.6 42 139 
10.7 303.8 37 138 

305 X 102 
10.8 312.7 33 143 
8.9 308.9 28 141 
6.8 304.8 25 140 

254 x 146 
12.7 259.6 43 116 
10.9 256.0 37 114 
8.6 251.5 31 113 

254 X 102 
10.0 260.4 28 117 
8.4 257.0 25 115 
6.8 254.0 22 114 

b- Where tf> 18 use a butt weld to the flange 

bw- If the beam is S275 use a butt weld to the flange 

W4124 
45 ----*-- 45 
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Figure 1.5: Standard connection number 4 with M24 bolts 
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Moment resistance - box 1 

The connection's moment resistance has been calculated on the assumption that 

the connecting column will either match the resistance of the end-plate. or will 

be reinforced to do so. In addition, the bolt forces have been calculated using the 

smallest beam section as the basis for design. This beam was adopted to produce a 

conservative estimate of the bolt forces used to calculate the connect ions moment 

resistance. This simplifies the calculation to the consideration of the connections 

lever arm only, at the expense of sacrificing a small proportion of the resistance. 

Column limitations - box 2 

This particular table covers all the Universal Columns that it was expected a 

designer may wish to use in Wind-Moment frames. The 152 universal column 

series was excluded, since it was thought that this column is so small as to 

be inappropriate for use in such a frame. The bolt force printed at the top 

of the table represents the summation of the maximum individual bolt forces 

that the corresponding connection could exert on the Universal Column section. 

Consequently this force was calculated using the largest beam section specified in 

the moment resistance table as the basis for design. This beam was adopted to 

enable the subsequent comparisons with column resistances, to be independent 

of variations of beam section. This simplification has the result of producing 

conservative assessments for the column limitations in all cases. The summation 

of the bolt forces are then systematically compared with the zones which may 

limit the column's resistance to withstand the applied connection forces. The 

limiting zones are web tension, crushing, buckling and shear and flange bending. 

This table was further simplified by the assumption that the interactions between 

axial force and bending moment could be ignored. 
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Shear resistance - box3 

The resistance of the connection to vertical shear was calculated in accordance 

with Eurocode 3, and was based on the number of bolt rows available in the 
bottom half of the end-plate, which were assumed not to provide any tensile 

resistance to the connection. The total shear resistance of any connection was 
therefore a multiple of the number of bolt rows provided. 

Refinements incorporated within the Moment Connections publication 

There are several differences between the capacity tables shown in Appendix A 

and the moment connections publication[201: 

1. The notation used to reference a particular connection detail. 

2. The overall presentation of the tables. 

3. Standard detail number two, although given in Appendix A as aii alter- 

native, was dropped from the connection choices as a result of full scale 

tests undertaken by Bose[23]. These tests highlighted a brittle failure mode 

associated with the end plate itself, which fractured at the flange weld line. 

Consequently, this particular connection was not considered as an available 

choice during the frame study. Furthermore, from this series of tests it was 

also concluded that serial size beams greater than 686x254 should be ex- 

cluded, since connections to larger beams failed in a non-ductile manner by 

the column web buckling at a rotation of less than 20mrads[23,24]. How- 

ever, this restriction does not effect the frame study reported in Chapter -1. 

since the largest beam considered was from the 686x254 range. 

4. Refinements to the calculation procedures for effective lengths of bolt yield 

line patterns contained within the revised Annex J[18}. were proposed after 

substantial work on the frame study had been completed. These modifica- 

tions have lead to a small reduction in the allowable bolt force attributal)le 



1.5 Benefits of standard connections in Wind-Moment frames . >f; 

to the second bolt row of detail numbers 3 and 5. Consequently. the mo- 

ment capacity of these details has been reduced in the publication by up 
to 10% and 5% for the M20 and M24 option respectively. Since standard 
detail number 3 has not been use for the study the reduction has no in- 

fluence. However several frames incorporated detail 5 (see Appendix B. 

section B. 2). It is thought by the author that since a connection's moment 

capacity in reality would be higher than that predicted[23,24] the frames 

concerned need not be repeated to cater for the reduction. 

5. The resistance of a column web to shear will be found to be greater in the 

moment connections publication. This is because in the author's calcula- 

tions clause 5.4.6(2) of Eurocode 3 was used to calculate the shear area. The 

values now published use a lower shear area based on BS5950. However, 

this difference would have no significant influence on the study reported in 

Chapter 4, since when ever this limitation governed it was assumed that 

adequate reinforcing would be provided. 

These modifications were undertaken by the Steel Construction Institute. 

1.5 Benefits of standard connections in Wind- 

Moment frames 

It is sometimes impossible and often difficult, functionally or architecturally, to 

accommodate suitably located bracing systems. Consequently, the design team 

would have to adopt an unbraced configuration to fulfill the structural require- 

ments of the frame's specification. Unfortunately however, there is an economic 

penalty to consider for this type of design when compared to a braced alternative. 

This is the result of the increased complexity of the connections required by Ole 

unbraced frames, since moment connections are unavoidable. 

However, it has been widely recognised that connection standardisatioln is 
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an important step forward to achieving not only economic benefits at the pro- 

duction stage, but also in the design office by simplifying the steelwork de- 

sign process[25]. This has particular implications for unbraced frames where 

the moment connections by their very nature, require considerable time and ef- 

fort to design, in comparison with simple joints. The standard connections for 

Wind-Moment frames included in the new publication[20] should therefore con- 

siderably ease the task of using this approach to design. 



Chapter 2 

Behavioural characteristics of 
bolted connections 

2.1 Introduction 

A straight-forward method of designing low to medium-rise unbraced steel frames 

has been briefly described in Chapter 1. This method relies on the rotational 

stiffness of the connections to provide an adequate medium through which the 

stability and lateral movement of the structure can be assured. Consequently, to 

enable the method to be validated using a second-order elastic-plastic approach 

necessitates the understanding of the true behaviour of the connections. 

In the days when the design philosophy limited structural members to work- 

ing stresses, such as those of BS449 [26], the connections were generally based 

on the ideal assumptions that they behaved either in a fully rigid manner. or as 

frictionless hinges. For a connection to behave rigidly necessitates full slope conti- 

nuity between the adjoining members, in addition to moment due to gravity load 

being transmitted from the beams into the columns. Conversely, the frictionless 

hinge criteria is only satisfied when the beams act as simply supported members 

and therefore prevent any transfer of the moment. These assumptions simplify 

analysis considerably, but they do imply ideals of behaviour which. through ex- 
25 
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perimental work, are known not to exist. In addition to such idealised behaviour. 

BS449 did recognise that the true characteristics of a connection lie somewhere 
in between. However, even during the late sixties, the computing software was 
insufficient to enable a realistic treatment of the connections to be considered for 

everyday design. 

The subsequent development of more sophisticated software heralded a grad- 

ual change in the manner in which the connection behaviour was perceived. 

In parallel to this, the introduction of limit state design standards, such as 

BS5950 [12] and later Eurocode 3 [17], has lead to increased design guidance 

covering this specialised area. Therefore the modern day structural engineer is 

now able to consider the connections as an integral part of the design, instead of 

relying on the fabricators to fulfill this particular obligation. 

To understand the implications of these changes on the analysis and sub- 

sequent performance of a structure, consideration of the fundamentals involved 

would be necessary. Therefore the following sections will introduce the concept, 

involved in the representation of the true connection behaviour, in a context 

appropriate for structural design. 

In addition to the definitions given above for the idealised connection be- 

haviour, the universally accepted term `semi-rigid' will be used to define a connec- 

tions behaviour where it falls somewhere in between the two idealised boundaries. 

2.1.1 Moment-rotation characteristics 

The purpose of a connection is to provide a path by which forces and 

moments can be transmitted between the individual structural members. For 

beam-to-column connections the `forces' may include axial and shearing forces, 

bending moments and torsion. Torsion can usually be neglected for an in-plane 

study, since the twisting effect may be assumed to be prevented by a suitable 

out-of-plane bracing system. The axial and shearing deformations may also be 

generally neglected, since they are usually small in comparison to the rotational 
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deformation. Therefore, the properties of a beam-to-column connection that 
influence frame behaviour may be simplified to only the consideration of the 

rotational deformation [27]. 

The rotational deformation is traditionally expressed in the form of a 
moment-rotation characteristic, which relates a moment - M, ' experienced by the 

connection to its corresponding angular rotation %'. The angular rotation is 

defined as the change in angle of the end of the beam and the mating column 
face, from its original position (see Figure 2.1). 

Mj 
---------- 

)l 

point of rotation 

Figure 2.1: Angular rotation of a connection 

From experimental work, a review of which can be found elsewhere [28.29] it 

has been established that unique moment-rotation characteristics are produced 

for different types of connections. Even nominally identical connections show 

small differences in their behavioural characteristics. 

The connection types which are commonly encountered in everyday design 

situations are end plate and cleated connections. These basic types of connection 

may be further sub-divided into the following categories. End plate connections 

include extended, flush and header plates, whereas cleated connections include 

flange cleats, web cleats and a combination of these cleats. The aforementioned 

connection types are illustrated in Figure 2.2, with typical example of t licir 

moment-rotation characteristics to facilitate a comparison. 



2.1 Introduction 31 

End plate connections 

Extended Flush Header-plate 

Cleat connections 

Flange Web Flange & web 

Moment-rotation characteristics 

Extended end plate 
ä 

Flush end plate 

Flange & web cleat 

Header plate 

Web cleat 

Flange cleat 

Rotation 

Figure 2.2: Connection types and their moment-rotation characteristics 
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The following distinguishing features can be identified from the characteri`- 
tics shown in this figure. (i) The characteristics are essentially non-linear over 
their entire range. (ii) The maximum moment that the connection is able lo 

resist is significantly influenced by the type of connection adopted. (iii) The 

characteristics fall in between the two ideals of behaviour, denoted by the verti- 

cal and horizontal axes representing the rigid and hinge assumptions respectively. 
(iv) Considerable variation can be seen in the amount of moment that can be 

sustained for a particular rotation. Conversely, the same is true for the corre- 

sponding rotation at a particular moment. In addition, another important feature 

of a connections behaviour which is not indicated by Figure 2.2, is illustrated by 

Figure 2.3. This particular characteristic was applicable to the author's first ex- 

perimental test which was undertaken on a bare steel flush end plate connection 

(see Chapter 6, Figure 6.2). 
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Complete moment-rotation characterstic 
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0.00 
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U. U15 

Figure 2.3: Unloading characteristic of connections 

0.02 

It can be seen from Figure 2.3 that at any stage. if the direction of rotation is 

Test data 

reversed by reducing the applied moment, then the rotation recovers in an esseii- 
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tially linear fashion that approximates to the initial slope of the characteristic. 
It has been established by several researchers [30.31.32]. that there are three 

fundamental properties of connection behaviour which would have a pronounced 

influence on the overall performance of a structure. Firstly, the connection's stiff- 

ness applicable to the level of moment that the connection must transmit. This 

is defined by the slope of the moment-rotation characteristic, which can assume 

one of three representations, namely the initial, tangent and secant stiffnesses 

(see Figure 2.4). It can be seen from this figure that the variation in the connec- 

tion stiffness is considerable. It ranges from a maximum value corresponding to 

the initial portion of the characteristic and decreases as the moment increases. 

Figure 2.4: Representation of the connections stiffness 

The final stiffness indicated in the figure is the unloading stiffness, which 

is applicable in situations were the connections are subjected to reverse loading 

sequences. Secondly, the connection's moment of resistance can be identified, cor- 

responding to a pronounced reduction in stiffness, possibly by the characteristic 

becoming asymptopic to the horizontal, or by fracture of a component. Finally. 

the amount of ductility exhibited by the connection is important. The ductil- 

ity is a measure of the rotational deformation sustained by the connection. and 

would be indicated by the maximum rotation achieved prior to loss of moment 

resistance or by brittle failure. 

The factors which influence these fundamental properties are numerous and 
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in some instances complicated as a result of interactions occurring between the 

component parts of the connection. Consequently, the aim of the details listed 

below is to identify some of the more significant factors, which could be considered 
to contribute to the explanation for the non-linearity of the moment-rotation 

characteristic as a whole. 

1. The localised yielding of individual components of the connection at differ- 

ent stages of loading. 

2. Local buckling in the vicinity of the connection. This may occur in either 
the beam flanges, the beam and column webs, or in any combination. 

3. The resistances of parts of the connection such as bolts and welds that may 

fail in a brittle manner. 

4. The movements of the various constituent parts that make up the connec- 

tion, relative to one another. During the loading process, irregular slips and 

movements occur, as a result of the various arrangements and combinations 

of bolts and structural shapes reacting together. 

5. The thicknesses of the individual components that make up a particular 

connection, since this would have a pronounced effect on the overall geo- 

metrical changes caused by the application of the load patterns. 

6. With certain connection types, such as header plate and web cleat connec- 

Lions, a marked step in the characteristic can be observed 

(see Figure 2.2). This step occurs when an initial gap existing between 

the end of the beam and the column face closes. However, the increase in 

stiffness cannot usually be capitalised upon, due to the amount of rotational 

deformation already sustained by the connection, causing the step to occur 

beyond the deformations that are associated with the theoretical collapse 

load of the frame[33]. 
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The main problems faced by a designer who would like to take advantage 
of the particular properties of the connections in frame design, is incorporating 

them into the frame analysis. To ensure that equilibrium and compatibility- are 
maintained requires a step-by-step computerised procedure which allows several 
iterations within each load step. The analysis is further complicated by the 

need to account for load patterns and lateral loads, which will create a situation 

whereby the connections on either end of a beam behave quite differently: some 

will be loading whilst others will be unloading. However, to enable such software 

to be written necessitates a suitable design model being developed. 

To this end, many researchers have proposed models either adopting linear 

or non-linear techniques to predict the behavioural responses of the commonly 

available connections. A review of their varying approaches has been reported 

by Nethercot and Zandonini[34], and is summarised briefly below. 

M Non-linear 
Initial ch acteristic 

Bi-linear 
Assumed plastic Mp(conn) --- ------- plateau 

Piece-wise linear 

Figure 2.5: linear representations of connection behaviour 

There are three types of linear representations which have been adopted by 

researchers and are illustrated in Figure 2.5. The simplest representation is 

that of a single straight line propagating from the origin and extending tan- 

gentially to the initial portion of the characteristic. This is known as the initial 

stiffness approach and models which conform to this methodology have been 

proposed by Rathbun[35] and Baker[36]. The main objection to its use as a 
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representative model, would be that the amount of rotational deformation -us- 
tained by the connection, may be underestimated for anything other than for 

very small applied moments. To improve on this model, Ang & Morris[37] and 
Lionberge & Weaver[38] proposed a bi-linear representation. Here the true char- 

acteristic is simplified to two straight lines. The first may represent the initial 

stiffness of the connection, but it is modified at a higher moment as a reflection 

of the non-linearality of the moment-rotation characteristic. As a further refine- 

ment, Poggi & Zandonini proposed a piece-wise approach[39]. For this model. 

several straight lines are predicted which intersect the characteristic at discrete 

locations. The philosophy here is to move with an increasing number of linear 

approximations to a far better representation of the non-linear characteristic. 

The next level of complexity involves a completely non-linear approach 

using well-established mathematical techniques. These techniques include 

exponential[40,41], polynomial[42,43,44], power series expressions[45], and cubic 

B-spline curves[46]. 

As an alternative method to those described so far, several researchers prefer 

to adopt a finite element model[47,48]. As the name suggests, the connection 

is represented by a series of interconnecting elements with common boundary 

conditions at their interfaces. Matrix equations are then solved as the connection 

is loaded incrementally, to determine the corresponding element displacements 

and rotations during all phases of loading up to collapse. 

In addition, mechanical models offer a further variation to represent connec- 

tion behaviour. The principle behind this type of model is being able to divide 

the connection into a set of mechanical elements which may be interconnected 

via springs, to represent the behaviour under loading. Consequently, the over- 

all accuracy of the approach relies on a sound understanding of the individual 

and interactive behaviour of the connection components, in addition to the ac- 

curacy of the assumed material properties. A model of this general form has been 
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proposed by Tschemmenegg[49] (see Figure 2.6). 

A 

BB ABA 

Joint 
Welded connection 

CAAC 

B 

CABAC 

Bolted connection 

Figure 2.6: Mechanical model proposed by Tschemmenegg 

where: 

spring set A represent the load between the beam and the column; 
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spring set B represent the shear deformation in the column web panel; and 

spring set C represent the additional deformations that would be present in 

a bolted connection. 

Although from the above there appears to exist an abundance of information 

to predict a connection's behaviour, there was until recently a lack of practi- 

cal advice in the form of design rules contained within the available codes of 

practice[12]. However, with the advent of the harmonised design codes across 

Europe, in particular Eurocode 3[18], the previously unresolved problems con- 

cerning the connection behaviour and subsequent representation are beginning 

to be addressed. 

2.2 European codes of practice 

There are nine codes of practice which make up the full range of structural 

Eurocodes. The purpose of the following section will be to review the code 
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applicable to the design of steel structures, Eurocode 3[17], which will become 

available by the end of the century as a European standard and may supercede 
the British code of practice BS5950 Part 1: 1990[12]. 

Eurocode 3 ENV 1994-1-1 

The advent of this standard has the potential to revolutionise the treatment 

of beam-to-column connections, since it is the only standard to provide practical 

design rules to enable a designer to represent the moment rotation-characteristics 
for a connection designed as part of a semi-rigid frame. 

Initially the code requires the designer to classify the connections under the 

headings of strength and rigidity, since these two connection properties influ- 

ence the type of global analysis which may be adopted for the frame as a whole 

(see Table 2.1). 

Method of Classification 
global analysis of the connections 

Elastic Nominally pinned Rigid Semi-rigid 

Rigid-plastic Nominally pinned Full strength Partial strength 

Semi-rigid & 
partial strength 

Elastic-plastic Nominally pinned 
Rigid & 
full strength 

Semi-rigid & 
full strength 

Rigid & 
partial strength 

Type of 
design adopted Simple Continuous Semi-continuous 

Table 2.1: Type of global analysis applicable to the connections classification 

These types are 

Elastic global analysis - This is based on the assumption that the stress- 

strain behaviour of the material is linear, whatever the stress level. First-order 

and second-order analyses are permitted; in which first-order theory assumes that 



2.2 European codes of practice 39 

the initial geometry of the structure remains constant throughout the analvsi'ý. 
whereas second-order theory takes into account the influence of the deformation 

of the structure. 

Rigid-plastic global analysis - In this type of analysis. elastic deformations of 
the members are neglected and plastic deformations are assumed to be concen- 

trated at plastic hinge locations. Only first order analysis is permitted inless the 

frame being analysed conforms to the requirements necessary for the frame to be 

classified as a sway frame, clause 5.2.5.2, and the conditions of clause 5.2.6.3 are 

met. 

Elastic-plastic global analysis - This has been further subdivided into: 

I. Elastic-perfectly plastic - In this type of analysis, it is assumed that the 

cross-section remains fully elastic until the plastic resistance moment is 

reached and then becomes fully plastic. Plastic deformations are assumed 

to be concentrated at the plastic hinge locations. 

2. Elasto-plastic - In this type of analysis, a bi-linear stress-strain relationship 

may be used, where the cross-section remains fully elastic until the st Tess 

in the extreme fibres reaches the yield strength. As the momeiit continues 

to increase, the section yields gradually as plasticity spreads across t he 

cross-section and plastic deformations extend partially along the member. 

Second-order effects - These effects collectively refer to the influence that the 

vertical loads have on the side sway stiffness of a column or frame. 

P-A effect, and the influence of the axial force on the flexural stiffness of a 

member, P-6 effect (see Figure 2.7). 

2.2.1 Connection classification 

Classification by strength 

The strength classification aims to establish the corresponding resistance of a 
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Figure 2.7: Second order effects 

connection with respect to its connecting beam. There are three divisions within 

this classification which may be defined as follows. 

1. Nominally pinned connections - This type of connection should be capable 

of transmitting the calculated design forces, without developing significant 

moments which might adversely affect members of the structure. 

2. Partial strength connections - This type of connection should be capable 

of transmitting the calculated design forces and moments, but its design 

resistance would be lower than the connected beam. The rotation capacity 

of a partial strength connection which occurs at a plastic hinge location 

shall not be less than that needed to enable all the necessary plastic hinges 

to develop under the design loads. This rotation capacity may be vindicated 

by experimental evidence or through experience, whereby the connection'-s 

properties have been adequately proved. 

3. Full strength connections - This type of connection should possess a design 

resistance in excess of the connected beam. Over-strength factors must be 

considered in situations where the rotation capacity is limited. However, if 

the design resistance of the connection is greater than 1.2 times the design 
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plastic resistance of the beam, the rotation capacity of the connection may 
be considered irrelevant. This is because it may then be assumed that 

any necessary plastic hinges will form in the beam in preference to the 

connection. 

Classification by rigidity 

The rigidity classification aims to categorise a connection's rotational behaviour. 

by establishing the degree of slope continuity that the connection can achieve. 
There are three divisions to this classification, which may be described as follows. 

1. Nominally pinned connections -A nominally pinned connection shall be so 

designed that it cannot develop significant moments which might adversely 

affect members of the structure. This type of connection should be capa- 

ble of transmitting the forces calculated in design and should be capable 

of accepting the resulting rotations. Furthermore, for a connection to be- 

have as though nominally pinned, the revised Annex J (see section 2.3.1) 

states that its initial stiffness, Sj. E, ZZt, should satisfy the requirements of 

equation 2.1. 

Sj. init 
EIb 
2Lb 

where : 

E- Young's modulus for steel 

lb - Second moment of area for the connecting beam 

Lb - Length of the connecting beam. 

(2. l) 

2. Semi-rigid connections - This division encompasses all the connections which 

do not meet the criteria specified for the other divisions. 

3. Rigid connections - This type of connection shall be so designed that its 

deformation has no significant influence on the distribution of internal forces 
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and moments in the structure. In addition. the connection must be capable 
of transmitting the forces and moments calculated in design. 

Nominally pinned connections aside, to enable a connections performance 
to be assessed in the context of the other two divisions, the code provides a 
limiting non-dimensional representation of a rigid beam-to-column connect ion 

characteristic (see figure 2.8). 

------------------------------------- 
Rigid boundary stiffness 

"a' 25EIh 8 EI6 
S(rigid) 

h' 
S(rigid) 

-LL 

S(rigid) ' 
Unbraced frame Braced frame 

------------------------------- ----' 

Semi-rigid 

DR, 
Rotation 

S: 
inir % S(rigid) -' Connection is Rigid 

S: 
init < S(rigid) - Connection is Semi-rigid 

Figure 2.8: Eurocode 3 classification boundaries for rigid beam-to-column con- 
nections - revised Annex J[18] 

The comparison then follows, whereby if the initial portion of the connection's 

characteristic lies above the solid line on the appropriate diagram, it may he 

considered as rigid; alternatively, if it lies below the line then it may be regarded 

as semi-rigid. 

There is no interaction between the two classifications of strength and rigidity. 

Consequently, a connection may be classified as rigid or semi-rigid and at the same 

time be either partial or full strength. 

2.2.2 Types of framing recognised by Eurocode 3 

Three types of framing have been defined in Eurocode :3 and arg, used to 
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distinguish between frames which are either: 

1. Semi-continuous, in which the structural properties of the connections need 
explicit consideration in the global analysis. 

2. Continuous, in which the structural properties of the members need to be 

considered in the global analysis 

3. Simple, in which the joints are not required to resist moments. 

Eurocode 3 and the design rules for bolted connections therein [1 i] were used 

to predict the moment-rotational characteristics for Readings analytical verifi- 

cation of the Wind-Moment method[8]. The objective of the study was to ins cs 

tigate the influence of incorporating semi-rigid connections, in comparison with 

the behaviour assumed by the method. As a consequence of using semi-rigid 

connections, the frames were classified as semi-continuous under the definitions 

listed above. 

2.3 Model used by Reading 

The true non-linear form of a connections characteristic is recognised by the 

code; however linearised approximations are permitted provided this approximate 

behaviour lies completely below the true form. This simplified representation is 

illustrated in Figure 2.9, which can be described as follows. 

The characteristic may be assumed to be linear up to two thirds of the con- 

nection's moment of resistance. A second straight line then approximates I he 

remaining curve up to the attainment of the connection's predicted moment. of 

resistance, whereupon a plateau is substituted. This plateau is known as Ow 

plastic plateau and represents an ever-increasing rotation under a constant mo- 

ment. 

To predict this simplified characteristic, comprehensive rules are provided by 

an annex to the code, Annex J, which were specifically included to cover the de- 



2.3 Model used by Reading 

M 
Non-linear 
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Mp(conn) Plastic plateau 

2/3 Mp 

Figure 2.9: Simplified characteristic acceptable to Eurocode :3 part 1.1 
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sign of bolted beam-to-column connections. The procedures which have to be un- 
dertaken to enable the prediction of the connection's moment capacity to be cal- 

culated may be found elsewhere[8]. However, since the authors work described in 

Chapter 3 is concerned with the prediction of a connections rotational stiffness, 

it is appropriate to concentrate on this aspect of the behavioural characteristics. 

2.3.1 Prediction equations for rotational stiffness of bolted 

end plate connections 

Eurocode 3- Annex J (prediction of rotational stiffness) 

The model proposed by this annex takes the form of a mathematical expression 

(see equation 2.2), which aims to produce a secant stiffness Sj for specified values 

of the applied moment, particularly at two thirds of the connection*s design 

moment of resistance and at the design moment of resistance itself. 

A prediction model based on the need to predict a varying stiffness is a com- 

plicated task if a reliable assessment of a connections rotational stiffness is to be 

obtained. This complication is the result of the model having to compensate for 

the inevitable variability in plasticity which would be present in different areas 
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of the connection. The model, which is applicable to bolted end plate only. i 

represented by: 

Si = 

where : 

Eh, 2tcw 

ýy[F' ki F:. Rd 

(2.2) 

h1 = Lever arm from the highest bolt row in the connection, to the centre of 

resistance of the compression zone 

µ2 = Modification factor 

1c2 = Stiffness factor for component i 

Fi = Force in component i of the connection due to the applied moment 
F1. Rd = Design resistance of component i of the connection. 

The overall stiffness for a particular connection was predominantly a function 

of the parameter, ki, and the ratio of force carried by the component to its design 

resistance, FF d. 
The components for which values of k, were to be calculated are 

as follows: 

1. The column flange in tension. 

2. The end plate in tension. 

3. The bolts in tension. 

4. The column web in shear, tension and compression. 

To evaluate the stiffness of the above components, guidance was given in the 

form of either constants or mathematical expressions. 

During and after publication of ENV 1993-1-1, considerable comment was 

made from both practitioners and academics with regard to the useability- and 

technical content of the annex. It was these comments that lead to a revised ver- 

sion of annex J[18] being prepared for inclusion in Eurocode 3 when it is published 
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as a European Standard. One of the major areas discussed was the acceptability 
of equation 2.2, to calculate the rotational stiffness of an end plate connection. 
It was concluded that the proposed equation did not always lead to consitit erst 
predictions[21] and should therefore be subsequently revised. In addition. some 
of the other objectives which were incorporated into the redrafted annex were 
an improvement of some of the detailed rules as a result of information obtained 
from recent investigations, and to further extend the rules to a wider range of 
joint types by permitting assemblies of individual components. Consequently, 

joints with bolted angle flange cleat connections are now included. although not 

considered any further in this thesis. 

Eurocode 3- Annex J(revised) 

The code retains the recognition of the true form for the moment-rotation char- 

acteristic and the concept of linearised approximations. The difference comes in 

the methodology adopted for calculating the corresponding rotational stiffness 
for the connection. The model again has been expressed as a mathematical equa- 
tion; however its aim has been simplified to the prediction of the connection's 
initial stiffness. This, in theory at least, should provide an improvement in the 

consistency of the resulting predictions, since connection plastification may now 
be neglected. This prediction alone may be deemed satisfactory to represent the 

rotational stiffness, provided that the design bending moment will not exceed two 

thirds of the connection's moment of resistance. However, if this criteria is not 

met, then the initial stiffness prediction would have to be modified to prevent 

the rotation at higher values of moment from being underestimated. Figure 2.10 

illustrates the modification factor applicable for a bolted end plate connection in 

order to produce a bi-linear representation for the characteristic, for use in con- 

junction with elastic or elastic-plastic global analysis. Following modification, 

the model again assumes that a plastic plateau would follow the attainment of 

the connection's design moment of resistance. 
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S j. init 
0 

Mp(conn) 

Applicable to bolted end plate connections. 
For any other connection type, reference Sj. 

tnit should be made to table J. 3 of the annex 

Rotation 

Figure 2.10: Bi-linear moment-rotation characteristic proposed by the revised 
Annex J 

The revised equation for calculating the rotational stiffness, is shown by 

equation 2.3. 

Ez2 
Si =1 

1-tý 
a ki 

where : 

Iii = the stiffness coefficient representing component i 

(2.3) 

z= lever arm 
2" ý 

1-C = the stiffness ratio 
1.5Mj j 

Mp(conn) 
but > 1.0 

S'j. init = the value of Sj at zero applied moment M3. 

The components which contribute to the calculation of k, remain unaltered. 

However their calculation has been modified to reflect the change to an initial 

stiffness approach. 

The author has undertaken a verification of this new prediction formulae for 

bolted extended and flush end plate connections (see Chapter 3), from which the 

following conclusions may be drawn. 

1. The main contributions to the connections' flexibility were associated with 

the column web and the bolts, with the other components such as the end 
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plate and column flange, being of less significance. 

2. The equation 2.3 over-predicted the initial stiffness for a flush end plate 
connection for 60% of the connections considered, rising to i52 of the 

connections considered for the extended end plate connections. 

2.4 Moment-rotation characteristics suitable for 

unbraced design 

2.4.1 Connection stiffness at ultimate limit state 

To establish a moment-rotation characteristic which would be suitable for un- 
braced design, necessitates an appreciation of the connection's response under 

the various combinations of applied loadings. These applied loadings by def- 

inition, would consist of static loads caused by the weight of the structure in 

combination with any imposed loads, and dynamic wind loads. The different 

effects that these types of loadings have on the connection response, may be 

assessed by considering the typical frame shown in Figure 2. lla. 

Following the application of the vertical load, the response of the connections 

are shown by Figure 2. llb. The moment-rotation characteristic for each con- 

nection follows the loading path up to the point where equilibrium of forces and 

moments in the frame are restored. This point is denoted 1 in the figure. It 

can also be seen that the moments and rotations at each connection are of the 

same magnitude, with the rotations being opposite signs. When the horizon- 

tal load is now applied to the frame, the connections respond quite differently 

(see Figure 2. llc). The effect of the horizontal load is to make the frame sway 

sideways. This sideways movement is resisted by the bending stiffness in the 

frame, by forcing the windward side of the beam to try and straighten. 

To achieve this, the windward connection would rotate in the opposite direction 

and unload, whereas the leeward side of the beam and consequently t lie leeward 
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Figure 2.11: Connection response under applied loads 
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connection, would be unaffected in the sense that the characteristic would proceed 
along the same path as previously taken. The respective rotations would again 

continue until equilibrium was restored in the frame and is denoted 2 in i he 

figure. The precise location on the moment-rotation characteristic will therefore 
be dictated by the relative magnitudes between the vertical and horizontal forces. 

It can also be concluded, that the only connection which could be utilised in the 

resistance against the action of the horizontal forces, would be the unloading 

windward connection. 

With the acceptance of the last conclusion, the otherwise complicated problem 

of predicting the connection characteristics can be simplified to only the consid- 

eration of the unloading stiffness. From Figure 2.3, it has been established that it 

is acceptable to represent the unloading stiffness by the connection's initial stiff- 

ness. However, adopting the same approach for the loading leeward connection 

would be unconservative for anything other than small rotations. This problem 

has been specifically addressed by the revised Annex J[18], which allows the use 

of the initial stiffness approach in the global analysis, provided that it is modified 

to produce the bi-linear moment-rotation characteristic shown by Figure 2.10. 

2.4.2 Connection stiffness at serviceability limit state 

Crucial to analyses of Wind-Moment frames under serviceability limit state is 

the choice of an appropriate connection stiffness. At first sight it appears that 

an application of the service gravity load, followed by wind, could result in the 

leeward connection being loaded along the plastic plateau in a similar manner to 

that described above. The anticipated sequence of events again is illustrated in 

Figure 2.11. Due to the partial-strength nature of Wind-Moment connections, 

it is assumed in Figure 2. llb, that the service gravity load causes some plastic 

deformation. Following the application of the wind load, a decrease in the ex- 

isting moment at the windward connection would be expected as the connection 

unloads; however, the plastic deformation on the leeward side 2. llb would con- 
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tinue. This implies that the same connection stiffness model which was adopted 
for the frames analysed under ultimate limit state. would again be applicable 

under serviceability conditions. However, there are three objections which could 

count against the view that the leeward connection should be treated as a plastic 
hinge. 

Firstly, the approximation of the connection response as elastic-plastic. will 

result in the flexibility being increased above that shown by full scale test results. 

Figures 3.14 to 3.17 (see Chapter 3) show that the experimental behaviour of 

bolted connections would be far from a plastic plateau. Therefore. to treat a 

leeward connection as devoid of stiffness will over-estimate the flexibility of the 

frame. Furthermore, a deeper objection concerns the nature of wind loading itself. 

The quasi-static equivalent wind loads used in design are just that; in real- 

ity buildings respond dynamically to wind by swaying to and fro, so that t he 

shakedown process is symmetrical, irrespective of wind direction. Were it not so, 

one would see evidence of leaning buildings. Thus to determine sway deflections 

under service loading, the stiffness of each connection has been taken as its initial 

value, to represent the subsequent stiffness after shakedown. 

The third objection to a more conservative approach arises from the 

nature of the sway limit itself. Design codes give recommended limits on 

deflection[17,12], but as Eurocode 3 makes clear, they are not performance crite- 

ria; rather the limits are intended for comparison with results of calculations. usu- 

ally on bare frames. The justification for these limits rests on the satisfactory per- 

formance of structures in practice. Some of these will have been designed by the 

Wind-Moment method; prior to the publication of reference [1] and consequently. 

the frames would have been designed without any allowance for connection flex- 

ibility. 

It was therefore concluded that with the ability to calculate a reasonable 

estimate of the initial/unloading connection stiffness, it is appropriate to consider 

this value, but more conservative approaches should be avoided. 
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Summary 

From the above, it has been shown that there are two different moment-rotation 

characteristics which are necessary to represent the connection response when 

considering unbraced design. Therefore to proceed with the frame study necessi- 

tated the production of a prediction equation that models the connection's initial 

stiffness. It is important to note however, that a too-stiff prediction of the connec- 

tions initial stiffness must be avoided to prevent unconservative results from being 

obtained from the analysis, since it is this value that governs the frames sway- at 

serviceability limit state and stability at ultimate limit state. Equation 2.3 was 

unavailable at the time the frame study was performed and therefore, the model 

described within Chapter 3 was developed by the author and adopted to enable 

the re-validation of the Wind-Moment method using the standard connections to 

be undertaken (see Chapter 4). 



Chapter 3 

Prediction equation to model 

the initial stiffness response for 

thin end plate connections 

3.1 General 

A method for determining the initial stiffness of flush and extended end plate 

connections is presented and verified empirically. The derivation of the equa- 

tion was based on assumptions that are only valid for connections where the 

end plate is thin enough to allow the deformation characteristics to be ductile 

(see Chapter 1, section 1.4). The equation is not designed for general application 

to all types of end plate connections. 

3.2 Derivation of the prediction equation 

To enable the formulation of an initial stiffness prediction equation, the following 

were identified as the main parameters which would influence the connection's 

flexibility. Firstly, the end plate itself must play a significant role, since it has been 

designed to provide the connection with ductility and therefore is thin enough to 

53 
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sustain considerable deformation without fracturing. Secondly, in a similar fash- 

ion to the end plate the connecting column flange was assumed to be the other 

main contributor, although it is recognised that its thickness is purely dependent 

upon the column section adopted, which would be chosen based on considera- 
tions of frame stability and strength and not in terms of adding flexibility to the 

connection. The prediction equation was therefore derived based primarily on 

the summation of these two individual flexibilities (see Figure 3.1). 

-------------------- ------------ 

----------------------------- 
I 

ýI 

Column Flange End 

T 

T 

Assumed steelwork 
Deformation 

Figure 3.1: Deformation of the end plate and column flange 

Any contribution to the flexibility of the connection caused by the other com- 

ponent parts was initially neglected. For example the bolts were assumed to be 

unextended as they possessed sufficient strength not to yield. However, their in- 

fluence was recognised later by the inclusion of a coefficient to enhance the overall 

flexibility. 

The end plate and column flange are held together by the tension bolts. Bend- 

ing of the end plate occurs between the bolt position and the welds which attach 

the plate to the beam section (for simplicity in presentation, deformation be- 

tween the bolts and the beam flange is not shown in Figure 3.1). Bending of the 
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column flange occurs between the bolt position and the root fillet between the 
flange outstand and the column web. For the initial behaviour. it was assumed 
that deformation of each component comprised the elastic response of two can- 
tilevers whose tips provide a point of contraflexure in the total deformed shape 

of the component (see Figure 3.2). 

T 

ý- 

T 

n 

Figure 3.2: Cantilever model for deformations 

The assumption of the point of contraflexure at the one third point, increases 

the flexibility of the model in comparison with symmetrical double-curvature 

bending. This is in recognition of the more localised fixity provided by the bolts 

in comparison with the attachment to the beam section (in the case of the end 

plate) and to the column web (in the case of the column flange). 

For the simplest form of proposed Wind-Moment connection, namely a flush 

end plate with only one bolt row in tension (see Chapter 1, Figure 1.4), the 

revised Annex J[18], indicates that for the standard dimensions adopted for the 

bolt cross-centres and edge distances, the most likely yield line pattern to occur 

under these circumstances would have a circular configuration (see Figure 3.3). 

ýý - 

Figure 3.3: Circular yield line pattern as envisaged by Annex J 

The dimension `m' is defined as in the annex, as the distance from the bolt 

centre to 20% into the end plate-to-beam weld, or the root radius of t he column 
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section. (The revised Annex J cited above will be subsequently referred to as 
Annex J). 

To apply the cantilever model, the total length of the two cantilevers was 
taken as dimension `m', as shown in Figure 3.4. It is more difficult though to 

estimate the corresponding equivalent breadth applicable to the cantilever model. 

11 

tEquivýalent 

CA 

Figure 3.4: Equivalent length and breadth for the cantilever approximation 

In view of the circular shape of the yield line pattern, it was assumed that 

the total breadth of the equivalent cantilevers would equal 0.9m (i. e. 0.45m each 

side of the centre line of the bolts, as shown in Figure 3.4). 

The model ignores any flexibility arising from deformation of the column web 

panel in shear (see Figure 3.5) which arises in an external column, or in a column 

that is subjected to unbalanced loading. 

Figure 3.5: Column panel zone and associated deformations 

External column 

Double-sided with unbalanced moments 
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Consequently, the experimental evidence used to validate the equation ha been 

taken from balanced cruciform tests. However, due to the direction of the wind 

moments within a Wind-Moment frame, even the internal columns are subjected 

to unbalanced loading (see Figure 3.6). Therefore, the additional flexibility that 

would inevitably result will be accounted for by using the term for shear defor- 

mation of a column web given in Annex J[18] (see section 3.5). 

H3 
bn I 

H2 

H1 

. ..... ... . .............. ... . ... ........... . ... ........ 
KEY 

Bending moment distribution in beam members 

----- Bending moment distribution in the column members 
3 storey, 4 bay Wind-Moment frame 

l 
I I / 

I : 
z 

/ f l 

Figure 3.6: Bending moment distribution throughout a multi-bay WVind-Moment 
frame 

3.3 Mathematical derivation 

Ignoring the deformation of the column web panel, the flexibility of the connection 

can be represented by equation 3.1 

F'bc = 'Y (Ff + Fep ) 

where : 

- Empirical factor to enhance flexibility 

F, f- Flexibility of the column flange 

F, p - 
Flexibility of the end plate. 

(3.1) 
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The flexibilities of the component parts can be calculated using the stan- 

dard equation for the deflection of a cantilever. Thus, taking account of the 

assumed deformation characteristics of the column flange and end plate shown in 
Figure 3.2: 

T (1)3 

3+3 
(3.2) 

3EI 

[() 

Simplifying equation 3.2 

Tl3 
9EI 

(: 3.3) 

where : 

T- Tensile force in one bolt 

I- Length, denoted me f for the column flange and mep for the end plate 

E- Young's Modulus for steel 

I- Second moment of area. 

For a rectangular plate the second moment of area is represented by 

equation 3.4. 

IJ 
befft3 

12 

where : 

be ff- The effective breadth of the plate 

(3.1) 

t- The thickness of the plate, denoted t, f for the column flange and tep for 

the end plate. 

To obtain an expression that represents flexibility of a component part 'i". 

substitute for I in equation 3.2 and divide through by T. 

A is 
FZ 

T=0.15Ebe f ft3 
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The flexibility of the column flange 

The flexibility of the column flange is assumed to be entirely governed by the 

horizontal distance between the bolt position and the column web as denoted by 

me f in Figure 3.7. 

Figure 3.7: Cantilever length to represent the column flange 

Therefore re-writing equation 3.5 for this component: 

1 
cf 

_m3 
ýf Ff 

T 0.75Ebefft'cf 

Assuming be ff=0.9m, j, as previously explained: 

Oaf 
_ 

m2f 
Fcf 

T 0.675Etc f 

where 

MG- 
tc" 

- 0.8rk, 
ýf 22 

G- Horizontal distance between the bolt centres 

t,,, - Column web thickness 

(3.6) 

(3.7) 

rk - Root radius for the column section. 
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The flexibility of the end plate 
The flexibility of a flush end plate will be influenced by the proximity of bot h 

the tension flange and the web of the connected beam section, to the tension bolts. 
This therefore introduces two possible lengths for the cantilever model, as shown 
in Figure 3.8. However, since the main resistance to the applied bending moment 
is provided by a beam's flanges, it is more appropriate to base the flexibility of 
the end plate on the distance between the tension flange and the tensile bolts. 

This distance is represented by mep2 in Figure 3.8. 

mepi 

End plate 

Figure 3.8: Alternative cantilever lengths to represent the end plate 

It can be seen from equation 3.5 that the flexibility of the end plate is depen- 

dent on the cube of the length of the cantilever model, whereas in contrast, the 

stiffness varies linearly with the effective breadth. Therefore, as mepl and mep2 

are of roughly the same magnitude in the standard connections, the estimate of 

the corresponding stiffness is not strongly influenced by the choice of either rnepl 

or mep2. Therefore, since the horizontal distance has been used when the column 

flange was being considered, it seemed appropriate to follow this lead and adopt 

mep1 as the basis for calculating the effective breadth of the cantilever model in 

this situation. If, however, razep2 is less than rnep1 then the former is taken. This 

is because these dimensions relate to the size of the circular yield-line pattern 
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(see Figure 3.3), which clearly cannot be bigger than the lesser of m,,, 1 and 771ep2. 
Re-writing equation 3.5 in terms of the end plate dimensions: 

3 

= 

Aep 

_ 
mep2 

Fep 
T 0.75Ebeffte p 

Substituting for be ff=0.9mep1: 

Aep 

_m3 Eep = 
ep2 

T 0.675Em t 
(3.9) 3 

epl ,p 

where : 

mepl =2-2-O. 8Lw, mep2, 

mep2 = Elt 
- 

tb f-0.8L f, 

tbw - Beam web thickness 

tbf - Beam flange thickness 

Eft - Vertical distance between the centre-line of the top row of bolts and the 

outer most surface of the top flange of the beam 

Lu, - Leg length of the web weld 

Lf - Leg length of the flange weld. 

Total flexibility 

The total flexibility can be attained by substituting equations 3.7 and 3.9 into 

equation 3.1: 

7 me2f mep2 

Fbý 
0.675E t3 

+ 
meplt3 cf ep 

(3.10 

For convenience, the value for the Modulus of elasticity. `E'. was taken as 

0.2 MN/mm2, thus enabling the corresponding units for flexibility to be directly 

calculated in radians/kNm when all the lengths and thicknesses are entered into 

the formula in mm units. 
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The flexibility was assumed to be enhanced by a factor of 1.4 due to the 
influence of the other component parts. 

Therefore substituting for E and 'y in equation 3.10: 

Fc _ 
1.4 m, 2f mýp2 + 

0.135 t3 cf 
meplt3 (3.1f 

This therefore represents the linear flexibility associated with the action of 

one bolt with a tensile force T (see Figure 3.1). 

The rotational stiffness of a steel connection 

The rotational stiffness of a steel connection with one row of tension bolts can 

be represented by Figure 3.9 and expressed mathematically by equation 3.12. 

Tension Ot 

K 
is 

Compression 
Kcs 

j M1 

Figure 3.9: Rotational stiffness model 

1VI 2Tla 
K--(: 3.12) 

where : 

Mj - Applied moment 

01 - Corresponding rotation 

la, - Connection lever arm (see figure 3.10(a)). 
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Ti ncinn 

Compression 

(a) Flush end plate connection 

Tension 

Compression 

(b) Extended end plate connection 

Figure 3.10: Lever arm associated with end plate connect ioiis 

Assuming no significant deformation in compression, then the joint, rotas ion 

Oj can be expressed in the form: 

where : 

0 at 
3 la (: 3.1: 3) 

At = extension of the tension spring of stiffness Kt, (see Figure : 3J)). t hms 

representing the lateral displacement of the tensile force. 

Substituting equation 3.13 into 3.12: 

2T12 (: 3.11) 
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But since T is the linear flexibility F, it follows from equation : 3.11. that the 
rotational stiffness of a steel connection may be determined from equation 3.1. ): 

ýj = 
1 

x: 3.1. _-)) 0.7 ;2 

c+ 971epltep f 0. l351ä t 

To conclude the derivation, it is necessary to consider how the expression 
should be modified if the connection has an extended end plate, with two rows of 
tension bolts (see Figure 3.10(b)). The assumption is made that the total initial 

stiffness of the connection remains given by equation 3.15 but with the lever aria 
defined as shown in the figure. The validity of this approach is demonstrated in 

the following section. 

3.4 Verification and discussion 

3.4.1 Verification 

The preceding equation was verified empirically using experimental results for (mcl 

plate connections. The criteria for the selection of suitable tests was based on 

the detailing of the connection, required to resemble that of the proposed ductile 

connections under consideration. In particular. the end plate thickness was not 

greater than 16mm. Summaries of the tests which were considered suital, 1e, 

indicating the connection configurations, are shown in Table 3.1 for flush end 

plates and Table 3.2 for extended end plates. The moment-rotation curves are 

available from references [9,22,45], or other sources quoted in these references. 

in addition to the authors experimental programme itself (see Chapter 6). The 

figures referred to during the following paragraphs can be found in numerical 

order at the end of this chapter. Moreover, since there is a common key applicable 

to all the moment-rotation characteristics illustrated in the subsequent fib lirmm . 

the key is only reproduced once at the start of the sequence and is illustrated in 

Figure 3.13. 
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Table 3.1: Flush end plate connection configurations 
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Table 3.2: External end plate connection configurations 
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The comparisons for the flush end plates are shown in Figures : 3.14 to 3.2S. 
The experiments by the author and Najafi (see Figures 3.14 to 3.17) concerned 
bare steel connections tested for comparison with composite joints. Each figure 

shows comparisons with the initial and unloading stiffnesses. The predicted initial 

values applicable to the author's equation were then halved. in accordance with 
the recommendations of Annex J[18} to obtain a secant stiffness applicable for 

global analysis. The complete moment-rotation characteristic is also shown. to 

provide a convenient overall picture of the connection's response. It can be seen 
that the proposed equation provides very close correlation with the unloading 
stiffness in all cases, whereas Annex J consistently over estimates this value. 
Unfortunately, the unloading stiffnesses were not available for the remaining tests, 
therefore the comparisons were undertaken by studying what was considered to 
be the initial part of the moment-rotation characteristic. 

The comparisons with Ostrander's tests (see Figure 3.18 and 3.19) lead to 

similar conclusions to those just made, despite both of these tests using pre- 
loaded bolts. The presence of such a pre-load, which is not the intention for the 

standardised connections, would have the effect of increasing the initial slope of 

the moment-rotation characteristic. Consequently, the assessment of this exper- 
imental programme was undertaken with an appreciation of this effect. 

Zoetemeijer's test 17 (see Figure 3.20) employed a wide gauge distance be- 

tween the bolts, coupled with positioning close to the underside of the tension 

flange (see Table 3.1). This weakens the validity of the assumptions made con- 

cerning the proportions of the cantilever models used to derive the author's 

equation. For this test therefore, the equation gives greater stiffnesses than the 

test and Annex J. Comparisons with Zoetemeijer's test 19 (see figure 3.21) are 

made difficult because the test showed a sharp decrease in stiffness at 1: 5 kNin. 

However, the author's equation gives a reasonable value for the secant st ifl'ness 

at two-thirds of the predicted ultimate moment. The initial stiffness predicted 

by Annex J is substantially stiffer than the test value at this level of moment. 
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Finally in this series of tests, the equation gives a good prediction for the initial 

stiffness value for Zoetemeijer's test 34 (see Figure 3.22). 

For Bose's first test (see Figures 3.23 and 3.24), the equation gives very c]u, ýe 

agreement with the initial stiffness for the more flexible connection 
(see Figure 3.24). The same conclusion applies to both joints in Test 9 

(see Figures 3.27 and 3.28) and to one joint in Test 2 (see Figure 3.26). - ei- 

ther prediction method gave good agreement with Figure 3.25. in which a virt u- 

ally linear response was obtained from the test to beyond the predicted ultimate 

resistance. 

For prediction of the behaviour of flush end plate standardised connections. 

it was concluded that the author's equation generally provided good agreement 

with the initial and unloading stiffnesses. Furthermore, following the modifical- 

tion necessary to represent the connections characteristic, it can be seem that 

the author's equation produces a bi-linear characteristic that lies coml>let ely 

beneath the actual characteristic in all cases except for Zoetemeijer test 17 

(see Figure 3.20). It is also important to remember the purpose of this «work. 

which was to examine the suitability of Wind-Moment frames using the stan- 

dardised (and flexible) end plate connections. Any underestimate of stiffness 

will therefore be conservative with regard to second-order effects and the overall 

stability of the frame. 

For the extended end plate connections, significant differences appear between 

tests on nominally identical left-hand and right-hand joints. In several instances 

though, the author's equation provides a good estimate of the initial stiffilc 

(see Figures 3.32 and 3.34 to 3.38), whereas, Annex J provides significant ovei - 

estimates of the initial stiffness in several cases (see Figures 3.32 to 3.36 and 3.3, -, 

to 3.40). The conclusions are therefore similar to those already stated for the flush 

end plate connections, namely, that the use of the author's proposed equation to 

predict the connection's response during frame analysis can be expected to re'suli 

in conservative assessments of frame stability at Ultimate Limit State and good 
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estimates of sway deflections under service loading. In contrast. Annex J would 
generally lead to the bare frame deflections being underestimated, resulting in 

unconservative assessments for frame stability and sway. 

3.5 Shear flexirility in the column wet- panel 
The flexibility of a connection can be influenced by the effects of web shear in- 

duced by a differential between the applied bending moments on each side of 

a column. This differential will always exist for an external column. However. 

depending upon the type of structure, the corresponding effect for an internal 

column may or may not need to be considered. For a braced frame of equal 

bays, where the effects of pattern loading can be neglected[50], the corresponding 

bending moments on either side of the column would cancel out, and therefore 

the connection stiffness would not be further reduced. However, the same simpli- 

fication does not apply to unbraced frame design, since the effects of web shear 

need to be considered for each load combination as a consequence of the frame 

itself resisting the applied horizontal forces. 

In the absence of any test results that induced web shear and could he con- 

sidered representative of the proposed standard connections, the development of 

a corresponding empirical coefficient was prevented. However, an elastic stiffness 

coefficient which compensates for this effect is given by clause 3.3.3(2) of Annex J: 

k1 _ 
0.38Avc 

ßz 

where : 

Avc = The shear area for the column web 

(3.16) 

ß= The bending moment distribution coefficient, which compensates for the 

variation between the bending moments either side of the column 

z= The depth of the shear zone, taken as equivalent to the lever arm ' 1a for 

the connection. 
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This term can be incorporated within equation 3.15, as explained below. 

The shear forces generated in the column web panel, Q, due to an unbalanced 

moment, M,, are assumed to induce a uniform shear stress, 7, on the shear area 

of the column web, A,, (see Figure 3.11). 

Figure 3.11: Column web panel in shear 

Thus since 

T= 
Q 

=GTE (3.17) 
Avc 

where: 

G- The shear modulus 

T, - The shear strain, 

and: 

TE l a 

then substituting equation 3.18 into 3.17: 

GO (3.19) 
Avc la 
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This may then be rearranged to obtain a linear stiffness in the form shown in 

equation 3.20 

Q GAVc 
A la (3.20) 

Furthermore, since Mj = Qla, and Oj=° then an equation representing the 

rotational stiffness can be configured by substitution into equation 3.20: 

M' 
= GAvcla of (3.21) 

Substituting tä = [2(1 u)]' with Poisson's Ratio, v. taken as 0.3, produce's 

equation 3.22 which is consistent with equation 3.16 from Annex J. 

M' 
= 0.38EA�c la of (: ý. ýý2) 

If A,, and 1a, are in mm units, then it can be shown that for the stiffness to be in 

kNm/radian, the Modulus of Elasticity should again be entered as ®. 2 MI N/mm2. 

Thus the rotational flexibility due to shear deformation of the column web panel 
is: 

Fcw 
1 

0.2 [0.38Avcla] (: 3.23) 

It will be noticed however, that the common factor to the flexibility terms in 

equation 3.15 (0.38) is approximately o12 . 
Thus for convenience in calculation. 

the total flexibility can be expressed as: 

_ 
0.7 1mi 

bc 0.1351ä tcf 

3 
mep2 

+ 
ßla 

meplt3 0.38Avc 
(3.2 k) 

where the bending moment distribution factor `ß' is included as in Aiiilf'x .1 

(see equation 3.16). 
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The total stiffness follows from: 

12 

Kbc =I (3 2") 
1 be 

The prediction equation is now complicated by the inclusion of the allowance 
for web shear flexibility, since the parameter ß must first be determined. As- 

already stated, this parameter is a function of the bending moment distribution, 

which in turn is influenced by the type and intensity of the load being applied. An 

exhaustive treatment of this would thus involve an iterative procedure, consider- 

ing each connection in turn to ensure that equilibrium is maintained throughout 

the frame. This procedure in itself would not be beyond the scope of a com- 

puter simulation; however when one considers that the computer simulation at 

present already contains two iterative processes (see Chapter -1), adding a third 

would render convergence at a particular load level almost impossible to achieve 

without the program being completely re-structured. Due to the time available. 

such re-structuring was considered not to be a viable option therefore an alter- 

native method for establishing the corresponding bending moment distribut ion 

was sought. 

To help in this instance, guidance rules have been given in table J. 1 of the 

revised annex J, whereby for standard cases, approximate values for 0 have been 

tabulated (see Figure 3.12). For the forthcoming frame study the author made use 

of this table, to ascertain the suitable bending moment distribution coefficients for 

both external and internal column locations. To explain the approaches adopted. 

the two cases will be considered separately below. 

External column 

For this particular location, the shear induced into the web would be the rctiult 

, of the applied connection moment on only one side of the column. Therefore the 

action of the moment is able to be resisted by the whole depth of the column weh 

panel and the value of coefficient `ß', would equal unity. 
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Figure 3.12: Values for the bending moment distribution coefficient 

Internal column 

73 

The determination of a suitable value for the bending moment distribution coeffi- 

cient for this situation, is far more complicated than its equivalent outlined above 

for the external column. The added complication is the result of having connec- 

tion moments on either side of a column in this location. The relative magnitudes 

of these moments depend upon the bending moment distribution throughout the 

frame and consequently, the value for the coefficient 0 would vary between 0 and 

2.0. The lower limit of 0 would be applicable in the situation where there is no 

bending moment variation between the two connections and the effects of web 

shear flexibility can therefore be neglected. The upper value of 2.0 is the result 

of evenly proportioning the influence of the web shear flexibility between two 

elastic springs when the beam end moments are of equal magnitude and their 
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effect on the web shear is cumulative. In the studies in Chapter 4, each frame 

was therefore analysed twice. On the first occasion, no account was taken of the 

influence of shear forces existing within the web panel and consequently, r 3, was 

set to zero. The web was therefore assumed to be infinitely stiff. This was subse- 

quently rectified during the second analysis, which was undertaken by adopting 

aß coefficient equal to 2.0. This enabled both extremes of this influence to be 

considered, without the need to consider the precise influence based on the values 

of moment in each connection. 

Graphical verification of the proposed initial stiffness equation 

The key for the subsequent moment-rotation characteristics is illustrated in 

Figure 3.13. 

Vertical load 

Horizontal load 

Equ - Proposed stiffness equation 
(see equation 3.15) 

jj- Revised Annex J prediction 
(see Chapter 2, equation 2.3) 

Equ/2 - Modified proposed equation 

Figure 3.13: Key for the moment-rotation graphs 
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Najafi's test 9- Right hand connection 

Figure 3.16: 

70.00 

60.00 

50.00 

40.00 

C 
N 
0 

30.00 

20.00 

10.00 

n nn 

Initial stiffness 

JJ Equ 
Test data 

v vv 0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 
Rotation (Radians) 

120.00 

100.00 

80.00 

E 
z 

60.00 
aý E 
0 
2 

40.00 

20.00 

Unloading stiffness 

v. vv 

0.02 0.025 0.03 0.035 0.04 0.045 0.05 
Rotation (Radians) 

A nn 

JJ Equ ; 

Test data 

79 



3.4 Verification - flush end plate connection -`ý0 

70.00 
Moment-rotation characteristic suitable for global analysis 

60.00 

50.00 

40.00 

C 
N 

30.00 
2 

20.00 

10.00 

Test data 

MP(conn) 
-------------------------------------------------------------------------- ---------- --------- 

Equ/2 

0.00 J' 

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 
Rotation (Radians) 

Complete moment-rotation characteristic 
120.00 

100.00 

80.00 

E 
z 

c 60.00 
a) E 
0 2 

40.00 

20.00 

0.00 L 
0 0.01 0.02 0.03 0.04 

Rotation (Radians) 

Test data 

u. u5 0.06 



3.4 Verification - flush end plate connection ý1 

Figure 3.17: 
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Ostrander's test 13 

Figure 3.18: 
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Ostrander's test 23 

Figure 3.19: 
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I Zoetemeijer's test 17 

Figure 3.20: 
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Zoetemeijer's test 19 

Figure 3.21: 
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Zoetemeijer's test 34 

Figure 3.22: 
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Bose's test 1- Left hand connection 

Figure 3.24: 
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Initial stiffness 
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Bose's test 5- Right hand connection 

Figure 3.31: 
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Bose's test 6- Right hand connection 

Figure 3.33: 
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L Bose's test 6- Left hand connection 

Figure 3.34: 
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Bose's test 7- Right hand connection 

Figure 3.35: 
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Bose's test 7- Left hand connection 
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Initial stiffness 

Figure 3.37: 
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Bose's test 8- Left hand connection 

Figure 3.38: 
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Bose's test 10 - Right hand connection 

Figure 3.39: 
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Bose's test 10 - Left hand connection 

Figure 3.40: 
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Chapter 4 

Aspects of 

4.1 General 

sway frame design 

The aspects of sway frame design which are considered within this chapter are 

concerned with the following: (i) Frame stability under the actions of ultimate 
loads. This included the stability of individual column members, in addition to 
the overall frame response. (ii) Sway deflections under service loads. 

The methodology used previously to verify the design rules for \Viznd-Momernt 

frames designed to BS5950[12,8] has been used as the basis of the study rio« 
described. The frames considered were within the ranges givers in Table 1 of S('i 

Publication 082[1], which has been reproduced as Table 1.1 in Chapter 1. 

The emphasis in the study, which uses the standard ductile connections de- 

scribed in Chapter 1, was on frame configurations up to four storeys in height. 

as the most usual application of the Wind-Moment method is considered to bbc 

in this range. However, a selection of eight storey structures were also consid- 

ered, since these would constitute the tallest frame configurations that could hc 

designed by the method. The frame configurations considered were therefore: 

(i) Two storey single and two bay frames. (ii) Four store- two and foul bay 

frames. (iii) Eight storey two bay frame. 

106 
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4.2 Design of Wind-Moment frames 

The Wind-Moment design itself was undertaken by using the computer software 

written by Reading[8] for the original verification. No modifications were th rv- 
fore necessary, with the exception that the effective length used to assess minor 

axis column buckling, which was set at 0.85, was increased to 1.0 to reflect III(, 

design guidance that was subsequently written[1]. To enable the programme to 

be executed, it was necessary to create a representative data file. This file re- 

flected not only the frame geometry and applied gravity loads, but also the basic 

wind speed and ground roughness factor to enable the wind pressures and forces 

to be calculated and also the member yield stresses, to facilitate member desi: g1n. 

4.2.1 Range of loading 

The Wind-Moment frames were designed by adopting the following ranges of 

loads: 

1. Maximum gravity load in conjunction with minimum wind load. 

2. Minimum gravity load in conjunction with maximum wind load. 

These ranges were achieved by choosing appropriate load values, bay widths and 

column lengths from Table 1.1. Furthermore, in addition to the extremes of 

loading indicated above, a 6. Om bay width was also included to enable a medium 

range of frame configurations to be studied. 

This study did however depart from the earlier one in an important respect 

related to connection resistance. 

A restriction on the method has always been that the wind load should not. 

be such that it controls the design of the beam[l]. This rule was introduced at 

the onset of Reading's original verification[8], since it was felt that if this va the 

case, then the frame should be designed as rigid-jointed as the serviceability limit 

on sway would almost certainly be exceeded by a semi-rigid Wind-Moment frame. 
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Consequently, beam sections were determined as before by only considering 1 he 

applied gravity loading. However, under the actions of minimum wind loading, it 

was usually found that even with the weakest standard connection for that beam. 

the connection's moment of resistance was significantly greater than world be 

strictly required. A random degree of over-strength would therefore have been 

provided in the connections. This clearly would have had a pronounced influence 

on the corresponding frame stiffness and strength and consequently, have the 

potential to affect the conclusions drawn from the study. Therefore to minimise 

this influence, after designing the frames for the minimum wind load, the basic 

wind speed was increased until the wind-moments caused at least one connection 

in the frame to experience a moment close to its moment of resistance. During 

this process, a careful check was maintained to ensure that the frame members 

originally specified with the lower basic wind speed, were not altered in the quest 

to achieve a full demand on connection performance. The increased wind speed 

then became the reference load for that frame during its subsequent analysis. This 

procedure was not adopted for frames analysed under the actions of maximum 

wind load, because to increase the wind speed any further would exceed the range 

of loading previously agreed for the method[1], and in any case, such frames had 

already achieved a high degree of mobilisation of the connection's moment of 

resistance under the maximum wind speed of 52m/s. 

4.2.2 Beam and column members 

All the beam and column members were designed in Grade 50 steel. This steel 

strength was adopted to obtain the smallest member sizes for a given frame ge- 

ometry. The frame design was approached in this manner, since it was thought 

that not only would the second-order effects be amplified by the less stiff section', 

resulting from Grade 50, but more importantly, adopting a minimum beam Size 

would result in the incorporation of more flexible connections, than would oth- 

erwise be specified from a design utilising Grade 43 material. Consequently, the 
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results concerning the overall frame stability and sway deflections under service 
loads, would therefore be expected to be conservative when applied to frames of 

the lower grade. 

No sections were excluded on grounds of classification for local buckling. To 

have done so would have introduced a further random source of over-strength . 
in 

addition to that which would occur as a result of the finite number of rolled scr 

tions that were available. A further justification for not restricting the choice of 

section classification used for the study results from one of the aims of t he revali- 

dation itself; namely, to investigate the positions of plastic hinges in 

Wind-Moment frames, to see whether or not the existing restrictions to Class 1 

sections could be removed. 

As a result of practical considerations, the column sections were made con- 

tinuous over a height of two storeys; the corresponding splice connection lbein 

assumed to be located immediately above the corresponding floor level where the 

change in column section occurred. 

6. Om 
mal! 

6. Om plane frames 

H H H --' I I ý 

I 
3 

I ro 

H H H Wind 
direction y 

I b 

I 

H H H 

As specified 

Figure 4.1: Building plan area 

In addition, it was assumed that the floor units spanned horizontally a di'- 

tance of 6. Om between adjacent plane frames (see Figure 4.1). 
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4.2.3 Connections 

110 

The standard ductile connections and the capacity tables used in the 
Wind-Moment designs are shown in Appendix A of this thesis. 

Notation 

The notation adopted for the standard connections is illustrated in Figure 4.2. 

Wl(+)/20 

1 --T- 
-17--] 

Standard detail End late 
number 

plate Bolt size 
width variation 20 - M20 bolts (see i& ii below) 24 - M24 bolts 

Figure 4.2: Notation adopted for the standard connections 

The following two end plate widths are available for each standard 

connection: (i) 200mm and (ii) 250mm. The later variation is indicated by a . +' 

sign positioned immediately following the standard detail number 

(see Figure 4.2) . 
The choice of which end plate width to use rests with the 

beam and column section sizes that are specified by the Wind-Oloment method. 

coupled with engineering judgement. Clearly, as the frame height or gravity load 

increases, the column section sizes and hence the corresponding flange width, 

must also increase. Under these circumstances, the designer may consider it 

appropriate to increase the plate width, such that the overall connection detail 

would appear to be more suited to the column to which it is attached. This wide 

variation could however, only be adopted if the beam section specified is large 

enough to enable this choice to be available. The option of adopting a wider end 

plate for the larger serial size beams is available for all the standard details. even 

though it would appear at first sight, from looking at the capacity tables. that 

this was not the case for standard detail number one. This particular detail is 

however unique in one crucial aspect concerning the calculation of its moment 
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capacity; namely, that unlike the other details, the moment capacity for this de- 

tail is independent of the width of the end plate. This arises because the smallest 

effective length of the yield line pattern that governs the connections design is 

always a function of the horizontal distance between the bolt position and the 

adjacent web of the welded beam member. The same is not true for the remaining 
details, where the smallest effective length of the yield line pattern that governls 

the design would always be a function of the end plate width. 

Understanding the column limitation tables 

To understand the column limitation tables, the following symbols were defined 

as follows: the presence of a tick next to an associated limitation would indicate 

that the limitation would not influence the connection's performance and could 

therefore be ignored. In contrast, a black square associated with the limitations 

of web buckling, crushing or tension, would indicate that the column would have 

to be reinforced to prevent these modes predominating. If however, the black 

square is surrounded by brackets, examples of which can been seen in the crushing 

limitation applicable to the larger standard details (see Chapter 1. Figure 1.5 or 

Appendix A), this would indicate that this limitation may be satisfied if t he 

bearing length applicable to the actual beam member specified was used as the 

basis for determining the actual crushing resistance of the column web. A special 

case arises however, if a black square indicates that flange bending would be 

limiting. As an alternative to reinforcing the flange to alleviate this limitation. 

it is permitted to calculate a lower bolt force to satisfy the flange requirements. 

and then re-calculate a lower connection capacity. To aid this. a formula has 

been provided at the top of each capacity table. This formula contains two parts: 

namely, a bolt force and its respective lever arm. This basic equation has been 

reproduced for as many bolt rows as there are in the connection detail bei. iig 

considered. Consequently, performing a simple addition sum would be all that 

is necessary to calculate the adjusted moment capacity for a detail with more 
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than one bolt row in tension. The bolt force(s) used in the calculation would be 
determined by adopting the following procedure: 

1. If the connection detail has only a single tensile bolt row, then the new bolt 

force would be directly substituted into the equation. 

2. If the connection detail contains more than one tensile bolt row. then the 

force acting through the lowest bolt row would be sacrificed, whilst main- 

taining the force(s) at the higher bolt row level(s). 

It is acceptable for this particular limitation to restrict the connection's capa. c- 

ity to that of the column's flange in bending, since flange bending by definition 

would promote ductility from the connection throughout its working life. 

The final column limitation is associated with web shear. The tick indicates 

that the shear resistance of the column web would be greater than twice the 

maximum bolt force which could be applied by the connection. A tick would 

therefore be needed to satisfy the requirements at internal column locations. 

Maximum 
wind 

C,, ravity Inarl 

Total shear force = 2T 
acting on the column web 

Figure 4.3: Accumulative influence of wind moments 

This necessity results from considering the consequences of a bending moment 

distribution of the type indicated by Figure 4.3, which could occur as an extreme 

case in a Wind-Moment frame. If the tick has been replaced by a number printed 

Internal column 
location 
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in the box, then this indicates that there may be problems associated with any 
internal columns, since the shear resistance of the web would no longer be able to 

withstand twice the bolt force; however, there would be no problems associated 

with the external columns. The third and final variation which is applicable to 

the shear limitation is indicated by the number being printed together wil ha 

superscript asterisk. Under these circumstances the resistance of the columns 

web would be insufficient to withstand the bolt force from either an external or 

internal connection. 

Connection selection process 

The primary objective of the selection process undertaken to obtain suitable con- 

nections between the frame members was to ensure that the connections spec- 

ified represented the most flexible and weakest available, that could withstand 

the applied moments and forces calculated by the Wind-Moment method. This 

approach was adopted to exacerbate the potential for stability problems to occur 

within the frame, which may lead to its subsequent collapse prior to experiencing 

the design loads. Moreover, by a similar token, the corresponding sway deflec- 

tions under the actions of the service loads would also be amplified, as a result 

of increasing the overall frame flexibility. 

Furthermore, a performance criteria was specified in terms of the provision of 

additional reinforcement to the connections; namely, that if additional reinforce- 

ment was required, it was to be kept to a minimum and if at all possible avoided 

altogether. 

Wherever possible, two connection designs were undertaken for each frame. 

The first design utilised Grade 8.8 M20 bolts, whereas the alternative design 

adopted Grade 8.8 M24 bolts. No frame had a mixture of M20 and N12-1 bolted 

connections, since this combination was thought to be unacceptable on the ground 

of the obvious problems which could ensue during the construction phase of such 

a frame. Furthermore, the M20 option was judged unavailable if either of the 
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following two situations arose: 

1. The vertical shear dictated the choice of the connection. 

2. The moment of resistance applicable to the largest standard detail wi a'- not 

capable of resisting the applied connection moments. 

To illustrate the design procedure adopted to select the most suitable 

connections for a frame, a worked example has been included in Appendix B. 

section B. 3, of this thesis. The following description will therefore use this exam- 

ple as a convenient reference frame, to further aid the explanation of the design 

procedures adopted by the author when choosing the appropriate connections. 

A four storey two bay frame is shown, which has been designed to withstand 

the load case requiring that the minimum gravity load is combined with the 

maximum wind load. The results from the Wind-Moment design are given in the 

figure. In particular, the connection requirements are specified. 

To initiate the design sequence, the M20 option would be considered in the 

context of assessing its suitability in comparison with items 1 and 2 above. To 

facilitate this comparison, the first floor moments and shears would be considered. 

to see whether or not a suitable connection could be chosen from the standard 

details available. For this particular frame however, the bending moment at the 

first floor level was in excess of the maximum connection capacity for all the 

connection details, and therefore this option was not available. Consequently, 

this frame could only be designed with M24 bolts. 

Connection design adopting the M24 option 

To enable the connections to be specified, each horizontal level of the frame was 

systematically considered in turn. To this end, the roof was considered first. 
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Roof level 

Starting with standard detail number one, the connection's moment capacity 

was directly obtained from the relevant capacity tables, since the size of the 
beam member was known (see Appendix A, detail reference \V'1/24). This was 
then compared to the connection requirements and if, the connection's moment 

capacity was greater than the applied moment, as was the case for this example, 

then the first stage of the design would be complete. A similar comparison would 

then be used to assess the shear resistance of the connection. to establish whether 

or not an extra row of bolts would be required. For the example chosen the extra 

row of bolts would not be necessary. 

The connection design would then be completed by considering the effects, if 

any, that the external and internal column members would have on the chosen 

connection detail. This process would again be facilitated by knowing the col- 

umn size, since any associated limitations could be immediately identified from 

the column limitation tables. For the example chosen, there were no column 

limitations concerned with the external members; however, possible problems 

with shear were indicated for an internal column. To overcome the limitation 

of web shear on this occasion, and any others which arose during the study, it 

was assumed that appropriate web reinforcement would be provided. Further- 

more, since the influence of the web panel under the action of shearing forces has 

been bounded in the manner described in Chapter 3, section 3.5 (i. e. initially 

infinitely stiff and then at its most flexible) nothing would be gained by increas- 

ing the shear area of the web when determining the connection's initial stiffness 

for the second analysis. Consequently, it was acceptable to simply assume that 

the necessary reinforcement would be provided, and not explicitly take it into ac- 

count by amending the shear area term, A, in the stiffness prediction equation 

(see Chapter 3, equation 3.24). 

Consequently, standard detail number one «was considered suitable to provide 

the necessary structural performance at the roof level. 
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Third floor level 

The third floor was considered next. The moment capacity of all the standard 
details, together with the associated column limitations have been reproduced 

on the second page of the worked example, Appendix B3. It can be seen that 

all the standard details, with the exception of number one, would possess the 

necessary moment capacity to fulfill the structural requirements of the connection. 
However, it is also evident from the associated column limitations that adopting 

any other detail for the connections to the external columns, other than number 
four, would necessitate the provision of additional reinforcement. C'onsequently, 

the author considered that the slight increase in capacity that would result by 

adopting this connection would be acceptable on grounds of cost implications. To 

maintain consistency, the same standard detail was also adopted for the internal 

connections. 

Second floor level 

The design sequence undertaken to propose appropriate connections for the sec- 

ond floor level was similar to that described above. However, since the column 

section size had now been increased, the subsequent column limitations were sig- 

nificantly reduced. This would have enabled standard detail number three to he 

used for the connection to the external columns without any reinforcement, and 

thereby promote the main objective of the study of adopting minimum connec- 

tions. This connection type was not adopted, since it was felt by the author that 

to do so, the fabrication of the frame components would be further complicat c, d. 

This would probably increase the overall fabrication cost, when compared with 

a frame which adopts essentially the same connection configurations throughout. 

Consequently, standard detail number four was adopted for this level, since there 

were again no problems associated with column limitations for either the external 

or internal locations. 
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First floor level 

The final connections to design were at the first floor level. From the final page 

of the worked example, it can be seen that the only suitable standard detail 

which could be adopted was number five. Unfortunately, this particular detail 

had significant limitations associated with the external column sizes specified by 

the Wind-Moment method. Consequently, it was thought by the author, that to 

reinforce the detail adequately, would result in a connection detail more suited to 

a rigidly jointed frame, rather than as part of a semi-rigid Wind-Moment frame. 

Therefore, since one of the main objectives of the standard details was to simplify- 

fabrication by reducing the need for costly reinforcement, the column size was 

increased to the next heaviest section whilst maintaining the serial designation. 

As a result, no column limitations would then apply and the problem of costly 

reinforcement would be avoided, albeit with a slight increase in the cost of the 

member itself. No such problems were forthcoming as far as the internal columns 

were concerned and consequently, standard detail number five was adopted at 

this level. 

Final design 

The final frame configuration is illustrated at the bottom of the final page of the 

worked example. 

4.2.4 Summary of Wind-Moment designs 

Appendix B of this thesis contains all the relevant design information obtained 

by implementing the Wind-Moment method, for the frame configurations con- 

sidered. The tables referred to in the subsequent section may therefore be found 

in Appendix B, section B. 2. 

The design details of the frames that were subjected to minimum wind load 

and maximum gravity load are given in Tables B. 1 and B. 2. The corresponding 

connection designs, together with details of the extent by which the wind load 
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was increased to more-fully utilise the connection's moment capacity, are given in 

Tables B. 3 to B. 5. A Wind-Moment design was not undertaken for the ei, -,, ht 

storey two bay frame, when the bay widths were only 4.5m, since this frame 

configuration was judged impractical. 

The design details of the frames that were subjected to maximum wind load 

and minimum gravity load are given in Table B. 6. The corresponding connection 

designs are given in Tables B. 7 to B. 9. Under this load case, no eight storey two 

bay frames were designed, because either the wind moments were such that they 

controlled the designs of the beams, or none of the standard connections provided 

sufficient moment resistance. 

For the particular tables that relate to the connection designs, the 

`standard detail number' may be related to Appendix A via Figure 4.2. 

Connection design under minimum wind load 

It can be seen from Tables B. 3 to B. 5, that generally all the connection details 

specified were flush end plates. The exception was the connections to the first 

floor beams in the eight storey two bay frames, which were extended end plates. 

It can also be seen in several instances that the connections moment capacity 

was limited by the resistance of the column flange in bending. Under such cir- 

cumstances, an adjusted moment capacity was calculated in accordance with the 

procedure described earlier. 

Furthermore, these tables show that using the minimum basic wind speed 

of 37m/sec results in none of the connections being used to their full potential. 

However, by increasing the wind speed to the values shown in later columns of 

the tables, the mobilisation of moment capacity by the design wind moments is 

increased, such that in at least one level of each frame there is no significant 

over-capacity. 

Finally, the tables give the predicted values for connection stiffness calcu- 

lated by the method proposed in Chapter 3. When considering the connec- 
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tions to external columns account always has to be taken of shear flexibility. 

However, for internal columns, the initial stiffness was first calculated neglect- 
ing shear flexibility, and then including it; in the latter case the parameter 0 

( see equation 3.24) would be set to 2.0, for the reasons explained in Chapter : 3. 

section 3.5. 

Connection design under maximum wind load 

Tables B. 7 to B. 9 give details of the chosen connection designs under maximum 

wind load. Where the shear resistance of a column web panel limits the moment 

capacity of the connections, it was assumed that the web would be reinforced. 

When the flange bending limitation governed the connection's resistance, an ad- 

justed moment capacity was again calculated. 

For these frames, it was inappropriate to further increase the wind speed 

to eliminate over-strength in the connections, for the reason already explained. 

The final columns of these tables again give the predicted values for connection 

stiffness that were subsequently used during the analysis. 

4.3 Analysis of Wind-Moment frames 

The analyses on the Wind-Moment designs were performed by a computer pro- 

gram which takes account of semi-rigid and partial-strength connections[6]. Each 

analysis traces the load-deflection behaviour of the frame up the point of collapse. 

allowing for in-plane second-order effects, commonly referred to as 

'P -A effects' (see Chapter 2, Figure 2.7), and the development of plastic hinges. 

The connection behaviour is represented by a piece-wise linear moment-rotation 

characteristic (see Chapter 2, Figure 2.5). Once the design moment of resistance 

has been reached, the semi-rigid connection is replaced by a plastic hinge whose 

moment capacity is set equal to the connection's design moment resistance. 

The matrix displacement method is used to solve predefined equations thereby 
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calculating the internal moments, forces and joint displacements. The piece-wise 
linear moment-rotation characteristic is used to obtain successive estimates of 
the secant stiffness, thus allowing for the natural reduction in connection st iff- 

ness as the moment increases (see Chapter 2). The overall effects of axial load 

in the frame are accounted for by stability functions and where appropriate. the 

presence of axial load within a member was also accounted for by reducing t iic 

member's plastic capacity by the method proposed by Horne and Morris[1.51. The 

solution produces iterations about axial force and secant stiffness, with conver- 

gence occurring when the difference between two successive iterations is within a 

preset limit. The program is terminated if the determinant of the stiffness mat rix 

is negative, or convergence within the iteration loops could not be reached. 

The verification of the program was achieved by comparison with results 

from other independent computer programs from various research centres across 

Europe[51]. This work was undertaken as part of another research programme[6]. 

To enable the computer program to be executed, a further data file containing 

the following information must be created. 
(i) Frame geometry - This would be specified in terms of member lengths. 

The beams and columns would be differentiated by specifying their orientation 

relative to the horizontal. Furthermore, each member together with its respective 

joints would be given identification reference numbers. 

(ii) Section properties - These would include second moment of area, Young's 

modulus, yield strength of steel, cross-sectional area and the plastic section mod- 

ulus, together with the associated parameters to calculate subsequent reductions 

in member capacity[52]. 

(iii) Type of connection at each numbered joint - The available choices were 

pinned, fully fixed and semi-rigid. If the latter type was specified then a number 

of points on the moment-rotation curve were given to represent the approximate 

behaviour. Semi-rigid connections were adopted for the study. 

(iv) Applied loading at each joint - This can be specified independently as 
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either a concentrated vertical or horizontal load, or an applied moment. Any 

combination of these forces and moments could also be applied at a joint location. 

For the frame study, the gravity loading was applied in a series of point load 

acting at the member ends and centrally. It was recognised that a uniformly 
distributed load could be more accurately represented by increasing the number 

of point loads, but in view of the approximations inherent in the modelling of the 

joints by a bi-linear characteristic, there would seem no justification in going to 

further refinement to represent the gravity load. Furthermore, the verification of 

the program against other researchers' results based on distributed load showed 

little difference in overall frame behaviour[51] 

During the operation of the computer program, convergence problems were en- 

countered for all but the most robust frame configurations considered. This prob- 

lem has been identified before with frames which have very flexible 

connections[6]. These problems were eased by specifying load increments such 

that generally the plastification within the frame was very gradual. In partic- 

ular, the number of connections that plastified during any one increment was 

kept to a minimum and preferably each connection would plastify individually. 

Consequently, the load was applied in 0.0025kN increments. This therefore is 

the reason why in some instances the load levels quoted in Appendix C, section 

C. 4, are identified with five significant figures. Moreover, the author changed the 

source code of the program to allow the computations to be undertaken in double 

precision, rather than single precision which was formly used. Fortunately, this 

did not alter the general structure of the program and consequently, the lengthy 

validation procedures were not required. This also overcame the convergence 

problems that had been suffered by Reading[8]. 

To enable a continuous check to be undertaken during the analysis procedure, 

the author modified the program to enable a graph representing the load deflec- 

tion response of the frame to be simultaneously produced. This drew immediate 

attention to any unusual behaviour, which could either signify the formation of 
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a plastic hinge mechanism within the frame, or that there was a numerical con- 
ditioning problem with the analysis. Problems of this nature were not frequent ly 

encountered. However, when they did occur, they were the result of a beam type 

mechanism occurring somewhere in the frame (see Figure 4.4(a)) under the ac- 
tions of load case one (see section 4.3.1). In these situations, the mechanism was 
identified by the load deflection response of the frame indicating that the deflec- 

tions were reducing as the load was increasing (i. e. the members were deflecting 

in the opposite direction of the applied loads, see Figure 4.4(b)). Furthermore, 

the graphs substantiated the point at which the frames lost their stiffness com- 

pletely. The graphical representation produced for a typical frame configuration 

is illustrated in Appendix C, section C. 3. 

/ 
_\ 

M 
Beam type 

collapse 
mechanism 

(b) 
Load level at 

which mechanism 
formed 

Deflection 

Figure 4.4: Beam type failure mechanism 

In addition to the frames being analysed with semi-rigid connections. an ad- 

ditional analysis was undertaken to obtain an upper bound on the connection` 

performance, by assuming that the connections were rigid and full strength. 
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4.3.1 Load combinations 

Ultimate limit state 

For ultimate limit state, the load combinations given in SCI Publication OS2[11 

were applied, namely: 
(LC1) - 1.4(Dead load) + 1.6(Imposed load) + Notional horizontal forces; 

(LC2) - 1.2(Dead load + Imposed load + Wind load); 

(LC3) - 1.4(Dead load + Wind load). 

The notional horizontal forces were calculated in accordance with BS5950. 

Serviceability limit state 

For deflections under service load, the load combination considered was : 

1. O(Dead load) + 0.8(Imposed load + Wind load). 

This was chosen because a service load combination which included no im- 

posed load was judged to be unrealistic. It was also desired to investigate the 

influence of second-order effects under service conditions; in order to maximise 

these, the imposed load must be included. The 0.8 factor arises from the recom- 

mendations of BS5950. 

4.4 Assessment of results - ultimate limit state 

The most important results concern the stability of the frames at the design load 

level, and the avoidance of brittle failure in the connections. These results are 

given in Appendix C, section C. 2 of this thesis. 

[arne 
number 

ý--[f 10 =b24 Bolt size adopted for 

connection design 

Figure 4.5: Notation adopted to identify the frames considered 

For ease of recognition, each frame has been identified with a unique 

alphanumeric reference number (see Figure 4.5). Furthermore. adopting t iris 
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approach enables the corresponding frame configurations. together with details 

of the sequence in which their plastic hinges formed. to be established by 

referencing to Appendix B, section B. 2 and Appendix C. section C. 4 respectively. 
The load cases to which the results apply are identified by a number, together 

with the prefix `LC', which relates back to section 4.3.1. 

4.4.1 Overall in-plane stability 

The overall in-plane stability of the frames was assessed by examining the load 

factor at which the frame collapsed, where for each load case, a load level of unity 

corresponds to the ultimate design loads for that combination. 

Load 
case 

2 Storey 1 bay 2 Storey 4 bay 4 Storey 2 bay 4 Storey 4 bay 

Plastic colla e load factors 

8 Storey 2 bay 

ps 

LC I 1.16-1.72 

.. 

1.15-1.88 

......... 

1.11-1.36 1.11-1.34 1.06-1.20 

LC2 1.40-1.69 1.40-1.63 1.20-1-50 1.23-1.53 1.01-1-27 

LC3 1.41-2.04 1.68-2.21 1.26-1.92 1.24-1.95 1.19-1.58 

Table 4.1: Range of plastic collapse load factors 

It can be seen from Table 4.1 that for all the frames considered, the plastic col- 

lapse load factors were all in excess of unity. Consequently, it can be concluded 

that Wind-Moment designs, even when flexible end plate connections are incorpo- 

rated, continue to demonstrate adequate overall stability. It can also be seen from 

Table 4.1, that the lowest plastic collapse factor equalled 1.01, and was appli- 

cable to frame `f35b24' (see Appendix C, section C. 2). This particular frame 

configuration was eight stories high and two bays wide. The corresponding bay 

width was 6. Om and was therefore relatively narrow in comparison to its height. 

which in turn would lead to high second-order effects. In addition. Table B2 

(see Appendix B, section B. 2) shows that after the wind speed was increased to 

39m/s, which then provided the basis for the analysis, the connections at three 
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consecutive floor levels were loaded to over 90% of their respective capacities by 

the wind moments. A much more robust frame was obtained when the }bay- «-idt h 

was increased to 9.0m, `f34b24', which had a plastic collapse load factor of 1.2 
(see Appendix C, section C. 2). 

4.4.2 Lateral-stability of columns 

It is assumed in this study that the frames are braced against out-of-plane sway- 

at roof level and each floor level. The internal forces and moments given by 

the analysis enable checks to be made on the lateral-stability of columns over 

each storey height. This was done using the simplified overall buckling check 

of BS5950, as described for Reading's original verification[8] (see Chapter 1. 

section 1.2.2). 

Load 
case 

2 Storey 1 bay 2 Storey 4 bay 4 Storey 2 bay 4 Storey 4 bay 8 Storey 2 bay 

Stability factors 

LC I 

LC2 

LC3 

0.22-0.55 

0.49-0.65 

0.39-0.59 

0.55-1.00 

0.70-0.90 

0.49-0.70 

0.97-0.92 

0.73-0.85 

0.49-0.62 

0.71-0.93 

0.75-0.97 

0.48-0.76 

0.91-1.01 

0.76-0.93 

0.50-0.62 

Table 4.2: Range of column stability factors 

The right hand side of equation 1.3 is termed the stability factor. which was 

calculated for all the column members of the frames considered. A summary of 

the results obtained from Appendix C, section C. 2, is shown in Table 4.2 

It can be seen from this table, that maximum values of 1.00 and 1.01 were 

obtained for the frames with four storeys or less, and the eight storeys respectively-. 

Values in excess of unity are unsafe. It can therefore be concluded. that for 

all but the eight storey frames, lateral-stability would not manifest itself as a 

problem. In defence of the suggestion that the eight storey frames would also 

produce safe designs, it must be remembered that these maxima occurred in 
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ground floor columns in which rigid bases were assumed. The assumption of a 

point of contraflexure at the mid-height of such members is less accurate than 

elsewhere in the frame, because the base fixity attracts a greater moment to 

the lower end of the column. In practice, a value for the stability factor of ](-. -s 
than unity would be expected because the inevitable flexibility of a practical 

`fixed base' would cause some redistribution of moment to the less heavily-loaded 

upper end. Furthermore, it has to be remembered that the effective lengt 11 used 

to calculate the lateral-torsional buckling resistance moment was based on an 

effective length of l. OHt, this would be conservative under the rules for such 

effective lengths in BS5950[12]. 

This of course would have implications as far as the overall frame stability is 

concerned. If one accepts the argument above; namely, that the stability factor 

in an `actual ' frame would be less than 1.0 due to base flexibility, then to what 

extent would the frame's corresponding plastic collapse load factor be reduced? 

An exact answer to this question was not available, since the study did not em- 

brace the possibility of column base flexibility. However, it must be emphasised 

that the results obtained can only be considered in the context of representing an 

approximate measure of the frame's performance. Consequently, since the num- 

bers involved are extremely close to those that would indicate a safe design as of 

right, the author found no justification to suggest sweeping modifications, such 

as the exclusion of all eight storey frame geometries. The approximate nature 

of `simple' design methods in comparison with their vindication utilising sophis- 

ticated software has also been discussed by Gibbons et al[53], who undertook a 

computer based investigation to establish the influence of steelwork connections 

on the behaviour of simple three dimensional braced steel frames. They found 

that the variation in the column failure load was dependent on the direction of 

the initial column deformations assumed for the analysis. This lead them to 

suggest that it was unreasonable to expect that any `simple ' design mE th od could 

cater for such inherent variability. This logic can be extended to the present 



4.4 Assessment of results - ultimate limit state 1 '?; 

investigation with respect to representing the base flexibility. such that again it 

could be considered unreasonable to expect this design method. which was ha ed 

on the `simple' design philosophy, to rigorously take account of all eventualities. 

For the multi-bay frames, the highest stability factors were al\vavs applicable 
to the internal columns, and generally associated with the ground floor length. 

However, in several instances in frames which were greater than two storeys 

high, the lower length of an upper storey section proved critical (see Appendix C. 

section C. 2). On these occasions, the maximum stability factor for each frame 

concerned was within the range indicated in Table 4.2. Consequently, it should be 

borne in mind that just considering the base column lengths in the frames would 

not always reflect the worst case, which therefore implies a need to systematically 

consider the lower section of each two storey column length in turn. 

4.4.3 Beam-to-column connection rotations 

Table 4.3 shows a summary of the range of rotations developed at tlic 

beam-to-column connections due to the design load levels for ultimate limit state. 

For the full set of results, reference should be made to Appendix C, section ('. 2. 

Load 
case 

2 Storey 1 bay 2 Storey 4 bay 4 Storey 2 bay 4 Storey 4 bay 8 Storey 2 bay 

Rotations (mrads ) 

LCI 

LC2 

LC3 

5.69-10.2 

8.43-16.1 

7.24-15.8 

9.09-17.7 

9.31-16.3 

6.47-15.29 

9.39-17.0 

11.7-21.8 

7.26 -15.1 

9.34-19.7 

11.0-24.1 

6.94-163 

16.7-21.0 

14.3-23.6 

6.82-11.3 

Table 4.3: Range of connection rotations 

It can be seen from Table 4.3, that the maximum connection rotation was 

of the order of 24mradians and corresponds to a four storey four bay frame; 

namely `f31b20'. It can therefore be concluded, that since the rotations quoted 

are well within the experimentally-observed rotation capacities for the st andard 
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connections[22], they would not be susceptible to brittle fracture. 
Furthermore, the rotations quoted in Table 4.3 are, as expected, applicable 

to the connections positioned on the leeward side of the frame. 

4.4.4 Frame plasticity 

Details showing the development of plasticity within the frames considered, have 

been included in Appendix C, section C. 4. A summary of the salient results are 

shown in Table 4.4. 

Beam member Column member Column base 
S- RI Rigid I S- RI Rigid I S- RI Rigid 

L df oa actors 

2 storey 1 bay 1.14 1.27 N/A 1.52 1.40 1.56 
(LC 1) (LC2) (LC1) (LC2) (LC2) 

2 storey 4 bay 1.13 
LC 1) 

1.49 
LC2 

N/A 1.74 
LC2 

1.47 
LC2 

1,77 
LC2 ( ( ) ( ) ( ) ( ) 

4 storey 2 bay 1.11 
(LCO 

1.31 
(LC2) 

1.28 
(LC3) 

1.46 
(LC1) 

1.16 
LC2 

1.44 
(LCI) ( ) 

4 storey 4 bay 
1.09 

cl) 
1.21 

(LC2) 
N/A 1.48 

(LC2) 
1.13 
LC2) 

1.41 
(LC2) L( ( 

8 storey 2bay 1.06 
(LC 1) 

N/A 1.06 
(LC1) 

1.14 
(LC1) 

1.06 
(LC1) 

1.25 
(LC1) 

Table 4.4: Minimum load factors at member plastification 

The load factors within the table above represent the lowest load level in 

which a plastic hinge formed in any of the beam and column members. To aid 

clarity, the column base has been considered independently from the remaining 

column member. 

The `S-R ' designation represents the frame that contained the standard con- 

nections, whereas the `Rigid ' designation, refers to an identical frame with rigid 

full strength connections. 

It can be seen from Table 4.4, that plasticity did not develop sufficiently to 

produce a. plastic hinge within any of the framed members prior to the attainment 

of the design load at ultimate limit state. This is indicated by the load factors 
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quoted all being in excess of unity. The significance of unity in this context has 

been explained in section 4.4.1. 

To re-iterate, the objective for including such comprehensive design informa- 

tion was to investigate the possibility of lifting the Class 1 restriction imposed 

on the structural members designed by the Wind-Moment method. This re- 

striction was incorporated because the frame had to allow for the possibility of 

plastic hinges forming in the members prior to the design loads being applied. It 

can be seen from the results obtained, that relaxing this classification to include 

Class 2 sections would not be unreasonable; since this type of section would still 

have the ability to reach its plastic capacity. 

4.5 Assessment of results - serviceability limit 

state 

First order and second order sway deflections for the frames considered are given 

in Tables C. 6 to C. 8, which can be found in Appendix C, section C. 5 of this thesis. 

The subsequent discussion therefore will refer to the contents of this appendix 

section unless otherwise stated. Furthermore, the sway deflections quoted were 

calculated based on the horizontal drift of the top left hand corner of the frame. 

The frames again are identified using the same alphanumeric referencing system to 

that used previously (see Figure 4.5), thereby enabling the corresponding frame 

configurations and other associated results to be cross-referenced, in a similar 

manner to that described in section 4.4. 

It can be seen from these tables that in many instances, the frames' sway 

deflection exceeds BS5950's limit for horizontal deflection of height/300. Un- 

der these circumstances, the frame configurations concerned would have to be 

stiffened accordingly, such that this criteria can be met. This of course would 

also have the benefit of further increasing the overall stability of the structures 

and, if the stiffening measures involved boosting the column section sizes, then 
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this would also produce dividends as far as the lateral-stability of the individual 

column lengths were concerned. Strengthening the connections however, by for 

example adopting a thicker end plate, would not be recommended by the author 

unless a rigid design was considered appropriate. The reason is that carrying out 

strengthening measures other than those required to overcome any associated 

column limitations[20] could destroy the vital ductility component that makes 

the standard connections acceptable for use in a Wind-Moment frame. 

The rigid design multiplier of 1.5, which is the approach recommended at 

present[1] to establish a Wind-Moment frame's sway under the service load, still 

generally stands good for the results obtained, provided the comparison is associ- 

ated with the first order results which neglect the influence of web shear. The only 

exceptions are frames `f12b20 ' and `fl2b24 ' (see Table C. 6). These particular 

frame configurations had the smallest bay width, namely 4.5m, and consequently, 

small beams would have been specified (see Table B. 1, Appendix B, section B. 2). 

This would influence connection performance since by definition the smaller the 

beam, the more flexible the connection. This is substantiated in comparison to 

the equivalent 6. Om bay frames' namely `f11b20 ' and `fllb24 ', which meet the 

criterion of height/300 (see Table C. 6), despite similar levels of capacity mobilisa- 

tion being experienced by the connections (see Tables B. 4 and B. 5, Appendix B, 

section B. 2). 

If one now considers the influence of the second-order effects, it can be shown 

that the corresponding sway could be increased by a further 4% over and above 

that calculated by the first order analysis. However, even under these circum- 

stance it can be seen from the tables that the 1.5 multiplier would generally still 

produce conservative results for the frames which incorporate bay widths of 6. Om 

or greater. A more severe case arises for bay widths equal to 4.5m for the reasons 

explained above, whereupon it can be seen that the multiplier should be increased 

to 2.0. 

The area where the 1.5 multiplier is generally inadequate is when the influence 
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of web shear at the internal columns is considered with the .3 coefficient equal 
to 2.0 (see Chapter 3, section 3.5). Under these circumstances it can be shown 
from Table C. 7, frame `f31b24 ' that the shear flexibility will increase the frames 

deflection by either 19% or 22% depending on whether the first-order or second 

order analyses are compared with the equivalent analyses undertaken ignoring 

shear flexibility in the internal columns. To reflect this increase, if one increases 

the rigid multiplier to 1.6 and 1.7 for first-order or second order analyses respec- 

tively, it can be seen that this would generally be sufficient to compensate for 

the unconservatism of the previous proposal. The exceptions to this rule are the 

frames in which the bay width was set at 4.5m, which would require a multiplver 

of 2.1. These results were however severe, since following the examination of the 

computer output, although web shear was found to be present in the majority of 

cases, it was not sufficient to necessitate the ß coefficient being set equal to 2.0. 

In comparable frames, such as frames f17b20 and f17b24 in Table (1.6. it 

can be seen that the sway deflection can be reduced by adopting M24 bolted 

connections in preference to the M20 option. Consequently, the author has no 

reservations in suggesting that M24 details should be recommended in the first 

instance, and only if there are circumstances that could potentially ease problems 

associated with limitations to the column, should the M20 option be considered as 

an alternative. If this reasoning is implemented, it can be seen from Table C. 8, 

that the sway problems within frame f35b20 would no longer be encountered. 

The author believes that this would be acceptable on the grounds that with 

a building of that height, the preferred design solution would almost certainly 

involve adopting the most robust connection configurations that possessed the 

necessary structural performance, which by their very nature would involve M24 

bolts. 

The results presented neglect the stiffening effect on the building due to the 

influence of the cladding system. Consequently, it would be reasonable to expect 

that the true semi-rigid deflections would be somewhat lower than those calcu- 
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lated during the study. It is customary to neglect this influence on the grounds 
that the cladding does not constitute a permanent feature to the building, since 
it could be expected to be replaced on one or more occasions during the working 
life of the structure. 

Approximate methods of estimating multi-storey, multi-bay, frame deflections, 

have not been considered as part of this study. Such methods include the model 

proposed by Macleod[54], which effectively represents a multi-bay frame by a 

single bay equivalent. This particular aspect of structural behaviour is at, present 

being undertaken as an integral part of another research project[55]. 

4.6 Conclusions 

4.6.1 Ultimate limit state 

A systematic frame study has been undertaken to investigate the structural per- 

formance of Wind-Moment designs that incorporate flexible end plate connec- 

tions. At no stage did the author find any justification for modifying the design 

method. Consequently, the proposed standard connections may be used with 

confidence in a Wind-Moment frame. 

Furthermore, the member classification can be relaxed to embrace Class 2 

structural beams and columns. 

4.6.2 Serviceability limit state 

An estimate of the maximum sway applicable to a Wind-Moment frame, may 

be calculated by undertaking a rigid analysis and multiplying the correspond- 

ing deflections by the factors shown in Table 4.5. These convert a first-order 

rigid analysis into a first-order semi-rigid one, and similarly for the second-order 

analyses. 

Furthermore, whenever possible, the M2-t option should be used in preference 

to the M20 option. 
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Type of analysis 

Bay width First-order Second-order 

Multiplying factor 

-° ) 6, Om 1.6 1.7 

6. Om 2.1 2.1 

% 6. Om 2.2 2.5 

Note : 
These vaules include allowances for web shear at 
internal column locations of multi-bay frames 
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Table 4.5: Rigid frame multipliers for serviceability calculations 



134 

Part II 

Ductility of composite end plate connections 



Chapter 5 

Introduction to composite 

beams and connections 

5.1 Composite beams 

In structural engineering, the term `composite beam' is generally used to refer 

to a system of two materials, steel and concrete, that are connected such that 

both materials work together to give an improved performance in flexure. The 

system is formed with a concrete floor slab, usually cast these days on profiled 

steel sheeting, containing mesh reinforcement and possibly high-tensile reinforcing 

bars. The slab is connected to parallel steel beams which span beneath it. Once 

connected, these components interact to produce a load supporting system that 

exhibits a higher strength and stiffness than its bare steel equivalent. This in 

turn, results in a more economic structure in terms of construction depth and 

weight savings, since shallower beams are needed to carry a specific load. The 

economic advantage of this type of construction has been known for many years 

and consequently, composite beams have been used extensively in the commercial 

building sector within the United Kingdom[56,57]. 

The connection between the slab and the beams is achieved by shear connec- 

tors that are secured, usually by welding, to the top flange of the beam. these are 
135 
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subsequently embedded within the slab following the placement of the concrete. 
The composite system works by transferring the load applied to the slab through 
to the steel beams by longitudinal shear at the interface. The connectors also 

act to control the relative slip between the two respective surfaces. The most 

common shear connector is the headed stud which, in addition to giving identical 

properties in all directions, provides minimal disruption to the slab reinforce- 

ment, and is easily and quickly welded to a beam. The presence of steel decking 

does not inhibit the welding process, provided that the decking is not coated in 

plastic, or the stud position does not coincide with decking overlaps or st if ening 

ribs. 

5.2 Composite connections 

A composite frame generally consists of a system of composite beams, connected 

to columns which are usually arranged in a grid formation. Consequently. the 

beam-to-column connections can exist in many forms depending upon their posi- 

tion within the frame as a whole. The following section concentrates on primary 

connections, which may be identified as those which connect adjoining primary 

members of the frame together. These include predominately perimeter and in- 

ternal connections. 

The traditional design approach for the treatment of connections in composit Ee 

building structures has, like all design concepts, been gradually changing over 

the years. Originally, the connections to composite beams were assumed only to 

possess the characteristics of a hinge, and consequently, the beam design followed 

as though simply supported. However, with the need to produce ever increasing 

economy in design, studies were initiated during the early 1970s[58] and again in 

the early 1980s[59] to investigate this assumption. The resulting conclusions from 

these studies confirmed that adopting a semi-rigid approach to the treatment of 

composite connections could potentially produce economic benefits. In particular. 
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it was suggested that the economic benefits are most likely to be realised in braced 

frame construction, as a consequence of the trend for larger spans. If simple 
framing, where the connections are treated as hinges, was adopted for buildings 

of this nature, serviceability considerations would invariably govern the design of 
the beams. Therefore, incorporating the naturally occurring joint stiffness into 

the design procedures could be seen as a cost effective method of reducing beam 

deflections, and thus enabling a more effective use of the material strength to be 

achieved. 

For the purpose of this thesis, a composite connection refers to the defini- 

tion contained within Eurocode 4[60]; namely, a connection between a cornposil( 

member and any other member in which reinforcement is intended to courtributi 

to the resistance of the connection. 

The early researchers concentrated on investigating a composite connection's 

response under monotonically increasing loads. The specimens were configured 
in either a cantilever or cruciform arrangement, which were deemed to represent 

perimeter and internal primary connections respectively. 

The following section of this thesis provides a general overview of research on 

composite connections undertaken to date, to enable the current state of knowl- 

edge to be described. Although composite connections are considered in general 

below, the test results given at the end of the chapter are restricted to major 

axis end plate connections. This is in recognition of the author's experimental 

programme which was confined to this type of connection. 

A review of early work on composite connections was prepared by Zandonini'[611. 

who provides comprehensive details of the experimental programmes undertaken 

up to 1987. These are summarised below. ]Experimentally-based programmes of 

research undertaken since 1987 are subsequently considered in more detail. and 

the results are summarised in section 5.2.1. 
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Tests undertaken pre 1970 

1-jß 

Johnson et al. [62], and later Climenhaga and Johnson[63] investigated the be- 

haviour of continuous composite beams. The beams were fully welded to the 

adjoining columns, which were additionally stiffened between the flanges at the 

compression level. The resulting connection was therefore assumed to be rigid 

and thus possessed full slope continuity. From this work, the first indications were 
forthcoming with regard to the severe limitations that would have to be imposed 

on the slenderness ratios of the web and compression flanges, if a composite beam 

was to possess an adequate rotation capacity to develop the full plastic moment 

at mid span. This is due in part to the shift in the position of the plastic neu- 

tral axis, which moves upwards as a consequence of the slab reinforcement. The 

movement of the axis has the effect of increasing the depth of the web which 

would be subjected to compression, and consequently increases its susceptibility 

to buckling. It was further concluded, that since the moment of resistance of the 

connection would be considerably lower than the plastic moment of resistance 

at mid span, a greater connection rotation would be demanded from the system 

in order to redistribute sufficient bending moment to enable the simple plastic 

collapse condition to be developed. 

Tests undertaken between 1970 and 1980 

Semi-rigid connections were first tested by Barnard[64] as a possible alternative 

to the rigid approach. It was suggested that this type of connection could be 

used to provide a significant degree of continuity, while reducing the problems 

associated with local buckling. In particular, the susceptibility of the weh to 

buckling was thought to be practically eliminated as a consequence of the manner 

in which semi-rigid action is developed. In addition, it was thought that the flange 

buckling could be controlled by careful detailing of the reinforcement contained 

within the slab. 

These conclusions and ideas were investigated by Johnson and Hope-Gill[: }. 
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The connection consisted of an arrangement of bottom cleats secured above and 
below the lower flange of the connected beams. A reinforced concrete slab Nva 
also included to provide the composite action. This type of connection was cho- 
sen primarily to provide simplicity in detailing and a capability of stablising the 

compression flange of the connected beams. The testing programme consisted 

of a series of 5 specimens, all of which were subjected to symmetrical loading 

in a cruciform arrangement. The emphasis was directed towards investigating 

the slenderness ratio of the steel section's web and the influence of a force ratio, 
defined as the ratio between the axial yield strengths of the reinforcing bars and 
the overall steel section. This approach resulted from rigid tests undertaken pre- 

viously [63] which suggested that for a given slenderness ratio, the web's suscepp- 

tibility to buckling increased as the force ratio increased. From the experiment al 

programme they concluded that with the type of connection detail tested, good 

returns in terms of stiffness, strength and rotation capacity could be achieved. In 

addition, the presence of the stiffening influence of the cleats proved successful 

in limiting the development of flange buckling. 

As an alternative to internal connections, primary perimeter connections have 

also been studied. Ansourian and Roderick[65] conducted a series of tests to inves- 

tigate the feasibility of developing semi-rigid action at connections with perimeter 

columns. The columns themselves were encased and particular attention was paid 

to the detailing of the reinforcement. The steel part of the connection consisted 

of a single bottom cleat secured to the underside of the beams only. To provide a 

benchmark to enable the performance of the composite arrangement to be com- 

pared, the experimental programme included three tests without the concrete 

element. The main findings were as follows: (i) The moment resistance of the 

composite arrangement was of the order of twice that of the steel sections act- 

ing alone. (ii) The composite connections were found to produce a satisfactory 

performance when subjected to working loads; however, collapse of the slab as a 

result of anchorage failure followed shortly afterwards. 
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To further complement the investigation into perimeter connect ions. 
Ansourian[66] undertook an additional six tests, which represented internal com- 

posite connections. The steel detail remained unaltered from the previous test 

programme, however, an axial load equal to 20% of the squash load was applied to 

the columns. Symmetrical and asymmetrical load arrangements were considered, 
in addition to variations in the connected beams to cover a range of flange width 

to thickness ratios. During the programme, it was established that the extelit of 

yielding before the onset of buckling increased as the ratio of the flange width 

to thickness reduced. The tests were terminated as a result of local buckling 

occurring to the compression flanges. 

Tests undertaken between 1980 and 1990 

Another five specimens were tested by Ansourian and Sase[67]. Three repre- 

sented perimeter connections, with the other two representing internal connec- 

tions. Flush end plate connections were adopted for the steel detail in the first 

test and again in the third, although on this occasion backing plates were also 

included in the tension region. The remaining tests incorporated flange cleats se- 

cured to both the tension and compression flanges of the connected beams. Where 

an internal connection was considered, encasement was provided to the column. 

It was demonstrated from this experimental programme that larger deflections 

would be induced into the steelwork as a result of providing a top flange cleat 

to the steel detail. In addition, problems were encountered with the perimeter 

connections which failed by a brittle collapse of the slab, prior to the attainment 

of the plastic moment. However, this was not the case for the internal connec- 

tions which attained the plastic moment easily and failed as a result of local 

buckling induced into the compression flange of the connected beams. Improve- 

ments in connection performance, in terms of both strength and stiffness. were 

also obtained by encasing the columns in concrete, compared with their uncased 

counterpart. 
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Owens and Echeta[59] devised a experimental test programme to investigate 

a novel plastic design approach for dealing with semi-rigid composite frames. _l'o 

satisfy this design approach, the connections between the composite members 

must possess the following characteristics: (i) Cheap to fabricate and straight 

forward to erect on site. (ii) Able to act as simple supports during the construc- 

tion phase. (iii) Following the development of composite action, the connections 

should behave rigidly up to a predetermined moment. For internal connections 

this level was set at 75% of the plastic moment of the steel beam, N%-hereas for the 

external connections the level was reduced to 60%. (iv) The connections should 

possess the capability to rotate at the predetermined level of moment enabling 

the redistribution of moments to proceed uninhibited. (v) The rotation of the 

connection should not effect the transfer of shear force from the beams into the 

columns. 

One internal and four external connection tests were undertaken. The steel 

detail adopted to secure the beams to the columns for the internal connections 

consisted of bottom flange cleats and web cleats positioned in the tension region 

of the beam. For the external connections, the initial test adopted the same steel 

detail as before. This detail was later modified by excluding the web cleat and 

substituting plate stiffeners bolted through the lower flange and bottom cleat. 

As an alternative, one of the external tests dispensed with cleats altogether and 

produced the connection via a partial depth end plate located in the compres- 

sion region of the beam. The amount of reinforcement specified within the slab 

was deliberately kept low as a consequence of the relatively small moment of 

resistance that was required. Ratios of reinforcement to slab cross-sectional area 

were varied between 0.38% and 0.51%. The external connections were loaded in 

the traditional cantilever arrangement; however, careful attention was given to 

the cruciform loading arrangement for the internal connection test. The method 

adopted is illustrated in Figure 5.1. Loading in this manner enabled the moment 

at the face of the column to be kept constant whilst the moment/shear ratio could 
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be varied by increasing the shear force, `V'. This arrangement «-as designed to 

simulate the moment redistribution process from the connections. after plasticity 

has been attained. No adverse interaction was found as a consequence of vary- 

ing the moment/shear ratio. In addition, it was concluded that there would be 

sufficient rotation capacity at the connections to allow a high degree of moment 

redistribution without problems associated with buckling to the flanges and/or 

web of the connected beams. It was further concluded that if premature slip 

occurred at the bottom cleat, then the corresponding connection stiffness would 

reduce and crack widths in the concrete slab would increase. 

Figure 5.1: Load arrangement adopted to enable the moment/shear ratio at the 

column face to be varied 

A further series of 6 flush end plate connections was undertaken at the Univer- 

sity of Warwick by Johnson and Law[68]. The programme was divided into three 

groups, with each group consisting of two cruciform specimens. The composite 

beams framed into the major axis of the column for the first group of tests and 

then switched to the minor axis for the second group. In addition, for each of 

these four specimens a different degree of shear connection was provided on either 

side of the column, thereby enabling full and partial shear interaction to be inves- 

tigated. The third group of tests were similar to the first with the sole exception 

that the depth of the concrete slab was increased. Other variable parameters in- 

cluded column encasement and the presence of an axial load within the column. 

Pattern loading conditions were simulated by adopting an asymmetrical loadiiu,. 

sequence, which was implemented in the following manner. Initially-, the load on 
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one side of the specimen only was increased until the plastic moment resistance 
of the connection had been reached. This load was then kept constant while the 
other side of the specimen was loaded to a similar level. The test was completed 
by incrementing the loads on either side symmetrically until failure occurred. 
The following conclusions were drawn from the expermental programme. (i) The 
degree of shear interaction at the slab/beam interface was found to influence 

the connections behaviour throughout its operating range for both major and 

minor column orientations. (ii) This influence became more pronounced as the 

test proceeded, whereupon it became apparent that the connection with partial 

shear interaction was capable of developing a higher rotation capacity. (iii) The 

stiffening effect of the column encasement was sufficient to allow the connection 

to be assumed as rigid up to half of its ultimate strength, provided a full shear 

connection is provided. 

The experimental programme conducted by Van Dalen and Godoy[69] con- 

sisted of a total eight connection tests adopting the cruciform arrangement with 

a symmetrical load arrangement. Five of the eight were composite tests config- 

ured to represent typical connections from across the range, from simple, through 

semi-rigid to rigid. The simple steel detail was constructed from top and bot- 

tom flange cleats; removal of the top cleat with the tension flange of the beam 

then being welded to the column flange constituted a semi-rigid connection. and 

with the addition of a welded plate in the tension zone, a rigid connection was 

configured. The other three tests were undertaken without the concrete element. 

thereby providing a control from which the effects of composite action could be 

assessed. The main parameter which was investigated was the reinforcement ra- 

tio, which was varied between 0.46% and 0.80%. This range was considered to 

bound the range of practical interest. It was concluded that as the reinforcement 

ratio increased, so did the moment resistance of the connection. This was ac- 

companied by an increase in connection stiffness. As a consequence of slippage 

occurring in the cleated arrangements, it was suggested that this should be elim- 
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mated by either welding the cleats to the flanges of the beams. or providing an 

alternative type of connection, such as an end plate. The results also sbowed 
that there was a greater potential for increasing the moment resistance of a sim- 

ple connection by increasing the reinforcement ratio. This was highlighted by 

the comparisons with the control specimens, where it was found that the mo- 

ment resistance for the simple connections showed an increase of six times that 

of the control specimen, whereas, only an increase of 1.5 times was forthcoming 

for the rigid connections. The final conclusion from the work reiterated find- 

ings from previous investigations[58] concerning the beneficial stabilising effects 

of connections that incorporated a lower flange cleat. 

The experimental programme undertaken by Redwood et al [70] consisted of 

two rigidly connected, composite, cruciform specimens. The beams were fully 

welded to the column flanges which were additionally stiffened in both the ten- 

sion and compression regions of the connection. Diagonal stiffeners between the 

horizontal stiffeners were also present. The objective of the tests was to study 

their cyclic behaviour under load reversal conditions. The two specimens were 

identical in every respect, with the variation coming from the method adopted 

to apply the loads (see Figure5.2). 

ip 
p 

P 
(2nd test only) Column stiffening 

P not shown 

Figure 5.2: Load arrangement adopted to simultaneously induce positive and 

negative bending moments at the column face 

Under these loading arrangements, positive and negative bending inomeiit 

are developed at the column face simultaneously. The effect of these momeiits 

create shear forces within the column web, which would not be present under 

symmetrical monotonic loading. The first test demonstrated that it «was possible 
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to exceed the moment of resistance of a similar connection detail under monotonic 
loading. However, an overall similarity between the moment-rotation envelopes 

obtained from cyclic and monotonic loading sequences was reported. The second 
test highlighted the stability and high energy absorbing capability of the column 

web over the depth of the connection. In both cases, the moment of resistance of 
the connections were not governed by the column despite the concrete crushing at 
the column face during the second test. The tests were terminated due to lateral 

buckling; however, this was not before considerable rotation at the connections 
had been achieved. This lateral buckling was accompanied by local buckling 

occurring to the lower beam flange on one side of the connection, during the first 

test. 

A two phase experimental investigation was undertaken principally by 

Leon[71,72,731 to assess the suitability of semi-rigid composite connections in 

providing the necessary stiffness to an unbraced composite frame. The first phase 

of the investigation consisted of three connection tests all having a cruciform a r- 

rangement. The first two were composite and the third provided a control by 

omitting the composite element. The steel details chosen varied slightly between 

the composite tests. For the first test, top and bottom cleat arrangements were 

provided on one side of the column and bottom cleats only were adopted for the 

other side. The second test, however, incorporated the same steel detail either 

side of the column, whereupon the connection was via bottom cleats only. hie 

same combination of steel details that was utilised for the first test was adopted 

for the third test. In addition to the flange cleats, web cleats were provided on 

the centre line of the connecting beam in all the steel details. The loading ar- 

rangements also differed between the tests. Monotonic loading was adopted for 

tests 1 and 3, whereas cyclic loading was adopted for test 2. The cyclic re poilse 

was achieved by applying a horizontal load to the base of the column, rather than 

at the beam ends. Following comparisons with the control. it was established that 

the presence of the reinforcement in the absence of a top cleat produced a similar 
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performance to the non-composite connection which included this cleat. How- 

ever, although the connection characteristics showed similarities in performance, 
the initial linear portion of the characteristic was extended for the reinforced con- 

nection when compared to the non-composite equivalent. Consequently, it was 
thought that the initial linear portion could be further extended by increasing 

the reinforcement ratio. In addition, it was concluded that problems associated 

with the column web crippling may not be as severe for semi-rigid connections 

as is expected when the connections are rigid. This phase of the experimental 

programme was further complemented by a full scale test on a two-bay frame. 

which confirmed the findings of the earlier studies. The second phase of this work 

was undertaken during 1990 and consequently will be described subsequently. 

A series of end plate connections were investigated by Benussi et at [74,7.5]. 

The first phase of the project consisted of four symmetrically loaded cruciform 

specimens. Two of them had full depth end plates, which were deemed to rep- 

resent semi-rigid connections, whereas header plates welded in the compression 

region were adopted for the remaining two specimens to represent simple connc'c- 

tions. For each of the different connection types, reinforcement ratios of 0.7% and 

1.2% were adopted, to enable the strength of the reinforcement to be established 

and the influence of changing the connection detail to be assessed. They con- 

cluded that despite the considerable difference in terms of strength and stiffness 

between the specimens, certain similarities existed which could be used to define 

key elements of the moment-rotation characteristic (see Figure 5.3). 

It was further suggested that to improve the performance of a composite connec- 

tion, emphasis should be directed towards increasing the reinforcement wit hin 

the slab rather than opting for a more complicated steel detail. 

The second phase of the project concerned the following investigations: firstly 

the influence of the shear connection, secondly the interaction between the con- 

crete slab and the column and finally, the effect of unbalanced moments. This 

phase consisted of a series of a further six connection tests in a cruciform a. rrangc- 
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Figure 5.3: Key elements of the moment-rotation characteristic 

ment. The same steel detail was adopted for five out of the six tests, and was 
identical to the header plate detail utilised during phase 1. For the sixth test, 

the beam was fully welded to an unstiffened column. The shear connection was 

provided by various sized welded studs, or mechanically fastened connectors. To 

study the interaction between the concrete slab and the column, a gap between 

the slab and the left hand side of the column flanges was introduced in four of 

the tests. It was concluded that the moment resisted by the connection increased 

during the inelastic range of the characteristic as a result of strain hardening 

within the reinforcement. In addition, substantially more uplift was observed 

at the steel/concrete interface when the shear connection was provided through 

mechanically fastened connectors. In the absence of the concrete bearing on the 

column, the left hand connection showed a marked difference in performance, 

when compared to its right hand counterpart. It was further concluded that sub- 

stituting a welded detail for the header plate would lead to a limited increase in 

the moment resistance of the connection. However, this increased strength was 

also accompanied with a reduction in the rotation capacity. 

A research project consisting of a total of 11 connection tests has been un- 

dertaken by Lam[76]. Six represented internal composite connections and were 

tested in a cruciform configuration. The remaining five were external connec- 

tions and consequently a cantilever configuration was adopted. The steel detail 
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chosen was kept constant throughout and consisted of a bottom cleat in conjunc- 
tion with web cleats positioned centrally on the beam. The variable parameters 
were column orientation, reinforcement ratio, and since the slab was cast on steel 
decking, the decking direction was also varied. During the cruciform tests, the 
load was applied to the top of the column, with the cantilever arms reacting 
against the test rig. The decking orientation was found to influence the stiffness 

of the uncracked slab, which increased when the ribs were parallel with the beam. 

The rotation capacity and moment resistance of the composite connection were 
improved by providing a higher reinforcement ratio. In contrast, when the slab 

only contained a nominal amount of reinforcement, its performance was severely 
diminished in every respect. 

Tests undertaken between 1990 and 1995 

A further four cruciform composite tests were undertaken by Leon [7 7] 
, to com- 

plete the research project originally started in the late 1980s. The steel detail 

was again the cleated arrangement described above; however the thickness of 

the bottom cleat was varied. The loading sequence adopted represented either 

monotonic or cyclic actions. During the early stages of each test,, slippage was 

observed at the interface between the cleats and the beam flanges. Under cyclic 

loading it was found that the hysteresis exhibited by the connection was reduced 

by increasing the thickness of the bottom cleat. It was finally concluded that, in 

areas of low to moderate seismicity or where moderate to high wind loads exist , 

a semi-rigid composite system could be advantageous. 

A comprehensive research programme consisting of 38 composite cleated con- 

nections was tested by Altman et al[78]. The tests were all cruciform in arrange- 

ment and subjected to symmetrical monotonic loading. The steel detail adopted 

took the form of top and bottom flange cleats in conjunction with centrally posi- 

tioned web cleats. However, for certain tests, the top cleat was removed. Three 

different beam depths were considered, which were combined with reinforcing 
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ratios equivalent to 0.67%, 1.3% and 2.1%. The flexibility of the connection was 
found to be increased as a consequence of slip occurring between the cleated an- 

gles and the beam flanges. However, it was found that the reinforcement ratio 

was the single most important parameter which governed the connections' overall 
behaviour. As this ratio increased, both the strength and stiffness were improved. 

Details concerning the rotation capacity of the connections were unfortunately 

not reported. 

Nine composite and two steel end plate connections have been tested by An- 

derson and Najafi[9]. The experimental programme was based on a programme 

undertaken by Lawson et al [79], which investigated similar connection details 

under fire conditions. For Lawson's work, the steel details were selected to repre- 

sent a range which could be considered as being typical of those used in practice. 

The details therefore included extended and flush end plates as well as web cleat 

connections. The latter group were not considered by Anderson and Najafi, since 

the aim of their experimental programme was to concentrate on end plate de- 

tails. The connections were configured to represent primary internal joints and 

framed into both the major and minor axis of the column. Symmetrical and 

asymmetrical loading sequences were adopted for the major axis and minor axis 

tests respectively. Periodically throughout each test, an unloading sequence was 

initiated to enable the connections' unloading stiffness to be established. The 

reinforcement ratio was generally varied between 0.5% to 1.5%; however, one of 

the minor axis tests incorporated mesh reinforcement only. The provision of such 

a small amount of reinforcement represented the minimum required for composite 

action to be developed, and is subsequently referred to as the nominal provision. 

The majority of the tests incorporated a full shear connection, although a partial 

connection was provided on two occasions. As an additional variable. the beam 

depth was increased for the final major axis test. The steel-only details were 

incorporated to provide a control by which the composite performance could he 
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judged. Following the assessment of the results the following were concluded : 
(i) The amount of reinforcement increases the moment resistance of the connec- 
tion, thus making it possible to provide a full strength composite connection. (ii) 
The rotation capacity of a connection is influenced by the amount of reinforcement 
provided, with a satisfactory performance being achieved when the reinforcement 

ratio is of the order of 1%. (iii) The amount of reinforcement does not influence 

the initial stiffness of composite connections. (iv) The type and sequence of load- 

ing influences the connection's response. In particular, during the asymmetrical 

sequence, the point at which the unloading phase is initiated has a pronounced 

effect of the connection's unloading stiffness. (v) The extended end plate de- 

tail increases the moment resistance of both the steel and composite connections 

in comparison to a similar flush end plate detail. In addition, the extended ('lid 

plate detail also reduces the column flange deformation and consequently reduces 

the need for stiffening in the tension region of major axis connections. (vi) The 

column orientation influences the stiffness response of the attached connections. 

The minor axis connections produced a stiffer response than their equivalent ma- 

jor axis counterpart. (vii) An increase in the connection's moment of resistance 

can be achieved by increasing the beam depth; however, the rotation capacity is 

severely restricted. 

A series of fourteen composite connection tests have been undertaken by Arib- 

ert et al [80,81] 
. 

The test programme was divided into four phases, with each 

phase concentrating on a different aspect of connection design. All the tests rep- 

resented major axis connections and were configured in a symmetrical cruciform 

arrangement. The first phase combined a flush end plate detail with a slab con- 

taming a constant reinforcement ratio. A total of four tests were carried out. 

with the variables being the beam and column depth. To enable the composite 

action to be assessed, the first test in this phase was conducted on the bare steel 

end plate detail without the concrete slab. The second phase of the projccrt was 

designed to investigate the effect of changing the reinforcing ratio when the slab 
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is combined with an extended end plate detail. A benchmark test consisting of 
the steel detail only was again undertaken during this phase. For phase three of 
the project, the same steel detail that was utilised during phase one was adopted. 
The purpose of this set of three tests was to investigate the influence of using a 
different type of decking and to assess the effect of changing the degree of shear 
interaction. The first test in this phase had a full shear connection, whereas 75% 

and 50% shear connection was provided for the second and third tests respec- 
tively. The final phase of the project adopted a cleated arrangement to form the 

steel detail. Flange cleats were provided in conjunction with centrally positioned 

web cleats. The variable parameters to be studied during this phase were the re- 

inforcement ratio and the degree of shear interaction. To achieve this objective. 

100%, 75% and 50% shear connection was provided for the second, third and 

fourth tests respectively. The first test in this phase consisted of the steel detail 

only, to provide the control from which the composite action could be compared. 

Aribert and Lachal drew the following conclusions from their experimental pro- 

gramme. (i) The more flexible the steel detail, the greater the influence in 1 crms 

of stiffness and strength for a given reinforcement ratio. (ii) A decrease in the 

depth of the connected beam leads to a reduction in both the stiffness and iiio- 

ment resistance of the connection; however, the rotation capacity is improved. 

(iii) A partial shear connection reduces the rotation capacity of a composite end 

plate connection, since the failure is now associated with the fracture of the shear 

connectors themselves. It was suggested that a partial shear connection, even as 

low as 50%, could remain feasible provided the risk of connector failure can be 

controlled. (iv) Slip between the beam elements and the cleats have a pronounced 

influence in increasing the connection's flexibility during the early stages of the 

loading sequences. 

Following a preliminary pilot study undertaken by Davison et al[t2] at the 

University of Sheffield, a comprehensive experimental programme was under- 

taken by Xiao et al[83]. The project considered a wide variety of steel detail 
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which included bottom cleat arrangements. flush end plate, partial depth cnd 
plate and finplate connections. All the steel details. with the exception of the 
first to provide a control, were combined with various reinforcing details to form 

a composite arrangement. For the end plate connections. various forms of stiff- 
ening were incorporated to strengthen the column web. The type of stiffening 

provided included plate stiffeners welded between the flanges of the column in 

the compression region, or stub beams framing into the minor axis of the column 

and bolted in position. In addition, backing plates to the column flanges were 

also included for the last test on this type of connection. These plates were lo- 

cated in the compression region of the connection, with the objective being to 

reduce the flange deformation in this area. For the tests that adopted partial 

depth end plates, one of the variable parameters was the position of the plate in 

relation to the depth of the beam. Three positions were considered, namely at 

the top, middle and at the bottom of the connected beam. The beam depth and 

decking orientation were taken as the variable parameters for the finplate con- 

nection tests. The connection test comprising the deeper beam was configured 

to match previous tests undertaken on bare steel finplate connections [8-l], thus 

enabling the influence of the composite slab to be assessed. The reinforcement 

ratio varied between nominal and 1.2%, and was applicable to all the connection 

tests undertaken. Internal and external primary connections were considered and 

arranged in cruciform and cantilever configurations respectively. For the external 

connections, partial depth end plates were considered and positioned either al I he 

top or bottom of the connecting beam. In an attempt to improve the anchorage 

provided to the reinforcement, the longitudinal bars were bent into the slab and 

extra transverse bars were added to both the top and bottom of the slab at t he 

back of the column. In addition, trim bars bent to 450 were placed around the 

back of the column in an attempt to control the diagonal cracking. The columns 

were orientated such that the beams framed into the major axis for all the test` 

except for two occasions, where they spanned into the minor axis. The nlinUýz 
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axis tests incorporated partial depth end plate details. A symmetrical loading 

sequence was adopted throughout the programme with periodic unloading phases 
to monitor the connections' unloading stiffness. The emphasis of the experimental 
work was directed towards assessing the moment of resistance. rotational stiffness 

and rotation capacity of commonly available composite connections with v-arYing 
reinforcing details. 

For cleated connections, the initial rotational stiffness was influenced by hor- 

izontal slip between the connecting elements. However, this type of detail does 

possess some degree of moment resistance and rotational stiffness in its bare steel 

state. Composite action though has the effect of further increasing the connec- 

tion's initial stiffness and moment of resistance over its bare steel equiva ennt. 
However, when only a nominal amount of reinforcement is provided. I lie rotation 

capacity is restricted. In addition, providing composite action through a suitable 

reinforcing detail has the effect of reducing the horizontal slip. Consequently. 

the rate at which stiffness is lost by the connection is reduced during the early 

stages of loading. Increasing the reinforcement ratio above that denoted nomi- 

nal, produces a further increase in the moment of resistance and a considerable 

improvement in the connection's rotation capacity. 

The end plate connections produced the highest initial stiffness of all the 

connection types considered, for a given reinforcing detail. The moment of resis- 

tance and rotational stiffness were enhanced by the presence of stiffening to the 

column web, since web buckling was precluded from the possible modes of fail- 

ure. As the reinforcement ratio increased, the rotation capacity of the connection 

also improved. This beneficial effect was the result of the mode of failure of t he 

connection being changed from brittle to ductile and thus associated with defor- 

mation within the components of the steelwork detail. The backing plate located 

in the compression region of the connection prevented excessive deformation to 

the column flange, therefore eliminating the need for costly welded stiffeners. 

The position of the partial depth end plate significantly influenced the con- 
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nection behaviour and eventual failure mode. The weakest position. in tcrn 

of producing the most flexible response, was when the plate was secured at the 
top of the beam. Improvements in both the moment resistance and stiffness 

of the connection were achieved by lowering the position of the plate. The ro- 
tation capacity was also influenced by the location of the plate. with the best, 

performance coming from the central position. The lowest rotation capacity was 

achieved when the plate was secured at the bottom of the beam. This was the 

result of the failure mode being associated with the column web buckling rather 

than the beam web, which governed the failure when the plate was located in the 

other positions. Following the completion of the minor axis tests. it was again 

concluded that the positioning of the plate is crucial to the achievement of high 

stiffness and moment resistance. The low position of the plate again proved to 

outperform higher plate positions; however, increased strength and stiffness was 

achieved at the expense of the rotation capacity. 

Following the completion of the finplate tests the following conclusions were 

drawn: (i) The finplate connection produced a more flexible response than its 

cleated counterpart in comparable tests. (ii) An increase in moment resistance is 

forthcoming as the reinforcement ratio is increased. However, when the reinforc- 

ing detail is restricted to the mesh only, the rotation capacity of the connection 

is restricted. (iii) The moment resistance of this type of connection was governed 

by the tensile resistance of the reinforcement and/or bearing in the beam web or 

finplate. (vi) The decking may be regarded as equivalent reinforcement when it 

is positioned to run parallel with the beam direction. However, an increase in 

the connection's initial flexibility would also result. 

For the external details, the connection failure was always associated with 

loss of anchorage to the reinforcement. This mode of failure was very sudden 

and brittle and consequently clearly undesirable. The connection flexibility and 

rotation capacity were increased when the partial depth end plate was positioned 

at the top of the beams. However, this «gas accompanied by a reduction in the 
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moment resistance of the connection. 
A series of six composite flush end plate connection tests has been undert akeil 

by Li[85] at the University of Nottingham. The primary objective of the experi- 

mental programme was to study the effects of varying the shear/moment ratio at 
the column/beam interface. Consequently, the steel detail adopted and reinforce- 

ment arrangement were kept constant throughout. with the shear/moment ratio 
being varied by adjusting the load positions and intensities thereof, relative to 

the column position (see Table 5.4). The connections were configured in a cruci- 

form arrangement and framed into the major axis of the column. In addition, the 

same end plate detail was tested in isolation from the slab to enable the effects of 

the composite action to be assessed. The main findings of the programme were 

as follows: (i) The moment resistance of the connections were not significantly 

influenced by the presence of the shear force, except when a high level of shear 

coexists with a relatively weak beam web. (ii) The effect of asymmetrical load- 

ing on the connection's moment of resistance is influenced by the column web 

shear resistance or the concrete strength. (iii) The moment resistance of a steel 

end plate detail can by increased by composite action. (iv) The failures of Ilse 

connections were generally associated with deformation within the steel detail, 

and consequently the rotation capacity was not restricted by a non-ductile type 

of failure. 

A two-phase experimental programme has been undertaken by 

Ren and Crisinel[86]. The first phase was concerned with bare steel connec- 

tions only, to enable the composite performance to be assessed when the steel 

details are combined with a concrete slab. Two types of steel detail were con- 

sidered, namely, web cleat arrangements and flush end plate connections. The 

main variable parameter for the composite tests was the reinforcement ratio. The 

tests were configured to represent primary internal connections, with the beams 

spanning into the major axis of the column. A symmetrical loading sequence way 

adopted and the shear connection was designed to provide full interaction. l ol- 
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lowing the completion of the programme, the following conclusions were drawn: 

(i) The flush end plate connection exhibits a high moment of resistance and 

very poor rotational capacity. (ii) The rotation capacity is improved by adopt- 

ing cleated arrangements; however, the improved ductility is accompanied by a 

reduction in the moment resistance of the connection. (iii) When a nominal per- 

centage of reinforcement is provided with a flexible steel detail («-eb cleats). the 

moment resistance and rotational capacity are significantly reduced. 

5.2.1 Experimental results for end plate connections 

The following section provides detailed experimental results which are applicable 

to the major axis end plate connections that have been discussed previously. 

Consequently, the work undertaken by the following authors has been included. 

1. Anderson and Najafi[87] - The connection configurations are shown iii 

Table 5.1 and the moment-rotation characteristics are given in 

Figures 5.4 and 5.5. 

2. Xiao et al[83] - The connection configurations are shown in Table 5.2 and 

the moment-rotation characteristics are given in Figures 5.6 and 5.7. 

3. Aribert et al[81] - The connection configurations are shown in Table 5.3 and 

typical moment-rotation characteristics are given in Figure 5.8. 

4. Li et al[85] - The connection configurations are shown in Table 5.4 and the 

moment-rotation characteristics are given in Figure 5.9. 

5. Johnson and Law[88] - The connection configurations are shown in 

Table 5.5 and the moment-rotation characteristics are given in 

Figure 5.10. 

6. Benussi et al[74] - The connection configurations are shown in Table ý. _ý 

and the moment-rotation characteristics are given in Figure 5.11. 
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7. Ren and Crisinel[86] - The connection configurations are shown in 
Table 5.5 and the moment-rotation characteristics are given in 
Figure 5.12. 

5.3 The need for further experimentation 

It can be seen from the tables referenced in section 5.2.1, that the majority 

of end-plate connections which have been tested to date, have incorporated 

beams of relatively shallow serial size (less than 400mm). Composite beams 

of this depth could be reasonably expected to span between columns which are 

up to 9m apart. To further increase their capability however, would necessi- 

tate a larger serial size beam being adopted to form the composite arrangement . 
This has been recognised by amongst others Anderson and Najafi[8 7], who in- 

cluded a single test on a composite connection that included a 457 serial size 

beam. The results from this particular test showed an improvement in the con- 

nection's moment of resistance over its smaller beam equivalent, however, this 

was accompanied with a dramatic decrease in ductility. For this type of beam 

to be considered acceptable for general use in plastically designed continuous 

composite construction, the problem of the lack of ductility of a connection 

must be addressed. Consequently, the author's experimental programme (see 

Chapters 6-8 inclusive) was primarily designed to investigate the ductility of 

composite flush end plate connections, that incorporate 457 serial size beams: 

however, a single test on a 533 serial size beam was also undertaken. Com- 

posite beams that include beams of these sizes, would be expected to span be- 

tween columns which are up to 14m and 16m apart, respectively (see Chapter 
, 

section 8.2.2). In addition, other variable parameters investigated by the au- 

thor were end plate thickness and horizontal spacing of the reinforcement. I-'ur- 

thermore, the tests also enabled further checks to be made on existing method', 

proposed for calculating the moment of resistance of such connections. 
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Table 5.1: Experimental programme undertaken by Anderson and Najafi 
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Figure 5.4: Moment-rotation characteristics from the programme undertaken by 

Anderson and Najafi 
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Table 5.2: Experimental programme undertaken by ciao (I al 
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Figure 5.6: Moment-rotation characteristics from the programme undertaken by 
Xiao et al 
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Figure 5.8: Moment-rotation characteristics from the programme undertaken by 
Aribert et al 
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Moment-rotation characteristics from the programme undertaken 
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Chapter 6 

Test configurations and 
instrumentation 

According to Eurocode 4[60], for a connection to be considered in the context 

of providing composite action, it should be reinforced in such a manner that the 

reinforcement would contribute to its overall moment of resistance. Connection 

configurations which meet this criteria have been discussed in Chapter 5, inhere 
it has been established that to achieve this enhanced performance, the slab re- 

inforcement would generally take the form of high tensile steel bars which run 

continuously past the column in a symmetrical formation. 

To enable plastic methods of structural analysis to be applied to a braced 

composite structure, the internal connections must be capable of redistributing 

bending moments to the midspan region whilst maintaining their enhanced mo- 

ment resistance. To enable this to happen, the connection detail must be capable 

of deforming in a ductile manner, with sufficient rotation capacity for the assumed 

redistribution to occur. 

Five connection tests were commissioned by the Building Research Est ab- 

lishment and carried out by the author. All the tests represented major axis, 

internal beam-to-column connections and were thus configured in a cruciform 

arrangement. 
171 
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The end plate connections were designed in accordance wit h European codes 
of practice[17,601. The shear resistance for each connection was provided I )y 

rows of bolts positioned in the compression region of the connection. This accords 

with everyday practice, which assumes that shear is only resisted by the bolts 

adjacent to the lower flange. Consequently, this allows the full tensile capacity of 

the bolts positioned just beneath the top flange to be utilised when calculating 

the moment of resistance of the connection. 

6.1 Experimental programme 

Unless otherwise stated, the common parameters between the composite tests are 

indicated in Figure 6.1 

Decking. PMF46 - orientated transversely 
with respect to the 
beam direction 

Effective breadth. 1100mm 

Overall slab depth. 120mm 

Full shear connection 7 no. 19mm diameter studs on 
each beam 

Main longitudinal reinforcement 4 no. T16 bars 

Secondary reinforcement A142 mesh- arranged symmetrically 
about the centre lines 
of the column 

Cover to reinforcement. .. 
25mm 

Concrete compressive strength Nominally 30 N/mm cube strength 

Lever arm for the applied moment 1410mm 

Steel section 457x152x52 Universal beam 

Column section. . 
End plate thickness 

203x2O3x52 Universal column 

15mm 

Structural grade for the steel Grade 43 (S275) 

Bolt specification . 
M20, structural grade 8.8 

Figure 6.1: Common parameters between the composite connection tests 
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Test 1: Steel only (non-composite) comprising two 45 11.52x. 52 universal 
beams connected to a 203x2®3x52 universal column. This test was designed to 

provide a control for the following 3 composite tests, by enabling the behaviour 

of the steel sections to be studied in isolation. This would allow the change in 

the connection behaviour due to the beams acting compositely with a reinforced 

concrete slab to be compared. The steelwork fabrication drawings for this and 

the subsequent composite tests are illustrated by Figure 6.2. 

Test 2: This was the first of the series of composite connection tests. The 

primary slab reinforcement consisted of four 16mm bars grouped closely together 

on either side of the column. Details for the reinforcing arrangements for this 

and the subsequent tests may be obtained from the general arrangement drawing 

(see Figure 6.3). The reinforcement arrangement adopted differs from that used 

in previous tests[9], in which the bars were uniformly spaced over the width of 

the slab. Where the secondary mesh reinforcement had to be cut to accommo- 

date the column section, continuity was restored in the longitudinal direction by 

securing additional reinforcement. This additional reinforcement was created by 

separating the mesh into individual lengths sufficient to enable an overlap of at 

least 150mm. The mesh was non-continuous in the transverse direction for all 

the composite tests. 

Test 3: For this composite connection the primary reinforcement was the 

same as for test 2, except that the transverse spacing between the bars was in- 

creased to the maximum allowed by current codes of practice[89]. The secondary 

reinforcement consisted of A142 mesh; however for this and for the subsequent 

tests, no attempt was made to restore continuity in the longitudinal direction. 

Test 4: The primary and secondary reinforcement for this composite test 

were identical with that adopted for test 3. The difference in this test was the end 

plate thickness being reduced from 15mm to 10mm. It was anticipated that the 

deformation of the column flange in the tension region would reduce significantly 

as a result of this change of thickness. Consequently the rotational deformation 
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of the connection should be primarily associated with the deformation character- 
istics of the end plate. The intention of this test was to determine the influence of 
the end plate thickness on the resistance and rotation capacity of the composite 

connection. In addition for this test and the final test, the bolt size was increased 

from M20 to M24. However, the structural grade of the bolts was maintained. 

The justification for increasing the bolt size for the final two tests was the ne- 

cessity to lower the risk of the mode of failure being bolt fracture occurring in 

the tension region of the connection. This failure mode was considered unaccept- 

able, on the grounds that the experimental programme was being conducted in 

an open laboratory. 

Test 5: The final composite test comprised of much larger beam and column 

sections. A 533x210x82 universal beam was connected to a 254x25'lx 3 univer- 

sal column. The end plate thickness was restored to 15mm, and the main and 

secondary reinforcements were similar to tests 3 and 4. The difference in the 

reinforcing arrangement was the result of having to increase the horizontal spac- 

ing between the internal rebars to accommodate the larger column section. The 

purpose of this test was to provide evidence on the behaviour of a beam that is 

towards the upper end of the range of universal beams, likely to be incorporated 

into a composite building frame. 
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Test 1-4 inclusive 

End plate dimensions 

55 90 55 

0 

IL 500x200x15(1 
Grade 43 

6 No. 
22(26) diameter holes 

O 
N 
N 

C) 

N N 

457x152x52 UB 
Grade 43 

Notes :O- Applies to test 4&5 only 
6mm FW to web 
10mm FW to flange 

Beam details 

1700 
1400 

457x152x52 UB 

10mm stiffener both sides 
55mm outstand from web 
6mm FW 

Column details 

S 
C 

C 

90 

8 

)3x203x52 UC 
Grade 43 
1200 long 

6 No. 
5) diameter holes 
each flange 

12mm stiffener both sides 
95mm outstand from web 
6mm FW 

8 

12mm stiffener both sides 
i 10mm outstand from web 
6mm FW 

Fillet welds not shown 
Dimensions in mm 
Not to scale 

See end plate 
details above 

ß 578x250x15 
Grade 43 - 

6 No. 
25 diameter holes 

533x210x82 UB 
grade 43 

Notes : 6mm FW to web 
10mm FW to flange 

CIO N 
r^. 

1700 
1400 

254x254x73 UC 
Grade 43 
1300 long 

00 
M 6No. 

25 diameter holes 
to each flange 

°rn 

12m tiff ner b t] ms e o 
I 10mm outstand fr( 
6mm FW 

Test 5j 

80 90 80 
I ryI 

I 

6 No. 
25 diameter holes 

to each flange 

Figure 6.2: Steelwork fabrication drawings 

12mm stiffener both sides ue(aiis anove 
90mm outstand from web 
8mm FW 
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10 

W 

225 cfc 

Test is symmetrical about the Q of the column 

test a b 

1 - - 
2 270 100 
3 270 220 
4 270 220 
5 315 220 

Section A-A 

Diagonal reinforcement to 
prevent premature connection 
failure at the load points 
bar mark 2 

Load 
+ 

B 

Main longitudinal reinforcement 
bar mark 1/ 

Secondary mesh reinforcement, 

B 

A 

4. 

e Figure 6.2 for 
-elwork fabrication 

Spacer 

Section B-B 

Not to scale 

Dimensions in mm 

Bar bending schedule 

Member Bar Type &size No. Of No. of Total Shape code A 

mark members bars in No. (mm) 
each 

1 T16 high tensile 4 4 16 -1 
35 

3585 
type 2 deformed 

yÜ 
G 

A 
2 R8 mild steel 4 8 32 L 33 600 '' Vci plain I 

Figure 6.3: General arrangement drawing for the experimental programme 

1100 
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6.2 Specimen Fabrication and Erection 

6.2.1 Steelwork 

The bulk of the specimen fabrication was undertaken by a steelwork contractoi- 

organised by the Building Research Establishment, and delivery- «was accepted 
by the University of Warwick during April 1993. Unfortunately, following an 

examination of the steelwork it was discovered that the column flange fabrication 

had not been completed. As they stood, the column had only been drilled on one 

flange and therefore, could only accept one beam. 

To overcome this, the other flange of each column had to be drilled to enable a 

beam to be bolted to both flanges, thereby modelling an internal beam-to-column 

connection by the traditional cruciform arrangement. This work was undertaken 

at the university under the supervision of the author. 

To enable the drilling operation to be completed, the column flanges were 

initially marked out and the beams aligned by adopting the following procedures. 

Universal column section 

(a) --- - -- L--- '-- ---------- r4 äa 
Beam A Straight 

Plan view steel guides f 

------- ----------------- --------------- --- ---------- - ---- ------- --- ----- --- 
Beam A Beam Bä 

Plan view 
cc) 

iý 03 

65 

4e 02 

Tighten bolts in numerical order as follows : 

first circuit up to 10ONm 

second circuit up to 150Nm 
third circuit up to 200Nm 
forth circuit check bolt torque equals 200Nm 

Figure 6.4: Steelwork errection 
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1. An elevated horizontal surface consisting of two separately levelled and 

aligned tables, to support the beams, were set out in the laboratory with a 
300mm gap between them to accept the column. Alignment of the mem- 
bers was achieved by using a long straight edge, which was checked for its 

straightness using the diagonal length of a surface table. The level of each 

table surface was adjusted by placing metal shims beneath the table legs 

where necessary and checked using a spirit level. The first beam, denoted 

A in Figure 6.4(a), was then positioned on one of the tables, such that its 

top flange was horizontal in both the perpendicular and parallel directions 

in relation to the length of the beam. This was achieved by tapping small 

wooden wedges beneath the bottom flange. 

2. The column was then positioned between the tables and loosely bolted to 

the beam. A spirit level was used to ensure column verticality prior to 

tightening the bolts to prevent further movement. 

Two steel guides were then secured to the top flange of the beam. The 

straight edge was then offered up to the guides and measurements between 

the edge and the beam's centre line (denoted 01) and the edge and the 

column's centre line (denoted 02) were recorded (see Figure 6.4(a)). The 

column was then moved horizontally such that the difference between the 

two measurements tended to zero. 

The first misalignment imperfection 'p1 could then be described mathemat- 

ically in accordance with equation 6.1. 

X01 = A2-01 (6.1) 

3. Beam B was then positioned flush against the insitu column, such that the 

bolt holes in the pre-drilled end plate were equidistant either side of the 

column web, ensuring that the beam's top flange was horizontal by the 

method described previously. The assembly was then clamped in position. 
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The centre of the bolt holes to be drilled were marked on the column flange 

by punching through the pre-drilled end plate, using a 22mm diameter 

centre-punch. Identifying marks were then painted on to the beams together 

with their respective column flanges, to enable re-assembly at a later date. 

4. The remainder of the steelwork for each test was then erected by repeating 
the majority of the above procedure; however this time the second beam 

was bolted in position rather than being clamped. The erection «-as then 

completed by adopting the following procedure. 

5. Two further steel guides were secured to beam ß (see Figure 6.4(b)), in a 

similar manner to that described previously. The straight edge was offered 

up to the guides and measurements between the edge and the column's 

centre line (denoted 02) and the edge and the beam's centre line (denoted 

03) were recorded. The second misalignment imperfection cp2 could then 

be expressed mathematically by equation 6.2. 

03 ý02 = 02 
- (6.2) 

Taking the column centre line as the datum, a total misalignment imperfec- 

tion V, was established. Beam B was positioned such that the conditions 

described by equation 6.3 were approached. This centering procedure was 

carried out to minimise the influence of an out-of-plane turning moment 

about the connection during the loading sequences (see Table 6.1). 

Sp -ý min 

cpl>0 and (O2<0 

OR 

cpl and lrý 2>0 

6. The bolts were then gradually tightened to a torque of 200 Nm by the 

procedure shown by figure 6.4(c). A predetermined value of torque was 
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adopted to maintain consistency between all of the test specimens. 

Misalignment Test 
imperfections 

(mm) 12345 

1ý1 +7.0 +6.5 +8.0 +9.5 -1.0 

1ý2 +7.5 +6.5 +7.5 +15.0 -1.0 

Table 6.1: Specimen misalignment imperfections 

180 

Further details of the geometrical imperfections within the structural members 

may be obtained from Appendix D. 

6.2.2 Composite arrangement 

Two casting bays were constructed and secured to the laboratory floor. Each bay 

consisted of a centrally positioned column support, a continuous edge support 

running the full length and breadth of the cruciform connection arrangement and 

adjustable supports for the lower beam flanges to rest upon (see Figure 6.5). 

Figure 6.5: General arrangement of the casting bay 

The continuous edge supports were constructed first and levelled. Their height 

above the laboratory floor was sufficient for the connection to be positioned in t. lie 
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bay, such that initially the beam's top flanges were lower than the edge suppports. 
The adjustable beam supports were then assembled and positioned near each 

end of the bay. These supports consisted of two small channel sections bolted 

together with a threaded bar, with a gap left between the sections to allow for 

adjustment. The column support was then positioned centrally in the bay. 

The connection assembly was then lifted into the bay, and the column lowered 

on to its support. The beam supports were adjusted such that the top flanges 

were horizontal in both the perpendicular and parallel directions in relation to 

the length of the beams. The column was then raised using metal packing until. 

following the levelling operation, the top flanges were exactly the same height as 

the continuous edge supports. The lower flanges were then clamped to the beans 

supports to stabilise the connection in the bay. 

Steel sheet decking, code CF46 - 0.9mm, manufactured by Precision Metal 

Forming Limited[90] was then placed around the connection to provide permanent 

formwork. The decking was orientated such that the ribs spanned transversely 

across the beams. The decking consisted of 1100mm by 990mm sections which 

were overlapped along the length of the connection. A break in the continuity 

of the decking in the vicinity of the column was avoided by cutting the column 

profile out of the relevant section of the decking. 

Shear studs were then `through - deck' welded to the top flange of each beam 

in their most favourable position relative to the troughs in the decking[57]. 

A continuous edging trim around each side of the connection was then secured 

to the decking by a series of angled brackets and pop-rivets. The trim was 120mm 

deep, which corresponded to the overall depth of the finished slab. Plasticine was 

used to fill any gaps between the decking and either the column or the edge trim. 

A light mesh, A142, was then cut to size and any fragments of rust removed 

using wire wool. The mesh was lowered over the column to rest on 25mm spacer 

blocks positioned on top of the decking and tied in place using the angled brackets 

supporting the edging trim as suitable anchorage points. The spacer blocks were 
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positioned randomly over the decking to provide uniform support for the me'h. 
Premature connection failure has been reported previously for cruciform test 

arrangements[9]. The failure took the form of the main longitudinal reinforcement 
being effectively pulled out of the concrete slab in the vicinity of load points. thus 

destroying the structural integrity of the specimen. This type of failure has been 

likened to a punching shear failure created by the concentrated load over a small 

area. To prevent this from occurring, diagonal reinforcement was specified and 

positioned in the vicinity of both the load points (see Figure 6.3). 

The primary reinforcement and diagonal reinforcement were prepared in ac- 

cordance with the bar bending schedule shown in Figure 6.3. The primary rein- 

forcement constituted 16mm diameter high tensile steel bars which ran longitu- 

dinally over the full length of the slab. The diagonal reinforcement constituted 

8mm diameter mild steel bars. The reinforcement was then secured in the slab 

by utilising the mesh as a suitable anchorage system. 

The concrete was manufactured at the University of Warwick. The cement 

type used throughout the composite tests was Ordinary Portland Cement [91] 
. 

The coarse and fine aggregates used were uncrushed and taken from natural 

sources. Prior to the concrete mix being designed, the aggregates were graded [92] 

with the following results being established. The coarse aggregate was classified 

as a 20mm to 5mm graded aggregate, whereas the fine aggregate was classified 

as a medium concreting sand. 

The concrete was designed in accordance with the Department of the Envi- 

ronment's method of mix design [93]. The characteristic strength of the concrete 

at 28 days was designed to be 30 N/mm2 with a corresponding workability equal 

to a slump of 75mm. The maximum free water/cement ratio, maximum cement 

content and the minimum cement content were not specified. The proportions 

for the cement, water, fine and course aggregates were 345kg, 180kg, . 5955kg and 

1260kg respectively. Verification for the concrete design was achieved through 

a series of trial mixes undertaken prior to the first slab being cast, whereupon 
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the fresh concrete was mixed and sampled in accordance with BS1881[i4 . The 

maximum volume which could be prepared in any one mix was approximately 

0.066m3; therefore seven mixes were required for each slab. While one mix was 
being placed the next was being manufactured, thereby enabling a continuous 

process to be achieved. Standard cubes and cylinders were taken from each mix 

in accordance with BS1881 [95] and [96] respectively, following the procedure 

shown in Table 6.2 and compacted using a vibrating table. 

Mix number Number taken from each mix 

150mm standard 100mm x 200mm standard 
cube mould cylinder mould 

1 1 None 
2 2 1 
3 2 1 
4 1 1 
5 2 1 
6 2 1 
7 2 1 

Table 6.2: Procedure for taking standard cubes and cylinders for each test 

The concrete was transported to the slab in the mixer drum using a specially 

equipped trolley, and placed using shovels. Vibrating pokers were used to initially 

compact the concrete. Following the placement of the final mix, a vibrating beam 

resting on the edge trim was guided along the full length of the connection. This 

completed the concrete's compaction and allowed the excess concrete to flow 

towards, and finally over, the edges of the slab to achieve a uniform thickness. 

The slab was then float finished to provide a smooth surface. 

The slab, cubes and cylinders were cured in an identical manner using con- 

tinually moistened hessian. The hessian was removed after i days. leaving the 

concrete exposed to the air in the laboratory. During the initial curing period, 

evaporation was minimised by wrapping the slab, cubes and cylinders in pok- 

thene sheeting. 
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6.3 Material testing 

Reinforcement and structural steel members 

To enable the true material properties of the connection components to be estab- 
lished, standard samples were prepared in accordance with the procedures listed 

below. Following their preparation, standard tensile tests[97] were carried out to 

determine specifically, the yield and ultimate stresses and in the case of the mesh 

and reinforcement, their ductility characteristics. The results from these tests are 

reported in Appendix D. 

a) Mesh b) Main longitudinal 
re-bars 

ºn 
0 

öö 
NM 

0 

0 

C) Plate steel 

r25 

N 

90 
140 

_ 250 

Figure 6.6: Form of the tensile samples 

1. Mesh reinforcement - The two configurations shown in Figure 6.6(a) were 

adopted as representative samples. Each configuration includes at least 

one welded transverse member, since it was known from the experimental 

programme itself, that the mesh was susceptible to fracture within this 

vicinity. A total of eight samples were cut in a random manner from the 

bulk of the unused mesh. 



6.3 Material testing 1N, 5 

2. Main longitudinal reinforcement - Two 300mm samples (see Figure 6.0(b)) 

were cut for each longitudinal bar used during the experimental programme. 
A total of 24 samples were therefore prepared. Each sample was cut from 

a random position along the available spare material, ensuring that the 

samples obtained were not always directly adjacent to one another. 

3. Structural members - Coupon samples were initially flame cut and then ma- 

chined to the dimensions shown in Figure 6.6(c), from the positions shown 

in Figure 6.7. The samples were obtained from the tension and compression 

regions of the connections, in addition to each end plate. During the flame 

cutting process, care was taken to avoid unnecessary heat concentrations 

in the vicinity of the finished form of the samples. 

Concrete 

The properties of the hardened concrete were determined in accordance with 

BS1881[98,99], which are applicable to the determination of the compressive 

and tensile strength respectively. 

The compressive strength was determined at 7 and then 28 days, by testing 

two cubes and averaging the results. The remainder of the cubes were saved to 

enable the compressive strength to be determined on the day the specimen itself 

was tested. The tensile strength was determined from the cylindrical samples on 

the day the specimen itself was tested. The average properties of the hardened 

concrete are reported in Appendix D. 
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6.4 Testing apparatus 

6.4.1 General 

A purpose-built test rig was designed by the author and constructed to enable 

the experimental programme to be undertaken. It consisted of channel sections 

bolted together to form loading frames, which were subsequently secured to the 

laboratory strong floor. Furthermore, in addition to the design of the loading 

rig, particular attention was directed towards the loading arrangement and the 

support conditions at the base of the column. 

6.4.2 Loading arrangement 

The loading arrangement was built up using a uni-directional rocker on to which 

a uni-directional roller system was attached (see Figure 6.8). 

Figure 6.8: Loading arrangement adopted for the experimental programme 

The purpose for adopting this arrangement «-as to ensure that the lever ap- 

plied to the connection was kept constant throughout the duration of the t (t . 
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The position of the loading arrangement was carefully chosen. since it should 
create a situation whereby the connection experiences a similar ratio of the mo- 

ment to the vertical shear, representative of general practice. To achieve this 

in a continuous beam, the distance between the connection and the load point 

should be approximately equal to the corresponding distance from an internal 

support to the adjoining point of contraflexture. However, the location of the 

point of contraflexture depends upon many factors, including the degree of plas- 

ticity within the beam, and the amount of moment redistribution that has taken 

place. The distance adopted for the experimental programme was applicable to 

the situation where a plastic mechanism had been reached in the beam. 

6.4.3 Column support 

Two types of column support were adopted during the experimental programme. 

The first type consisted of a ball joint, which effectively held the column in 

position, but left it free to rotate in any direction. This type of support was used 

for the first and second tests. However, following the premature termination of 

the second test, as a result of the out-of-plane rotation of the column becoming 

excessive, steps were taken to re-design the column support to prevent this from 

happening in the future tests. A number of options were considered for the re- 

design, including providing full fixity to the base of the column, or keeping the ball 

joint and providing a suitable bracing system to restrain the top of the column. 

However, the solution adopted was a simple exchange, whereby the ball joint 

was replaced with a uni-directional rocker similar to that already being used as 

part of the loading arrangement. The uni-directional rocker was considered to be 

the most appropriate solution, since it permitted the magnitude of the moments 

experienced by the connections to be equalised during each loading stage. while 

at the same time achieving the desired objective of preventing any out-of-plane 

rotation of the column member. 
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6.5 Instrumentation 

6.5.1 General 

The instrumentation system adopted for the experimental programme was de- 

signed to capture all the necessary measurements that would be required to en- 

able the behavioural characteristics of the connections to be determined. The 

general arrangement of the instrumentation system is illustrated by Figure 6.9 

Clinometer 

Load cell 

Linear displacement Strain gauge 
transducer 

I Ia. 5 4m ýý 

Direct reading from 
the load cell in mV 

12.005 m 9.995 m 

"m 12V supply "w 10V supply 

240V DC mains supply 

o° 
Epson FX80 Toshiba T3100e/40 Schlumberger S13531D 

printer laptop computer data acquisition system 

Figure 6.9: Circuit diagram for the instrumentation system adopted for the ex- 
perimental programme 

With the exception of a steel rule and a straight edge, the remainder of the 

instrumentation incorporated either analogue or digital output devices, which 

were monitored through a data acquisition system, which in turn was controlled 

through a laptop computer. All the data was recorded directly on to the com- 

puter's internal disk drive, with a hard copy being provided by the attached dot 

matrix printer. 
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The instrumentation adopted may be broadly split up into categories which 

configured to measure rotations, linear displacements., surface strains or applied 
loads. 

6.5.2 Rotational measurement 

Mayes Inclinometer 

This instrument was originally developed by the Cement and Concrete Associa- 

tion to determine angular deflections on concrete structures[100]. 

The instrument consists of an engineering sine bar mounted upside down using 

3 inch centres, a bubble spirit level to provide a zero datum and a micrometer 

barrel to obtain the vertical displacement `V'. For the purpose of this chapter. a 

micrometer barrel is defined as the part of a traditional micrometer containing all 

but the following components; the steel frame and the anvil end. The measured 

rotation was calculated using equation 6.4, with the corresponding units being in 

mradians. 

0.1 
3 

(6.4) 

The accuracy of the instrument was taken as the sensitivity of the bubble 

spirit level, resulting in an overall angular error of +0.29 mradians. 

The base of the instrument stands on three small ball bearings secured and 

positioned in a triangular arrangement. These locate on three metal footings 

which are cemented to the structure at the measurement points to be checked. 

The footings provide a total of six directional restraints (see Figure 6.10 ). which 

enable accurate repositioning of the inclinometer, such that the vertical height 

measured over foot `C' is unaffected by any relative changes in the positions of 

the footings due to the influence of surface stresses. 
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Figure 6.10: The directional restraints required to locate the Mayes Inclinometer 

Accustar Electric Clinometer 

This small instrument consists of an all-metal gravity sensor, which does not 

contain any moving parts. It is powered by CMOS (Complementary metal oxide 

semi-conductor) electronics which are encased in a rugged housing. This housing 

can be easily secured in any position required. 

The principle upon which the clinometer is based is that, when rotated about 

its sensitive axis, the sensor provides a linear variation in capacitance. This is then 

electronically converted into an analogue DC voltage output, corresponding to I Il e 

magnitude and direction of the angular displacement. Following the calibration 

of the output voltage (see section 6.5.6) the actual angular displacement can be 

calculated. 

The full performance specifications may be obtained elsewhere[101]. from 

which the following have been extracted. 

Threshold and resolution : 17.45µradians 

Linearity - null to 0.174 radians : +1.74mradians 
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Angular measurement using linear displacement transducers 

Angular measurement may be obtained using linear displacement transducers by 

following the procedure described below. 

A measuring arm, consisting of a 30x30x3 by 500mm long rolled steel angle 

section, was welded to the top beam flange. Two linear displacement transducers 

were then secured to the centre line of the connected column a distance of 450mm 

apart, such that half of the available linear displacement had been taken up 
(see Figure 6.11). 

L 

Figure 6.11: Rotational measurement using linear displacement transducers 

When the connection rotates in a positive direction, linear displacements 

within the transducers will occur. Therefore, if we let the change in linear dis- 

placement of the top and bottom transducers equal bl and b2 mm respectively 

and assuming that the angle arm is infinitely stiff, then the rotation 0 relative to 

the top beam flange may be calculated from equation 6.5. 

_ 
61 -b2 

450 (6.5) 

One advantage in favour for this method of rotational measurement is that 

Linear displacement 
transducers 

Dimensions in mm 
Not to scale 
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the column rotation is automatically compensated for as a consequence of us- 
ing the centre line of the connected column as the datum for the measurement 

system. However, this system was dropped following the completion of the first 

test, since an alternative method became available which eradicated the risk of 
disturbing the delicate instrumentation set up as the test progressed. The per- 

formance specifications applicable to this type of linear displacement transducers 

are detailed in section 6.5.3. 

It has already been established (see Chapter 2) that the most significant 

property of a beam-to-column connection that influences frame behaviour is that 

concerned with rotational deformation only. It is assumed that the same can 

be said for composite connections, since their use is similar. Consequently, as 

the connection's rotation is of fundamental importance, for each connection test 

undertaken there were at least two independent methods for establishing the 

rotation. A separate check on this parameter was therefore continuously incorpo- 

rated, thus enabling gross errors, should they occur, to be identified immediately. 

For all the connection tests carried out, a set of electrical inclinometers were 

adopted, in conjunction with the Mayes inclinometer. In addition, test 1 (steel 

only) incorporated an angular measurement system adopting linear displacement 

transducers. For tests 2 to 5 inclusive, a second set of electrical inclinometers. 

were incorporated as a replacement for the displacement transducers. 

6.5.3 Linear displacement measurement 

Linear displacements were measured using strain gauge displacement transduc- 

ers. They operate on the strain gauge principle, whereby a linear displacement 

is converted into a corresponding change of resistance. This change can then be 

measured by a wheatstone bridge configuration within the data acquisition sys- 

tem, in a similar manner to that described in section 6.5.4. To convert the bridge 

output signal into a corresponding linear displacement, the calibration procedure 

described in section 6.5.6 was implemented. 



6.5 Instrumentation 194 

The full specification for the types of displacement transducers used may be 
found elsewhere[102], from which the following have been reproduced. 

Type HS25 Non-linearity 0.1%Full scale reading (FS) with infinite resolution 
Type HS50 Non-linearity 0.1%oFS with infinite resolution 
Type HS100 : Non-linearity 0.2%FS with infinite resolution 
The type HS25 transducers were used to measure small displacements. such 

as vertical slips at the connection interface, or horizontal slips of the concrete 

slab relative to the structurally connected beams. The type HS100 transducers 

were used to measure the large vertical deflections which occurred at the ends of 

each beam. The type HS50 transducers were only used during test 1, to provide 

an alternative method for determining the connection's rotation. 

6.5.4 Strain measurement 

Surface strains were measured using adhesively bonded electrical resistance strain 

gauges. These gauges consist of a fragile metal foil gauge, which was formed by 

photoetching and then bonded to a suitable carrier material for protection. 

Following the application of the load, the subsequent surface strains developed 

in the component are detected by the foil gauge. This results in a change in the 

gauge's resistance as a consequence of its elongation. 

The gauge signal is fed into a wheatstone bridge circuit within the data ac- 

quisition system, which is balanced such that at the start of a test the strain 

readings can be taken as zero. All subsequent readings of strain are relative to 

the initial setting and therefore give strain differences. 

The full specification for the types of strain gauges used may be found 

elsewhere[103], from which the following have been reproduced. 

Yield gauges : 

PRS-10 - 2% strain limit 

PL-10 - 2% strain limit 
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Post yield gauges ; 
YL-10 - 10---*20% strain limit 

The yield gauges were used throughout the experimental programme and 
were located in the compression region of the connections. The post yield gauges 

were used from test 3 onwards, to measure the strains being resisted by the 

reinforcement within the concrete slab. 

6.5.5 Applied load measurement 

The applied load was measured in terms of unit strain, by using electrical resis- 

Lance strain gauge load cells. 

The load cell consists of a central cylinder and sensing bridge, all of which are 

housed in a robust outer casing which is hermetically sealed to make it completely 

waterproof. The sensing bridge comprises four strain gauges bonded to the inner 

wall of a central cylinder. The gauges are orientated such that two will measure 

strains in the axial direction and the other two in the transverse direction. :A 

wheatstone bridge is thus configured within the cell, with the transverse and 

axial gauges being in opposite arms. When a load P is subsequently applied, a 

compressive stress is induced. This in turn produces axial and transverse strains, 

Ea and Et respectively, which can be related to the following load expressions : 

- E° =P AE 
(6.6) 

Et = 
vP (6. ' ) 
AE 

where : 

A- cross sectional area 

E- Youngs modulus 

v- possions ratio for steel. 

It can be shown that for the wheatstone bridge configuration above[10-1]. that 
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the output circuit voltage from the bridge, ETh, may be given by equation ()., S,. 

ETh ý 
ýS 

(1 + v) 
sgp 

2 AE 

where : 
S9 - Gauge factor or calibration constant for the gauge 
I' - Supply voltage. 

ße., 1) 

The output voltage was then calibrated to obtain the corresponding applied 
load (see Section 6.5.6). 

The full specification for the load cells used may be found elsewhere[105], from 

which it is found that the accuracy of the load cells are better than 0.25% of the 

applied load. 

Throughout the duration of the experimental programme, the output voltage 

was continuously monitored via an external digital voltmeter. The purpose for 

this was to enable a secondary check to be established to guard against possible 

errors which otherwise may go unnoticed. 

6.5.6 Calibration 

The success of an instrumentation system does not only involve using the right 

type of instrument for the task in hand, but fundamentally, the data received from 

any type of instrument must be in a form that may be subsequently processed 

to obtain meaningful measurements. To enable this objective to be achieved, the 

instrumentation was calibrated by adopting the following procedures : 

Linear displacement transducers 

The linear displacement transducers were calibrated individually using a purpose 

built calibration rig. The rig consisted of a base, on to which at the far end a 

micrometer barrel was secured, but free to rotate. Each transducer was secured 

in the rig by way of an adjustable mount, therefore enabling various transducer 
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diameters to be accommodated. Following the transducer being secured in po- 
sition and connected to the data acquisition system. the micrometer barrel was 
adjusted until a detectable change in the instrument's response could be mea- 
sured. This position was then assumed to be the datum from which all the other 
measurements could be related. A linear displacement was then gradually built 

up using slip gauges. The increments adopted were as follows; up to and includ- 

ing 10mm, 1mm increments were adopted; however displacements in excess of 
10mm were achieved in 5mm increments up to the maximum permitted by the 

respective transducer. When two or more gauges were used together, they were 

ringed, to ensure that the summation of the individual gauge thickness could be 

used reliably to represent the total thickness. Following the attainment of the 

maximum linear displacement, the procedure was reversed observing the same in- 

cremental changes as the displacement decreased. This cycle was repeated three 

times and the results averaged. 

Rotational clinometers 

The clinometers were again calibrated using a purpose-built calibration rig. The 

rig consisted of a base, on to which a metal plinth was secured by a pivot, at 

the far end. A pre-determined horizontal length (600mm) was marked out on 

the base, measuring down from the pivot. The clinometers were then secured to 

the plinth and connected to the data acquisition system. The plinth was then 

displaced through a vertical distance V, which in turn would have the effect of 

inducing a rotation within the clinometers. For small angles this rotation 0 may 

be represented by equation 6.9 and has corresponding units of radians. 

600 (6.9) 

The vertical distance was controlled using slip gauges in various combinations 

to achieve the desired increment. The increment was set at lmm, up to a maxi- 

mum distance of 30nnm, which corresponds to a rotation of 0.05 radians. When 
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two or more gauges were used together, they were again ringed. Each clinometer- 

was raised and lowered three times with the voltage response at each increment 

being recorded and subsequently averaged. 

Calibration rigs 

The purpose-built calibration rigs described above were already available at the 

University. 

Load cells 

The load cells were calibrated using the the Denison compression machine, num- 

her T91080 and the Monsanto tensometer type E machine, number N120-79. 

The load cells were first positioned in the Denison and connected to a digital 

voltmeter. Load was applied in 100 kN intervals up to 500 kN. recording the 

voltage response from the cell at each increment. Following the attainment of 

the maximum load, the cell was unloaded in similar increments. This procedure 

was repeated three times and the results averaged. To increase the accuracy of the 

calibration within the range 0< applied load < 100 kN, the Monsanto tensometer 

was additionally used. The loading and unloading cycles were identical to that 

adopted earlier, with the exception that the interval was reduced to 20 kN. Three 

cycles were undertaken and the results averaged. Where the two calibrations 

overlapped, i. e. at 0 kN and 100 kN, the voltage response from the cell was again 

averaged. 

Interpretation of the calibration results 

The results from the various calibrations were interpretated using linear regres- 

sion analysis techniques. A line that best fits was then calculated for each 

measurement instrument, producing an equation of the general form given by 
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equation 6.10. 

y=mx+c (Eý. 10) 

Furthermore, the linear regression analysis produced the following correlat ion 

coefficients : 

Linear displacement transducers - 0.999991 

Rotational clinometers - 0.9998 

Load cells - 0.999993 

Adopting the procedure outlined above enabled direct readings from the instru- 

mentation to be fed from the data acquisition system into the computer. Con- 

sequently an on-line process was established, whereby following manipulation 

according to the linear equations, the connection's behaviour could be monitored 

continuously. 

6.5.7 Instrumentation locations 

The instrumentation positions adopted for the experimental programme are shown 

in Figure 6.12. 



6.5 Instrumentation 
200 

1410 
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Transducers 
Type HS50 

used for Extra clinometers test 1 only 60 
used for tests 

60 2-5 inclusive 

Strain gauge 
type PRSIO 

25 
Transducers 

25 
FI 

Transducer 
Type HS25 

Column base 
Type HS 100 

25 12,5 

t25 

100 55 100 25 

Under-side of the compression flange showing 
strain gauge positions (type PL10) 

Additional Information 

The front and rear views of the beams were identical 

The column was as indicated 

O 
Electric climometers 

Q 
Mechanical inclinometers 

Composite tests : 
The instrumentation for the composite tests were identical to that shown, with the 

addition of two type HS25 transducers positioned centrally on the slab at the beam ends, 
to measure the horizontal slip relative to the connected beam (not shown). 

For tests 3-5 inclusive, the reinforcement was strain gauged using type YL10 gauges. 
8 No. were used per test, 2 per bar, located on the top and outside of each bar. 

The gauges were positioned in line with the column flange on one side of the connection only. 

Figure 6.12: Instrumentation positions adopted for the experimental programme 



Chapter 7 

Test procedures, observations 

and discussion 

7.1 Introduction 

Throughout the duration of the experimental programme, the set of procedures 
discussed in this chapter were adopted to facilitate consistency between the load- 

ing aspects of the tests. In doing this, the resulting standardisation would enable 

comparisons to be undertaken, such that the effects of the variable parameters 

on the connection's behaviour could be ascertained. 

In addition to the procedural details, this chapter also contains descriptions of 

the visual observations that were evident at the time the tests were being carried 

out. 

The chapter is concluded by a pictorial representation of the experimental pro- 

gramme. This takes the form of a sequence of photographic plates, starting with 

some of the more important aspects of the test arrangements (see Plates T. I-T. 7), 

before moving on to the tests themselves (see Plates 7.8 - 7.32). The purpose 

of the latter is to show the extent of the plastic deformation that each specimen 

sustained following the completion of the applicable test. 

201 
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7.2 Test procedures 
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The test procedure was based on an incremental approach and consisted of four 

phases. To prevent excessive in-plane rotation of the column, each increment «-a- 

applied to the specimen in such a manner as to keep the beam's deflections on 

either side of the column reasonably similar to one another. 

Initial phase 

With the test specimen located in the rig, it was necessary to stabilise the 

column prior to the removal of the supporting restraints. This was achieved by 

imparting a small amount of load, in the order of 0.5kN, into each beam via the 

hydraulic jacking system. The external restraints were then removed and t his 

stabilised position was assumed to be the datum to which all the subsequent 

measurements were related. 

A check on the instrumentation was then initiated by loading the specimen 

up to 20kN (28kNm), and then unloading back down to 5kN (7kNm). The load 

increment adopted for this cycle was 5kN. 

Comparisons between the various methods for determining the connection's 

moment and rotation were then undertaken to establish their correlation. If the 

correlation fell within the bounds of the accuracy of the types of instruments 

compared, then the instrumentation was assumed to be operating satisfactorily 

and the test was commenced. If, however, problems were identified, they were 

isolated, corrected and then re-checked before proceeding. 

Second phase 

The specimen was loaded up to two-thirds of its calculated moment of resis- 

tance (see Section 7.3). For each test the load increment was specified as follows. 

Test 1: 5kN increments were adopted 

Tests 2-4: lOkN increments were adopted, as the composite tests would be 

considerably stronger due to the influence of the reinforcement. 

Test 5: 20kN increments were adopted, as for this final test a further increase 

in resistance would be expected due to the influence of the greater beam depth. 
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Following the completion of the loading cycle. the specimen was unloaded back 
down to lOkN (14kNm), in increments equal to twice the magnitude adopted for 
the loading cycle. This was undertaken to enable the connections unloading 
stiffness to be monitored as the test progressed. 

Third phase 

Initially, the loading cycle described for the second phase was repeated: how- 

ever, the load level for this phase was not restricted to two-thirds of the calcu- 
lated moment of resistance of the connection. Consequently, the load increments 

were continually applied above this level until the moment-rotation characteristic 

showed signs of becoming asymptotic to the horizontal, upon which, this phase 

was brought to a close. 

Fourth phase 
As the connection stiffness reduced appreciably, the incremental approach was 

adjusted accordingly to reflect the impending situation when the actual moment 

of resistance of the connection would be reached. To achieve this a pre-determined 

angular rotation was imposed on the connection, as the connection moved into 

its plastic range. An angular rotation of 0.5mradian was adopted as a suitable 

increment. This phase was continued until the specimen had reached its ultimate 

condition, or until any other circumstances arose which required the test to be 

brought to a conclusion. The ultimate condition was deemed to have been reached 

when one of the following situations arose. 

1. A significant and sudden reduction in the applied load occurred as a result 

of a non-ductile failure mode being attained. 

2. Local buckling inducing excessive steelwork deformation in the vicinity of 

a connection. The failure criteria under these circumstances was deemed 

to have been achieved when the loss in moment capacity, indicated by a 

downward trend to the moment-rotation characteristic, coincided n-itll t lie 

predicted moment capacity applicable to the connection being tested. 
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Application of increments 

During the initial phase of the test procedure, the loading and unloading; 
increments were applied at one minute intervals. 

During the loading cycles applicable from phase 2 onwards, the data from 

the instrumentation was immediately recorded following the application of each 
increment and a stopwatch started. After a time delay of one minute and then 

ten minutes, further sets of instrumentation data were obtained. The purpose 

of the one minute delay was to obtain standardised data to enable the moment- 

rotation characteristic for the connections to be plotted as the test progressed. 
This would eliminate peaks in the calculated connection moment that would 

otherwise have arisen if the load value used was based on the instantaneous value 

applicable to when the increment level was first achieved. This results from the 

connection rotation being induced by a deflection control, whereby the beam 

deflections are held constant following the attainment of the desired increment. 

This prevents further movement, such that during connection plastification. the 

load level tends to reduce for a specific rotation. The further nine minute delay 

was incorporated into the procedure for the following two reasons. Firstly. to 

enable the specimen to be inspected at regular intervals throughout the test 

and secondly, when undertaking the composite tests, to allow sufficient time 

to enable the crack pattern on the concrete slab to be traced as it developed. 

Consequently, the frequency at which each increment was applied was unaffected 

by the collection of all the applicable data on the connection's behaviour. 

During the unloading cycles, which were applicable from phase 2 onwards, a 

similar procedure to that outlined above was adopted, with the following mod- 

ification. The second time interval was reduced from ten minutes down to two 

minutes, as a reflection that the connection's response would be ostensibly linear- 

elastic under reverse loading conditions. 

Special cases to maintain test continuity 

During unavoidable periods where the time delay between successive incre- 
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meets was in excess of ten minutes, further rotational movement of the connec- 
tions was prevented by applying the external vertical restraints to the beams. 

At the end of each evening, if the test had not been completed. the specimen 

was unloaded in even increments of load. This was continued until the load level 

had been reduced to between 5kN and l5kN (7kNm - 2lkNm). For the first test 
(steel only), the unloading increment was set at 20kN, whereas for the composite 

tests, the increment was specified as 50kN. A small amount of load was left on 

the specimen to enable continuity to be maintained the following day. All the 

external restraints were then carefully applied to the specimen to prevent further 

movement. The following day began by the re-establishment of the final position 

attained previously and was achieved by using identical load increments as those 

used to unload the specimen. A shorter total time delay between successive 

increments, equal to two minutes rather than ten, was adopted until appreciable 

stiffness was again lost within the connection, upon which the ten minute delay 

was reinstated. Following the attainment of the previous connection response, 

the test was continued as though no interruption had occurred. 

Should anything occur during the application of an increment which required 

special consideration, the increment was stopped prematurely to allow for suitable 

records to be taken and the instrumentation data to be recorded. The test would 

then proceed by applying the remaining magnitude of the interrupted increment. 

before returning to applying the full increments as before. If, however, a reduction 

in the applied load occurred within an increment, such as that resulting from 

the mesh reinforcement fracturing in the composite tests, the test would again 

be temporarily suspended to permit data collection. The following increment 

applied to the specimen restored the load level to the magnitude which would 

have been obtained, had the interruption not occurred. The test then progressed 

by applying full increments as before. During these periods of discontinuitv'. 

the time constraints between successive increments, or part thereof. were still 

applicable. 
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7.3 Method for calculating the connection's mo- 

ment of resistance 

7.3.1 General 

The moment of resistance of the bare steelwork connection was predicted using 

Annex J of Eurocode 3[18], with the assumption that there was only one bolt 

row resisting the induced tensile force. When the steel connection formed part of 

a composite arrangement, the contribution of the reinforcement was additionally 

included (see equation 7.1). 

Mpconn = Mpsteel + Mprein (7.1) 

where : 

Mpsteel : Moment of resistance of the bare steel connection 

Mprein : Moment of resistance of the reinforcement. 

and 

Mprein = AsfyrLr (I 
. 
2) 

where : 

As - Total area of the rebars (4T16s) 

fyr - Yield stress applicable to the reinforcement 

Lr - Lever arm to the reinforcement. 

Characteristic material properties were used throughout the predictions, since 

the actual properties could not be established until the experimental programme 

had been completed. The lever arm applicable to both the bare steel connection 

and the reinforcement was calculated on the assumption that the centre of the 

compression flange was the point of rotation for the connection. 
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7.4 Test observations and discussion 

7.4.1 General 

No visual deformations were apparent during the initial phase of the test proce- 
dure during any of the experiments. This was to be expected, since this phase 

was designed solely to provide a method of checking the instrumentation prior 
to the commencement of the test. The observations and discussions below are 
therefore applicable from phase two onwards. 

Throughout the duration of the experimental programme, there was no evi- 
dence to suggest that any vertical slip had occurred at the interface between the 

end plate and column flange. This was despite the presence of clearance holes, 

which were provided for ease of connection assembly. The lack of slip could be 

attributed to the available clearance within the connections being utilised during 

the alignment of the specimens (see Chapter 6, section 6.2.1). 

During the unloading cycles, the connection stiffness recovered in an osten- 

sibly linear-elastic fashion. This unloading stiffness compared favourably to the 

connections' corresponding initial stiffnesses, and was independent of when the 

unloading cycles were implemented. Consequently, it may be concluded that the 

unloading stiffnesses of the connections tested were constant throughout their 

working range and equivalent in magnitude to their initial stiffness. 

Throughout the following sections, the load level at which an observation oc- 

curred will be identified by its corresponding connection moment. Where not 

specifically referred to, this moment will appear as a bracketed value located 

within the applicable sentence. Any reference to a connection rotation is ap- 

plicable to that of connection A. Connection B was not referred to specifically, 

with the exception of the discussions applicable to Test 1, since for the composite 

tests the rotation induced in to connection A was found to consistently govern 

the eventual failure mode. This can be explained in part by probability: how- 

ever, from test three onwards the predominance of connection A «was attributable 
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to the presence of the strain gauges secured to the reinforcement (see section 
7.4.4). The moment of resistance and the available rotation capacity for each 

specimen, refers to the connection which has progressed the furthest along the 

moment-rotation characteristic. 

In addition, certain keywords will also be referred to and in the context of 
this thesis are defined as follows : 

Specimen : Cruciform test arrangement, consisting of both connections A 

and B. 

Front : Front of the specimen, with connection A on the right hand side of 

the column and connection B on the left. 

Back : Opposite side of the specimen, with the connection positions reversed 

with respect to the column. 

Rebar : 16mm diameter longitudinal reinforcement 

Plate : The word `Plate', followed by a specific reference number, identifies 

that a photograph is available to illustrate the particular point of discussion. The 

reader is referred to section 7.7, where the photographs are presented in numerical 

order. 

7.4.2 Test 1- steel only 

For details of the connection configuration refer to Chapter 6, Figure 6.2. 

The first visible deformation within the steelwork was restricted to the tension 

region of the connection, and took the form of the tip of the end plate moving away 

from its mating position against the column flange (48kNm). This deformation 

appeared to be symmetrical between the front and back of the specimen and 

was probably caused by the column flange deforming in the region closest to the 

upper most bolt row. However, no collaborating deformation could be detected 

within the column flange at this stage. 

The first detectable signs of the column flange deforming occurred following 

the attainment of two-thirds of the connection's predicted moment of 
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resistance (57kNm). In addition, it became apparent at this load level that 

the separation of the tips of the end plates were visibly different between the 

front and back of the specimen (see Figure 7.1(a)). This was the result of the 

column beginning to rotate about its out-of-plane axis (see Figure 7.1(b)). This 

was accompanied by lateral displacements occurring to the compression flanges, 

which were monitored at the beam ends. However, since the lateral movements 

were small, measured as 2.0mm for connection A and 1.0mm for connection B. 

no attempt at this stage was made to prevent further movement. 

(b) e 

(a) 

Back 

iý H-" ++ 

Connection B Connection A 

sºs++ ++ 
Front 

Figure 7.1: Out-of-plain column rotation 

Following the completion of the first unloading cycle (7kNm), the deformation 

within the steelwork recovered slightly, although not completely. This would tend 

to indicate that, although the connection had only been loaded to two-thirds of 

its moment of resistance, plastic deformations were already present. No recovery 

was forthcoming as far as the out-of-plane rotation of the column was concerned 

and consequently the lateral displacements of the compression flanges showed 

little change. 
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Phase three was now implemented. Following the attainment of a connection 

moment equal to 63kNm, it became evident that the unevenness observed at the 
tips of the end plates was being reciprocated in the column flange deformat ion. 

In addition, the lateral displacements of the compression flanges had increased 

significantly. The movement at connection A was now 7. Omm and. 5. Omm was evv- 
ident at connection B. The possibility of lateral-torsional buckling \va. s considered 

at this stage. However, there was no evidence to suggest that the torsional rota- 

tion of the beams were in any way influencing the behavioural characteristic of the 

connections. Consequently, no attempt was made to prevent further movement. 

Having discounted the onset of lateral-torsional buckling. further investigations 

were carried out in an attempt to explain the cause of this unexpected beam 

behaviour. 

From the measured initial imperfections within the specimen, it was evident 

that an out-of-plane turning moment was being applied to the specimen. The 

effects of this were seen previously (57kNm) and were accommodated by the 

column beginning to rotate about its out-of-plane axis. The degree of rotation 

of the column was therefore compared with the torsional rotation of the beams. 

The correlation between the two was reasonably close; however a variation along 

the length of the beams was obtained. Not surprisingly, this variation took the 

form of a reduction in the torsional rotation of the beams as the load points were 

approached. It was assumed that this was the result of the loading arrangements 

and the presence of the web stiffeners providing a degree of torsional stiffness to 

the ends of the beams. Therefore, the most plausible explanation to the cause 

of the lateral displacements was the out-of-plane rotation of the column. Having 

established this explanation, it was decided not to apply any lateral restraints to 

the compression flanges unless the twisting effect began to destabilise the loading 

arrangements or influence the connection behaviour. 

The incremental approach was changed from even intervals of load, to rota- 

tional increments when a connection moment of l4OkNm had been achieved. 
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As the connection moved into its plastic range, a clear gap below the top bolt 

row began to open up between the end plate and the column flange. The depth 

to which this gap extended was restricted to where the upper bolt row. assumed 

in the design to resist the applied vertical shear, was located. This could possibly 

indicate that the end plate was bending about the centre line of this bolt row. as 

plasticity in the column flange increased (see Figure 7.2). This gap opened at a 

faster rate for connection B than A, and thus could be in part the explanation of 

why, at a given period of time, the measured rotation of connection B was always 

in excess of that measured for connection A. In addition, at this stage during all 

the tests, vigilance was exercised in monitoring possible bolt elongation and/or 

thread stripping. However, no evidence of either of these two events happening 

was forthcoming throughout the remainder of this test. 

The lateral displacements of the compression flanges stabilised shortly af- 

ter rotational increments were adopted, whereupon maximum displacement of 

11.0mm and 9.0mm were measured at connections A and B respectively. 

L 

Column flange deformation 

End plate -f-T, rII 
Tension 

Fap between end plate 
and column flange 

Point at which end plate 
appears to be bending 

Compression 

Figure 7.2: Possible hinge position within the end plate 

As the connection rotation increased, the vertical load continued to increase. 
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This created concerns about the force that the tension bolts were resisting to the 

point where the test was stopped for fear of the bolts fracturing. The experimental 

programme was conducted in an open laboratory. Therefore. the potentially 
hazardous situation that may have been created, should the bolts have fractured. 

had to be avoided. Consequently, no specific mode of ultimate failure could be 

identified for this test. 

At this point in the test proceedings, a bolt force of 200kN was calculated 

on the assumption that plane sections remain plane. Experimental work under- 

taken by Godley and Needham[106], who carried out comparative tests between 

Grade 8.8 and HSFG bolts in tension and shear, suggests that the maximum ten- 

sile resistance of a Grade 8.8, M20 bolt before fracture would be 225kN. It can 

be seen that in the author's test this level of force was being approached, which 

considering that the assumption of plane sections remaining plane also neglects 

the influence of prying forces, justified ending the test. 

The moment-rotation characteristic determined by this test is shown by 

Figure 7.8 (see Section 7.5), from which the following can be identified. 

The moment of resistance of the connection : at least 162kNm 

Available rotation capacity :> 19mradians 

The permanent plastic deformation induced into the steelwork is illustrated by 

Plates 7.8 and 7.9. There was no evidence of any local buckling having occurred to 

the compression flanges of the beams. However, assuming that the behaviour of 

mild steel in compression is very similar to its behaviour in tension. particularly in 

the elastic range[107], it could be concluded that material yielding was beginning 

to occur following the attainment of a connection moment of 127kNm. The onset 

of material yielding was assumed to be when a compressive strain of 0.1% had 

been attained. The strains measured in the beam webs were all considerably 

lower than those corresponding to the flanges. There was negligible strain in 

the vertical arms of the strain gauge rosettes, which measured a tensile strain of 

0.01%. However, higher strains were measured in the corresponding horizontal 
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and diagonal arms, which were approaching the assumed yield point by the end 

of the test (0.09%). 

When the connection was dismantled it was alarming to discover that the 
tension bolts were very loose and easily removable by hand. However. this was not 

the case for the shear bolts, which required the use of spanners and considerable 

effort. The explanation as to why the tension bolts were so loose can be seen by 

examining plate 7.10. Deep impressions of the bolt heads were left indelibly on 

the insides of the column flanges. Consequently, the small pre-tension force which 

was induced into the bolts when they were originally tightened was released by 

the formation of these impressions. This does imply however. that there was 

no plastic deformation of the bolts themselves. If plastic deformation had been 

induced into the bolts, it would have been detected by the end plate and column 

flange separating in this region. However, from the observations reported above, 

no evidence of this happening was detected and therefore the assumption that, 

the bolts were behaving elastically seems reasonable. Similar impressions. but to 

a much reduced depth, can also be seen in the two lower bolt rows located in the 

compression region of the connection (see Plate 7.11). 

Having established that the bolts were behaving elastically at the end of the 

test, raises the question as to whether the test should have been curtailed before 

a clear mode of ultimate failure could be identified. In defence of this action, it 

has to be remembered that bolt fracture would occur relatively quickly following 

the onset of plasticity[108]. Furthermore, the purpose of undertaking this par- 

ticular test was to establish the response of the steelwork part of the subsequent 

composite tests. This had been ostensibly achieved, since we know from other 

experimental programmes[9], that the rotation of a steel-only connection would 

simply continue until fracture of one of the component parts occurs. 
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7.4.3 Test 2- composite (4T16 rebars closely spaced) 

For details of the connection configuration refer to Chapter 6. section 6.2 
The first signs of the induced moment that the connection «-as experiencing 

came in the form of small cracks appearing on the concrete surface (42kNm). 

propagating from the column flange tips in a transversely orientated direction. 

The formation was reasonably symmetrical between the front and back of connec- 

tion A. However, although there was a similar crack at the front of connection B, 

the back of the connection remained intact. This began to crack when the next 

load increment was applied (56kNm), although by now the shorter cracks on con- 

nection A had formed a complete transverse crack across the breadth of the slab. 

A duplicate transverse crack applicable to connection B was achieved when a con- 

nection moment of 112kNm had been obtained. As the test progressed, several 

new independent transverse cracks appeared on both connections A 

and B. Their positions approximated the positions where the transverse bars 

of the mesh reinforcement were located within the slab. All such cracks had 

formed by the time the connection characteristic was indicating that the moment 

of resistance of the connection had been attained. By the end of the test, the 

furthest transverse cracks were located 1200mm away from the column flanges 

for both connections. 

When the connection moment had reached 197kNm, the first longitudinal 

cracks appeared in the vicinity of the connection, above the positions where the 

inner-most rebars were located. These were joined by similar longitudinal cracks 

appearing above the outer-most rebars soon after (2llkNm). This alternating 

pattern was a characteristic which continued throughout the duration of the test, 

as the cracking progressed towards the loading points. The likely explanation as 

to why the longitudinal cracks appear above the inner-most rebars first, could 

be attributed to the fact that the rebars located in this position carry a greater 

proportion of the load, than the equivalent outer-most rebars. This was substan- 

tiated from Test 3 onwards, where the strain within the rebars was measured. 
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However, following the completion of the test, the extent of the cracking had 

evened itself out above all the rebars, and extended in a symmetrical fashion to a 
distance 800mm from the column flange. The widths of these cracks were at their 

greatest where they intersected with the column centre line between the flanges. 

There are two possible explanations to why longitudinal cracking occurs. 
Firstly, as the connection rotates, the rebars are forced into single curvature and 

consequently tensile strains are generated. These strains are identified by the ap- 

pearance of the transverse cracking. By their very nature, the rebars would try to 

straighten as much as possible to enable the strain within them to he dissipated. 

However, this process is restricted due to the presence of the concrete slab which 

accommodates the reinforcement's requirements by inducing transverse curvature 

across the breadth of the specimen. Consequently, tensile forces are generated 

on the slab surface and concentrated above the positions where the rebars were 

located (see Figure 7.3). 
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Figure 7.3: Transverse bending of the concrete slab inducing longitudinal cracking 

Alternatively, the tensile force within the rebars must be balanced by an equal 

and opposite force within the shear studs. This creates a couple, with the lever 
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arm equal to the distance from the centre line of the shear studs to the centre hue 

of the applicable rebar under consideration. Under the action of this moment. 
lateral curvature would be induced into the rebars. The influence of this lateral 

curvature would again tend to generate tensile forces in the concrete above the 

positions of the reinforcement (see Figure 7.4). 
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Figure 7.4: Lateral curvature of the rebars inducing longitudinal cracking 

For the first explanation to be validated, longitudinal cracking must be appar- 

ent where the transverse curvature is at a maximum. Clearly, this would occur 

along the in-plane centre line of the specimen. However, for this and the subse- 

quent composite tests, very little longitudinal cracking occurred in this position. 

The author therefore, while not discounting the first explanation completely. 

favours the second explanation. This conclusion was further substantiated fol- 

lowing the removal of the concrete in the vicinity of the connection, since the 

extent of the lateral curvature induced into the rebars was clear to see for all the 

composite tests. 

When the load level reached two-thirds of the predicted moment of resistance 

of the connection (237kNm), there were signs that the end plate and column 

flange were beginning to deform. However, it became apparent at this load level 

that the original transverse cracks propagating from the column flange tips were 

not opening symmetrically on connection A. The crack located on the back of 
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the specimen had opened slightly further than its reciprocal crack on the front. 

These observations were not mirrored on connection B. where the crack width for 

both the front and the back of the specimen appeared to be of similar magnitude. 
This unexpected crack pattern development was accompanied by the column be- 

ginning to rotate about its out-of-plane axis. Consequently. lateral displacements 

of the compression flanges were again evident at the respective beam ends. Since 

the lateral displacements were small and did not effect the performance of the 

connections in the first test, no attempt was made initially to prevent further 

movement. 

The connection was then unloaded to monitor its unloading stiffness. Fol- 

lowing its reloading, a drop in the applied moment of the order of 3% occurred 

when a connection moment of 340kNm was achieved. This was accompanied by 

an audible muffled bang, which sounded as though it had come from within the 

concrete slab. Following the subsequent examination of the slab, it was appar- 

ent that the initial transverse crack on the back of the specimen applicable to 

connection A, had opened appreciably in the region closest to the edge of the 

slab. Therefore, it was deduced that the longitudinal members of the mesh rein- 

forcement located in this position had fractured. A further bang was heard when 

a connection rotation of llmradians had been induced. This had the effect of 

enlarging this back crack sufficiently to expose the fractured ends of the mesh 

reinforcement and consequently substantiating the former deduction. The next 

increment restored the load level to that achieved prior to the reduction, upon 

which the test proceeded by applying rotational increments. 

As the test progressed into its plastic range, the progression of the deformation 

associated with the steel part of the connection followed a similar pattern to 

that observed for the first test; in particular, the re-occurrence of the gap that 

opened up between the column flange and the end plate as a result of the column 

flange deformation. However, differences came to light between the tests following 

the attainment of a connection rotation of 10.5mradians when local buckling 
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became apparent in the back compression flange of the specimen. Similar local 

buckles became apparent on the front of the specimen after a further 3mraclians 

of rotation had been induced. It was thought that the local buckles occurred in 

this test, as a direct consequence of the increased compressive force arising frone 

the influence of the steel reinforcement within the slab. 

Unfortunately however, as plasticity continued, the out-of-plane rotation of 

the column, which was exacerbated by the onset of local buckling, was beginning 

to take precedence in terms of controlling the destiny of the test. Moreover, as the 

plastic plateau was approached, the author had expected the out-of-plane rota- 

tion of the column, and consequently the lateral displacements of the compression 

flanges, to stabilise in a similar manner to that seen during the first test. How- 

ever, this was not the case due to the influence of local buckling occurring in the 

vicinity of the connections. Attempts were made at this stage to restrict further 

out-of-plain rotation, by applying lateral restraints to the beam ends (see Plate 7.2). 

However, although further lateral displacement of the compression flanges was 

prevented, the restraints did nothing to prevent the continuation of the column 

rotating about its out-of-plane axis. With the test rig set up as it was, no external 

restraints could be applied directly to the column. Consequently. the test was 

abandoned following the attainment of the theoretical rotation required to allow 

plastic analysis to be vindicated for this type of connection[9]. A clear mode of 

ultimate failure could not therefore be established for this test. 

The moment-rotation characteristic determined for this test is shown by 

Figure 7.9 (see Section 7.5), from which the following can be identified. 

The moment of resistance of the connection : at least 380kNm 

Available rotation capacity :> 32.8mradians 

The level of strain induced into the lower compression flanges of connection B 

indicated the onset of material yield when a connection moment of 226k\ m had 

been obtained. The compressive strain applicable to connection A was 25`I lower. 

This difference was not so pronounced for the corresponding web strains. where 
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the horizontal and diagonal arms of the rosette measured 0.08% and 0.0 TV. for 

connection B and A respectively. The vertical strain within the beams was very 

small at 0.02%. Connection A reached the onset of material yield soon afterwards 
(282kNm), whereupon the corresponding strain within connection B had risen to 

0.13%. The web strains were also approaching material yield at this load level and 
0.1% was surpassed following the attainment of the next increment (310k-Nm). 

The general deformation induced into the steelwork is shown for the front of 

the specimen by Plate 7.12 and for the back of the specimen by 

Plate 7.13. 

The general form of the concrete crack pattern, showing the extent of the un- 

even crack enlargement applicable to connection A, is illustrated by 

Plate 7.14. 

Following the completion of this and all subsequent composite tests, all the 

concrete in the vicinity of the connection was broken out by the author. This not 

only revealed the deformed and fractured reinforcement in the slab, but also the 

deformation (if any) of the shear studs nearest the column. 

Throughout the composite tests, no deformation was apparent within the 

shear stud connectors positioned closest to the column. 

The out-of-plane rotation of the column can be see in Plate 7.15. In addition, 

the lateral curvature of the main rebars located in the back of the specimen 

can also be seen. Similar curvature to the front rebars also occurred, however 

to a much lesser extent. Another observation which was unexpected concerns 

the direction of the corresponding curvature. The author would have expected 

the directions of the lateral curvatures of the rebars to have been approximately 

equal and opposite between the front and the back of the specimen. However, 

from the exposed reinforcement this was found not to be the case. In reality. the 

curvatures were in the same direction. The smallest curvature occurred to the 

outer-most rebar which was located in the front of the specimen. and increased 

over the breadth of the slab with the greatest curvature apparent in the back 
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outer-most rebar. This unexpected result was thought to be as a consequence 

of the out-of-plane rotation of the column altering the balance of the tensile 

forces within the rebars. Further confirmation that the balance of the tensile 

forces within the rebars was not symmetrical between the front and back of the 

specimen, can be seen in Plates 7.16 and 7.17. Plate 7.16 shows only part of the 

mesh reinforcement located in the front of the specimen to have fractured, with 

the corresponding distance between the fractured ends being small. In contrast, 

the mesh reinforcement located in the back of the specimen (see Plate 7.1 i ). has 

been completely fractured across the slab, with a significant distance between t , he 

fractured ends. 

As already stated, the cause of the out-of-plane rotation of the column was 

attributed to the imperfections within the connections inducing an out-of-plane 

turning moment. The column could not be rotationally restrained to resist this 

applied moment, because its base was being supported on a ball joint (see Plate 7.4) 

and was consequently free to rotate in any direction should the need arise. Iii 

reality, the column would not be able to behave in this manner, due to the geo- 

metrical constraints of the building as a whole. Therefore, to prevent a further 

repetition of this uncharacteristic behaviour, the column support was re-designed. 

Restraint in the out-of-plane direction was achieved by replacing the ball joint 

with an uni-directional rocker (see Plate 7.5). 

When the specimen was dismantled, similar impressions of the bolt nuts were 

left on the insides of the column flanges in the tension region, as were described in 

Test 1. However, much lighter impressions could be seen on the column flanges in 

the compression region of the connection. It is thought that shallower impressions 

were obtained due to the neutral axis being displaced upwards with the influence 

of the reinforcement. Consequently, the tensile force being resisted by these bolts 

would be reduced. Similar observations could be made for all the subsequent 

composite tests as far as the compression region was concerned. However, dif- 

ferences were apparent in the corresponding depths of the impressions left in the 
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tension region for all the tests, which appeared to be a function of the amount of 
rotation induced into the connection. 

Following a close examination of the test prior to the removal of the load. an 

unexpected form of deformation had occurred within the depth of the end plate 
(see Figure 7.5). 
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Figure 7.5: Curvature of the end plate between the bolt rows 

From this figure, it can be seen that the curvature of the end plate was in 

the opposite direction to that which the author would have expected. However, 

following due consideration to the actions of the forces involved, a possible ex- 

planation for this occurrence was apparent. 

The end plate would be restrained at both positions where the bolt rows were 

located. Consequently, if we then superimpose the tensile forces acting on the 

end plate, due to the action of the induced bending throughout the depth of the 

beam, a deflected form of the type shown would be produced. The justification 

for extending the tensile force distribution down to the lower beam flange. was 

as a result of tensile action being indicated at the lower two bolt rows by the 
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formation of impressions of the nuts, which were left on the column flanges in 

this region of the connection. 
Continuing along this line of thinking, it would also be reasonable to expect 

the maximum displacement to occur towards the position of the tension bolt row. 
Although this was indicated from the measurements taken, the position could 

not be established with certainty, because the displacements were very small, 
i. e. < 1.5mm for a 15mm plate thickness and approximately 2.5mm for a 10mm 

end plate. 

7.4.4 Test 3- composite (4T16 rebars widely spaced) 

The connection configuration for this test was identical to Test 2 above, ex- 

cept that the spacing of the rebars was increased to the maximum permit- 

ted by present-day codes of practice (see Chapter 6, section 6.1). In addition. 

to enable the performance of these rebars to be monitored as the test pro- 

gressed, strain gauges were secured on the rebars in the vicinity of the connection 

(see Plate 7.7). 

Initially the test progressed in exactly the same fashion as Test 2. Trans- 

versely orientated cracks appeared propagating from the column flange tips on 

the back of the specimen for both connections (56kNm). These were joined by a 

similar crack on the front of the specimen applicable to connection B, to produce 

the first complete transverse crack across the breadth of the slab (70kNm). This 

was duplicated on connection A shortly afterwards (113kNm). The pattern of 

transverse cracking observed during this test was similar to that established dur- 

ing Test 2. However, the primary difference between the two patterns was that 

the dominant crack (connection A), opened in a relatively symmetrical manner 

between the front and the back of the specimen as a consequence of the col- 

umn now being restrained from deflecting out-of-plane. This was in contrast to 

Test 2, where the corresponding crack on the back of the specimen was consid- 

erably wider than the crack on the front. Following the test completion, the 
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furthest cracks were measured to be 1200mm from the column face. The width 

of the cracks varied considerably along the length of the connections. with th(' 
initial cracks being by far the largest, with the others being at least one order of 

magnitude smaller. 

The first longitudinal cracks became apparent above the inner-most rebars 
when a connection moment of 197kNm had been obtained. This was exact lv 

the same load level that produced the initial longitudinal cracks in Test 2, and 

was to be expected since the positions of these rebars relative to the column had 

not altered. However, similar cracks did not appear over the outer-most rebars 

until a connection moment of 268kNm had been achieved. Consequently, one 

of the effects of increasing the spacing of the rebars was to increase the applied 

connection moment by 27% prior to longitudinal cracking occurring above the 

outer rebars. By the end of the test however, there was a similar degree of 

longitudinal cracking over both the inner and outer rebars. The length of these 

cracks extended a distance of 800mm from the face of the column, for both 

connections A and B. 

The observations for this test began to differ from those made during the pre- 

vious test as the mid point of phase 2 was approached (2llkNm). The apparent 

difference was that now there was no out-of-plane rotation occurring to the col- 

umn, and consequently, the lateral displacements of the compression flanges were 

reduced significantly. They were not however eliminated completely. It is thought 

that the small lateral displacements were again caused by the out-of-plane turn- 

ing moment. However for this and the subsequent tests, this moment could now 

be resisted by the torsional stiffness of the beams which had not been mobilised 

to its full potential when the column was being supported on a ball joint. 

The first signs of deformation within the column flange and end plate chile 

as two-thirds of the predicted moment of resistance of the connection was 

attained (237kNm). 

Following the attainment of a connection moment of : 3'? 55k N m. the applied 
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load dropped by 3% and simultaneously, a muffled bang was heard. Following 

this occurrence, the initial transverse crack on connection A opened slightly in 

the direction towards the column, but was unaltered at the outermost edges. 
Therefore it was concluded that the longitudinal members of the mesh located in 

the middle of the slab had fractured and the external members were still intact. 

This could not be verified visually, since the crack width was not sufficient to 

expose the fractured ends. The next increment restored the load level and the 

test progressed in rotational increments. When a connection rotation of l5mra- 

dians had been induced, a similar bang was heard. This again was accompanied 

by a 4% decrease in the applied load. It was concluded that this second bang 

was the outer longitudinal rebars of the mesh reinforcement fracturing in the 

vicinity of the connection. This second fracture had the effect of re-establishing a 

reasonably uniform crack width across the breadth of the slab on connection A. 

The width of the corresponding transverse crack applicable to connection B was 

considerably smaller throughout the duration of the test. The crack width on 

connection A was always dominant, because the diameter of the rebars in the 

vicinity of the connection had been reduced to enable the strain gauges to he 

secured. This process was necessary as a consequence of the deformed pattei'ii 

being present on the surface of the rebars. For a given load in the rebar therefore, 

the corresponding elongation would be greatest in this locality by virtue of its 

reduced area. Furthermore, this would also explain why, for a given point in the 

test procedure, the connection rotation for connection A was always in excess of 

that applicable to connection B. 

As plasticity continued to develop, the deformation within the column flange 

increased, thus producing the familiar gap between the flange and the end plate. 

The onset of local buckling and its development throughout the test was 

similar to that observed for Test 2, with the exception that the buckles developed 

on the front of the specimen before the back. By the end of the test however, 

another difference became apparent. The magnitude of the local buckles were 
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larger in this test than their equivalent in the previous test. It is thought that this 
difference was a function of the induced rotation, since the moment resistances of 
the connections, and hence the compressive force within the lower flanges, were 

not significantly different. 

This test was brought to a dramatic conclusion by fracture occurring to the 

rebars themselves. This was indicated by a significant reduction in the applied 
load, of 36%. In addition, following the examination of the specimen it became 

apparent that thread stripping to either the nut or bolt had also occurred to the 

back tension bolt of connection B. When the connection was dismantled, it wa 

found that the threads had stripped on the nut rather than the bolt itself. 

The moment-rotation characteristic determined for this test is shown in 

Figure 7.10 (see Section 7.5), from which the following can be identified. 

The moment of resistance of the connection : 390kNm 

Available rotation capacity : 47.7mradians 

The strain reached 0.1% within the inner rebars when a connection moment 

of 112kNm had been obtained. During the earlier stages of loading, the strains 

measured in the rebars showed slight variation between the force resisted by the 

inner rebars and that resisted by the outer rebars and is typical of elastic shear 

lag[109]. Generally, the strains in the inner-most rebars were of the order of 8% 

higher than the corresponding strains in the outer-most rebars. When a strain of 

0.1% was exceeded however, the variation increased, such that when two-thirds of 

the connections moment of resistance had been obtained (237kNm), the difference 

was in the order of 20%. It is thought that the increase in the variation between 

the rebars was the result of the inner rebars beginning to yield, whereas elastic 

conditions were still applicable to the outer bars. The strain in the inner-most 

rebars was approaching 0.2% at this load level, with 0.15% applicable to the out er- 

most rebars. Unfortunately, no further reliable data could be obtained from these 

strain gauges due to inconsistences within the measured values being obtained at 

higher load levels. The strain levels applicable to the lower compression flanges 
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and webs were of the same order as those ascertained from Test 2. at a comparable 
load level. Therefore, it can be concluded that the horizontal spacing of the rebars 
has a negligible effect on the compressive strains within the lower flanges of the 

beams. This statement is only valid up to the onset of material yield. since the 

materials characteristics in compression were not known beyond the approximate 

elastic limit corresponding to a strain of 0.1%. 

The deformation characteristics applicable to the tension region of the steel 

part of the connection were very similar between the front and the back of the 

specimen. However, this was not reflected in the development of the local buck- 

les within the compression flanges, where the buckles in the front of the speci- 

men were larger than those applicable to the back. This can be clearly seen by 

Plates 7.18 and 7.19, which show the general deformation induced into the steel- 

work for the front and back of the specimen respectively. 

Plate 7.20 shows the back bolt of connection B, where thread stripping to the 

nut had occurred. It was thought that this situation was created as a result of the 

force being carried by the fractured rebar being redistributed between the other 

components of the connection when it actually fractured. The explosive manner 

in which this load transfer occurred would have the effect of applying what would 

amount to an impact load to the connection. This was accommodated by necking 

being induced into the inner rebar located at the back of the specimen, and the 

nut at the back of the specimen (connection B) having its threads stripped. 

Clearly, the possibility of bolt failure is undesirable, since had the threads not 

stripped, then fracture of the bolt may have been the result. Consequently. to 

prevent this from occurring in the future tests, the bolts were increased to NI21 

diameter for the subsequent specimens. This solution was implemented. since 

the author believed that this would limit the behavioural differences that would 

inevitably occur, as a result of altering the tension resistance of the connection. 

The general form of the concrete crack pattern for this test, showing a more 

uniform crack formation on connection A. is illustrated by Plate 
. 
21. 
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Following the removal of the concrete in the vicinity of the connection. the lat- 

eral curvatures of the rebars were found to be approximately equal in magnitude 

and opposite in direction (see Plate 7.22). This was a feature of all the composite 
tests where the column was supported on an uni-directional rocker. Plate i . 23 

shows clearly that the fracture occurred to the outer rebar located on the back of 

the connection, in addition to necking being induced into the corresponding inner 

rebar. It can also be seen, although not as clearly, that the fracture of the mesh 

reinforcement had occurred across the complete breadth of connection A. The 

corresponding distances between the fractured ends were found to be relatively 

constant, therefore it could be assumed that the strain distribution across the 

breadth of the slab could be considered to be uniform at the completion of the 

test. The fractures within the mesh were duplicated on connection B; however, 

the distances between their respective fractured ends were significantly less than 

those measured for connection A. An explanation as to why the outer rebar frac- 

tured in preference to the inner rebar, could be in part attributed to the area of 

the rebars being reduced to enable the strain gauges to be secured in position. 

The extent to which the area was reduced was not specifically controlled; however, 

no more surface metal was removed than was considered necessary. Inevitably 

therefore, a variation in the area of the rebars would be present across the breadth 

of the slab, thereby influencing which rebar would eventually fracture. 

Following a comparison between the moment-rotation characteristics applica- 

ble to all the composite tests, close correlation was achieved. Therefore it can he 

concluded that the effect of increasing the horizontal spacing of the rebars does 

not significantly effect the resistance and stiffness of the connections. -o comment 

could be made as far as the rotation capacity of the connection was concerned. 

because a mode of failure for the previous composite test was not established. 
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7.4.5 Test 4- composite (thin end plate) 

This test was very similar in configuration to those that were undertaken previ- 

ously, the difference being that the end plate thickness was reduced. The rein- 
forcement arrangement was identical to Test 3 (see Chapter 6. Section 6.2). 

The sequence in which the initial transverse cracks propagated from the col- 

umn flange tips was similar to that observed for the previous composite tests. 

The cracks located on the back of the specimen appeared first (42kNm). with the 

front cracks following soon afterwards (56kNm). In addition, at this load level, 

the crack located at the back of the specimen on connection A progressed to the 

edge of the slab. Complete transverse cracks were evident on both connections 

following the attainment of a connection moment of 70kNm. However, a differ- 

ence in the formation of the crack pattern located on the front of the specimen 

applicable to connection A, was also observed at this connection moment. The 

standard pattern which had occurred in all of the previous composite tests. and 

indeed for three of the four initial transverse cracks in this test, was that the pro- 

gression of the cracks from the flange tips occurred generally in a perpendicular 

direction (see Figure 7.6a). 
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Figure 7.6: Unusual concrete crack pattern 

unusual crack path 
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However, for the front crack on connection A, although initially its progression 
followed the established pattern, on reaching midway between the inner-most 

and outer-most rebars, its path changed. The change took the form of the crack 

progressing diagonally to meet the centre line of the column between the flanges. 

before finally progressing perpendicularly to the slab edge (see Figure T. 6b). The 

diagonal length of this crack intersected the column's centre line approximately 

in the position where it also intersected the external rebar. 

As the test continued, these established cracks opened reasonably svnlmetri- 

cally between the front and back of the specimen. However, the width of the crack 

applicable to connection A was always larger than that observed for connection B. 

When a connection moment of 333kNm had been obtained, a new transverse crack 

appeared on the front of the specimen, applicable to connection A. It propagated 

from the position where the path of the initial transverse crack described above 

was diverted diagonally. The new crack extended perpendicularly to the slab 

edge. Consequently, uniformity of the crack pattern between the composite tests 

in the vicinity of the connections was re-established. As loading continued, the 

width of the diagonal crack remained unchanged, with the extension of the ne\v 

crack accommodating the connection rotation. 

The development of the longitudinal crack pattern was identical to that seen 

in the previous composite tests. Longitudinal cracking above the inner rebars was 

initiated first (14lkNm). However, these were not duplicated on the outer rebars 

until the connection moment had risen to 282kNm. By the end of the test, the 

extent of the longitudinal cracking above all the rebars was similar on both sides 

of the specimen, and was also reasonably symmetrical between the connections. 

These cracks progressed to approximately 800mm in length when measured from 

the column flanges. 

It had become apparent at connection moment of 65kNm that the connection 

stiffness had been reduced as a result of the change in end plate thickness. 

Steel deformation became apparent in the end plate when the connection 
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moment was 155kNm. This deformation took the form of the end plate peeling 

away from its mating position against the column flange. There was no evidence 

at this stage to suggest that the column flange was deforming (see Figure 7.7). 

L 
Gap between end plate 

r and column flange 

Tension 

'oint at which end plate 
appears to be bending 

plate 

Column flange 

Compression 

Figure 7.7: End plate deformation within the tension region of the connection 

Following the attainment of two-thirds of the calculated moment of resistance 

of the connection (200kNm), the end plate deformation had increased apprecia- 

bly in comparison to the previous tests. At this stage it looked as though this 

deformation was the result of the end plate bending about the centre line of the 

tension bolt row. This was in contrast to the previous tests, where at this load 

level no visible steelwork deformation had occurred. It was therefore thought 

that the increase in connection flexibility could be attributed to the end plate 

deformation in the tension region initially influencing the connection's rotation. 

At this load stage, the strain measured in the inner rebars had reached 0.1 ý%, 

whereas the corresponding strain applicable to the outer rebars «-as 2 . 5Y lower. 

Following a comparison between the corresponding strains in the rebars between 

this test and Test 3, it was established that the level of strain measured in the 

rebars were slightly higher than their corresponding values established previously. 
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In addition, the variation in the strain distribution between the inner and outer 

rebars had increased. The strain in the inner-most rebars reached 0.1% when a 

connection moment of ll2kNm had been obtained. However, the corresponding 

strain in the external rebars was 25% lower. This difference gradually increased. 

such that by the time the strain measured 0.2% (2l9kNm). the difference had 

risen to 30%. In addition, the strains in the compression zone were symmetrical 

between the front and back of the specimen, with a compressive strain in the 

lower flanges equal to 0.06%. This was approximately matched by the horizontal 

and diagonal arms of the rosettes which measured 0.055%. The corresponding 

strain within the vertical arms of the rosettes was equal to 0.023%. 

The first signs of deformation within the column flanges became evident when 

the connection moment had reached 254kNm. This was only slightly higher than 

the load level that induced similar deformation during Tests 2 and 3. Therefore, 

it can be concluded that the end plate thickness does not have a substantial 

influence on the deformation characteristics of the column flange. 

Rotational increments were adopted above a connection moment of 300kNm. 

As the plastic plateau of the moment-rotation characteristic was approached, 

and a connection rotation of 8mradians had been achieved, the applied load 

dropped by 6% as the mesh fractured in the vicinity of connection A. This was 

accompanied by the initial transverse crack applicable to connection A opening 

in a symmetrical manner between the front and back of the specimen. 

As plasticity continued the column flange deformation increased. However, 

the deformation within the end plate located in the tension region appeared to 

stabilise. Consequently, the column flange deformation was accommodated by 

the end plate bending at the centre line of the upper bolt row assumed to resist 

shear. This had the effect of opening a gap between the column flange and the 

end plate in an identical manner to that observed during the previous tests. 

Local buckling within the compression flanges close to the column, applicable 

to the back of the specimen, was observed when a connection rotation of lumra- 
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dians had been induced. This was not duplicated on the front of the specimen 
until a rotation of 17mradians had occurred. However, unlike the previous tests. 

as the connection rotation increased the magnitude of the buckles appeared to 
increase at a slower rate. It is thought that a possible explanation for this could 
be attributed to the lower moment of resistance of the connection not being able 
to overcome the strain hardening effect, due to plastic deformation. as effectively 

as was seen in the previous tests. This could have a pronounced effect on the 

strain level within the reinforcement. Clearly, if the rotation of the connection 
is not, in part, associated with buckling of the lower flange, then it must be a 

result of deformation within the tension region. This deformation would be com- 
ing from the column flange and the end plate, which would in turn subject the 

rebars to a greater strain for a given rotation. Consequently, the author believes 

that the above explanation is the reason why a considerably lower connection 

rotation was achieved for this test, in comparison with that achieved for Test : 3, 

where the connection rotation was 34% higher (see Table 7.1). 

When a connection rotation of 22mradians had been induced, the specimen 

was unloaded completely to enable the loading jack applicable to connection A to 

be re-set. The problem was associated with the loading arrangement (see Plate 7.3). 

The rocker/roller configuration permits a certain maximum horizontal displace- 

ment of the rollers relative to the rocker, before the arrangement becomes in- 

herently unstable. This limit was approached during the test. Following the 

re-positioning of the loading arrangement, the specimen was loaded to failure. 

The mode of failure for this specimen was fracture of the rebars within the 

concrete slab. 

The moment-rotation characteristic determined for this test is shown by 

Figure 7.11 (see Section 7.5), from which the following can be identified. 

The moment of resistance of the connection :3 70k-Nm 

Available rotation capacity : 35.5mradians 
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The plastic deformation induced into the steelwork is shown by Plates 7.24 and 
7.25, which are applicable to the front and the back of the specimen respectively. 

The deformed and fractured reinforcement can be seen by Plate 7.26. Frone 
this photograph, it can be seen that the connection failure was clearly the result 

of an outer-most rebar located on the front of the specimen fracturing. It can 

also be seen that the mesh reinforcement had fractured across the breadth of the 

slab. However, the distance between the fractured ends tend to indicate that, the 

front of the specimen was resisting a greater strain than the back. This, however. 

was not indicated in the crack pattern until fracture had occurred. The deformed 

and fractured reinforcement applicable to the front of the specimen is shown in 

more detail by Plate 7.27. In addition, the lack of deformation induced into the 

shear stud connectors is apparent. 

7.4.6 Test 5- composite (deeper beams/larger column) 

The reinforcement arrangement for this test remained unaltered form the previous 

test and the end plate thickness was restored to 15mm (see Chapter 6, section 6.2). 

The crack pattern was initiated again by transverse cracks propagating from 

the column flange tips. The front and back cracks for both connections opened 

when the connection moment was 42kNm. Subsequently, they reached the edges 

of the slab to form complete transverse cracks when the connection moment was 

98kNm and 127kNm for connections A and B respectively. The initial cracks 

opened up in a symmetrical fashion between the front and back of the specimen. 

At a connection moment of 127kNm, a transverse crack propagating from 

midway between the inner and outer rebars, appeared on the centre line of the 

column between the flanges. This crack was symmetrical between the front and 

back of the specimen. The crack extended to the slab edges first (183k-Nm), 

followed by the column (268kNm). As the connection rotation increased, the 

width of this crack was unaffected and remained only just visible by the conclusion 

of the test. 
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The formation of the longitudinal cracks again followed the same pattern 
that has been discussed previously. The cracks formed above the inner rebarg 
first (183kNm), and were subsequently mirrored on the outer rebars (210k-Nm). 

These cracks formed in a symmetrical fashion between the front and back of 

the specimen. By the end of the test, the extent of the cracking had evened 

out between the internal and external rebars. The longitudinal cracks extended 

approximately 800mm from the column flanges on both connections A and B. 

As the load level increased to two-thirds of the predicted connection resis- 

tance (340kNm), deformation was just detectable within the tension region of 

the column flange. 

When a connection moment of 437kNm had been obtained. there was an 

audible bang which was accompanied by a reduction of the applied load by T %. 

This was again coincident with the width of the initial transverse crack applicable 

to connection A increasing. It was therefore assumed that the longitudinal rebars 

of the mesh reinforcement located in the vicinity of the column had fractured. 

As the connection rotation increased, the deformation within the column 

flange increased and a gap was duly created between the flange and the end 

plate, as before. There was no evidence to suggest that the end plate itself was 

bending about the centre line of the tension bolt row. 

Prior to the completion of the test, when a connection rotation of 18mradians 

had been achieved, it became apparent that the bolts were beginning to elongate. 

This was indicated by the end plate and column flange separating at the position 

where the tension bolts were located. To avoid concerns about the bolts frac- 

turing, the specimen was unloaded to enable remedial strengthening measures 

to be undertaken. These took the form of welding as much as was practicable 

of the bolt head and the nut to the end plate and column flange respect iv-ely 

(see Plate 7.30). In doing this, bolt fracture was not prevented; however. should 

it occur then the bolt parts would be held in position. Wehen the specimen was 

re-loaded, the loading path was very similar to that which was obtained dur- 
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ing the earlier stages of the test procedure. Therefore, it was concluded that 
the remedial measures undertaken to protect against bolt fracture would have a 
negligible effect on the connection's performance. 

The test was then resumed until the connection failed by the rebar fracturing. 

This was indicated by the applied load dropping by 1 11/(. 

The moment-rotation characteristic determined for this test is shown by 

Figure 7.12 (see Section 7.5), from which the following can be identified. 

The moment of resistance of the connection : 493kNm 

Available rotation capacity : 20. lmradians 

The plastic deformation induced into the steelwork is shown by Plates T. 28 

and 7.29, which are applicable to the front and back of the specimen respectively. 

There was no visible evidence to suggest that local buckling was occurring to 

the compression flanges of the beams in the vicinity of the connections. However, 

the compressive strains in the lower beam flanges were sufficient to indicate the 

onset of material yielding when the connection moment had reached 340kNm. By 

the end of the test, the compressive strain had reached 0.17%. The compressive 

strains applicable to the horizontal and diagonal arms of the rosettes secured to 

the beam webs were of a similar order as those obtained from the flanges. 

The low rotation capacity for this particular connection configuration was again 

assumed to be associated with virtually no deformation occurring within the com- 

pression region. Consequently, the deformation within the tension region accom- 

modated the connection rotation in a similar manner to that described for Test 4. 

The strain in the inner rebars reached 0.1% when a connection moment of 

125kNm had been obtained. However, the corresponding strain in the outer 

rebars was 18% lower. This difference gradually increased, such that by the time 

the strain measured 0.2% within the inner rebars (266kNm), the difference had 

risen to 25%. 

Following a comparison between strain levels for this and Test 3, which were 

identical with the exception of the beam and column sizes, it was established that 
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for any level of applied moment, the level of strain within the rebars would be 

reduced as a consequence of the member section designations increasing. This can 

be explained by the increase in the column flange thickness. which reduces t he 

flange deformation for a given moment. However, this comparison was restricted 

to the onset of material yield (0 < strain G 0.2%). Although post-yield strain 

gauges were adopted to measure the rebars performance from Test :3 onwards. no 

reliable data could be collected following the attainment of material yield. because 

inconsistencies in the measured values were obtained at higher load levels. These 

inconsistencies were symptomatic of the sort of variable measurements which 

could be caused by the failure of the securing bond. Furthermore, the influence 

of the change in beam depth must also be significant, since the connect ion's 

rotation capacity was servely reduced when the connection's ultimate condition 

was reached (see section 7.6, Table 7.1). 

The concrete crack pattern is shown by Plate 7.31. In addition. the symmet- 

rical nature of this pattern can be seen together with the uniform width of the 

largest transverse crack applicable to connection A. 

The deformed and fractured reinforcement is shown in Plate T. 32. It can 

be seen that the outer rebar located at the front of the specimen caused the 

connection failure. In addition, it is evident that the mesh reinforcement had 

fractured across the breadth of the slab. 

7.5 Moment-rotation characteristics determined 

from the experimental programme 

The moment-rotation characteristics presented in Figures 7.8 - 7.12 inclusive, 

represent the connection's behaviour following a ten minute time delay from 

the initial attainment of the appropriate increment. Moreover. the rotations of 

the connections were based on the measurements obtained from the electrical 

clinometers, which were positioned at the height of the tensioli bolt row. 



1 

7.5 Moment-characteristics determined from the experimental programme 237 

200.00 
Connection A- Test 1 

150.00 

E 
z 

E 100.00 
U) E 
0 2 

50.00 

0.00 L 
0 5 10 

Rotation (mrads) 

200.00 

150.00 

E 
z 

100.00 
(D E 
0 2 

50.00 

0.00 L 
0 

Connection B- Test 1 

5 10 
Rotation (mrads) 

15 20 

15 

Figure 7.8: Moment-rotation characteristics for Test 1 

20 



-9 

7.5 Moment-characteristics determined from the experimental programme 

Connection A- Test 2 

450.00 

400.00 

350.00 

300.00 
E 
z 
Y 250.00 

E 
200.00 

150.00 

100.00 

50.00 

0.00 
05 10 15 20 25 30 35 

Rotation (mrad) 

Connection B- Test 2 

450.00 

400.00 

350.00 

300.00 
E 
z 
Y 250.00 
c 
E 

200.00 

150.00 

100.00 

50.00 

0.00 
05 10 15 20 25 30 35 

Rotation (mrad) 

Figure 7.9: Moment-rotation characteristics for Test 2 
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Figure 7.10: Moment-rotation characteristics for Test 3 
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7.6 Summary of experimental results 

Connection performance 

It can be seen from the moment-rotation characteristics illustrated in section 7.5, 

that for the connections tested, each unloading stiffness was constant throughout 

the working range and approximately equivalent in magnitude to the correspond- 

ing initial stiffness. 

To facilitate the comparison between the tests performed, the connections 

performances are summarised in Table 7.1, from which the following can be con- 

cluded. 

Moment capacity Rotation capacity Mode of failure 
(kNm) (mrads) 

M(ult) O(ult) 

Test 1# 162 > 19.0 
N/A 

Test 2# 380 > 32.8 

Test 3 390 47.7 
External re-bar 

Test 4 370 35.5 fracture 
Test 5 493 20.1 

Note : 
#- Ultimate condition not reached 

Table 7.1: Connection performance 

1. The moment resistance of the bare steel connection, indicated by Test 1. 

can be increased when it acts compositely with a reinforced composite slab. 

This increase would be in the order of 135% if 4T16 longitudinal rebars 

were adopted as continuous reinforcement within the slab. 

2. From a comparison between Tests 2 and 3, it can be seen that increasing the 

horizontal spacing of the rebars does not significantly affect the performance 

of a composite connection. 
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3. The effect of reducing the end plate thickness can be established by com- 

paring Tests 3 and 4. It can be shown that the moment resistance of the 

composite connection was reduced by 5% and the rotation capacity by 26/(. 

4. From a comparison between Tests 3 and 5, it can be seen that increasing 

the serial sizes of the connected members increases the moment resistance 

of the composite connection by 26%. However, this was accompanied by a 

reduction in the available rotation capacity of 58%. 

5. When the ultimate condition was reached, all the applicable tests failed as 

a result of the external re-bar fracturing. 

An overall comparison between the behavioural characteristics of the connec- 

tions tested is shown by Figure 7.13. In addition, Figure 7.14 has been included 

to enable comparisons to be undertaken between the corresponding connection 

stiffnesses, when the connection rotation is relatively low (< 5mrads). 

From these figures, the following can be concluded : 

1. The bare steel connection has by far the lowest moment of resistance and 

overall stiffness. 

2. A considerable increase in strength and stiffness results from the effects of 

composite action (Tests 2- 4). 

3. A further increase in strength occurs when the serial sizes of the connected 

members are increased (Test 5). However, there is not a corresponding 

increase in connection stiffness. 

4. The behavioural characteristics for the composite 457 serial size beams 

(Tests 2- 4) were very similar. 

5. For a given reinforcement detail, the available rotation capacity of the con- 

nections is influenced by the end plate thickness and the serial size of t he 

connected members. 
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Deformation characteristics within the steelwork 

For all the tests that incorporated a 15mm thick end plate and 45 7 serial size 
beams (Tests 1- 3), the early rotation of the connections was the result of the col- 

umn flange deforming in the tension zone. As the connection rotation increased, 

the deformation within the column flange was accommodated by the end plate 

bending about the centre line of the upper bolt row assumed in the connection 

design, to resist the vertical shear. In addition, with the exception of Test 1, 

compression buckling occurred to the lower flanges of the beams in the vicinity 

of the connections, prior to the ultimate condition being reached. 

For the composite test that incorporated a 15mm thick end plate but had 

larger serial size members (Test 5), the deformation characteristics were similar 

to those described above. However, there was no evidence to suggest that com- 

pression buckling was occurring in the vicinity of the connections prior to the 

connection failure. 

For the composite test that incorporated a thinner end plate in conjunction 

with a 457 serial size beam (Test 4), the deformation characteristics within the 

tension zone changed initially. The change took the form of the end plate bending 

about the centre line of the tension bolt row. This occurred from an early stage 

in the proceedings and continued until the deformation within the column flange 

developed. At this point, the deformation within the end plate located in the 

tension zone appeared to stabilise, with the increasing flange deformation being 

accommodated as before. The load level at which the column flange started to 

deform was not influenced significantly by the change in the end plate thickness. 
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Plate 7.1 - Purpose built test rig 
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Plate 7.2 - Methods to prevent lateral movement at the ends o1 the beams 
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Plate 7.3 - Load arrangement 
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Plate 7.4 - Ball joint column support used for tests 1 and 2 

Mwný 

Plate 7.5 - Uni-directional rocker column support used for tests 2,3 and 5 
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Plate 7.6 - Reinforcement arrangement adopted for the tests 

Plate /. /- Strain gauge and shear stud positions wttnin me concrete siao 
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Plate 7.8 - Test 1: steelwork deformation (front) 
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Plate 7.9 - Test 1: steelwork deformation (back) 
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Plate 7.10 -Test 1: Bolt impression left on the inside 

of the column flange in the tension region 
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Plate 7.11 -Test 1: Bolt impression left on the inside 

of the column flange in the compression region 
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Plate 7.12 - Test 2: steelwork deformation (front) 

Plate 7.13 -Test 2: steelwork deformation (back) 
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Plate 7.14 - Test 2: concrete slab crack pattern 
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Plate 7.15 -Test 2: column non-verticality 
inconjunction with lateral deformation of the reinforcement 
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Plate 7.16 -Test 2: exposed reinforcement (front) 

Plate 7.17 - Test 2: exposed reinforcement (back) 
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Plate 7.18 - Test 3: steelwork deformation (front) 
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Plate 7.19 - Test 3: steelwork deformation (back) 
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Plate 7.20 -Test 3: thread stripping to the nut 

Connection `B' (back) 
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Plate 7.23 - Test 3: exposed reinforcement showing external rebar fracture (back) 

Plate 7.22 - Test 3: lateral deformation of the reinforcement 
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Plate 7.24 - Test 4: steelwork deformation (front) 
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Plate 7.25 -Test 4: steelwork deformation (back) 
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Plate 7.26 -Test 4: exposed reinforcement 

Plate 7.27 -Test 4: fracture of rebar (front) 
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Plate 7.28 - Test 5: steelwork deformation (front) 



6.7 Photographic plates for the experimental programme 267 

Plate 7.29 - Test 5: steelwork deformation (back) 
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Plate 7.30 -Test 5: nut welded to flange to guard 

against bolt fracture 
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Plate 7.31 -Test 5: slab crack pattern 
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Plate 7.32 - Test 5: exposed reinforcement showing outer rebar fracture (front) 
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Chapter 8 

Analysis of the test results in 

the context of connection 

performance 

8.1 Introduction 

Classification procedures for composite connections[60], in terms of both strength 

and rotational stiffness, are applied to the author's experimental results. 

Incumbent within the procedures for the strength classification, is the require- 

ment to predict the connection's moment of resistance. Consequently, particu- 

lar emphasis will be given to the suitability of modern prediction methods to 

perform this calculation satisfactorily. Furthermore, the approach adopted by 

Eurocode 4[60] to classify the connection by its rotational stiffness, considers the 

flexural stiffness of the composite beam either to be in its cracked or uncracked 

state. A study has therefore been undertaken to investigate the effect on classi- 

fication, when the beam's flexural stiffness is varied between these limits. 

Composite end plate connections are also considered in the context of provid- 

ing ductility in the hogging regions of plastically designed continuous composite 

beams. For these connections to perform satisfactorily, they must be capable of 
270 
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redistributing bending moments from the support regions to the mid span region. 
It is shown that the ductility requirements cannot be expressed solely in terms of 

simple rules concerning material properties for reinforcing steel. To this end, ex- 
isting ductility models are assessed prior to deriving an alternative semi-empirical 

method that considers the behaviour of the joint as a whole. 

8.2 Classification of bolted composite beam-to- 

column connections 

The classification procedures for bolted beam-to-column connections in accor- 

dance with Eurocode 3 have been described in Chapter 2. Eurocode 4 adapts 

these rules to classify similar composite connections, although the following re- 

strictions are imposed: (i) The connections must incorporate slab reinforcement 

to enhance their tensile resistance. (ii) Although recognising the existence of 

semi-rigid connections, they are at present outside the scope of the code, and 

(iii) Eurocode 4 will only classify connections in frames that satisfy the require- 

ments applicable to a braced frame (see clause 4.9.4.3 of the code). 

Classification limits have been proposed in terms of both strength and rota- 

tional stiffness for composite connections. However, no detailed rules have been 

provided for calculating the key elements which can describe the moment-rotation 

characteristic. These elements include the connection's moment of resistance, its 

rotational stiffness and rotational capacity. This omission was a result of the 

code drafting panel concluding; that the available prediction methods to deter- 

mine these properties, were not yet sufficiently well established to justify their 

inclusion in Eurocode 4[110]. 

8.2.1 Classification by strength 

The classification limits for strength have been non-dimensionalised by comparing 
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the properties of the connection with that of the beam (see equation 8. l). 

when M>1.0 -+ Connection is Full strength Wonn 

M= or Mpl. Rd 

when M<1.0 -> Connection is Partial strength 

where : 

Mpconn - Connection moment of resistance 

Mpl. Rd - Negative moment of resistance of the composite beam. 

Connection moment of resistance 

An adaptation of the rules for steel connections can be used to calculate the 

moment of resistance of composite connections, provided that yielding of the 

slab reinforcement is included. To this end, it has been suggested[110] that 

adopting the following prediction model[87] (see Figure 8.1), would provide a 

suitable approach to this calculation. 

Tensile resistance 
reinforcement R 

r 

Tensile resistance R b steelwork 
connection 

MPconn 

ression Com p 
Rf 

Assumed stress block 

column web when Rf<R,. +Rb 
stiffener 

Figure 8.1: Prediction model for determining the moment resistance of a com- 

posite end plate connection 

It would therefore follow that the moment of resistance could be evaluated by 
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equation 8.2. 

Mpconn = Rr Dr - 
tbf 

+ Rb [Db 
- 

tbf 
- (Rr + Rb - Rf) + 

thf 
22)"? 

where : 

Rr - Tensile resistance of the reinforcement = fyrAs 

(. 2) 

D,. - Lever arm between the centre line of the reinforcement and the bottom 

of the connected beam 

Rb - Effective tensile resistance of the steelwork connection at the level of the 

tension bolts, in accordance with Annex J of Eurocode 3[18] 

Db - Lever arm between the centre line of the tension bolts and the bottom 

of the connected beam 

Rf - Compressive resistance of the lower beam flange = Bb ftb ff yb f 

fyr - Yield stress applicable to the reinforcement 

As - Total reinforcement area 

Bbf - Width of the lower beam flange 

tb f- Thickness of the lower beam flange 

fybf - Yield stress applicable to the beams flange 

x- Depth of beam web in compression (see equation 8.3). 

When Rf < (Rr + Rb), X= 
(Rr+Rb+Rb-Rr) 

tbwfybw 

or alternatively 

When Rf > (Rr + Rb), the third term drops out of the calculation 

where : 

tbw - Thickness of the beams web 

(8.3) 

fybw - Yield stress applicable to the beam web. 

It can be seen from equation 8.2 that the prediction model was based on 
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the tensile resistance of the reinforcement and the steelwork connection acting 
together, about the centre of the lower compression flange of the beam. The 

equation is then further modified in recognition that the resistance R f, at the 

compression level, may influence the development of the connection's moment 

of resistance. This situation would occur if the total tensile resistance R, + Rb 

exceeds the compressive resistance of the lower beam flange Rf. To ensure that 

equilibrium of horizontal forces are maintained under these circumstances, part. of 

the depth of the web, denoted `x' in Figure 8.1, is assumed to have yielded. The 

familiar rectangular stress block distribution also shown in the figure, is adopted 

to determined `x'. The increased web thickness in the region of the curved fillet 

in rolled sections is ignored. 

The above model also precludes the possibility of the failure being associated 

with the column web buckling. Consequently, where appropriate, strengthening 

measures should be provided to ensure that this requirement is satisfied. Fur- 

thermore the model is restricted to Class 1 `plastic' or Class 2 'compact' steel 

sections. 

Beam's negative plastic moment of resistance 

To complete the classification by strength, the composite beam's plastic moment 

of resistance with respect to negative bending, M l. Rd, must be determined. The 

derivation of the necessary design formulae, together with a comprehensive expla- 

nation of their implementation, may be found elsewhere[57] and are therefore not 

reproduced here. However, in essence they are based on establishing the position 

of the plastic neutral axis within the cross-section, and subsequently determining 

the moment of resistance by taking moments. 

Assessment of the results 

The results are shown in Table 8.1 and were based on the measured mate- 

rial properties and measured section dimensions (see Appendix D. sect ions D. 2 
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and D. 3 respectively). 

Test Test Connection Composite Ratio Strength Member 
moment moment of beam negativ classification classification 

resistance moment of test moment 
MP resistance predicted moment -M conn (NV I. Rd) M=II. 

Rd 

kNm 

1# 162 
87 

(Annex J) 
357 

(Steel beam) 1.86 0.45 - partial Class I 'Plastic' 

2 380 295 [371] 458 1.29 0.83 - partial Class 2 `compact' 

3 390 295 [371] 450 1.32 0.87 - partial Class 2 'compact' 

4 370 296 458 1.25 0.81 - partial Class 2 ̀ compact' 

5 493 393 885 1.25 0.56 - partial Class 2 `compact' 

Notes 

#- Steel only test 

{] - Prediction incorporating the steelwork test moment of 162kNm 

Table 8.1: Classification by strength 

It can be seen from Table 8.1 that the lowest strength classification was ap- 

plicable to the steel-only test (Test 1). This results as a consequence of the flush 

end plate steel detail, in which the tension bolt row is incorporated within the 

depth of the connected beam, producing the lowest moment of resistance of all 

the connections tested. A similar classification, although slightly higher, was 

obtained for the final composite test (Test 5). This results as a consequence 

of adopting a deeper beam, which inevitably leads to a much higher negative 

moment of resistance for the beam section at the supports. This could not be ap- 

proached by adopting the same reinforcing detail that was used for the previous 

composite tests, despite the increase in the lever arm to both the bolt row and 

the reinforcement. The remainder of the tests (Tests 2,3 and 4) all had a strength 

classification of at least 80% of the beam's negative plastic moment of resistance. 

Consequently, it would seem reasonable to assume that a full strength composite 

connection could be provided. However, the desirability of providing full strength 

connections is a subject of debate. A composite beam's susceptibility to lateral- 

distortional buckling would be reduced by providing partial strength connect ions 
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at internal supports of continuous beams. This beneficial effect is the result of 

restricting the moment transmitted at the support to less than the full negative 

moment resistance of the beam member. Consequently, the length of the hogging 

moment region would be reduced, which in turn would ensure that a more stable 

performance from the beam would be obtained. 

Alternatively, the strength classification could be based on the predicted con- 

nection moment of resistance rather than the test moment discussed above. Under 

these circumstances, the classification would decrease such that for tests 2-3 inclu- 

sive, 64% of the beam's negative plastic moment of resistance would be expected. 

However, despite the partial strength nature of the connections involved for these 

three tests, an ultimate rotation capacity in excess of 30mradians was achieved. 

This encourages the view that the ductility needed by a composite system is not 

impaired if the connection resistance is lower than that of the connected beam. 

Unfortunately, in comparison with Test 5a similar conclusion cannot be drawn. 

The partial strength nature of the connection does limit the available ductility, 

since only 20mradians was obtained prior to rebar fracture. This change in be- 

haviour can in part be explained by a further drop in the strength classification 

of between 30 and 35%. This would result in the resistance of the connection 

dropping below half the strength of the connected beam, if the classification was 

based on the predicted value for the connection. 

These results tend to suggest that an adequate ductile performance would be 

achieved, by providing a connection whose predicted resistance was at least 65% 

of that of the connected beam. However, it will be shown in Section 8.3, that 

the problem of connection ductility is very complicated and cannot be assessed 

by simply comparing the relative strengths of the component parts that make up 

the composite connection. 

The prediction method described previously to determine a composite con- 

nection's moment of resistance produces, at first sight, a poor approximation to 

the true test moment achieved. However, if one compares the predictions «whicli 
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incorporate the experimentally determined steelwork moment, see Tests 2 and 
3, it can be seen that very close correlation was achieved. Consequently, it can 
be concluded that the method proposed to enhance a steelwork connection's mo- 

ment of resistance, when part of a composite arrangement, may be used as a 

basis for predicting the moment of resistance of composite bolted flush end plate 

connections. This further underlines the conclusions of previous experimental 

work, from which a preliminary design guide has been published[111]. 

The explanation to the failure of the method in the first instance, can be 

attributed to the poor prediction of the steelwork component of the compos- 

ite arrangement. It can be seen from Table 8.1 that the steel-only connection's 

moment of resistance was under predicted by 86%. However it has to be remem- 

bered, that the moment of resistance of the steelwork connection was undertaken 

in accordance with the revised Annex J of Eurocode 3[18], which seeks to predict 

the moment at the `Knee' of the moment-rotation characteristic. The -Knee' is 

defined in the context of a connections behaviour, by the moment at which the 

connection exhibits a significant loss in stiffness. 

200.00 

150.00 

E 
z 

E 100.00 

E 
0 2 

50.00 

0.00 L 
0 

(a) 
(b) 

Mp(conn) 
------------- ------------------------ -------------------------------------------------------- ------------------- 

Key 

(a) - Connection A 

(b) - Connection B 

5 10 15 
Rotation (mrads) 

20 

Figure 8.2: Revised Annex J's prediction for the steel-only test (Test, 1) 
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It can be seen from Figure 8.2, which illustrates the moment-rotation charac- 
teristic for Test 1, that Mp(conn) does represent a good prediction for the 'Knee' 

of the moment-rotation characteristic for this particular test. 

Following the substitution of the characteristic material properties and partial 

safety factors, further conservatism within the method would be realised. In a 
design situation therefore, there would be a tendency for the ratio of the test 

moment to the predicted moment to increase slightly. This can be proved for the 

author's experimental programme, where the increase varied between and 13%. 

In terms of structural performance, conservative predictions with regard to 

the connection's moment of resistance would be acceptable on the grounds that it 

would generally translate into improvements in the overall behavioural response 

from the frame. However, it must also be appreciated that problems may arise 

if the mode of failure of the connection changes to one which had not been 

previously considered, as a direct result of the underestimation of the connection's 

strength. 

8.2.2 Classification by rotational stiffness 

The revised Annex J for Eurocode 3[18] provides the following boundary for 

classification by stiffness for steel connections within a braced frame. This is un- 

dertaken by comparing the connection's initial stiffness, with a boundary criteria 

indicated by Figure 8.3. From this figure, it can be seen that if the connection's 

initial stiffness is greater than this boundary, then its corresponding behaviour 

can be considered as rigid. Likewise, if the boundary criteria is not satisfied, then 

the connection behaviour should be considered as semi-rigid. 

As indicated from the introduction, Eurocode 4 assumes that the flexural stiff- 

ness of a composite beam Elb, would be based on either its cracked or uncracked 

state. The choice being consistent with the assumptions adopted for the global 

analysis of the frame. 
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E 

I-------------------- 

a Rigid boundary 
stiffness 

8EI6 
S(rigid) S(rigid) 

Lb 

--------------------- 

Semi-rigid 

Rotation 
................................................ ..... . 

S: 
init 

S(rigid) -ý Connection is Rigid 

S:. 
n. 

< S(rigid) - Connection is Semi-rigid 

Figure 8.3: Classification by rotational stiffness 

In Figure 8.3: EIb - Flexural rigidity of the beam 

Sb - Length of the beam 

Si. init - Connection's initial stiffness. 

Clearly, if the beam is assumed to be cracked, the corresponding classification 

would move in favour of the connection being considered as rigid. This would 

result from a decrease in the stiffness of the rigid boundary, as a consequence of 

utilising the second moment of area applicable to a cracked composite beam. For 

internal connections of continuous composite beams, the `cracked' approach has 

traditionally been considered to be the more accurate model. This stems from a 

comparison with reality, where it can be seen that as a result of hogging bending, 

strictly the cracked section properties would be applicable. However, although 

cracking within this region occurs, it certainly does not extend over the full length 

of the beam. Consequently, a more realistic approach to the calculation of the 

classification boundary, would be to base the classification on an effective beam 

section applicable to the entire beam span; hence the beam properties would be 

somewhere in between the cracked and uncracked extremes. To this end, slope 

deflection equations were utilised to develop an algebraic equation to determine 

an equivalent second moment of area applicable to this non-uniform situation. 
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Algebraic solution to a non-uniform composite beam 

For an internal span of a continuous beam resisting uniformly distributed loads. 

the bending moment distribution is shown by Figure 8.4. 

Sb 

Hogging 
bending 

MAI\ve 

Hogging 
bending 

-ve 
ýMB 

End plate 
connections Bending moment 

/ diagram 

Figure 8.4: Bending distribution for a internal span of a continuous beam 

If this beam was constructed from a bare steel rolled section, then the second 

moment of area for the section would be uniform throughout its length. Con- 

sequently, for the situation shown in Figure 8.5, it can be shown using slope 

deflection relationships that equation 8.4, which is subsequently used as a mea- 

sure of rotational stiffness, represents the beam stiffness at the supports. 

Sh 

AB ý- 

MA MB 

Sign convention 
OB 

- -ý 
Tve 

Figure 8.5: Uniform steel beam 

MA 2EIb 
OA = Sb 

Sagging bending 

+ve 

(8.4) 

where EIb has been defined previously in Figure 8.3. 
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However, if this beam was constructed as a composite member, the second 

moment of area for the section would be influenced by the bending moment 
distribution throughout its length. This situation will be subsequently referred 
to as a non-uniform beam. 

Sb/2 
Lc 

. I- 
Luc 

D 
Mc 

AC 
8`4 

2 

-D 
MA 

MAD 
ý) 

MDA 

Sign Convention 

MDC MCD 
+ve 

Figure 8.6: Non-uniform composite beam 

Slope deflection equations were again utilised to model the non-uniform beam. 

However, to simplify the derivation of the algebraic equations, only half the beam 

was considered as a result of the assumed symmetrical nature of the problem 

(see Figure 8.6). To account for the variation in material properties over half the 

span, the beam was assumed to be cracked over a length L, from the adjacent sup- 

port and uncracked over the remainder of its length L,,,,. Consequently, cracked 

and uncracked material properties, EIS and EI,,, respectively, were adopted for 

these lengths. 

Consider the cracked span AD : 

2EI, 3©2 
MA (2oA + eD 

- 
L, Lc 



8.2 Classification of bolted composite beam-to-column connections 282 

and 

MDA _ 
2EI, (oA 

+ 29D -32 (8.6) Lc Lc 

Consider the uncracked span DC : 

MDC _ 
2EIu, 

29D + OC - 
301 

(ti. i) Luc Luc 

and 

MCD _ 
2EIu,, 

OD + 20c - 
3A1 

(S. ) 
Lug Luc 

From joint equilibrium : 
MDA+MDC=0 

MA = applied moment 

8C =0 
Sway equations 

Since the beam is loaded with constant moment M, the beam shear = 0. 

MA+MDA=0 

MDC+MCD=0 

, We wish to eliminate OD, 01 and 02, to obtain an equivalent expression, -'Na 

which would represent the rotational stiffness of the non-uniform beam. 

To simplify the algebra, the following variable substitutions were adopted : 

Let Y= 2=L and 
Let Z= 2EI 

L. uc 

Re-writing equations 8.5 - 8.8 and incorporating 9, =0: 

MA=2YOA+YOD_ 
3L (8.9) 

Lc 

8.10 MDA = YOA + 2YOD - 
3Y02 

L) 

MDC=2Z®D- 
3Z: 1 (. 11ý 
Luc 
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MCA=ZOG-32AI 1') Luc 

Using MA + MDA =0 and simplifying 

3Y°A + 3Y°D _ 
6Yý2 

=0 

Using MDC + MCD =0 and simplifying 

3ZOD - 
6Z 1=o (S. 11) Luc 

Using MDA + MDC =0 and simplifying 

YOA+OD(2Y+2Z) 
3YL2 VA, 

- Lc -c =0 (8. l5) 

Eliminatingc from equation 8.15 by using equation 8.13 

-YOA + OD (Y + 4Z) - 
6Z01 

-0 (8.16) Luc 

Eliminating from equations 8.16 by using equation 8.14 
uc 

-Y°A+0D(Y+Z) =0 (8.17) 

Re-arranging equation 8.17 to obtain 8D in terms of BA 

YOA (8.18) OD = (Y + Z) 
Substituting equation 8.18 into equation 8.13 to obtain -L °2 in terms of 04 

-3Y 2- -8A (3y 
+ 

3Y2 (s. 19) 
L, 2 (Y+Z} 
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Substituting for -L °2 in equation 8.9, dividing through by °A and simplify-- 
ing, gives 

MA_Y Y2 
OA i2- 2(Y + Z) (x. 20) 

Re-introducing the actual variables for Y and Z and simplifying 

2 2E I, MA 
-EI, - 

L, 
) 

OA 4E Ll 
(ý 

. _1) 
Cc 

uc/ 

By equating equations 8.21 and 8.4, an equivalent second moment of area 

representative of the non-uniform situation may be established. 

(I 2 
Sb Iý 

-L Ib=2 
Lc k+ roc 

(8.22 22) 
L, 

- 
Lu, 

} 

A comparison with the author's experimental programme was undertaken 

to assess the influence of incorporating the equivalent second moment of area 

derived above, as a basis to determine the classification by rotational stiffness of 

a composite connection. 

The spans chosen for the comparison were based on limiting span to depth 

ratios for continuous composite beams. These have been published elsewhere[112] 

and were based on limiting values which should avoid serviceability controlling 

the design. For an end span of a continuous composite beam, this ratio ranges 

between 22 and 25, whereas for an internal span the ratio is increased to between 

25 and 30. 

It can be seen from Table 8.2, that the smaller the beam span considered. 

the stiffer the rigid boundary becomes. Consequently, a span to depth ratio 

range applicable to an end span was adopted to determine suitable spans for the 

study. Approaching the comparison in this manner would therefore increase' the 

possibility of the connection falling outside the rigid classification. 

The length over which the beam was assumed to be cracked «wa. s expressed as 
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a percentage of the complete span of the beam and varied between 5 and 20'A. 
This range was set to bound the true cracked lengths of the composite beams 

measured during the author's experimental programme. 
The numerical results are shown in Table 8.2, together with the uniform 

uncracked and cracked alternatives, to aid the comparison. 

Table 8.2: Composite beams flexural stiffness applicable to support regions 

Discussion of the results 

As expected, the greater the proportion of the beam that is assumed to be cracked, 

the less severe the rigid classification boundary becomes. This is further exem- 

plified by comparison with the moment-rotation characteristics obtained from 

the experimental programme. Figure 8.7 shows the comparison for Tests 2,3 

and 4, since they all incorporated 457 serial size beams, whereas the final test, 

Test 5, adopted a 533 serial size beam and therefore the comparison is shown 

independently in Figure 8.8. 

For the flush end plate connection configuration adopted for the 457 serial size 

beams, it can be seen from Figure 8.7 that the corresponding classification would 

be rigid. Furthermore, the classification would be independent of the cracked 

state or otherwise assumed for the beam. However, the rotational classification 

for the 533 serial size beam, shown in Figure 8.8, can not be so clearly defined by 

direct reference to the initial loading line of the moment-rotation characteristic. 
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Connection Classification - Tests 2,3 &4 with a 12m span 
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Figure 8.7: Connection classification - Tests 2,3 and 4 
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It has been established in Chapter 2, that for non-composite steel connections. 
the problem of representing the corresponding initial stiffness has been retio1 ved 
by assuming that an acceptable parallel could be drawn with its unloading si iff- 

ness. Moreover, from Chapter 7 it was concluded that this parallel would also he 

acceptable for estimating the initial stiffness of composite connections. thereby 

avoiding the difficulties associated with the variation in stiffness shown by the 

initial loading line of the moment-rotation characteristic. To this end, the un- 
loading stiffness determined experimentally during Test 5 has been additionally 

illustrated in Figure 8.8. 

If the equivalent initial stiffness is now positioned such that it passes through 

the origin of the moment-rotation characteristic, it could be shown that the clas- 

sification would again be rigid, and independent of the cracked state assumed for 

the beam. 

It therefore follows that the connection configurations adopted for the author's 

experimental programme may be regarded as rigid and consequently accept- 

able for general use in continuous composite beams designed in accordance with 

Eurocode 4. 

The question still arises however, as to which would be the appropriate beam 

stiffness to apply for this classification procedure? Clearly as far as the author's 

experimental programme is concerned it is irrelevant, since the rigid classification 

is not influenced by the extent of cracking assumed for the beam. The aim of the 

classification procedure in the revised Annex J of Eurocode 3 is to avoid signif- 

icant loss of restraint given by a beam to a column because of semi-rigid act ion 

of the connections[113]. It is therefore appropriate to adopt the uncracked stiff- 

ness of the composite beam when calculating its corresponding second moment 

of area. This stems from the consideration of the column at failure. when sec- 

ond order effects generate an opposing bending moment at the beam lev-fel[114]. 

This would have the effect of inducing sagging bending at the connections. .A 

further argument in favour of the uncracked approach concerns the value of the 
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connection stiffness to be classified. Following the revised Annex 
.1 of Eurocode : 3. 

which is concerned with the connection's initial value. it is clear that under there 

circumstances the beam would be operating in its initial state. Consequently. t lie 

uncracked properties would be applicable. 

It is apparent therefore that if the classification system adopted in the revised 
Annex J of Eurocode 3 is also used for composite joints, it will no longer be pos- 

sible to employ the beam's cracked stiffness. Although the resulting classification 

limit is therefore severe, it has already been shown by the authors tests that it 

is still possible to provide examples of rigid behaviour. This is despite the use of 

relatively thin flush end plates for the steelwork part of the connection, and only 

one row of tension bolts. Thus with this form of steelwork connection, it will not 

prove difficult to ensure rigid behaviour of the overall composite connection. 
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8.3 Ductility - how can it be assured ? 

Ductility in continuous composite construction is needed when adopting plastic 
methods of structural analysis. This is the result of assuming that the frame is 

capable of allowing the formation of sufficient plastic hinges to form a collapse 
mechanism. Consequently, the positions of these hinges are of importance, since 
they must possess the behavioural characteristics consistent with the method of 
global analysis employed for the frame. 

At internal supports, hinges may form either in the beam or in the connection 
depending upon which is weaker. Following the formation of the hinge, the 

redistribution of bending moments from the support region to mid span must be 

able to proceed without this process being brought to an end by premature local 

failure in the vicinity of the support. 

8.3.1 Understanding connection ductility 

The development of composite action at the connections involves the provision 

of high tensile steel bars running continuously past the internal column. 'l'his 

reinforcement is additional to the standard mesh reinforcement, which is usually 

placed in the slab to resist shrinkage and to improve fire resistance. As part of 

the design process therefore, it is incumbent upon the designer to ensure that the 

connections located in hogging moment regions of plastically designed continuous 

composite beams are capable of achieving adequate ductility. 

From a design point of view, there are two avenues that need satisfactory 

investigation before a designer can be confident that the connections will behave 

in accordance with the design assumptions. Firstly, what connection rotation 

would theoretically be required to produce the collapse mechanism? Secondly. 

what rotation would be produced by the full scale connection when it has been 

incorporated within the structural frame as a whole? Clearly. if the answer to t lie 

second question is greater than the first, then plastic analysis techniques would 
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be valid. 

With these objectives in mind, the first question has been investigated by 

several researchers[9,111,85], who have undertaken theoretical studies, based on 

computer simulations, to establish the rotation required by a connection to fulfill 

the requirements implied by plastic methods of design. With partial strength 

connections, the requirements depend partly on the ratio of the connection mo- 

ment of resistance to the midspan moment of resistance of the composite beani. 

Clearly, the lower the ratio becomes, the higher the ductility demand required 
from the connections. 

Moment 
(kNm) 

Mp(conn) 
actual 

Mp(conn) abc 
predicted 

Insufficient Intermediate Adequate 

ductility region ductility 

10 20 30 40 (mrads) 
Oa Ob Oc 

Figure 8.9: Ductility demand required from composite connections 

The results of the investigations indicate that a connection rotation of be- 

tween 20 - 40mradians would be sufficient to cover even the most demanding 

situations encountered in practice. Figure 8.9 illustrates the above requirements 

diagrammatically, from which the following can be concluded: - 

1. If the composite connection exhibited characteristics similar to `a' in the 

figure, then insufficient ductility would be available, and consequently this 

type of connection would be incompatible with requirements for plastic 

analysis. 
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2. In contrast, if the composite connection exhibited characteristics similar to 
V, then the connection would be compatible with the assumptions adopted 
for plastic analysis, since the characteristic demonstrates that ductility 

would be available in abundance. 

3. However, there are intermediate cases whereby the designer has to make 

an informed decision as to whether or not the connection detail would be 

acceptable. Such cases are within the range (20 <Ob < 40)mradians and 

are exemplified by a composite connection that exhibits a characteristic 

similar to W. The informed decision may be assisted by utilising one of 

the prediction methods available to calculate the rotation required by the 

connection, and then comparing it with the moment-rotation characteristic 

obtained for the connection. Alternatively, to avoid dependence of full scale 

testing, several prediction models have been developed with the aim of 

calculating the rotation of a composite flush end plate connection following 

the attainment of its moment resistance. These models are considered in 

detail in section 8.4. 

For a steel-only connection, the attainment of an acceptable degree of rota- 

tion capacity may be provided by carefully proportioning the individual com- 

ponents that make up the connection, to ensure that a Mode 1 type of failure 

is achieved[18]. In doing this though, the ductility is achieved at the expense 

of the connection's moment of resistance. The criteria for Mode 1 are deemed 

to be satisfied if the failure of the connection is only associated with deforma- 

tion within the end plate and/or the column flange. Alternatively, the plastic 

hinge can be forced to form in one of the adjacent members by providing the 

so-called `120% connection'. For this type of connection, the designer should 

seek to achieve a moment of resistance at least 1.2 times greater than that of t I, (, 

connected members. Under these circumstances, provided that the connected 

members are classified as `Class 1', in accordance with the provisions specified 

in Eurocode 3[17], then sufficient rotation capacity is assured. However. in com- 
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posite construction, the above provisions for achieving ductility require furz her 

consideration, since the reinforcement becomes an integral part of the connec- 
tion's ability to resist the applied bending moments. The 120'7( rule hay been 

assumed by Eurocode 4[60] to remain valid for composite connections. provided 

again that the adjacent members where the hinges are assumed to form are classi- 
fied as `Class 1'. For composite connections, the classification must be undertaken 
in accordance with Eurocode 4[60]. The 120% connection in this instance is re- 

quired to attain a minimum moment of resistance 20% greater than the moment 

resistance of the connected composite beam with respect to negative bending. If, 

however, the 120% connections are not provided, then the burden of the duct ility 

requirement would be dependent on the reinforcement contained within the con- 

crete slab. Tests have shown however, that relying on the reinforcement alone to 

provide the necessary connection ductility can lead to unacceptable connection 

performance[87]. For continuous composite beams, Eurocode 4 assumes that ade- 

quate ductility will be ensured if reinforcement of `high ductility steel' is provided. 

For composite connections consideration must therefore be directed towards es- 

tablishing whether or not there is a definable relationship between the material 

properties of the reinforcement and the connection performance. 

8.3.2 Properties of the reinforcement 

A pilot study was undertaken to ascertain the material properties applicable to 

typical diameters of reinforcing bars in isolation from a composite arrangement. 

The study took the form of establishing the stress-strain characteristics[97] for a 

total of 42 specimens of varying diameters. The results shown in Figure 8.10(a) 

refer to the average material properties obtained from the study and conform to 

the notation illustrated in Figure 8.10(b)[115]. 

It is customary in the United Kingdom to express the ductility of a steel 

bar as the percentage elongation at fracture, with the calculation being based 

on a standardised gauge length equal to 5 times the nominal bar diameter. The 
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a) b) 

Bau Yield Ultimate Ulitmate % 
diameter stress stress 

fi J fy strain elongation (mm) 
N/ m2 (%) at fracture 

6 
(A 142 mesh) 

602 633 1.05 1.30 12 fr 

R 503 686 1.36 9.90 24 

10 537 627 1.16 9.70 24 

12 512 604 1.17 10.90 22 
79 

16 504 611 1.21 12.80 26 

13 20 538 669 1.24 N/A 25 

Note : 
The yield stress measured based on a proof strain equal to 0.2% 

Sirain 1 0.2 7, 

Figure 8.10: Material properties for commonly available reinforcing bars 

minimum requirement for high tensile steels having a characteristic yield strength 

of 460N/mm2 is specified as 12%[116]. This limit is set such that a satisfactory 

compromise between strength and ductility may be achieved economically from 

the manufacturing process[117]. 

An alternative approach has been adopted by Eurocode 4[60], which makes 

use of the design guidance applicable to the ductility of reinforcing bars specified 

within the provisions of Eurocode 2[89]. The European approach is to identify 

two types of reinforcing steel, namely `Normal Ductile Steel' and `High Ductile 

Steel'. These types are characterised by means of the ultimate uniform elon- 

gation Eu and the ratio of the ultimate strength and the yielding stress ft/fy 

(see Figures 8.10(b) and Table8.3). 

Properties Normal Ductility Steel High Ductility Steel 

£" 

t fy 

ý-' 2.50% 

31.05% 

3 5.00% 

31.08% 

Table 8.3: Steel property definitions specified in Eurocode 2 

From Figure 8.10(a), it can be seen that all the structural reinforcement tested 

conformed with comparative ease to the minimum requirements specified by the 

Bar Yield Ultimate Ulitmate % 
diameter stress stress 

- - - 

fi / fy strain elongation (mm) FN /m m 2 (yo) at fracture 

6 
(A 142 mesh) 

602 633 1.05 1.30 12 

R 503 686 1.36 9.90 24 

10 537 627 1.16 9.70 24 

12 512 604 1.17 10.90 22 
79 

16 
U 

504 611 1.21 12.80 26 
7 
13 20 538 669 1.24 N/A 25 

Note 

The yield stress measured based on a proof strain equal to 0.2% 

British codes of practice and consequently could be considered as suitable for 
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general use in plastically designed continuous composite beams. This conclusion 
is further substantiated following a comparison with the European requirements 

shown in Table 8.3. It can be clearly seen that the structural reinforcement 
does in fact conform to the property requirements necessary for the bars to be 

identified as possessing high ductility. 

In contrast to the rebars, the mesh reinforcement, although still satisfying the 

minimum requirements specified by the British codes of practice. falls short of the 

requirements for the `Normal Ductile Steel' as far as the ultimate uniform elonga- 

tion is concerned. Consequently, it is advisable to ignore the contribution of the 

mesh reinforcement to the overall moment resistance of the connection, thereby 

rendering its ductility classification superfluous. This conclusion may be justified 

on the grounds that since the mesh fractures at a very low rotation. the full ten- 

sile resistance of the main longitudinal reinforcement would not have been fully 

mobilised. This can be seen following examination of the moment-rotation char- 

acteristics applicable to the author's experimental programme (see Chapter 1). 

It has been established within this chapter, that although a slight reduction in 

the moment being resisted at the connection occurred when the mesh fractured. 

the connection recovered easily to produce an eventual failure moment in ex- 

cess of that achieved prior to the mesh fracturing. Furthermore, this approach 

to the treatment of the mesh reinforcement has been generally advocated, since 

it has been included within a recent design guide covering composite end plate 

connections [118]. 

It has been suggested[115] that for materials manufactured to present British 

regulations, only reinforcing bars of diameter in excess of 16mm will comply 

with the high ductility requirements specified by Eurocode 2. However, from the 

pilot study outlined above, the results tend to indicate that the ductility of the 

structural reinforcement cannot be directly related to the consideration of the 

bar diameter only. 



8.3 Ductility - how can it be assured ? ýýý 

8.3.3 Performance of the connections 

Although it has been established from the previous section that the commonly 

available structural steel bars can be classified as being of high ductility, the t rai i s- 
lation into the connection performance is somewhat variable. The mere fact that 

high ductility reinforcing steels are provided is insufficient to ensure that ductility 

requirements of the connection as a whole would be automatically satisfied[ i ]. 

The structural demand levelled at the reinforcement must be considered along 

side the deformation characteristics of the steelwork connection. 

End plate joints, with the tensile action taking place within the steelwork 

connection, result in significant local deformation of the column flange and/or 

the end plate. This causes a wide crack to form in the slab at the face of the 

column, which leads to the fracture of the brittle mesh, followed by an even wider 

crack and therefore high local deformation in the reinforcing bars. 

In composite connections, fracture of the reinforcement can be avoided if 

local buckling of the beam's lower steel flange provides the necessary ductility. 

However, although some loss of peak moment resistance occurs, this would not be 

as substantial as that due to rebar fracture, and it occurs in a gradual manner[S7]. 

Local buckling in this manner can be achieved by providing sufficient reinforcing 

bars, such that the moment resistance of the connection is high enough to produce 

the benign local failure in the compression flange of the connected beams in the 

vicinity of the joints[9,85]. In doing this, the performance of the connection 

could be guaranteed, since the failure is no longer associated with the connection 

itself, but with a ductile failure mode within the attached beam member. 

Problems which need to be addressed before compliant design rules 

can be formulated to guarantee connection performance 

There are many problems which need to be considered and overcome, prior to 

acceptable design rules being produced. The main points which the author con- 

siders important are summarised in the subsequent paragraphs. 
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How many reinforcing bars would be required to induce the ductil( nmodr- of 
failure advocated above? 

The susceptibility of the lower flange to compression buckling must be a func- 

Lion of the total tensile force induced from the reinforcement and the bolts acting 
together. This relationship is further complicated by the influence of compres- 
sion deformation within the beam's web, which has been reported[119] to occur 
simultaneously with the flange deformation. Existing design codes[1 7,60.12] 

give simple rules based only on the classification of the section dimensions and 

material properties; however, these have been calibrated to avoid local buckling, 

rather than to guarantee it. 

How will the shear connection be influenced by providing a reinforcing d(tail 

that complies with the initial question? 
If the connection design requires the provision of an increasing number of re- 

inforcing bars, as inferred above, then the shear connection must be capable of 

transmitting the higher tensile force generated at the level of the reinforcement 

into the beam member. For a solid slab, the extra shear connectors that may 

be necessary for compliance could be positioned evenly along the length of the 

hogging moment region of the beam. However, if the beam incorporates pro- 

filed steel decking, which would be generally the case in the United Kingdom. 

difficulties arise if the decking is orientated to span transversely across the beam 

members. Under these circumstances both the number and position of the shear 

connectors would be limited to the positions where the troughs cross the beam. 

Therefore, it may not be possible to provide a full shear connection to transmit 

the required tensile force from the reinforcement. One possible solution to t his 

situation would be to increase the tensile contribution of the bolts. This may 

be achieved by providing an extended end plate connection, or by increasitl1 the 

number of bolt rows resisting tension within the depth of a flush end plate con- 

nection. In doing this, the tensile demand levelled at the reinforcement would 

be reduced and hence a lower demand would be placed on the shear connect ion, 
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thus enabling it to be designed with full interaction. whilst maintaining a satis- 
factory ductile performance. The first of these solutions has been investigated 

during Najafi's programme (test S8E[87]) with encouraging results. The failure 

mode was reported to be local buckling of the bottom beam flange, with a cor- 

responding ultimate connection rotation of 40mradians. The alternative solution 

of including a greater number of bolts within the depth of a flush end plate con- 

nections has also proved generally successful; although for a given number of 

rebars, a slightly poorer ductile performance has been generally reported[Sl, 120] 

(see Chapter 5, Tables 5.1 to 5.3). 

Another factor which concerns the shear connection is the accept ability of 

allowing slip to develop at the beam/slab interface. It is generally acknowledged 

that should it occur, then provided the connection's structural integrity is not 

lost by the failure of the shear connection, then a small amount of slip inaY be 

desirable in a ductile composite connection. In addition, the presence of slip at 

the interface may also have the added advantage that it could provide a means of 

safe-guarding the connection's performance against other factors which inherently 

distroy ductility, such as over-strength factors which are subsequently discussed 

below. 

Is there a need to consider over-strength factors? 

The over-strength factors which may be of concern include such effects as: 

(i) variations in the stress level required to initiate the onset of yielding within 

the cross-section of the attached beam, and (ii) strain hardening as compression 

deformation takes place. Both of these occurrences, which are traditionally ne- 

glected in calculations for resistance, have to be considered when ductility of the 

connection is being sought. The combined effect of these factors will tend to 

increase the compressive resistance of the lower flange which may for the worst 

scenario, prevent the local buckles forming prior to the reinforcement fracturing. 

This consideration stems from the fact that for almost identical tests. the ductil- 

ity of the connections may vary considerably. Ultimate rotations of 14. Omradi- 
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ans and 47.7mradians were achieved for Najafi's test S8FD[87] and the author's 
Test 3, respectively, despite these tests being almost identical. This large differ- 

ence may be explained in part by the difference in the diameter of the reinforc- 
ing bars used within the slabs. Najafi's test incorporated 12mm diameter bars, 

whereas the author's had 16mm diameter bars. According to United Kingdom 

codes of practice[97], the elongation at fracture is calculated based on a standard- 
ised gauge length equal to five times the bar's nominal diameter. Consequently. 

it can be shown that the bars adopted in the Najafi's test, would only be able to 

sustain half of the elongation available to the bars adopted for the authors test. 

This would translate into a poorer performance in terms of connection ductility 

which was evident from the test results. However, this explanation would be 

insufficient as the sole reason for the considerable difference that was obtained. 

Consequently, it is thought that the remaining difference between the ductility 

of the two independent tests could be attributed to over-strength factors being 

present in sufficient magnitude in Najafi's test, to influence the formation of the 

local buckles. This can be further substantiated by comparison between the re- 

spective yield stresses applicable to the beam flanges for these two tests. A yield 

stress of 293 N/mm2 was determined for the author's test 3, whereas a yield 

stress equal to 310 N/mm2 was reported for Najafi's test. Consequently, the 

beams used within the author's experimental programme were more susceptible 

to local buckling, than in Najafi's test. Furthermore, Najafi also reported[9] that 

for his particular test, no local compression deformation occurred in the lower 

flanges of the connected beams prior to the fracture of the reinforcement. This is 

in distinct contrast to the observations made by the author during the execution 

of test 3. 

In the absence of design rules which would guarantee local buckling, research 

has being undertaken to produce prediction methods which enable the ductility- 

of composite end plate connections to be calculated when failure occurs by rc, - 

bar fracture. Proposals based on the rotation at maximum moment are already 
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available[120], but the prediction of the total rotation capacity at the design 

resistance has until now not been considered. 

8.4 Suitability of existing prediction methods 

If the ductility of a composite connection cannot be guaranteed, it becomes in- 

cumbent on the designer to assess the suitability of the connection's performance. 
This may be achieved by utilising a suitable prediction model which reflects the 

connection configuration under consideration. 

8.4.1 SCI model 

Ductility achieved through tension zone deformation 

This model was based on the very simple concept, namely, that the rotation of the 

connection may be determined by considering the elongation of the reinforcement 

alone [111] (see Figure 8.11). 

Figure 8.11: Connection parameters assumed by the SCI model 
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The model assumes the following : 

1. The length of reinforcement effectively contributing to the connections ro- 
tation is equal to the distance from the column centre line to the shear stud 
located closest to the adjacent point of contraflexure (see equation S. 23). 

l=D, +P1+(n-1) P2 
2 

where : 

Dc - Depth of the column 

P1 - Distance to the first shear stud 

P2 - Pitch of the shear studs 

(8.23) 

n- The number of shear studs provided in the hogging moment region. 

2. The length of reinforcement between the column centre line and the second 

shear stud along the beam is fully strained and deforms plastically. A IV: 

elongation is applicable to this length. 

3. The remaining length of the strained reinforcement behaves in an 

elastic-plastic manner, with zero stress at one end and a level of stress 

equal to fyr at the other. A 0.5% elongation is applicable to this length. 

Under the above assumptions the total extension of the reinforcement is given 

by equation 8.24. 

0.01 
D, 

+Pi +P2 +©. 01 n 2P2 ("21) 
2 

The connection rotation due to straining of the reinforcement, may be cal u- 

lated by equation 8.25. 

ju = 

Al 
for fyrA, < 

, 
fybf Bbf tbf ýý" T) 

D+Vr 
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where : 

D- Depth of the beam 

Vr - Distance from top of beam to the reinforcement. 
In the condition for equation 8.25 to be applicable, the tensile resistance of 

the steelwork connection is neglected. 
This model is consistent with an increase in reinforcement leading to a corre- 

sponding increase in connection ductility, as observed by Najafi[9]. This results 
from an increase in reinforcement leading to transfer of the longitudinal force 

via an increased number of shear studs, and hence a longer length of strained 

reinforcement becomes available in the calculation. However, it was recognised 

by the proposer of the method, that the real behaviour of a composite connection 

differs from that assumed for the model, since the majority of the longitudinal 

force is resisted by the first two or three studs along the beam. Under these 

circumstances, the resulting plastic deformation induced into these studs would 

contribute to the overall ductility of the connection. It was argued therefore t hat 

although this would have the effect of reducing the strained length of the rein- 

forcement that would be suitable for the calculation model, the method proposed 

was a valid simplification on the grounds that any plastic deformation within the 

studs themselves had been neglected. 

Including compression zone deformation 

To allow for the beneficial effects arising from compression deformation, the con- 

nection's centre of rotation was modified. The modification took the form of re- 

ducing the depth of the beam component of the lever arm by 30% 

(see equation 8.26). The deformation within the tension zone is assumed to 

be unaltered; therefore the calculation to determine the elongation of the rein- 

forcement L\1 remains the same. 

ou = `, 1 for fyrAs > fybf Bbf tbf (. ý6) 
0.7D + Vr 
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8.4.2 Nottingham model 

An alternative model to that adopted by SCI, was developed at the t-niverity 

of Nottingham[120] (see Figure 8.12). The objective was to create an accept- 

ably accurate model, with the emphasis being directed towards a standardised 

approach between the ductility calculation and the corresponding moment resis- 

tance calculation. The effect of adopting a standardised approach results in the 

prediction of the connection rotation being calculated at the maximum moment, 

rather than the design resistance. 

Figure 8.12: Connection parameters assumed by the Nottingham model 

A length of reinforcement L1 was again considered, although on this occasion a 

constant level of strain was assumed over a much shorter length 

(see equation 8.27). 

L1=E P1+P2+D, (8.2T) 
) 
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where : 

E- Level of strain taken as 5%. 

As a consequence of adopting a shorter length of reinforcement. albeit t rained 
to a much higher level, the influence on the connection ductility as a result of the 

shear stud deformation was incorporated. 

The slip 'L2' of the beam end adjacent to the composite connection was ex- 

pressed in terms of a ratio between the tensile force within the reinforcement Rr 

to the number of shear studs n (see equation 8.28). 

L- 
RT 

L2 
nk 

where : 

(ß. 2S) 

k- Secant stiffness of a shear stud determined from tests elsewhere[121], ta ken 

as 30kN/mm. 

In contrast to the SCI model, the point of rotation for the connection was 

assumed be at the level of the neutral axis of the connection (as described below), 

rather than at the position of the compression flange of the connecting beams. 

The connection rotation at maximum moment was expressed in terms of a 

general equation (see Figure 8.12 and equation 8.29), to enable different types 

of composite connections to be considered. Consequently, relationships were de- 

rived for flush end plate connections, fin plates and cleated connections. The 

application to flush end plate connections is further considered below. 

OuL, + 
L2 

dc + Xp Xp 

where : 

(8.29) 

dc - The effective depth of the concrete slab measured to the centre of the 

rebars 
Xp - The depth of the plastic neutral axis below the upper beam flange. 
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Composite flush end plate connection 

From the position of the neutral axis, it can be seen that compression deform tt t ion 
is assumed to occur and consequently is automatically included in the calculat ion 

procedure. This assumption was based on the observations made during the 
Nottingham test programme, where compression deformation was reported to 
have been substantial. 

The depth of the neutral axis Xp, depends on the configuration of the connec- 

tion, in particular the percentage reinforcement provided in the slab. To reflect 

this variability, the following four positions were considered. The equations pre- 

sented are consistent with BSI codes of practice[12] [122]; however similar equa- 

tions in accordance with European codes of practice [17][601 are also available[120]. 

Case 1- Neutral axis in the concrete section : FS > Fb 

O, ýtityo -L1 XP 

where : 

(8.; O) 

Fs - Tensile force of concrete floor = 0.87fyTAs, neglecting the contribution 

of the decking 

Fb - Compressive resistance of the end of the beam =f ybAb 

Xp - Depth of the concrete not in compression 0 
456 b 

b, - Effective width of slab[122] 

fcu - Concrete compressive strength 

fyb - average yield stress applicable to the steel member 

Ab - Beam section area. 

Case 2- Neutral axis in the upper beam flange : FS < Fb and Fb - F3 <f yb f 
Bh f tb f 

rl-d ýu 
, 

tgo 
- 

L1 
+ 

L2 
ýti" ýl) 

d, + Xp Xp 

where : 
Fý - Fý 

Xp - Depth of the beam flange not in compression = bf f 
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Case 3- Neutral axis is in the beam web but not beyond the first row of bolts : Fb 
-Fs >f bf Bbftbf and Fb - F3 - fyb 

fBb ftb f fybw (51 
- thf) thýL 

Ou r%. O tgo= 

where 

L1 
d, + tbf + Xp 

L2 
+ 

tbf + Xp (S. 32) 

S1 - The depth from the upper flange of the beam to the centre of the first 
row of bolts 

Xp - The depth of the beam web not in compression = Fb-F`--fvbfBbftbf 
tbwfybw 

tbw - The thickness of the beam web 
f 

ybw - Yield stress applicable to the beams web. 
Case 4- Neutral axis is below the first row of bolts : Xp > Sl 

0" tg cb = 

where : 

L1 
dc+Sl`}-iPb+3Pb 

Pb - The pitch of the bolts 

+ 
L2 

S1 +i Pb +3 Pb 

i- Number of tension bolt rows which have yielded = 

fyb fBbftbf-Fs+fybwtbw(D`Si-tbf+3 Pb 

2Ft+fybwtbwPb 

D- Depth of beam member 

ý(ý .: 3: 3 

Ft - Tensile resistance of the bolts calculated in accordance with BS5950[12]. 

8.4.3 Prediction assessment and the need for further de- 

velopment 

The ductility models described previously have been configured to predict the 

rotation of a composite flush end plate connection following the attainment 

of its moment resistance. Validation of these approaches has been uildertal: eil 

elsewhere[120], by comparing the calculated predictions with the results obtained 

from full scale experimental investigations into the behaviour of stuc}i connect iozls. 
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Unfortunately, these values remain unsubstantiated and therefore corresponding 
comparisons with the author's experimental programme have not been included. 
Subsequently, it was found that the Nottingham model produced the closest 

correlation with the available test results, since the SEI model produced uncon- 

servative predictions for all the connections that did not fail as a result of local 

buckling occurring within the compression regions of the attached beams. 

However, it has been established from section 8.3.1 that for plastic analy- 

sis to be acceptable, the designer needs to be able to predict the ductility of 

the composite connection when it eventually fails. This point on the 

moment-rotation characteristic does not necessarily coincide with the attainment 

of the connection's maximum moment resistance (see Figure 8.9). Consequently, 

the connection may therefore be unfairly considered inappropriate for the task 

in hand, when in reality problems would not be encountered. To illustrate this 

point more clearly, the test programme undertaken by Anderson and Najaf will 

be used as a convenient example (see Chapter 5, Table 5.1). 

By comparing the last two columns of Table 5.1, the extent to which the cl d tic- 

tility is underestimated by only considering the rotation at maximum moment. 

can be clearly demonstrated for the majority of test results. Furthermore. it 

is interesting to note that the corresponding rotation at maximum moment for 

several connections falls close to or below the minimum capacity of 20mradians 

(see Figure 8.9); below this a connection may be regarded as disqualified from 

being deemed suitable for inclusion within a plastically designed beam. This is 

in distinct contrast to the ductile performance that was obtained for the ma- 

jority of experimental tests undertaken. In the author's opinion, this omission 

constitutes a practical drawback to the Nottingham model which would unnec- 

essarily influence the eventual choice of the composite connection. In addition, a 

potentially more serious oversight can also be identified from this series of tests. 

It can be seen that a brittle failure mode existed in all the connections tested 

that produced an ultimate rotation of less than -iOmradians. This mode of faail- 
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ure occurred as a result of the reinforcement fracturing, which leads to a sudden 
and significant reduction in the moment at the connection. For a connection to 
behave in a ductile manner, it is imperative that all the brittle modes of fail- 

ure are eliminated until well beyond the theoretically required rotation capacity. 
However, neither of the two prediction models described above have the capabil- 
ity of predicting when this catastrophic failure would occur. Consequently, an 

alternative prediction method has been developed by the author, that attempts 

overcome these problems by predicting the full length of the plastic region of the 

connection's moment-rotation characteristic, based on failure of the connection 
being associated with the reinforcement fracturing. 

8.5 Empirical ductility model for an end plate 

composite connection 

The objective of the proposed ductility model is to predict the rotation capacity 

of a composite end plate connection, whose eventual failure mode is controlled by 

the elongation within the main longitudinal reinforcement. In order to achieve 

this objective, following assumptions are made: 

1. The deformation within the steelwork components of the composite connec- 

tion may be simplified to consideration of the column flange and the end 

plate only. 

2. The deformations mentioned in 1 above could be calculated by adopting 

the principles of elastic bending theory. The contradiction in principles 

between this assumption and the need to calculate plastic deformations is 

resolved by calibrating the resultant elastic deflections to approximate the 

plastic deformations measured during the experimental programme. 

3. The rotation of the connection would be about the upper most bolt row 

assumed in the connection design to resist the applied vertical shear. The 
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accompanying horizontal displacement of the end plate. which would occur 

at the level of the tension bolt row, would be a function of the column 
flange deformation. 

Test Depth to assumed Ultimate b 
cf 

S 
cf 

reference point of rotation connection required measured h rotation 
(mm) (tads) (n' n') 

3 260 0.0477 12.4 11.95 

4 260 0.0355 9.2 8.85 

5 328 0.0201 6.6 6.35 

Table 8.4: Verification of the assumptions regarding the connections ultimate 
rotation 

The justification for this approach was made initially by observation as 

each test progressed. This was further substantiated following the connec- 

tion failure, whereby the actual column flange deformation was measured 

prior to the conclusion of each test (see Table 8.4 and Figure S. 13). The 

measurements were taken on the outermost edges of the flange outstands 

and averaged for each connection. The measurements contained wit hin 

Table 8.4 are applicable to the connection that caused the failure of the 

specimen. In all cases therefore, the quoted values refer to connection A. It 

can be therefore be shown that the measured values are all within 1% of the 

required values and consequently, the ultimate rotation of the conhle('t ion 

may in essence be represented by equation 8.34. 

"cf 

where : 

6, f - Column flange deformation 

(x. 31) 

h- Depth below the tension bolt row to the assumed point of rotation. 
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4. The extension of the reinforcement as a result of the column flange defor- 

mation, is further influenced by the following : 

(a) Variations in its position relative to the centre line of the tension bolt 

row. 

(b) The depth of the beam, since this has the effect of changing the dept h 

of the assumed point of rotation for the connection. 

(c) The compression deformation associated with the lower beam flanges. 

5. The extension of the reinforcement as a result of the induced deformation 

within the column flange and end plate, may be based on linear ext rapola- 

tion from the point of maximum deformation of the steel«-orrk component 

up to the level of the reinforcement. 

6. The failure of the connection would be as a result of the main longitudinal 

reinforcement fracturing within the concrete slab. Consequently. the failure 

criteria was reached when the extension in the reinforcement had attained 

its maximum value. This could be determined from remote material prop- 

erty tests[97], carried out to assess the ductility of the reinforcing bar in 

isolation from the concrete slab. 

7. The influence of the shear connection between the steel beams and the 

concrete slab was neglected. This accords with the authors experimental 

programme, whereby the shear connection did not show any signs of slip as 

a result of plastic deformation. 

8. The elongation of the bolts would be small enough not to significantly 

influence the strain within the reinforcement and consequently could be 

neglected. 
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8.5.1 Limitations 

Owing to the complex nature of composite connections and the variety of possible 
configurations, a single ductility model that encompasses every possible situation 
would be very difficult to develop. The approach adopted by the author was 
therefore subject to the following limitations : 

1. The prediction model may only be applied to major axis flush end plate 

composite connections. 

2. The model was configured around the hypothesis that the failure mode for 

the composite connection would be as a result of the main longitudinal 

reinforcement fracturing. Consequently, failure by any other means must 

be prevented in order to validate the proposed technique. 

3. The rotation of the connection was derived primarily from the deforma- 

tion characteristics of the column flange, induced by the action of a single 

bolt row in tension. Consequently, multi-bolt rows acting in tension are 

excluded at present. It is the author's opinion that a similar expression 

to that described below could be derived to cover this omission. Ho« ever, 

a clear understanding of how the ductility of this type of connection can 

be achieved, based on the observed deformation characteristics within the 

steel part of the connection, would be a clear pre-requisite to its develop- 

ment. Unfortunately, this particular question has not been addressed in 

sufficient detail by other researchers who have included multi-bolt row end 

plate composite connections as part of their experimental programmes. 

8.5.2 Mathamatical derivation 

The following derivation reintroduces the concept of enabling the ductility of a 

connection to be established based on limitations associated with the perniissi- 

ble elongations within the reinforcement. Ho«-ever, the proposed model moves 
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forward from current thinking because it takes into account deformations to key 

components of the steelwork connection, which have previously been ignored. 

Elongation of the reinforcement 

. 
f(öci) s 

eP 
Fracture length of reinforcement A 

r 
R 

ý, 1 
f End plate deformation 

iI rb ---ý_ 

8c 

Connection rotation : () u h 

Assumed point of connection rotation 

Compression flange deformation 

Figure 8.13: General arrangement of the proposed ductility model 

The total elongation of the reinforcement may be represented by the summation 

of the respective elongations due to the deformations in the column flange and 

end plate (see Figure 8.13 and equation 8.35). 

'A r=f 
(bcf) + 6ep 

where : 

f (bc f) - Elongation due to the column flange deformation 

( 8.: i. ) i 

f () - Denotes a variable function which has been configured to allow for the 

influence of compression deformation associated with the lower beans flange,. and 
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to permit variations in the position of the reinforcement in relation to the beam 
depth to be evaluated. 

Sep - Elongation due to the end plate deformation 

Column flange deformation 

The deformation within the column flange is idealised as a fixed ended beam of 
length L, with a central point load. The point load in this instance «-as assumed 

to be equal in magnitude to that which could be induced by a single bolt force rb. 

acting through the column flange. Under these circumstances, the elastic cent rat 
deflection may be calculated by utilising the standard case equation applicable 

to this situation (see equation 8.36). 

= 
rbJJ 3 

Sýf 
192EIc f 

where : 

E- Young's modulus for steel 

(8.36) 

Icf - Second moment of area applicable to a single column flange outstand 

(see equation 8.37). 

d (tcf 
Icf 

12 

where : 

=Bcf 22 

B, f- Width of the column section 

tc,, - Width of the column web 

rk - Root radius of the column. 

(S-37) 

In order to calibrate the elastic deflection with the corresponding plastic de- 

flection, the length of the fixed ended beam was assumed to be equivalent tu 

the length over which the deformed shape actually occurred. The subsequent 

measurements following the completion of each test established this length at 
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approximately 300mm. This value did not appear to vary significantly from test 
to test, nor did it appear to be influenced by the change in column section during 
the final test. Consequently it was assumed to be constant for the purposes of 
the model. Furthermore, since the restraining effect of the column web has not 
been included within the simple elastic model, the calculated performance will 
provide a more flexible response to the applied bolt force, than would otherwise 
be the case, as long as the components remain elastic. 

Quantifying the relationship between the column flange deformation 

and the subsequent elongation of the reinforcement 

The relationship between the column flange deformation induced at the posi- 
tion of the tension bolt row and the subsequent elongation of t he reinforce- 

ment was assumed to be represented by a function comprising of two coefficients 
(see equation 8.38). 

f (6cf) = 
ßscf 
71 

where : 

(8.3S) 

- Force ratio coefficient to allow for the influence of compression deformation 

associated with the lower beam flanges. 

ß- Empirical coefficient to allow for variations in the position of the rein- 

forcement and the beam depth. 

To enable these coefficients to be evaluated and correlated to the authors test 

results, the following combinations of i and 0 were considered. 

Case 1- When the distance between the tension bolt row and the centre of the 

reinforcement coincides with the distance between the tension bolt row and the 

point assumed for the connection rotation. Furthermore, the magnitude of the 

compressive force acting through the beams lower flange would not be sufficient 

to exceed its compressive resistance and therefore precludes the po,, sibility of 
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local buckling forming. 

This case is illustrated in figure 8.14(a). Under these circumstances, the 
elongation in the reinforcement was assumed to be a direct extrapolation of 6, -f 
up to the level of the reinforcement. Consequently, rj and 3 were set to unity to 

enable the corresponding elongation to be calculated by equation 8.39. 

STZ=f (brf) = 
(h +a+ b) 6, f 

h 

where : 

a- Vertical distance between the centre line of the top bolt row and the centre 
line of the top beam flange 

b- Vertical distance between the centre line of the top beam flange and the 

centre line of the rebar. 

Case 2- By keeping the same connection geometry that was described for 

case 1 above, such that ß would remain at unity, the force ratio can be incorpo- 

rated into the model for the case when the magnitude of the compressive force 

acting through the beam's lower flange, would exceed the compressive resistance 

of the flange, therefore inducing local buckling. 

This case is illustrated in figure 8.14(b) and has been included since it has 

been established from experimental results that the rotational capability of a 

composite connection is significantly improved when local buckling is associated 

with the lower beam flanges. It subsequently follows therefore, that for a given 

rotation, if local buckling occurs the level of strain within the reinforcement must 

be smaller when compared to an equivalent connection in the absence of sw-h 

buckles. To take account of this in the model, equation 8.39 was modified by 

(8.: 9) 

introducing the force ratio coefficient i to the denominator (see equation 8.40). 

6r _. f(&j)= r 

++6, f (S. 40) 
,q 

The definition of i is given later. 
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Figure 8.14: Influence of connection geometry and compression deformation on 

the elongation of the reinforcement 
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Case 3- The magnitude of the compressive force acting through the beam's 
lower flange is insufficient to induce local buckling, therefore q would be unity. 
However, on this occasion the distance between the tension bolt row and t1w 

point assumed for the connection rotation is greater than the distance between 

the tension bolt row and the centre of the reinforcement. 
This case is illustrated in figure 8.14(c). This situation was incorporated after 

again it was established from experimental work that variations in the distance 

down to the assumed point of rotation had a pronounced effect of the rota- 

tional capacity of a composite connection. It has been concluded from previous 

studies[9] that when the mode of failure is associated with the reinforcement frac- 

turing, then for a given reinforcement ratio in the slab the rotation capacity of the 

connection reduces as the beam depth increases. To compensate for this effect, a 

geometrical coefficient ß has been introduced to the numerator of equation '. 39 

to produce equation 8.41. 

rhý. 
ýl 

The definition of ß is given later. 

Case 4- When both the compressive force is sufficient to induce local buckling 

and the depth below the tension bolt row is greater than the distance to the 

reinforcement. 
This case is illustrated in figure 8.14(d). Under these circumstances, the 

solutions to cases 2 and 3 above are combined to produce equation 8.42. 

ýr 
� \bc3 r 

ß(h+a+b)b, f (8.1 ') 
yh 

This case therefore caters for the general solution to the problem of quantify- 

ing the relationship between the column flange deformation and the subsequent. 

elongation of the reinforcement. An expression for be f, in terms of the ultimate 
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connection rotation cbuit, maybe obtained by re-arranging equation 8.34. such that 

.f 
(bcf) = 

ß(h +a+ 
43) 

Force ratio coefficient 'i, ' 

The force ratio coefficient aims to compensate for the compressive force C "b f act - 
ing through the centre line of the lower beam flange when the connections mo- 

ment of resistance has been attained. The ratio can therefore be defined by 

equation 8.44. 

77 
cbf 

> 1.. 0 

where : 

(S. 1-1) 

Rf - Resistance of the beam flange, subject to Class I `p1asl ic' or 

Class 2 `compact' steel sections (see section 8.2.1). 

To establish a method for calculating the compressive force Cb f acting through 

the beam flange, a model which incorporated the moment resistance of the con- 

nection was considered (see Figure 8.15). The underlying assumption for this 

approach was that the moment resistance of the connection could be represented 

by equation 8.45. 

4. 

-ý 

a 
mit 

Cbf 

Figure 8.15: Model adopted to calculate the compressive force ("b f 
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Mpconn 
= RbLb + RTLr 

where : 

(ý, . 4. )) 

Rb and R, - Resistances of the tensile region of the steelwork connection and 

reinforcement respectively (see section 8.2.1) 

Lb - Lever arm to the centre line of the bolt row in tension, measured from 

the centre line of the compression flange of the beam 

L, - Lever arm to the centre line of the reinforcement measured from t he 

centre line of the compression flange of the beam. 

This approach generally accords with the proposed model for determining I he 

connection's moment of resistance described in section 8.2.1. However, to enable 

Cbf to be calculated directly, it was assumed that no consideration of a possible 

plastic stress block in the web was necessary. 

From equilibrium, the total tensile force must be equal and opposit (tothe 

compressive force Cbf (see equation 8.46). 

CbfRb+Rr (8.16) 

Consequently, Rb can be written in terms of Cbf and R, which in turn can 

be substituted into equation 8.45 (see equation 8.47). 

Mpconn = (Cbf - Rr) Lb + RT LT (8.47) 

Substituting for Lb = Lr -y into equation 8.47 and simplifying 

Mpconn =Cb. f(LT-y)+RTy (8.. 1s) 

Finally, rearranging equation 8.48 and making a substitution for L,. - Y. an 

expression for Cbf may be obtained (see equation 8.49). 
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Cbf = 
Mpconn 

- 
Rry 

(S. 1 i) Lb 

It has be shown that for the purposes of deriving an expression for (j. no at- 
tempt need be made in establishing the total bolt force applicable to the tension 
bolt row, since this has been expressed in terms of the total force in the reinforce- 

ment and Cbf itself. Consequently, all that would be required for the justificat ion 

of the underlying assumption is the acceptance that the moment resistance of the 

connection could be represented by equation 8.45. 

Geometrical Coefficient 'ß' 

The coefficient ß, was incorporated to reflect the probable influence of the connec- 

tion geometry, with respect to the relative positions of the assumed point of rota- 

tion, tension bolt row and the main longitudinal reinforcement 

(see Figure 8.16(a) and Case 3 described previously above). 

To obtain the greatest enhancement to the moment resistance of the connec- 

tion, it would be reasonable to assume that the reinforcement would be posit iolledl 

as close to the slab surface as durability and fire resistance permit. Consequently, 

the variation in its height, denoted bin Figure 8.16, would be small. A similar 

conclusion could also be arrived at as far as the position of the tension bolt row 

is concerned, whereby through the use of standard details to improve connec- 

tion economy the height below the centre line of the tension flange, denoted a in 

Figure 8.16, would be fixed. However, the depth of the assumed point of rota- 

tion could vary significantly, since it is a function of the serial size of the beam 

that comprises the steelwork part of the composite connection. It was the au- 

thor's opinion therefore, that a simple empirical relationship could be developed 

to account for the influence of altering the connection geometry in this manri r. 

This parameter was derived last by rearranging the final equation 

(see equation 8.56) to establish the coefficient required to obtain an exact corre- 

lation with the rotation achieved by the authors connection tests wehen the r(, - 
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0122.45 345 W(a+b) 

Figure 8.16: Empirical approach adopted to the determination of t he geometrical 
coefficient ß 

inforcement fractured. The results were plotted graphically (see Figure S. 16(b)) 

and a linear regression analysis performed to produce a relationship of the form 

shown in equation 8.50. Furthermore, a correlation coefficient equal to 

was obtained directly from the analysis of the data, thereby in part, justifying the 

linear approximation adopted. 

0-0-78 
h+0.22 (x. 50) 

a+b 

Elongation due to the end plate deformation 

The deformation within the end plate was again compared to a standard case 

situation. The approach adopted was to assume a fixed ended cantilever beam 

subject to a point load, rb, part way along its length (see Figure 8.1 T). The length 

of the representative cantilever was controlled by the distance between i he level 

of the reinforcement and the level of the tension bolt row. It was assumed that 

the action of the bolts would provide the clamping force necessary to provide 
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Cantilever approximation 

Figure 8.17: Simplified approach to model the end plate deformation 

fixity at that level. 

;. )I 

The elongation of the reinforcement due to the end plate deformation can 

therefore be estimated by equation 8.51. 

S rba3 
1+ 

3b 
ep 3EIep 2a 

where: 

Iep - Second moment of area applicable to end plate (see equation 8.52) 

I 
dep (tep)3 

ep = 
12 

where 

dep - Breadth of the end plate 

(S.: ý1) 

(8.52) 

tep - Thickness of the end plate. 

The magnitude of the point load assumed to induce the deformation cannot 

be easily assessed, since the stiffening effect on the cantilevered end plat (' as a 

result of welding to the beam cross section cannot be accounted for directly. T lie 

estimation of this load was further complicated, since the actual deflection of 

kLeP 

rb rb 
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the end plate, which was measured during the individual tests. was very small 

and therefore hard to establish with any degree of certainty. The error in the 

measurement was further influenced by the congested and cramped conditions 

that existed in the vicinity of the connection. Consequently. it «-as thoualit 

appropriate to a adopt the load rb assumed to be responsible for the column 
flange deformation. Effectively this assumes that only half the force at the level 

of the tension bolts causes deformation of the cantilever model «-hose breadth is 

the full width of the end plate. 

Therefore rearranging equation 8.36 and substituting for 6, f with equation 

8.34, an expression for the bolt force rb can be configured in terms of the ultiinmlt e 

connection rotation qu, (see equation 8.53). 

rb = 
192EIc fquh (S.: ):; ) 

c 

(all dimensions in mm) 

3003 

Substituting for rb in equation 8.51 and simplifying : 

64I fhcu, a3 
+ 

3b 
Sep 

Iýp3003 2a 
(8.54) 

To obtain an expression for the elongation of the reinforcement in terms of 

the ultimate connection rotation qu, substitute for 6c f and 6ep in equation 8.35 

by equations 8.43 and 8.54 respectively. 

0_ 
ß(h +a+ b)qu 

+ 
64IIfhqý. a3 3b 

71 Iep3003 
l+ 

2a' ý 'ý) 

Finally, equation 8.55 can be rearranged to obtain the ultimate connection 

rotation for a given elongation within the reinforcement (see equation . TU) 

u=O 

ß(h +a+ b) 
+ 

641f ha 3 3b -1 

ý.. u Al 1ep3003 
1+2 

Ti (( 
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To calculate the maximum connection rotation corresponding to the point 
where the reinforcement fractures, let Al equal the value applicable to t he elon- 
gation at fracture determined from material property tests (see equation ý.. _ý 7). 

Al =% elongation at fracture x 5bar diameters (8-57) 

8.5.3 Verification and discussion 

A comparative approach between known test results and equation 8.56, Nvaý 
adopted to verify the proposed model (see Table 8.5). Unfortunately, the num- 
her of flush end plate connections whose failure mode was associated with the 
fracture of the longitudinal reinforcement was limited. However, from Hie list 

contained within Chapter 5, section 5.2.1, the following two programmes \%vi ' 
deemed suitable. 

1. The author's experimental programme 

2. Anderson and Najafi's experimental programme. 

Reference Model 
Assumption 

# 

Ultimate connection rotation 
Predicted Attained 

Equ (8.56 (mrads)' 

Test 3 Case 4 46.3 47.7 

Author's Test 4 Case 4 35.3 35.5 
tests 

Test 5 Case 3 20.2 20.1 

Test 1 or S8F) Case 4 33.4 35.8 
Najafi's 

Test 3 (or S4F) Case 4 4 25 26.6 tests . 
Test 10 (or S8FD) Case 4 15.1 14.0 

Note: #- See pages 313 - 317 inclusive & Figure 3.14 

Table 8.5: Validation of the proposed ductility model 

From Table 8.5, it can be seen that good correlation between the predicted 

value and the actual value for the ultimate connection rotation vag achieved in 
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all cases. However as far as the author's programme was concerned. the equation 

was configured to predict the performance of these tests. However. the point 

which should be emphasised is the correlation obtained for test 4. For this test 

the difference was associated solely with the end plate thickness. Consequently. 

all the other empirical parameters required by equation 81.56 would remain unal- 

tered from those calculated for the previous test (Test 3). It can reasonably be 

assumed therefore, that this result provides some reassurance that the proposed 

method adopted to assess the influence of the end plate on the extension of the 

reinforcement, could be considered a satisfactory simplification. 

The overall suitability of the proposed model can only be properly assessed 

when the comparison involves totally independent test results, such as t hose froh 

Najafi. From this comparison, which was undertaken using the measured material 

properties, it can be seen that the proposed model again produces a very ('lose 

and acceptably accurate prediction for the connection's ultimate rotation. for all 

of the connections considered. 

In considering the above comparison, one must also consider the suitability 

of the model within a design situation. Under these circumstances. the designer 

would rely on a predicted value for the moment resistance of the connect ion. 

and be bound to the characteristic value applicable to the ductility of high yield 

reinforcing bar. Incorporating these two requirements into equation 8.56, would 

significantly reduce the predicted value of the ultimate connection rotation. In 

particular, the change in the calculated elongation of the reinforcement at frac- 

ture, from a minimum value of 26% for the authors programme and 171(1/0 for 

Najafi's programme, down to its characteristic value of 12%. would have the 

most pronounced influence on the calculated ductility performance of the con- 

nections. It can be shown that by substituting the characteristic value of 12V 

into the model, would result in an average reduction in the connection rotation 

at failure of 54% and 29% for the author's and Najafi's experimental prograniniw 

respectively. This reduction is clearly undesirable, but unfortunately in de'si n 
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reliance can only be placed on specified material properties. A solution to this 
difficulty would be the specification of a class of reinforcement having a limit on 
ductility, closer to the values obtained in practice. 

Although there are only a few results available to assess the performance of 
the proposed equation, it must be born in mind that in these six connection 
tests alone there was considerable variation in many of the key components t hat 

make up practical composite connections. These variations can be summarised 

as follows : 

1. Column section - 203 and 254 serial size universal columns. 

2. Beam section - 305,457 and 533 serial size universal beams. 

3. Total area of reinforcement - 4TI2,8T12 and 4T16 high yield bars 

4. The position and arrangement of the reinforcing bars within the dept li of 

the slab. In particular, the horizontal spacing was varied from the miiiiiilltni 

to the maximum permitted by modern codes of practice. 

5. End plate thickness - 15mm and 12mm thicknesses. 

6. Bolt diameters - M24 and M20, grade 8.8 bolts. 

7. Variations in the measured material properties. In particular : 

(a) The reinforcement's percentage elongation at fracture. 

(b) The yield stress applicable to the reinforcement and the compression 

flange of the attached beams. 

Consequently, it is the author's opinion that although one may criticise the 

empirical nature of the model, its physical nature provides a foundation to eiiabl ' 

a greater understanding of connection ductility to be developed in the future. 
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8.5.4 Concluding remarks 

Composite flush end plate connections have been considered in the context of 

providing ductility in the hogging regions of plastically designed continuous com- 

posite beams. It has been shown that the ductility requirements of the connect ion 

cannot be expressed solely in terms of simple rules concerning material properties 

for reinforcing steel. The behaviour of the joint as a whole needs to be consid- 

ered. It has also been suggested that local buckling of the beam's steel sect ion 

provides a benign form of failure, for which appropriate design rules should be 

established, thus simplifying composite connection design considerably. Ho« cve. 

in the absence of such rules, a ductility model has been proposed which for the 

first time enables the total rotation capacity to be assessed, when the failure 

occurs by fracture of the reinforcing bars. 



Chapter 9 

Conclusions and suggestions for 

further work 

The research work presented within this thesis has been undertaken by the Author 
during the period from January 1992 - December 1995. The work covered a 

variety of aspects of interest in structural enginnering, which can be broadly 

subdivided into to the following sections : 

1. The design of steelwork sway frames in accordance with lirnil state prin- 

cipals in conjunction with the Wind-Moment Method[l]. This aspect of 

the work has been described in Part I of the thesis, which encompasses 

Chapters 1 to 4 inclusive. 

2. An experimental investigation into the ductility of composite flush end plate 

connections incorporating 457 and 533 serial size Universal Beams. This 

aspect of the work has been described in Part II of the thesis. which en- 

compasses Chapters 5 to 8 inclusive. 

The conclusions and suggestions for further work have been separa l f, (1 aloe (& 

identical lines to those indicated above. Consequently, the first and second w c- 

tions of the work will be subsequently referred to as Part I and Part II respectively. 

327 
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9.1 Part I- Aspects of sway frame design 

9.1.1 Conclusions 

An in-depth investigation has been undertaken to assess the suitability of incor- 

porating standardised ductile end plate connections[20] within low to medium rise 

structural steel sway frames. The investigation was computer-based and utilised 

an existing second order elastic-plastic computer program for plane frames. 

The standardised ductile end plate connections (see Chapter 1) were found too 

exhibit very flexible characteristics. Consequently, the computer program had 

to be modified to ease the convergence problems which had been previously 

encountered when analysing semi-rigid frames which incorporate very- flexible 

connections[6]. In addition, the investigation necessitated the development of a 

method for predicting the initial response of the standardised connections. This 

was a requirement of the computer program, whereby the connections' retipunses 

under the actions of the applied forces were simulated by a bi-linear representa- 

tion of the moment-rotation characteristics (see Chapter 2). A simple eyuat iori 

was therefore proposed (see Chapter 3), based on the considerat ion of t lie dc- 

formations within the column flange and end plate only. This equation was 

successfully validated against test results, mainly from the literature. Ii s suit- 

ability was further substantiated following a comparison with the more general 

equation proposed within the revised Annex J to Eurocode 3[18]. From this com- 

parison, it was concluded that closer predictions to the test results were achieved 

by adopting the proposed equation. 

In addition to the above and following the completion of the frame stud- 

(see Chapter 4), further conclusions were obtained. These are listed below under 

the limit states to which they apply. 

Analysis for ultimate limit states 

1. Incorporating the standard connections within the design of a «Viiid-\lo'u f 
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frame would result in a structural frame capable of withstanding the applied 
design loads, without stability problems being encountered. Consequently, 

adopting effective length factors of 1.0 and 1.5 for the major and mina r 
axes respectively, resistance to column buckling remain satisfactory-. 

2. The standard connections performed satisfactorily and were not susceptible 
to brittle fracture. 

3. The connection types utilised within the investigation were all partial si rengt, h 

with respect to the beams and were also classified as semi-rigid in ac(, oor- 
dance with Eurocode 3[17]. 

4. Due to the partial strength nature of the standard co1u ('t ions, die 

Class 1 `plastic' requirement placed on the structural members can be rce- 

laxed to include Class 2 `compact' rolled steel sections. 

5. The effect of including the influence of web shear in the analysis reduccH 

the stiffness of the connections considerably and consequently decreases t he 

overall stiffness of the frame. In addition, the connection rotation at the 

design load showed a slight increase; however, the stability factors applica- 

ble to the columns and the overall second-order elastic-plastic collapse load 

factor of the frame, were not significantly affected. 

Analysis for serviceability limit states 

An estimate of the maximum sway applicable to a Wind-Moment frame, rl iav 

be calculated by undertaking a rigid analysis and multiplying the correspond- 

ing deflections by the factors shown in Table 4.5. These convert a first -order 

rigid analysis into a first-order semi-rigid one, and similarly for the secoricl-ordel- 

analyses. 

Two bolt sizes are available for use with the standard connectims: namck, 

M20 and M24 Grade 8.8 bolts. The author has concluded however that the \124 

option should be specified in preference to the M20 option. 
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Type of analysis 
Bay width First-order Second-order 

Multiplying factor 

q 
) 6. Om 1.6 1.7 

tn 
0 
ýt '( 6. Om 2.1 2.1 

h 
6. Om 2.2 2.5 

Note : 
These vaules include allowances for web shear at 
internal column locations of multi-bay frames 

Table 9.1: Rigid frame multipliers for serviceability calculations 

9.1.2 Suggestions for further work 

330 

The following represents several suggestions whereby the work undert aken by I he 

author could be extended to further improve existing knowledge and toi n'ov i de 

additional design guidance 

1. The author's investigation was based on the premise that. full fixity- existed 

at the foundation level. However, it has been found[123.12.1]. in a similar 

fashion to that for connections in general, that this particular assiinlption 

does not necessarily always exist in engineering practice. Therefore it is 

suggested that the existing computer program could be modified to enable 

the stiffness of the foundations to be varied. Following this modification. a 

selection of the more flexible frames could be re-examined with the objec- 

tive of establishing the degree foundation stiffness that would he required 

for the frame to withstand the applied design loads. An experimental st udy 

could then follow to obtain test data applicable to various foundat on roon- 

figurations. However, should an experimental investigation be uuiidertak<'ri 

careful consideration would have to be given to how. if appropriate, i hc 



9.1 Part I- Aspects of sway frame design : ý37 

layers of subsoil beneath the founding level should could be repre, f, iitf, J. 
Design rules could then be derived to provide minimum foundation require- 
ments in conjunction with their actual behavioural characteristics. 

2. The development of a simple but acceptably accurate method of calculating 
the sway deflections under the actions of the Serviceability limit state for 
frames incorporating the standardised end plate connections. This would 
be preferred to the multiplier proposed above, since by its very nature it 

would result in an over estimation of the sway deflections for many pritct iral 

frame configurations. 

3. Another aspect that has been often neglected in the studies of unbracc(, dl 

sway frames is the beneficial effect that the cladding to the building will 

have on reducing the subsequent horizontal deflections. It is necc sal \" 

to adopt a conservative approach with respect to the enhancement of the 

overall stiffness of frames, because at present there only exists a limit ecl 

guidance covering this area[125,126]. An opportunity therefore ('Kist s for 

further research into this area, to increase the overall economy of ,c ,>>>i- ri gid 

design of unbraced steel frames. 

4. In Wind-Moment designs with partial-strength connections it has beeii of- 

ten found that only very limited plasticity develops in the members below 

the design load level for ultimate limit state. Furthermore as «'ind-1\Ioment 

designs are characterised by constant beam sections up the frame. it rmty 1 

expected that connections will develop plastic hinges first in the lo« (- t pawl 

of the frame and progress upwards. Knowledge of the order of format ion 

and location of such hinges could lead to simplified second-order analysi,. 

based on the calculation of a `deteriorated critical load'[12 i ]. For this rea, o, I1 

full details of the formation of plastic hinges in the \Vind-Mons ilt frarnw> 

are included in Appendix C, section C. 4 of this thesis. 
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9.2 Part II - Ductility of composite flush end 

plate connections 

9.2.1 Conclusions 

As a consequence of the experimental work undertaken by the author 
(see Chapter 7), which dealt with composite flush end plate connections. the 
following conclusions were drawn: 

1. The strength and stiffness of a bare steel connection can be increased when 
its acts compositely with a reinforced composite slab. 

2. The horizontal spacing of the rebars contained within the effective breadth 

of a composite slab does not significantly effect the performance of the 

connection as a whole. 

3. Reducing the end plate thickness has the effect of reducing both t lie t mIrieiit 

capacity and rotation capacity of a composite connection that incorporattt 

a nominally identical reinforcing detail. 

4. Increasing the beam depth has the effect of increasing the cco1111('(tions mo- 

meat capacity; however, this is at considerable expense to the available 

rotation capacity when a nominally identical reinforcing detail is consicl- 

ered. 

5. End plate connections of the type considered by the author are susceptible 

to a brittle failure mode associated with rebar fracture. 

6. When a composite connection incorporates 4TI6 rebars as the main 1ullgl- 

tudinal reinforcement, in conjunction with 45T series universal bean the 

rotation capacity of such an arrangement would be sufficient to allow p1a - 

tic methods of design to be adopted. In contrast however, if a larl-, el . -)TI 

serial size beam is substituted, plastic design would not be permitted on 
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the grounds that the available rotation capacity at the connections would 
not be sufficient to meet the necessary requirements for plastic design. 

7. The deformation within the steelwork detail is influenced by the connection 
configuration adopted. 

Following the experimental programme the results were analysed in the context 
of connection performance, from which the following conclusions were obtained: 

1. The composite connections tested by the author were all partial strength 

when compared to the strength of the beam member in negative bending. 

2. The composite connections tested by the author were all classified as rigid 

and consequently, are acceptable for general use in continuous composite 
beams. 

3. All diameters of reinforcement between 8mm and 20mm conform to the 

property requirements necessary for them to be identified as possessing 

`high ductility' in accordance with Eurocode2[89]; and comply with the 

minimum requirements specified by British codes of practice[116]. Conse- 

quently, bars of these diameters are suitable for general use in plastically 

designed continuous composite beams. However, the corresponding ductil- 

ity requirements applicable to a composite connection cannot be expressed 

solely in terms of simple rules concerning material properties for reinforcing 

steel. 

4. If mesh reinforcement is provided, it should not be included as part of the 

total area of steel reinforcement when calculating the enchanced moment 

of resistance applicable to a composite flush end plate connection. 

5. The ductility model proposed in Chapter 8 provides a satisfactory estimate 

of the total rotation capacity of a composite flush end plate connection with 

a single bolt row in tension, when the failure occurs as a result of the rebars 

fracturing. 
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9.2.2 Suggestions for further work 

A single test has been undertaken by the author on a composite connection - ha- 

incorporates a 533 serial size beam. The results from this test indicate that the 

reinforcement detail adopted was unsuitable in as far as the rotation capacity 

was considerably reduced when compared with the tests undertaken with the 

shallower 457 serial size beams. It is therefore suggested that further tests should 
be undertaken on this particular size of connection in an attempt to find a more 

suitable reinforcing arrangement to overcome the problem of the lack of ductility. 

A ductility model has been proposed which enables the total rotation capacity 

of a composite flush end plate connection to be calculated, when the failure 

occurs as a result of the rebars fracturing. Refinements to this model could take 

the form of adopting a more theoretical approach to the representation of the 

plastic deformations within the column flange and the end plate. Furthernmore. 

additional studies are also required to investigate the influence of beam depth on a 

composite connection's rotation capacity that incorporates a nominally identical 

reinforcement arrangement. The ductility model could also usefully be ext, <'n d (1 

to include end plate connections that incorporate more than a single bolt row in 

tension. 

It has also been suggested in Chapter 8, that local buckling of the beam's steel 

section provides a benign form of failure. which could be utilised to gii araiitee 

a connection's ductility. However, many problems need to be addressed before 

design rules can be formulated to guarantee connection performance. These have 

been summarised in section 8.3.3. The author therefore suggests that future 

experimental and theoretical investigations should be directed towards the for- 

mulation of appropriate design rules, since it is the author's opinion that if ýi. ich 

rules were forthcoming then a major simplification to the process of compO, -ýitc 

connection design would have been achieved. 
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Appendix A 

Design tables applicable to 

ductile end plate connections 

A. 1 Scope 

Tables of standard dimensions, moment resistance values, column limitations 

and shear resistances are presented in this appendix for the ductile end plate 

connections described in chapter 1. 

349 
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A. 2 Dimension tables 



A. 2 Dimension tables 301 

3 

1 

Note : see individual details for 

remaining dimensions 



A. 2 Dimension tables 

Extended Details 
Dimensions for detailing (mm) 

Serial Size 
Mass e p r 

Metre al a2 a3 a4 a5 a6 c d 
762 x 267 950 

197 40 60 150 620 710 810 90 
173 40 60 150 612 702 802 94 
147 40 60 150 604 694 794 98 

686 x 254 870 
170 40 60 150 543 633 733 89 
152 40 60 150 538 628 728 91 
140 40 60 150 534 624 724 93 
125 40 60 150 528 618 718 96 

610 x 229 780 
140 40 60 150 467 557 657 82 
125 40 60 150 462 552 652 84 
113 40 60 150 457 547 647 86 
101 40 60 150 452 542 642 89 

533 x 210 720 
122 40 60 150 395 485 585 88 
109 40 60 150 390 480 580 90 
101 40 60 150 387 477 577 92 
92 40 60 150 383 473 573 93 
82 40 60 150 378 468 568 96 

457 x 191 650 
98 40 60 150 317 407 507 91 
89 40 60 150 314 404 504 93 
82 40 60 150 310 400 500 95 
74 40 60 150 307 397 497 96 
67 40 60 150 304 394 494 98 

457 X 152 650 
82 40 60 150 315 405 505 92 
74 40 60 150 311 401 501 94 
67 40 60 150 307 397 497 96 
60 40 60 150 305 395 495 98 
52 40 60 150 300 390 490 100 

406 x 178 590 
74 40 60 150 263 353 453 89 
67 40 60 150 259 349 449 90 
60 40 60 150 256 346 446 92 
54 40 60 150 253 343 443 94 

406 x 140 580 
46 40 60 150 252 342 442 89 
39 40 60 150 247 337 437 91 

356 x 171 540 
67 40 60 N/A N/A 304 404 88 
57 40 60 N/A N/A 299 399 91 
51 40 60 N/A N/A 296 396 92 
45 40 60 N/A N/A 292 392 94 

356 x 127 540 
39 40 60 N/A N/A 293 393 94 
33 40 60 N/A N/A 289 389 96 

305 x 165 490 

54 40 60 N/A N/A 251 351 90 
46 40 60 N/A N/A 247 347 91 
40 40 60 N/A N/A 244 344 93 

305 x 127 490 

48 40 60 N/A N/A 250 350 90 

42 40 60 N/A N/A 247 347 92 
37 40 60 N/A N/A 244 344 93 

305 x 102 490 

33 40 60 N/A N/A 253 353 89 
28 40 60 N/A N/A 249 349 91 
25 40 60 N/A N/A 245 345 93 

254 x 146 440 

43 40 60 N/A N/A 200 300 90 

37 40 60 N/A N/A 196 296 92 

31 40 60 N/A N/A 192 292 94 

254 x 102 
440 

28 40 60 N/A N/A 200 300 90 

25 40 60 N/A N/A 197 297 92 

22 40 60 N/A N/A 194 294 93 

352 

Note : see individual details for 

remaining dimensions 



A. 3 Design tables 353 

A. 3 Design tables 



A. 3 Design tables 

-Box 1 

Moment Resistance 
M. R. (inNm)=208(h-O. 5tf-60) 

tf h Serial Size Moment 
Mass per Resistance 

(mrn) (mm) metre kNm 
762 x 267 

25.4 769.6 197 b 145 
21.6 762.0 173 b 143 
17.5 753.9 147 142 

686 x 254 
23.7 692.9 170 b 129 
21.0 687.6 152 b 128 
19.0 683.5 140 b 127 
16.2 677.9 125 127 

610 x 229 
22.1 617.0 140 b 113 
19.6 611.9 125 b 112 
17.3 607.3 113 112 
14.8 602.2 101 1I1 

533 x 210 
21.3 544.6 122 b 98 
18.8 539.5 l09 b 98 
17.4 536.7 101 97 
15.6 533.1 92 97 
13.2 528.3 82 96 

457x 191 
19.6 467.4 98 h 83 
17.7 463.6 89 bw 82 
16.0 460.2 82 81 
14.5 457.2 74 81 
12.7 453.6 67 80 

457 x 152 
18.9 465.1 82 b 82 
17.0 461.3 74 82 
15.0 457.2 67 81 
13.3 454.7 60 81 
10.9 449.8 52 80 

406 x 178 
16.0 412.8 74 72 
14,3 409.4 67 71 
12.8 406.4 60 71 
10.9 402.6 54 70 

406 X 140 
11.2 402.3 46 70 
8.6 397.3 39 69 

356 x 171 
15.7 364.0 67 61 
13.0 358.6 57 61 
11.5 355.6 51 60 
9.7 352.0 45 60 

356 x 127 
10.7 352.8 39 60 
8.5 348.5 33 59 

305 x 165 
13.7 310.9 54 51 
11.8 307.1 46 50 
10.2 303.8 40 50 

305 x 127 
14.0 310.4 48 51 
12.1 306.6 42 50 
10.7 303.8 37 49 

305 x 102 
10.8 312.7 33 51 
8.9 308.9 28 51 

6.8 304.8 25 50 

254 x 146 
12.7 259.6 43 40 

10.9 256.0 37 40 

8.6 251.5 31 39 

254 x 102 

10.0 260.4 28 41 

8.4 257.0 25 40 

6.8 254.0 22 40 

wi'20 
12 I-- 45 -1-I - 45 

60 
II 

Optional ii 
extra row + 
for shear 

180 

I 

Column Limitations 

E Fb 208 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii in iv v 

00 00 00 00 
° Serial Size c N 

Ü Mass per Ü = aö cn IU tko metre vi oö 
-0 -C .n -C C p 0 
3 3 3 3 ý 3 3 3 3 

356 x 368 
� � � J J 202 1 � J J � 
1 J 1 J 1 177 1 1 1 1 !, 
� 
1 

. � 
l 

J 
� 

� 
� 

J 
1 

1.53 
__ 129 

,( 
ý_ 
1_ 

.. 

� ý... 
j. 

. . 
305 x 305 

J J 1 � 1 293 1 1 1 J J 
J J � J 240 � 1 1 � � 

� . J � J 1 198 J 1 � � 1 
J � � J 1 159 J 1 � � J 
� _ � � J � 137 J J � J � 

11 R_ 
_L. _. 

r J 

T .1_. I ý J � � J � 97 1 1 I 
254 x 254 

� � J � J 167 J � � 1 � 
J J � J 1 132 1 1 1 � � 
� � J � � 107 � � 1 � J 
J � � J � 89 � J J J J 
� J � 406 � 73 J J I 1 

.l 
203 x 203 

J J � � � 96 � � J � J 
1 � � 395 1 71 1 1 1 1 J 

/ 60 � 1 J J J � J � 30 J 52 L. f 1 
1 1 1 273 : 46 J 353 

- Less than EFb- Sections are not 
designated class I 

DVA J 

Shear Resistance 

See Note 4 

236 kN 

( optional extra row adds 184 kN ) 

354 

n- Where tf>18 use a butt weld to the flange 

hw- If the beam is S275 use a butt weld to the flange 



A. 3 Design tables 355 

-uUA I 

Moment Resistance 
M. R. (in Nm) = 305 (h - 0.5 tf- 60) 

tf h Serial Size Moment 
Mass per Resistance 

ýt tý metre kNm 
762 x 267 

25.4 769.6 197 b 213 
21.6 762.0 173 b 211 
17.5 753.9 147 209 

686 x 254 
23.7 692.9 170 b 190 
21.0 687.6 152 b 188 
19.0 683.5 140 b 187 
16.2 677.9 125 186 

610 x 229 
22.1 617.0 140 b 167 
19.6 611.9 125 b 165 
17.3 607.3 113 164 
14.8 602.2 101 163 

533 x 210 
21.3 544.6 122 b 145 
18.8 539.5 109 b 144 
17.4 536.7 101 143 
15.6 533.1 92 142 
13.2 528.3 82 141 

457x 191 
19.6 467.4 98 b 121 
17.7 463.6 89 bw 121 
16.0 460.2 82 120 
14.5 457.2 74 119 
12.7 453.6 67 118 

457 x 152 
18.9 465.1 82 h 121 
17.0 461.3 74 120 
15.0 457.2 67 119 
13.3 454.7 60 118 
10.9 449.8 52 117 

406 X 178 
16.0 412.8 74 105 
14.3 409.4 67 104 
12.8 406.4 60 104 
10.9 402.6 54 103 

406 X 140 
11.2 402.3 46 103 
8.6 397.3 39 102 

356 X 171 
15.7 364.0 67 90 
13.0 358.6 57 89 
11.5 355.6 51 88 
9.7 352,0 45 88 

356 x 127 
10.7 352.8 39 88 
8.5 348.5 33 87 

305 x 165 
13.7 310.9 54 75 
11.8 307.1 46 74 
10.2 303.8 40 73 

305 x 127 
14.0 310.4 48 74 
12.1 306.6 42 73 
10.7 303.8 37 73 

305 x 102 
10.8 312.7 33 75 
8.9 308.9 28 75 
6.8 304.8 25 74 

254 x 146 
12.7 259.6 43 59 

10.9 256.0 37 58 
8.6 251.5 31 57 

254 x 102 

10.0 260.4 28 60 

8.4 257.0 25 59 

6.8 254.0 22 58 

b- Where t 1. > 18 use a butt weld to the flange 

bw- If the beam is S275 use a butt weld to the flange 

W1.24 
157 45 - ý5 

Optional ic 
extra row + 
for shear 

60f 
Ij 

D-- '1 

Column Limitations 

E Fb 305 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 
to pp 

b0 
C 

00 
C b pp 

"° N Serial Size .2 C U 

1 
Gq 

v Mass per 
pý a) C 

F- u x C- ) 00 metre 
� 00 

3 3 3 3 ý 3 3 3 3 
356 x 368 

� � � 1 J 202 J � � � 1 
1 � 1 � 1 177 / 1 1 1 1 

1 1 J � 7 1 
.. 

1 J_ 
.I 129 � 

. 
305 X 305 

J � � � � 283 J J J J � 
� � � � J 240 � � J � � 
� � � � � 198 J 

J 
� 
J 

� 
J 

� � 
/ � � � � 158 � � 
� 

_� 
J J � 137 

1 J 
.. .l W y7 ___ 

�_ J J J � 
254 x 254 

� J 1 J � 167 J � � � 1 
J 1 J J J 132 J J J J J 
� J � � � 107 � J � � � 
J J J 497 J 99 � 1 1 J � 

._ J � 7 406   73 . 5 f J 
. 
�. 

203 x 203 
J 1 J 4+7 96 � J J J 1 � � � 

395 
1 71 J 510 J J J 

J J J M,   60 1 451 J 1 1_ iý 

J J � 300.   52   3K7 1 J � 
273"   46 

'  
353 

, 
ý. J J_ 

+- Less than E Fn - Sections are not 
designated class 

-DUA J 

Shear Resistance 

See Note 4 

340 kN 

( optional extra row adds 265 kN ) 



A. 3 Design tables 

-BOX 1 

Moment Resistance 
M. R. (inNm)=193(h-0.5tf+40) 

tf h Serial Size Moment 
Mass per Resistance 

(mm) (""") metre kNm 
533 x 210 

21.3 544.6 122 b 111 
18.8 539.5 109 b 110 
17.4 536.7 101 110 
15.6 533.1 92 109 
13.2 528.3 82 109 

457 x 191 
19.6 467.4 98 b 96 
17.7 463.6 89 hw 96 
16.0 460.2 82 95 
14.5 457.2 74 95 
12.7 453.6 67 94 

457 x 152 
18.9 465.1 82 h 96 
17.0 461.3 74 95 
15.0 457.2 67 95 
13.3 454.7 60 94 
10.9 449.8 52 94 

406 x 178 
16.0 412.8 74 86 
14.3 409.4 67 86 
12.8 406.4 60 85 
10.9 402.6 54 85 

406 x 140 
11.2 402.3 46 84 
8.6 397.3 39 84 

356 x 171 
15.7 364.0 67 77 
13.0 358.6 57 76 
11.5 355.6 51 75 
9.7 352.0 45 75 

356 x 127 
10.7 352.8 39 75 
8.5 348.5 33 74 

305 x 165 
13.7 310.9 54 67 
11.8 307.1 46 66 
10.2 303.8 40 65 

305 x 127 
14.0 310.4 48 66 
12.1 306,6 42 66 
10.7 303.8 37 65 

305 x 102 
10.8 312.7 33 67 
8.9 308.9 28 67 
6.8 304.8 25 66 

254 x 146 
12.7 259.6 43 57 
10.9 256.0 37 56 
8.6 251.5 31 56 

254 x 102 
10.0 260.4 28 57 
8.4 257.0 25 57 
6.8 254.0 22 56 

b -Where tf> 18 use a butt weld to the flange 

hw- if the beam is S275 use a butt weld to the flange 

W2/2o 5- - i5 - 
40 

_ 

Optional 
extra row + 
for shear 

Fi0 ýf- 

4ý0 'v 
200 

Column Limitations 

EFb 197kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

C 
C 

C 
ao 00 

[ 
c Serial Size c N 

F Ü U y 
i Mass per F 

m -0 
= 
c 

v i 
0 9 metre 

V ý 0 
cc 
m 

u 
m m 

3 3 3 3 ý 3 3 3 3 
356 x 368 

� � � � � 202 J J J J J 
� J J J J 177 l l 1 1 J 

. .ý _ .. 
ý 12. __ 

1 
-T. 1. 

.1 
f 

305 x 305 
� � � � � 283 � J � J J 
� J J J � 240 J � � J � 
J J � �. J 198 � J J J J 
J J J J J 158 J J J J J 
J J � � � 137 � J J J J 
J J � f V. 1 1 .. 

f. 
_ . 

1. 
. .. 9 7 

254 x 254 
� J � J 1 167 � J J J � 
� � � � � 132 1 � J J � 
J J � � � 107 � J J � J 
� � � J � 89 J J J J J 
J J � � J 73 ! 1 / _ .! , 

203 x 203 
� J J J � 86 � J J � J 
� � � 

_� 
� 7' � J l J � 

349 60 

J l J . 273 l 46 353 

.- Less than EFn Sections are not 
designated class I 

II 

uVn J 

Shear Resistance 

See Note 4 
11 236 kN 

( optional extra row adds 184 kN ) 

356 



A. 3 Design tables 

-Ijox I 

Moment Resistance 
M. R. (in Nm)=295(h-0.5tf+40) 

tf h Serial Size Moment 
Mass per Resistance 

(mm) (mm) 
metre kNm 

533 x 210 
21.3 544.6 122 b 169 
18.8 539.5 109 b 168 
17.4 536.7 101 168 
15.6 533.1 92 167 
13.2 528.3 82 166 

457x 191 
19.6 467.4 98 b 147 
17.7 463.6 89 bw 146 
16.0 460.2 82 145 
14.5 457.2 74 145 
12.7 453.6 67 144 

457 x 152 
18.9 465.1 82 b 146 
17.0 461.3 74 146 
15.0 457.2 67 145 
13.3 454.7 60 144 
10.9 449.8 52 143 

406 x 178 
16.0 412.8 74 131 
14.3 409.4 67 131 
12.8 406.4 60 130 
10.9 402.6 54 129 

406 x 140 
11.2 402.3 46 129 
8.6 397.3 39 128 

356 x 171 
15.7 364.0 67 117 
13.0 358.6 57 116 
11.5 355.6 51 115 
9.7 352.0 45 114 

356 X 127 
10.7 352.8 39 114 
8.5 348.5 33 113 

305 x 165 
13.7 310.9 54 102 
11.8 307.1 46 101 
10.2 303.8 40 100 

305 x 127 
14.0 310.4 48 101 
12.1 306.6 42 101 
10.7 303.8 37 100 

305 x 102 
10.8 312.7 33 103 
8.9 308.9 28 102 
6.8 304.8 25 101 

254 x 146 
12.7 259.6 43 87 
10.9 256.0 37 86 
8.6 251.5 31 85 

254 x 102 
10.0 260.4 28 87 
8.4 257.0 25 86 

6.8 254.0 22 86 

h- Where tf>19 use a butt weld to the flange 

hw- if the beam is S275 use a butt weld to the flange 

W2/24 
2Q h- 45 45 

ao 
_ 

Optional 
extra row 
for shear 

+ 

60 

4 
200 

-tbox L 

Column Limitations 

E Fb ' 299 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

C C an o0 C 
C c Serial Size a 

C 

14 

G 

a .2 
ý °q Mass per c - U 0 a c: 

E U CQ vý 
metre 

aý to vý 00 U F- 

-0 . -0 -C 

3 3 3 3 X 3 3 3 3 
356 x 368 

I J � � 202 � � 1 J 1 
� 1 J � � 177 � � 1 J_ J 
J � � � �.. 

_ __. _153 
l _ U_ _ 1 __ l_ 

122 

305 x 305 
J 1 � J � 283 J � J � � 
� J � J � 240 � � � � � 
� � J J J 198 � J 1 1 J 
J 1 J � 1 158 1 1 1 1 1 
� J J J J '37 � l J J J 

J 1 565 T 
, 97 �: J J 1 � 

254 x 254 
J � J � � 167 1 � � � � 
J � 1 1 1 132 � J � J J 
� � � � � 107 � J 1 J � 
J J � 497 � 89 J J J J � 
� 1 1 406   73 J us J_ J 

.. 
J 

203 x 203 

497 � 96 J � � � J 
� J � 395 71 � sio 1 1 J 
1 1 � 349 1 60 : i 151 � � 

. 

� 
_. 

300 52 
M 

1 
_1 _, /_ J ýC 

} 

�ý � � � 
273" I 46 U 353 � 

, 

- Less than EFh- Sections are not 
designated class I 

-U VA ,J 

Shear Resistance 

See Note 4 

340 kN 

( optional extra row adds 265 kN ) 

357 



A. 3 Design tables 

-liox I 

Moment Resistance 
M. R. (inNm)=206(h-0.5tf+40) 

tf h Serial Size Moment 
Mass per Resistance 

(-) (Mm) metre kNm 
762 x 267 

25.4 769.6 197 b 164 
21.6 762.0 173 b 163 
17.5 753.9 147 162 

686 x 254 
23.7 692.9 170 b 148 
21.0 687.6 152 h 148 
19.0 683.5 140 b 147 
16.2 677.9 125 146 

610 X 229 
22.1 617.0 140 h 133 
19.6 611.9 125 b 132 
17.3 607.3 113 132 
14.8 602.2 101 131 

533 X 210 
21.3 544.6 122 b 118 
18.8 539.5 109 b 117 
17.4 536.7 101 117 
15.6 533.1 92 116 
13.2 528.3 82 116 

457 x 191 
19.6 467.4 98 h 102 
17.7 463.6 89 bw 102 
16.0 460.2 82 101 
14.5 457.2 74 101 
12.7 453.6 67 100 

h- Where t I. > 18 use a butt weld to the flange 

ll hw - If the beam is S275 use a butt weld to the flange 

W2+ /20 15- r- 45 45 
40 

_ 

Optional 
extra row + 
for shear 

60 

40 
250 

-Box Z 

Column Limitations 
E Fb ' 209 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

on cn 
on 
a o0 

c oo m N 
. '4 

u Serial Size C N .N 

- 
M er aý i 

? :3 2 °) Q F U ao cn metre v i ao U F- 
0 cd 0 

3 3 3 3 ý ý 3 3 3 3 
356 x 368 

202 J 
� 

� � � 
1 77 J J J 

J J 
I' 

! J J J. � 151 l _ 
. _1.... _1 d �.. J 

.. 
J.. 

. 'l. 129 J. J ! f 
.. 

305 x 305 

J J J J 1 283 1 1 � J J 
J 1 � � J 240 J J J 1 J 
1 J � J J 199 1 1 1 1 1 
J � J � � 158 J J J 1 � 
J J 1 1 1 137 � J J J J 

i � J J J 1 1 1 J J v7 
254 x 254 

� J � J J 167 � J J � J 
J J J J 1 132 1 1 1 1 1 
� � J J J 107 1 � J J J 
J J J J J 89 1 1 J 1 J 
� 1 � 406 J 73 � 

_. 
1 

.. 
� 

.J. . 
J_ 

203 x 203 
J J � J J 86 1 J 1 J 1 
� J J 395 � 71 1 1 1 1 1 
J J J 349 J 60 J J 1 J J 

J J 300 J 52 J. 
J J J J 

273 I 46 353 ,ý 

I. 
- Less than E Fh - Sections are not 

designated class I 

^-tsox s 
Shear Resistance 

See Note 4 

236 kN 

( optional extra row adds 184 kN ) 

358 
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-box i 
Moment Resistance 
M. R. (inNm)=314(h-0.5tf+40) 

tf h erial Size Moment 
Mass per Resistance 

mm (MM) metre kNm 
762 x 267 

25.4 769.6 197 b 251 
21.6 762.0 173 b 249 
17.5 753.9 147 247 

686 x 254 
23.7 692.9 170 b 227 
21.0 687.6 152 h 225 
19.0 683.5 140 b 224 
16.2 677.9 125 223 

610 x 229 
22.1 617.0 140 b 203 
19.6 611.9 125 h 202 
17.3 607.3 113 201 
14.8 602.2 101 200 

533 X 210 
21.3 544.6 122 h 180 
18.8 539.5 109 h 179 
17.4 536.7 101 179 
15.6 533.1 92 178 
13.2 528.3 82 177 

457 x 191 
19.6 467.4 98 h 156 
17.7 463.6 99 bw 156 
16.0 460.2 82 155 
14.5 457.2 74 154 
12.7 453.6 67 153 

h- Where tf>19 use a butt weld to the flange 

hw- If the beam is S275 use a butt weld to the flange 

W2+ /24 
20--, r- 45 ---'---- 35, 

101 

vý Optional 
extra row II 
for shear 

+ 

60 

40 
250 

,VI uVA c 

Column Limitations 
E Fb' 319 kN 
See Note 2 

S275 Grade S355 
v iv iii ii i Zone i .. iii iv v 

c r- 
oa [ ooh E c c c Serial Size c 

. 
c 
a .° 

Ü U 

G 
U 

i M v ý 
U 

e v i t1o ass per i M Ü i 
-0 . n D 9 metre 9 r c 0 
3 3 3 3 ý 3 3 3 3 

356 x 368 
� � � � � 202 � J 1 J � 
J � J � � 177 � J J J J 

J L J r z r_ T z I . 305 x 305 I 
� J � � � 283 � � � J � 
J J' J J J 240 J J J � J 
� � � J � 198 � � J J J 
/ J J J J 158 J J 1 J J 
J J 1 � � 137 � J � J � 

f 
_. 

ý. �.. 
_. 

� IIR. 
_. 

J.. 
_ I _, 

/ 
J 

�.. 

J _� 1 .ý 1 l J !. 
. sue L .. yz 

254 x 254 
J J J J J 167 .l J J � J 
J � � J J 132 � � � J � 
� J J 613 J 107 � J J l � 
� J � 497 xv J �.. J_ 

.� 
J 

� J J 406   73  .. . as ,/. .. ,/ 
I 

203 x 203 
497 96 1 J J J J 1 ! 
3 98 

1 
7' 510 � J � 349 " ý, ýý   451 J f� � 

J � J 300-   c, " +391 ýJ 
}J _J 1 J � 273- " aý " f 353 J 4 J J 

 - Less than EFb- Sections are not 
designated class I 

DVA J 

Shear Resistance 

See Note 4 

r 340 kN 
-ý 

( optional extra row adds 265 kN ) 



A. 3 Design tables 

-tsox i 
Moment Resistance 
M. R. (inNm)=208(h-0.5tf-60) 

190(h-0.5tf- 150) 

tf h Serial Size Moment 
Mass per Resistance 

metre kNm 
533 x 210 

21.3 544.6 122 b 171 
18.8 539.5 109 b 170 
17.4 536.7 101 169 
15.6 533.1 92 168 
13.2 528.3 82 166 

457 x 191 
19.6 467.4 98 h 141 
17.7 463.6 89 bw 140 
16.0 460.2 82 139 
14.5 457.2 74 138 
12.7 453.6 67 137 

457 x 152 
18.9 465.1 82 h 140 
17.0 461.3 74 139 
15.0 457.2 67 138 
13.3 454.7 60 137 
10.9 449.8 52 136 

406 X 178 
16.0 412.8 74 120 
14.3 409.4 67 119 
12.8 406.4 60 118 
10.9 402.6 54 117 

406 x 140 
11.2 402.3 46 117 
8.6 397.3 39 115 

h- Where tf>18 use a butt weld to the flange 

hw- If the beam is S275 use a butt weld to the flange 

W3,20 
12 1r- 45 ---+---- 45 

60 

9XTF 
-o 

90 

FO 
200 

-box 2 

Column Limitations 
E Fb ' 399 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv V 

C 
C C 

00 C Qo 
C C 

- 
C 

" 
c Serial Size a = A .° [ 

Ü U y 
Mass 

y U 

Q Ü 
IU 

metre 
v ö c E 

&) 
3 

Jý -0 
' 
V 

3 3 3 ý 3 3 3 3 
J � J J 

356 x 368 
202 1 1 1 1 1 

� � � � � 177 J � 1I 1 1 
1 J f J � 

. _.. ý53. _ 
J 

_ J [ J 
_� { 

Z 1 J ýº � 129 � � ( � J I _ 
305 x 305 

� J 1 J J 293 J J 1 J 1 
� � � � � 240 � � J � J 
� J J � J 198 � � � J J 
� J � � � 158 1 1 1 1 1 
� J J 791 J 137 1 1 1 1 1 

. 
R++t 

._ 
118 � � � 1 �.... J: 

ýs 97 J ýý � J J 
254 x 254 

J � J � � 167 � � � � � 
1 J J 74 J 132 J J J � 1 
� � � 613 � 107 J 791 1 � 1 
� J J 497 J 89 J 6+2 1 1 1 
� � � 406 � 73 � � �_ J 

203 x 203 
� J � 097 � 86 1 642 J � J 
� � � 395" � 71 � sio 1 � 1 
� J J 349" J 60 1 4;, 1 1 1 
�     3W   52 � ? 87" � �.. J 

�     277"   46 J  
353"   J J,. 

s -Less than IF b Sections are not 
designated class I 

-box 3 

Shear Resistance 
See Note 4 

236 kN 

( optional extra mw adds 184 kN ) 

360 



A. 3 Design tables 

-box I 

Moment Resistance 
M. R. (inNm)=305(h-0.5tf-60) 

277(h-0.5tf- 150) 

tf h erial Size Moment 
Mass per Resistance 

ýmmý tý metre kNm 
533 x 210 

21.3 544.6 122 b 251 
18.8 539.5 109 b 249 
17,4 536.7 101 248 
15.6 533.1 92 246 
13.2 528.3 82 244 

457 x 191 
19.6 467.4 98 b 207 
17.7 463.6 89 bw 205 
16.0 460.2 82 203 
14.5 457.2 74 202 
12.7 453.6 67 201 

457 X 152 
18.9 465.1 82 b 206 
17.0 461.3 74 204 
15.0 457.2 67 202 
13.3 454.7 60 201 
10.9 449.8 52 199 

406 x 178 
16.0 412.8 74 176 
14.3 409.4 67 174 
12.8 406.4 60 173 
10.9 402.6 54 171 

406 x 140 
11.2 402.3 46 171 
8.6 397.3 39 169 

h- Where t I. >18 use a butt weld to the flange 

hw- If the beam is S275 use a butt weld to the flange 

W3/24 
I5- 45 ---ý -- 45 

60 

90 

90 ad 

(ý0 
2(0 

uVA .. 

Column Limitations 
L Fb 586 kN 

See Note 2 

5275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

c c c 

b1 

-0 

00 

[ 
-0 

c c c N Serial Size 0 

r_ ý E = - M 
U Mass per M - = 2 ELI 

, E U CO E/) ý ý w vý cA U F 
0 
3 

metre 0 o 0 
3 3 3 ý. 3 3 3 3 

356 x 368 
9 202 

I J 
4 

1 0. 
ý ý 

J 

J 
81 
691 

J. 
. 

� 53- 
129 

J 
� , t 812 

J J4 J �I J � 

.. .. .. . . . 

305 x 305 

J J J J J 283 � J J 1 J 
J � � � � 240 � J � J J 

� J 1124 � 199 J . J J J � 
9 158 t 

,J 
� J 791 J 137 I 1021 1 1 1 '. 

, 

I � � -t � 118 J K' 1 
J (I) J 565v J 97 J 730 

1 

254 x 254 
J Jý J 935 ./ 167 � J � J J 
� � � 746 � 132 � 963 

� � J 

613 1 107 791 � J J 
497" J 89 � 642 � J 

_J I     406'   73 I Kss'   J 
. 

203 x 203 
� J J 497" I 86 J 642 J J J 

/ ( )   395" � 71 I 510 a I J I 
I     349 "   60   451- ý � J 

�   1 30"   52   147"     � 
      273"   46   353- 

-Less than IF n- Sections are not 
designated class I 

( ) - Re - calculate 

-uuIs 

Shear Resistance 
See Note 4 

LP 340 kN 

(optional extra row adds 265 kN 

361 
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.. 
Moment Resistance 
M. R. (inNm)=208(h-0.5tf-60) 

194(h-0.5tf-150) 

tf h Serial Size Moment 
Mass per Resistance 

Irrun) (mm) 
metre kNm 

762 X 267 
25.4 769.6 197 b 262 
21.6 762.0 173 h 260 
17.5 753.9 147 258 

686 x 254 
23.7 692.9 170 b 232 
21.0 687.6 152 h 230 
19.0 683.5 140 h 229 
16.2 677.9 125 227 

610 x 229 
22.1 617.0 140 h 202 
19.6 611.9 125 b 200 
17.3 607.3 113 199 
14.8 602.2 101 197 

533 X 210 
21.3 544.6 122 b 173 
18.8 539.5 109 h 171 
17.4 536.7 101 171 
15.6 533.1 92 169 
13.2 528.3 82 168 

457 x 191 
19.6 467.4 98 b 142 
17.7 463.6 89 bw 141 
16.0 460.2 82 140 
14.5 457.2 74 139 
12.7 453.6 67 138 

h- Where tf>19 use a butt weld to the flange 

bw - IF the beam is S275 use a butt weld to the flange 

W3+120 
121 r--- 45- t -45 

60 

901 1 

90 
_ 

250 

-box 2 

Column Limitations 

E Fb 404 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

C 
pp 
C 

pp 
C 

on C 
d 

do C 
b 

pq 
C 

pq 
C 

U) : Serial Size Q 
c 

F Ü U 
oÄ C40 

Cq 
Mass per 

pq az 
cýiý 

m Ü c 
E= 

metre v V 
3 3 3 3 ý 3 3 3 3 

356 x 368 
� J J 1 ( 202, 1 J 1 J � 
1 � � � . � 177 � 1 1 1 J 
J 

.. 
J J.. 

_ 
1 1 ßs3.... _ 

J :. �_ 
_1 

:1 
' 1 1 J a>1 : 129 I :I 1 T 

.... . 
305 x 305 

J 1 1 
_1 

J 283 � � J J J 
J � J J 1 240 � � 1 � J 
J J J J J 198 J J 1 J 1 
J 1 1 1 � 158 J � � � J 
1 � � 791 1 137 J J J J J 
1. 1 / 1 U is _t. ý . 

L. 
7 . _1. _ 1 _�. _ 1 .. 

1 
_.. I 1.: J 

.1 sa J 
.. _ 97 _ . 30 . 

254 x 254 
1 1 1 J 1 167 1 J � J 1 
1 J � 746 � 132 � � � � � 
1 1 � 613 1 107 1 791 1 1 1 

J 89 1 642 1 1_ � ý 1 73 _ 1 US � 1 1 
203 x 203 

1 J J 497 � 86 J 642 J � � 
J 1 J 395' � 71 1 510 1 1 1 
� � 1 349" J ('o 1 ' ;, 1 J 1 
1     3o0"   52 � 397. 1 � ý.. 1 
�     r n   46   353"   J � 

*- Less than E Fb - Sections arc not 
designated class I 

-tsox s 
Shear Resistance 

See Note 4 

236 kN 

( optional extra row adds 184 kN ) 
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-tsox i 
Moment Resistance 
M. R. (inNm)=305(h-0.5tf-60) 

284(h-0.5tf- 150) 

tf h Serial Size Moment 
Mass per Resistance 

(I�m) (MM) metre kNm 

762 x 267 
25.4 769.6 197 h 385 
21.6 762.0 173 h 382 
17.5 753.9 147 378 

686 x 254 
23.7 692.9 170 h 341 
21.0 687.6 152 h 338 
19.0 683.5 140 b 336 
16.2 677.9 125 334 

610 x 229 
22.1 617.0 140 h 296 
19.6 611.9 125 h 294 
17.3 607.3 113 292 
14.8 602.2 101 290 

533 x 210 
21.3 544.6 122 b 254 
18.8 539.5 109 h 252 
17.4 536.7 l01 250 
15.6 533.1 92 249 
13.2 528.3 82 247 

457x 191 
19.6 467.4 98 h 209 
17.7 463.6 89 bw 207 
16.0 460.2 82 206 
14.5 457.2 74 204 
12.7 453.6 67 203 

h- Where tf> 18 use a butt weld to the flange 

bw - It the heam is S275 use a butt weld to the flange 

W3+/24 
151 r 45 -45 

601 

h 
+ 

901 
250 

-tiOX 2 

Column Limitations 
EFb 594 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

b2 tO 
0o 
C Do 

C 
C C C 

10 Serial Size 
:b 

C 
'G C 

° 
ýr W) u 

Mass per ) 00 
Ü 

o 4. ) 3 
c metre ý' v 

3 3 3 ý ý 3 3 3 3 
356 x 368 

� � J 
1089 � 202 J J J J Jý 

� � � 940 J 177 J J J J J 
94 153 J ' f f � 6 ý' ss j r . . 

305 x 305 

J � ! J J 293 1 1 1 1 1 
� J J � � 240 � � J 1 J 
J J J 1124 � J J J J 158 

1168 � � � 791 J 137 1 1021 � � � 

J � �. 6111 � 118 1 
_m9 

/ 

1 (U). _ � 
..!. 97 1 

. 7" � J 1 

254 x 254 
J J 935 � 167 � � ! � � 

� � J 74 J 132 � 963 � � J 
613 107 791 

1 J J 497. 1 89 J 642 - 
J-- ! 

... 
J- 

�       73 U J 

203 x 203 

� � � 497" � 86 ! 642 J J J 
J (U   395 J 71 1 SIQ I J � 
J     349"   60   451"   

      3w   52   3prr l  II 
. _! .. 

    273'   46   753" 
j    l 

*- Less than EFh- Sections are not 
designated class 1 

(U) - Re - calculate 

--box 
Shear Resistance 
See Note 4 

340 kN 

( optional extra row adds 265 kN ) 
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i 
Moment Resistance 
M. R. (inNm)= 124(h-0.5tf+40) 

208 h-0.5tf-60) 

tf h Serial Size Moment 
Mass per Resistance 

(mm) metre kNm 
533 x 210 

21.3 544.6 122 h 169 
18.8 539.5 109 h 168 
17.4 536.7 101 167 
15.6 533.1 92 167 
13.2 528.3 82 165 

457 x 191 
19.6 467.4 98 h 144 
17.7 463.6 89 bw 143 
16.0 460.2 82 142 
14.5 457.2 74 142 
12.7 453.6 67 141 

457 x 152 
18.9 465.1 82 h 143 
17.0 461.3 74 142 
15.0 457.2 67 141 
13.3 454.7 60 141 
10.9 449.8 52 140 

406 x 178 
16.0 412.8 74 127 
14.3 409.4 67 126 
12.8 406.4 60 125 
10.9 402.6 54 124 

406 x 140 
11.2 402.3 46 124 
8.6 397.3 39 123 

356 x 171 
15.7 364.0 67 110 
13.0 358.6 57 109 
11.5 355.6 51 108 
9.7 352.0 45 107 

356 x 127 
10.7 352.8 39 108 
8.5 348.5 33 107 

305 x 165 
13.7 310.9 54 93 
11.8 307.1 46 92 
10.2 303.8 40 91 

305 x 127 
14.0 310.4 48 93 
12.1 306.6 42 92 
10.7 303.8 37 9! 

305 X 102 
10.8 312.7 33 94 
8.9 308.9 28 93 
6.8 304.8 25 92 

254 x 146 
12.7 259.6 43 76 
10.9 256.0 37 75 
8.6 251.5 31 74 

254 x 102 
10.0 260.4 28 77 
8.4 257.0 25 76 
6.8 254.0 22 76 

h- Where tf> 18 use a butt weld to the flange 

bw- If the bean is S275 use a butt weld to the flange 

W4i2o 
I2- r- 45 J 45 

40 

Optional 
extra row 
for shear 

90 

40 
200 

L 

Column Limitations 

E Fb 338 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

ti d9 
ýo 
C 

ao 
C GO a0 

C C C 8 C C G 

"° Serial Size = "° 
(U Ü U 

ý 
N Cc CU 

/ 
U Ü 

w ci) IU Mass per CU v i E= b'O 
metre 

to 
- 0 

3 3 3 3 Ez. 3 3 3 3 
356 x 368 

J J J J � 202 J J 1 1 J 
. . � 177 1 J J l 1 

� � I- 
1 � J 129 � J T J Jý 

305 x 305 
1 J � � � 283 1 1 f J � 
� � � J f 240 1 1 J 1 J 
f f f J J 198 1 � � � � 

� � � � J 158 J J J 1 1 
J 1 J J 1 117 J 1 / 1 J 
J � � f � 118 � � J � � 
1 � � 565 � _97 ý 

_� 
J J J J 

254 x 254 
� � � � � 167 1 � � f � 
� � J � J 132 J J J J J 

J J 613 � 107 � J ) 
� 

J J J 
497 1 89 J 642 J J � 
406 J 73 J 52s _ f % 

203 x 203 
� � � 49 1 86 � 642 J J_ J 
J J J 395 � 71 1 510 � J � 
� � � 349 1 60 451 � 

.. 
�__ 

... 
�_ 

. J _ � J 300. . 1 52 
_: 

/... 
f 

_ 
_34! 

i.. - ... 

... 
1 1. 

� ., 
r 

1 (I) 273' I 46 353. J. 
. . 

.- Less than E Fn 

(j)- Re - calculate 

Sections are not 
designated class I 

isox - 
Shear Resistance 
See Note 4 

236kN 

( optional extra row adds 184 kN ) 



A. 3 Design tables 
. 365 

-Box 1 

Moment Resistance 
M. R. (inNm)=193(h-0.5tf+40) 

305 ( h- 0.5 tf- 60) 

tf h Serial Size Moment 
Mass per Resistance 

(mm> (mm> metre kNm 
533 X 210 

21.3 544.6 122 b 256 
18.8 539.5 109 h 254 
17.4 536,7 101 253 
15.6 533.1 92 251 
13.2 528.3 82 250 

457 x 191 
19.6 467.4 98 h 218 
17.7 463.6 89 bw 216 
16.0 460.2 82 215 
14.5 457.2 74 214 
12.7 453.6 67 212 

457 x 152 
18.9 465.1 82 b 217 
17.0 461.3 74 215 
15.0 457.2 67 214 
13.3 454.7 60 213 
10.9 449.8 52 211 

406 x 178 
16.0 412.8 74 191 
14.3 409.4 67 190 
12.8 406.4 60 189 
10.9 402.6 54 187 

406 X 140 
11.2 402.3 46 187 
8.6 397.3 39 185 

356 x 171 
15.7 364.0 67 167 
13.0 358.6 57 165 
11.5 355.6 51 164 
9.7 352.0 45 163 

356 x 127 
10.7 352.8 39 163 
8.5 348.5 33 161 

305 x 165 
13.7 310.9 54 141 
11.8 307.1 46 140 
10.2 303.8 40 138 

305 x 127 
14.0 310.4 48 141 
12.1 306.6 42 139 
10.7 303.8 37 138 

305 x 102 
10.8 312.7 33 143 
8.9 308.9 28 141 
6.8 304.8 25 140 

254 x 146 
12.7 259.6 43 116 
10.9 256.0 37 114 
8.6 251.5 31 113 

254 x 102 
10.0 260.4 28 117 
8.4 257.0 25 115 
6.8 254.0 22 114 

Ih- Where t t, > 18 use a butt weld to the flange 

hw- if the beam is S275 use a butt weld to the flange 

W4/24 
15-1 45 - 45 

40 
_ 

Optional 
60 

C. 
extra row - 
for shear ' 

_L 

60 

1 401 200 

-box 2 

Column Limitations 
IFb 509 kN 

See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

c 
00 [ 00 [ OO °D C b 

Serial Size 
C: C: a 

2 rya M 
4 c 

E U ao t1o 
ass per 

to aö Ü 
ä 0 . metre .n o m 

3 3 3 3 ý 3 3 3 3 
356 x 368 

� 202 I I J J J 
J � 

J ;o 
J 177 I I II J I' 

� J � 914 . /_ 153-- I J � 
J � � 691 _ 129 J 592 J J J 

305 x 305 
� � � � � 283 J J � � J 
� J � J J 240 J J J J � 
� � J J J 198 J J � J J 
� J J 905 � 158 I I � J J 
J J � 791 � '37 I I! I I I 
J J J 681 J l18 J 979 J J �. 
J J � ý �_ 97 ._ 

� ,b � J J 

254 x 254 
935 J 167 J J J J 1 
46 7 132 , 663 � � J 613 J 107 J 791 � J J 

J J J 497" � 89 � 642 J J J 
�     406"   73 i� 525 � J � 

203 x 203 
J � J 497" J 86 � 642 1 
� J � 795 J 71 J 510 1 1 
I     U9"   60 J 451 � J 

_J �     300'   52   387º   ( ) � 
J     273"   46   353-     / 

� 

 - Less than EFb 

(I) - Re - calculate 

Sections are not 
designated class I 

DVA 3 

Shear Resistance 
See Note 4 

3( 

optional extra mw adds 265 kN ) 



A. 3 Design tables 
. 366 

-Box I 

Moment Resistance 
M. R. (in Nm) = 155 (h - 0.5 t f+ 40 ) 

208 (h-0.5tf- 60) 

tf h Serial Size Moment 
Mass per Resistance 

ý1°"'ý ý`""'ý metre kNm 
762 x 267 

25.4 769.6 197 b 268 
21.6 762,0 173 b 266 
17.5 753.9 147 264 

686 x 254 
23.7 692.9 170 b 240 
21.0 687.6 152 h 239 
19.0 683.5 140 h 238 
16.2 677.9 125 236 

610 x 229 
22.1 617.0 140 b 213 
19.6 611.9 125 b 212 
17.3 607.3 113 211 
14.8 602.2 101 209 

533 x 210 
21.3 544.6 122 b 187 
18.8 539.5 109 h 186 
17.4 536.7 101 185 
15.6 533.1 92 184 
13.2 528.3 82 183 

457 x 191 
19.6 467.4 98 h 159 
17.7 463.6 89 bw 158 
16.0 460.2 82 158 
14.5 457.2 74 157 
12.7 453.6 67 156 

h -Where t f- >19 use a butt weld tu the flange 

bw- If the beam is S275 use a butt weld to the flange 

W4+120 
12-1 f-- 45 -45 

40,60 

Optional N 
extra row 
for shear L+ 

90 

60 J 

40 
250 

-box Z 

Column Limitations 

EFb' 370 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

C 
C C 

'"' 
C C C 

C 

Serial Size s °- 

u 
ä 
m . vA c Mass per v .c Cn con 

2 
u 

3 
0 
3 

r metre q 0 .0 -0 3 
0 

3 3 3 3 
356 x 368 

� � J J J 202 � 1 J J. J 
J � � � � 177 � � � J J 
� J l J J Is3__ J 

_l_ .1. .J J J j 691 f, 
: 129 

. 
305 X 305 

� J � � J 283 � � J J J 
� J � J � 240 J � � J J 
� J � l � 198 J J J � J 
J � � � � 158 � J 1 1 � 

J 1 137 � 1 � J � 
� � &NI 

5 
J Is 1. 

I . 
J. 
730 . 

J_ 
J 

! 
J 

J. 
_. J 56 97 

254 x 254 
1 J J J J 167 J � J 1 J 
� � � J J 132 � J J � J 

613 � 107 1 1 J J J J J J 
497 J 89 1 &42 J J J 

� � � 4ý � 73 � 525 J J J 
203 x 203 

J J J 497 J 96 � 642 J J � 
� J J . 395 J 71 J sio � J I 
� J 349- 60 J 45, � � 1 
J 1 J � 52 J 37 J 

_J 
IJ 

J     273   46 � 3 3' J J IJ 

s- Less than £Fb- Sections are not 
designated class I 

-I3ox 

Shear Resistance 

See Note 4 

236 kN 

( optional extra row adds 184 0 
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Moment Resistance 
M. R. (in Nm) =242 (h- 0.5tf+40) 

305 (h-0.5 tf - 60 ) 

tf h Serial Size Moment 
Mass per Resistance 

(mm) (mm) metre kNm 
762 x 267 

25.4 769.6 197 b 405 
21.6 762.0 173 h 402 
17.5 753.9 147 399 

686 x 254 
23.7 692.9 170 b 364 
21.0 687.6 152 b 362 
19.0 683.5 140 b 360 
16.2 677.9 125 358 

610 x 229 
22.1 617.0 140 h 323 
19.6 611.9 125 h 321 
17.3 607.3 113 319 
14.8 602.2 101 317 

533 x 210 
21.3 544.6 122 h 283 
18.8 539.5 109 b 281 
17.4 536.7 101 280 
15.6 533.1 92 279 
13.2 528.3 82 277 

457 x 191 
19.6 467.4 98 b 242 
17.7 463.6 89 hw 240 
16.0 460.2 82 239 
14.5 457.2 74 237 
12.7 453.6 67 236 

h- Where tI> 18 use a butt weld to the flange 

bw- If the beam is S275 use a butt weld to the flange 

W4+. 24 15--1 h- 
ate 

45 45 

60 
Optional 
extra row 
forshear + 

90 
60 

40 
250 

Box 2 

Column Limitations 
EFbA, 560kN 

See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

C 
C C 

co 00 
b 

C C 
C 

'[ 
y Serial Size 

H U co vD 
CQ 

Mass per 
r0 

vii rA U 

-0 3 - 3 - 3 - 3 r9 metre I r9 o 3 -0 3 -0 3 -C 3 
356 x 368 

� � J 1089 J 202 1 J 1 1 J 
� � � 940 f 177 1 1 f 1 'F 

� � / 914 J 1 53 � , oü � J J 
f � J 691 � . 129 J S2 J � � 

305 x 305 

J � � J J 283 J J �J J 
� J � � � 240 J 1 �� � 
� J � J � 198 � 1 1� � 
� � � 905 J 158 J � �1 1 
J 1 791 1 137 1 1021 /1 1 

681 
1 

_ 
I. Jl 

,J 

_ 

�.. 

.. _. 
65 

97 
130 73ü 

254 x 254 
� � � 935 J 167 J 1 �� 1 
J � J 746 1 132 J %3 JJ J 
� J � 613 1 107 J 791 11 1 
J J J 497' 1 89 � 642 J1 J 
J     406   73 J sxr  I 

_�_ 
203 x 203 

� J 1 497. � 86 J 64a )1 1 
� 1   395' 1 71 1 
J     349'   60 1 451" J1 1 

�     300'   52  _ 4 , 8,. .  _  . 

ý_f 

_ . �     273"   46 353  ` 

w- Less than EFn- Sections are not 
designated class t 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

C 
C 

co 00 
b 

C C 
[ y Serial Size 0) 

H U co v) 
CQ 

Mass per 
r0 

vii 

_ 

rA 

' 

U 

C 

F- 
.a -0 - -C g metre r9 o 3 3 3 3 3 3 3 3 

356 x 368 
� � J 1089 J 202 1 1 1 1 1 
� J � 940 f 177 J 1 f 1 'F 

f, "� � 691 � 129 J S2 J � � 

305 x 305 

J � � J 1 283 J J �J J 
� J � � � 240 J 1 �� � 
� J � J � 198 � 1 1� � 
� � � 905 J 158 � � 11 1 
J 1 1 791 1 137 1 1021 

681 
1 I 879 Jl �.. 

.. 
J 

J 

965 

97 
130 7 3ü 

254 x 254 
� � � 935 J 167 J 1 �� 1 
J � J 746 1 132 � %3 JJ J 
� J � 613 1 107 J 791 11 1 
J J J 497. 1 89 � 642 J� J 
J     406   73 J sxr  I 

_�_ 
203 x 203 

� J 1 497. � 86 J 64 11 / 
� �   395' 1 71 1 510- 

1 

J     349'   60 1 451" J1 1 

�     300   52  _ 387. . 
 _  f 

�     z73-   46 353   

box 
.3 

Shear Resistance 
See Note 4 

340 kN 

( optional extra row adds 265 kN ) 
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ßox 1 

Moment Resistance 
M. R. (in Nm) = 124 (h - 0.5 tf +40) 

208 (h-0.5 tf - 60 ) 
190(h-0.5tf-150) 

tf h Serial Size Moment 
Mass per Resistance 

(mm) (mm) metre kNm 
533 x 210 

21.3 544.6 122 b 242 
18.8 539.5 109 h 240 
17.4 536.7 101 239 
15.6 533.1 92 238 
13.2 528.3 82 236 

457 x 191 
19.6 467.4 98 h 202 
17.7 463.6 89 bw 201 
16.0 460.2 92 200 
14.5 457.2 74 198 
12.7 453.6 67 197 

457 x 152 
18.9 465.1 92 b 201 
17.0 461.3 74 200 
15.0 457.2 67 198 
13.3 454.7 60 197 
10.9 449.8 52 195 

406 x 178 
16.0 412.8 74 175 
14.3 409.4 67 174 
12.8 406.4 60 172 
10.9 402.6 54 171 

406 x 140 
11.2 402.3 46 171 
8.6 397.3 39 169 

b- Where tf> 18 use a butt weld to the flange 
hw- ]l the beam is S275 use a butt weld to the flange 

tf h Serial Size Moment 
Mass per Resistance 

O (mm) metre kNm 
533 x 210 

21.3 544.6 122 b 242 
18.8 539.5 109 h 240 
17.4 536.7 101 239 
15.6 533.1 92 238 
13.2 528.3 82 236 

457 x 191 
19.6 467.4 98 h 202 
17.7 463.6 89 bw 201 
16.0 460.2 92 200 
14.5 457.2 74 198 
12.7 453.6 67 197 

457 x 152 
18.9 465.1 92 h 201 
17.0 461.3 74 200 
15.0 457.2 67 198 
13.3 454.7 60 197 
10.9 449.8 52 195 

406 x 178 
16.0 412.8 74 175 
14.3 409.4 67 174 
12.8 406.4 60 172 
10.9 402.6 54 171 

406 x 140 
11.2 402.3 46 171 
8.6 397.3 39 169 

W5/2o 
12-11 h 45 ýf - -ý 45 

40 

60 
90 

L`1 

90 

fi 

40 
200 

2 

Column Limitations 

E Fb 529 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

c 
00 00 

bO °D C b 

Serial Size 0 

E= U m v) V Mass per to c M U E= 

3 
metre 0 -0 C 

3 3 3 LL. 3 3 3 3 
356 x 368 

� 9 202 j 
� J 0 / 177 J` J J J 

J J 1 014 J.. 
_ 153 - 1/- 

J 
.J 

J 601 J..: 129 J 892 
. .. .. .. 

305 x 305 

J � J J J 283 � J f J f 
J J J J � 240 J J J 1 1 
f f J J � 198 J J J J J 
f f J 905 f 158 J f � J � 

� f 791 J 137 � 1021 1 1 1 
-1 119 

_ 
0 J 1 1... J 

565 
j . 97 J 730 

254 x 254 

975 � 167 1 J J J J, J � � 
746 J 132 J � J J J 
613 J 107 J 791 J J J 

J � J 497 f 89 J 642 � J J 
J     406   73 

203 x 203 
J � � +97" J 86 J 6+2 J J J 
J J J 395" J 71 J 510 J J J 
J     349"   60 451: 1 
f     300   52 1. 

- 
mar 

.  
1. 

- 
J 

J     173"   46 3SP 
  I 

.- Less than £, Fh - Sections are not 
designated class I 

Box 3 
Shear Resistance 

See Note 4 
1 236 kN 

( optional extra row adds 184 kN ) 
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i 
Moment Resistance 
M. R. (in Nm) = 193 (h - 0.5 tf+ 40) 

305 (h - 0.5tf-60) 

277(h-0.5t1- 150) 

tf h Serial Size Moment 
Mass per Resistance 

(mm) (mm) metre kNm 
533 x 210 

21.3 544.6 122 b 362 
18.8 539.5 109 h 359 
17.4 536.7 101 357 
15.6 533.1 92 355 
13.2 528.3 82 353 

457 x 191 
19.6 467.4 98 h 303 
17.7 463.6 89 hw 301 
16.0 460.2 82 299 
14.5 457.2 74 297 
12.7 453.6 67 295 

457 x 152 
19.9 465.1 82 h 301 
17.0 461.3 74 299 
15.0 457.2 67 297 
13.3 454.7 60 295 
10.9 449.8 52 293 

406 X 178 
16.0 412.8 74 262 
14.3 409.4 67 260 
12.8 406.4 60 258 
10.9 402.6 54 256 

406 x 140 
11.2 402.3 46 256 
8.6 397.3 39 253 

b- Where tf>18 use a butt weld to the flange 

bw- If the beam is S275 use a butt weld to the flange 

W5/24 
40 

15-11- 45 -45 

601 
901 

90 

40 
200 

Column Limitations 

I Fb ' 789 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

on an 
no cq 

c 

Serial Size r ý8 14 
ýa 

.0 
C 

ý 
14 Ü U 7J w r 

M 
r y - U Ü G 

= E m u ass per 
Cýb co E 

0) 0 -0 -0 r metre ý 0) 0) 0 
3 3 3 3 X 3 3 3 3 

356 x 368 
� J � 1089 � 202 1 1406 1 1 
J � � 940 � 177 1 1217 J 1 1 
J 1 J 814 � 153 � 101 J � J_ 

69l" J _.. 129 ... J 992 �- 

f 

1 _ J 

.. .. 

305 x 305 

J 1502 283 1 1 � 1 J 
� J 1 1364 1 240 1 1 � 1 J 
J � J 1124 J 198 1 1451 � J J 

J J J 905 1 158 1 1164 1 1 1 
� J J 791 1 137 J 1021 1 1 1 
J   J 601" � 118 � 879 � 1 �j 
/     565"   

_ 
97   na"     J 

254 x 254 
� J J 935 

"ý 
167 J 

1207 
� � / 

J 

� � J 746" � 132 1 963 1 1 1 
� � � 613 � 107 � 791 1 1 1 
J     497"   99 1 642   ( ) � 
�     40"   73 A 52s"     

203 x 203 

J i )   497" J 86 � M2" J J 1 
    395"   71   510"     J 

J     349'   60  _ 451"     J 

/     3°'   52   387 - 1   
. 

� 
. . 

      273"   46   353"     J 

+- Less than F Fb - Sections are not 
designated class I 

(I) - Re - calculate 

box .) 
Shear Resistance 
See Note 4 

340 kN 

____ 
]Tý'ý 

( optional extra row adds 265 kN ) 
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i 
Moment Resistance 
M. R. (in Nm)= 155 (h -0.5 tf +40) 

208 (h-0.5 tf - 60 ) 

194(h-0.5tf-150) 

tf h Serial Site Moment 
Mass per Resistance 

(mm) on-) metre kNm 

762 x 267 
25.4 769.6 197 b 386 
21.6 762.0 173 h 383 
17.5 753.9 147 379 

686 x 254 
23.7 692.9 170 b 344 
21.0 687.6 152 b 341 
19.0 683.5 140 b 340 
16.2 677.9 125 337 

610 x 229 
22.1 617.0 140 h 302 
19.6 611.9 125 b 300 
17.3 607.3 113 298 
14.8 602.2 101 296 

533 x 210 
21.3 544.6 122 b 262 
18.8 539.5 109 b 260 
17.4 536.7 101 258 
15.6 533.1 92 257 
13.2 528.3 82 255 

457 x 191 
19.6 467.4 98 h 219 
17.7 463.6 89 hw 218 
16.0 460.2 82 216 
14.5 457.2 74 215 
12.7 453.6 67 213 

h- Where t I. > 18 use a butt weld to the flange 

hw - If the beam is S275 use a butt weld to the flange 

W5+, 20 I2--1 I'- 45 -"' 45 
40 

60 
90 

90 
60 

40 
250 

D- 7 

Column Limitations 

EFb'567kN 

See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

0 
04 [ 

Go 
C 

Go', 
c oU o0 

.; e C Serial Size (U -ö W 
C Ü 0 ° 

Fei, 
pa 

Mass per 
p7 v 0 

pq 
Ü C 

H 

p 
3 3 

rý metre 
3 3 ý 3 3 3 3 
� � J , 089 � 

356 x 368 
202 J J l J' J 

� J � 940 � 177 
f_ 

,% 
� Aid J 

)5 J I 
"j 

'j 

J 691 129 J 892 1 

305 x 305 
J � � � J 283 J � � J� 
J 1 J � J 240 � � � 11 
� � J II2 � 198 � � � �1 
� � � 905 � 158 � J J JJ 
� J � 791 1 137 J 1021' J JJj 

691 � 118 - 1 � IJ J J � 
565 J 

... _ 97 _.. 
1 730 J J j� 

254 x 254 
935 � 167 � � J JJ 1 1 1 
746 1 132 1 963 � 1� 
613 � 107 J 791 � �J 

497- J 89 J 642 J JJ 

�     40'   73 J 425   �� 
203 x 203 

� � � 497- � 86 J 642 J JJ 
� ( )   395w J 71 J 510 � �J 

�     349"   60   451". � 
_. 

� J 

�     300   52 i. 387  _   �_ 

J ,   27.   46 f -3s3" i  J 

* -Less than EFb- Sections are not 
designated class I 

(1) - Re - calculate 

box .5 
Shear Resistance 
See Note 4 

236 kN 

optional extra row adds 184 kN ) 
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-box I 

Moment Resistance 
M. R. (inNm)=2ß2(h-0.5tf+40) 

305 (h-0.5tf-60) 

284(h-0.5tf- 150) 

tf h Serial Size Moment 
Mass per Resistance 

(mm) (mm) metre kNm 
762 x 267 

25.4 769.6 197 h 578 
21.6 762.0 173 h 573 
17.5 753.9 147 568 

686 x 254 
23.7 692.9 170 h 515 
21.0 687.6 152 h 512 
19.0 683.5 140 h 509 
16.2 677.9 125 506 

610 x 229 
22.1 617.0 140 b 452 
19.6 611.9 125 h 449 
17.3 607.3 113 446 
14.8 602.2 101 443 

533 x 210 
21.3 544.6 122 b 393 
18.8 539.5 109 h 389 
17.4 536.7 101 388 
15.6 533.1 92 385 
13.2 528.3 82 382 

457 x 191 
19.6 467.4 98 b 329 
17.7 463.6 89 bw 327 
16.0 460.2 82 325 
14.5 457.2 74 323 
12.7 453.6 67 321 

h- Where tf> 19 use a butt weld to the flange 

bw- If the beam is S275 use a butt weld to the flange 

W5+. 24 15- j- 45 --`- 45 
40 

60 
90 

_ 

40 

90, 

250 

Box 2 

Column Limitations 

IFb 849 kN 
See Note 2 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 
ýo Do o0 40 

r- 
CC Ei 

Serial Size [ 
.; 
e 5 

0= aý ( 
NV go v) U Mass per oö Ü 

0 ýr metre 
c0 -o .0 

3333X33 33 
356 x 368 

JJ1 1089 202 
JJ� 940 1 177 11 

zý JJ 

� ( ) � 814" J_- 153 
_� 

lo51 1 ,Jl 1  ý_ 610 . l_. 
_ 129 J 692 JJ1 ý'ý 

305 x 305 

�� J 1502 J 283 1 J� 1l 
111 1364 J 240 11111 

1 1124 � 158 �ý 
t" 

JI II 

791" � 137 � 1011 JJ J'� 
1   oot" J 118 1 

565" 97 730 -1 
Jf11 

,%i  _  

97 
  �ý, '. 

254 x 254 
935 J 167 1 

1207 
1lJ JJJ 

74s" 1 132 
1 

963 ��� 
1 ( ) � 613" � 107 � 791" ��1 
J   497"   59 � 542   J 

�   a0"   73   s2a"   1 

203 x 203 
�   497" 1 86 � o42- ��1 
�   395"   71   S10`   J 

,/   
349"   64)   45I"   . J 

    300"  I 52 .1 387"   I..! 

    273"   46   353"  .. .  
,/ 

 - Less than EFh- Sections are not 
designated class 1 

( ) - Re - calculate 

S275 Grade S355 

v iv iii ii i Zone i ii iii iv v 

C C 
ýo 
C Do 

C pp pp 
C "0 

Serial Size 
a 
C 

5 - C- r- 
0 

E N E! 
V 

u. 
rra v) Mass per v vii 

u 
oö Ü 

0 
t1o 

ýr metre 0 -C .0 
3 3 3 3 c X 3 3 3 3 

356 x 368 
J J 1 1089 202 

1 
1 zý J J 

J J � 940 1 177 
� ( ) � 814" J 153 

_ 
� io51 1 J l 

1   ý 610 . l_. 129 J 692 J J 1 ý'ý 
_ _ 

305 x 305 

� � J 1502 J 283 1 J� 1 l 
1 1 1 1364 J 240 1 111 1 

1 1124 � 1 � 4JJ l 
58 

ý / 
791" � 137 � 11111 1J J'� 

681-l J 118 1 97 
1Ji1 

J 
J     565"   97   730-    � 

254 x 254 
J 935 J 167 1 

1207 
1l J J J 

746. 1 132 
1 

963 �� � 
1 ( ý � 613- � 107 � 791" �� 1 
J     497"   59 � (42    J 

�     40"   73 I  q-v-    11 

203 x 203 
�     497" 1 86 � 642" �� 1 

�     395"   71   510`    J 

1     349"   (c()   451"    
.f       300"   52 .1 387"    

... 

I 
.., 

      273"   I 
46     353"   J 

-tsox s 
Shear Resistance 

See Note 4 
340 kN 

( optional extra mw adds 265 0) 



Appendix B 

Wind-Moment design 

incorporating ductile end plate 

connections 

B. 1 Scope 

Details for all the frame configurations considered are presented in conjunction 

with a worked example, to illustrate the design proceedure adopted to choose ap- 

propriate connections between the structural members of a typical \ ind-Monierit 

frame. 

372 



:3 , -. 3 

B. 2 Frame configurations considered and their 

design 
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Table B. 1: Wind-Moment design (Min wind + Max gravity) 



B. 2 Frame configurations considered and their design 3 7115 

Table B. 2: Wind-Moment design (Min wind + Max gravity) 



B. 2 Frame configurations considered and their design 

L 
u- 

Qe m ',, 
d 

än 
vrj n a 

r-: 
r 

wt v an 3ý 
rý, rr 

'. ̂ J y uJ ZZ a n H eý kn 4n 
, in on V1 r, Yý 

x 
Y40 

Yhr 

e , u 
W 

_ 

=s 15 (n 

ýj I 
Cý 

yu p 
b b 

pp ppýC 

rO 
DO7 

ppppx 
00 R t 7C ? 

ýC 
b 

T 
U Nh 

1/ý `O 
Nh . ýp } 

NR ,C 
e} . } 

N ýO L 
p 

N^ 
ýCf 

hh `O 1�% 

ö ä 
"a 

Qd 
zZ °ý e FS 

aö 
a s10 nx in 

eö oro aän ýý 

y :ay 
öäE 

o 
9i a ee v °ö 

aö 
a 

ýi 
n 

aý ä nc n öo T ä° r 

r v> 
eg W-1 

r v2 
eg W, 

r -n ro 
nn W") 

r v2 no 
egi In vW 

r vi nTnm ; vT 
eg v v r 

i l , in , 

GS 

oe 

en 00 fn 
Üýv 

a`3 

as 
ö 

eý Q 
zZ 

n 
Y ýO 

rNm 7 
ýG rr .ýrNm 7 ýO rr .ýrN ýO - vý pN 

R ýO nn ý0 mT V1 

aN .ýn 
Ie 

.rr e erNm e ýe rn 
rNm e ýo rr 

rN tO vý N 
errx a0 

är 
ÖK 

Ee ag as e< aa ea a< a g< e<< sQ 
5 zz zz zzzz zzzz zz zzzzz zz z 

a W e e_ ee e e_ e_ e e_ eee eeeeeeee 
"ý o 7.. z yy 

!ý 1ý, 
j ZZ7.. f-, 1Z 7r zZ Z Z. Z. Z. 7. Z. zz 

04 W 

dY 
CC 

Ld 
OC 

dLYd 
CCOO 

L a1 VL 
CCCC 

NddLyLyY 
CCOOOCCC 

zz z zzzz zzz zzzzzzz 

Ü E Ld 
OO 

Wd 
CC 

dLLY 
OOOC 

LYL 61 
CCCC 

YYYYVYLL 
CCCCCCCC 

dý OO 
zz 

OO 
zz 

OOO 
zzZz 

OO 
ZZzz 

OOO 
zZZZZzzz 

o 

d G' ýO mD 00 \O 10 O \O ElO 101010\C 'Coo 

Ä 33 33 3333 3333 33333333 
z 

ö wg wg g$ -g==ý 
1 

.2 
'O 

1N 
r. 

N r ýO vl O tß'1 N 

ýa o N L 

Ä 
m m 

m W 
T w 

Ö 

T 

y 
O C v1 

(, U 
V] V] in 

Y m 

N N ý 

. jib 

Table B. 3: Connection design for frames with 9. Om bay width(s) 
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B. 3 A worked example using the 

The following worked example applies to frame f25b24. 

design tables 
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\Ma 

0 
vi 

O 
v1 

0 
vi 

O 

ýVa 

Mb 

ýVb 

Mc 

Vc 

Md 

Vd 

am 
9.0 9.0 

4 Storey 2 Bay 

Roof 
[e1of3 

3rd floor 
Q 

2nd floor Splice level 

1 V 

1st floor 
v 

Repeated for each 
connection connection 

along the respective 
floor level 

Original section designation designed by the Wind-Moment Method Connection Requirements 

Universal Beams Universal Columns Bending Moment Shear Force 

Floor Roof External Internal Floor Roof Floor Roof 

Upto 2nd 
305x305x97 356x368x129 Mb - 158 Vb - 307 

Storey 
533x210x82 457x191x67 Mc - 237 Ma- 71 Vc - 309 Va- 207 

2nd - 4th 
Storey 

203x203x71 254x25403 Md 348 Vd - 311 

For the roof & 3rd floor, the shear is governed by load case 1 and the moment is governed by load case 2 

For the 2nd & Ist floors, the shear is governed by load case 1 and the moment is governed by load case 3 

where : Load case I=1.4DL+1.6LL+Notional horizontal force 

Load case 2=1.2(DL+LL+Wind) 

Load case 3=1.4(DL+Wind) 

Connection design using M24 bolts 

Roof 

Beam : 457x191x67UB 

Detail 1 MRd- 118kNm> 7lkNm 

VRd - 340kN > 207kN 

Column : 
External : 203x203x71UC No limitations 

Internal : 254x254x73UC No limitations (ignoring the effect of web shear) 

Therefore Detail 1 is satisfactory 

Worked Example : rf25b24] 
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3rd Floor 

Beam : 533x210x82UB 

Detail1 MRd 141kNm < 158kNm fail 

Detail 3 MRd - 244kNm > 158kNm pass 

Detail 3W MRd - 247kNm > 158kNm pass 

Detail 4 MR- 250kNm > 158kNm pass 

Detail 4W MRd - 277kNm > 158kNm pass 

Detail 5 MRd - 353kNm > 158kNm pass 

Detail 5W M Rd - 382kNm > 158kNm pass 

Column : 

External : 203x203x71UC Detail 3 Web shear 

Detail 3W Web shear 

Detail 4 No limitations 

Detail 4W Web shear 

Detail 5 Flange bending, web buckling, web crushing, web shear 

Detail 5W Flange bending, web buckling, web crushing, web shear 

Internal : 254x254x73UC Detail 4 No limitations (ignoring the effect of web shear) 

Detail 4M Rd - 25OkNm > 158kNm 

VRd 
_ 

64OkN > 307kN 

Therefore Detail 4 is satisfactory 

Page 2 of 3 

Note : Detail 3, although giving a lower M Rd, would probably not be chosen since reinforcement in the way of supplementary 

web plates would be required to satisfy the web shear check for an external column. 

2nd Floor 

Beam: 533x21Ox82UB 

Detail 4M Rd - 25OkNm > 237kNm 

VRd 
_ 

64OkN > 309kN 

Column : 

External : 305x305x97UC Detail 4 No limitations 

Internal : 356x368xl29UC Detail 4 No limitations 

Therefore Detail 4 is satisfactory 

Worked Example : f25b24 
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1st Floor 

Beam : 533x210x82UB 

Detail 1 M Rd - 141kNm < 348kNm fail 

Detail 3 M Rd - 244kNm < 348kNm fail 

Detail 3W M Rd - 247kNm < 348kNm fail 

Detail 4 MRd - 25OkNm < 348kNm fail 

Detail 4W M Rd - 277kNm < 348kNm fail 

Detail 5 M Rd - 353kNm > 348kNm pass 

Detail 5W MRd - 382kNm > 348kNm pass 

Column : 

External : 305x305x97UC Detail 5 Flange bending, web buckling, web crushing, web shear 

Detail 5W Flange bending, web buckling, web crushing, web shear 

Page 3 of 3 

Note : To provide sufficient reinforcement to enable detail 5 to be adopted would render the connection similar to one 
in a rigidly jointed frame. Since the main objective of these proposed standard details was to simplify 
fabrication by reducing the need for costly reinforcement, an increase in the column mass per metre 

would eradicate this problem. Therefore increase the column to 305x3d5x11'8UC 

Internal : 356x368x129UC Detail 5 No limitations (ignoring the effect of web shear) 

Detail 5M Rd - 353kNm > 348kNm 

VRd 
- 

1020kN >31lkN 

Therefore Detail 5 is satisfactory 

Note : The increased external column designation will extend upto the level of the splice. Therefore by inspection the connection 

design already specified for the 2nd floor level will be unaffected. 

Connection design 
Proposed section designation designed by the Wind-Moment Method 

Location Standard Moment of 
Universal Beams Universal Columns 

Detail Resistance 

Floor Roof External Internal Number (kNm) 

Upto 2nd 
305x305x118 356x368x129 Roof one 118 

Storey 3rd floor four 250 
533x210x82 457x191x67 2nd floor four 250 

2nd-4tb 
203x203x71 254x254x73 1st floor five 353 

Storey 

Worked Example : [125b24 



Appendix C 

Computer simulation results, for 

the structural frames analysed 
in accordance with limit state 

procedures 

C. 1 Scope 

The structural responses of the frames, induced by either ultimate or service- 

ability loads are detailed in this appendix. In particular, connection rotations, 

column stability factors, plastic collapse load factors, a graphical representation 

for the load-deflection behaviour for a typical Wind-Moment frame, the sequence 

of hinge formations and sway deflections are reported in the following sections. 

387 
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C. 2 Connection rotations, column stability fac- 

tors and plastic collapse load factors 

With the exception of the plastic collapse load factors, all the other data is 

applicable to the frame's response under the design load. 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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II 

Member Semi - Rigid Rotation (mrad) 
Hinge 

Reference 

LCl LC2 LC3 

1 AA 3.93 1.92 1.19 
2 AB -7.98 -8.43 -7.24 
3 AC 2.53 0-31 -0.88 
4 AD -5.71 -8.19 -5.38 

2 Storey 1 Bay 

Member I Stability Factors 

LCI LC2 LC? 

5 0.281 0.168 0.127 
6 0.539 0.483 0.367 
7 0.288 0.279 0.238 
8 0.547 0.570 0.425 

L 'ad Frumc. PIa. tI 

Case Collapse Load 
Factor 

LCI 1.337 

LC2 1550 

LC3 1.837 

Frame Identification : f10 b24 

Member Semi - Rigid 

Hinge 

Reference 

Rotation (mrad) Member Stability Factors Load 

Case 

Frames Plastic 

Collapse Load 

Factor 

LCI LC2 LC3 LCI LC2 LC3 
LCI 162 1 

AA 3.71 1.24 0.38 5 0.212 0,136 0.078 
. 

2 AB -8.68 -9.63 -8.43 6 0.548 0.504 0.364 LC2 1.415 

3 AC 4.54 0.87 -1.58 7 0.220 0,212 0.183 

4 AD -10.21 "11.82 -8.60 8 0.543 0.560 0.406 LC3 2.045 

r Frame Identification : fl 1 b20 

Member Semi - Rigid Rotation (Woad) 

Hinge 

Reference 
LCI LC2 LC3 

1 AA 3.25 0.54 -0.31 
2 AB -7.50 -9.23 -8.32 
3 AC 4i5 -0.21 -2.55 
4 AD . 9.18 M7 -9.56 

Member Stability Factors 

LC I LC2 LO 

5 0.228 0.133 0.077 

6 0552 0.545 0.420 

7 0.234 0.245 0.216 

8 0.549 0.630 0.483 

Load Francs Plastic 

Case Collapse Load 
Factor 

LCI 1.205 

LC2 1.460 

LC3 1.960 

Frame Identification : A1 b24 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 390 

12 
AA AB 

57 

34 
AC AD D 

6R 

2 Storey 1 Bay 

Member Semi - Rigid Rotation (mrad) Member Stability Factors Load Frames Plastic 
Hinge Case Collapse Load 

Reference Factor 
LCI LC2 LC3 LCI LC2 LC3 

LCI 1332 
1 AA 5.06 014 -0.94 5 0.142 0.065 0.082 
2 AB -10.65 -13.97 -12.96 6 0.409 0.443 0.346 LC2 1.482 
3 AC 3.68 -1.51 -3.87 7 0.155 0.157 0.140 
4 AD -8.58 -12.76 -10.47 8 0.404 0.491 0.396 LC3 1.862 

Frame Identification : f12 b20 

Member Semi - Rigid Rotation (mrad) Member Stability Factors Load Frames Plastic 

Hinge Case Collapse Load 

Reference Factor 

LCI LC2 LC3 LCI LC2 LC3 
LCI 1.395 

AA 4.301 -0.49 -1.72 5 0.153 0.067 0.092 

2 AB -9.11 . 13.29 -12.61 6 0.410 0.481 0.392 LC2 1507 

3 AC 3.33 -2.42 -4.67 7 0.165 11.186 0.170 

4 AD -7.66 -13.21 -11.39 8 0.405 0.559 0.464 LC3 1.722 

Frame Identification : f12 b24 

Member Semi - Rigid Rotation (mrad) 
Hinge 

Reference 

LCI LC2 LC3 

I AA 5.06 014 -0.94 
2 AB -10.65 -13.97 "12.96 
3 AC 3.68 -1.51 -3.87 
4 AD -8.58 -12.76 -10.47 

Member Semi - Rigid Rotation (mrad) 
Hinge 

Reference 
LCI LC2 LC3 

1 AA 4.30 -0.49 -1.72 
2 AB -9.11 . 13.29 -12.61 
3 AC 3.33 -2.42 -4.67 
4 AD -7.66 -13.21 -11.39 

Member Stability Factors 

LCI LC2 LC3 

5 0.142 0.065 0.082 
6 0.409 0.443 0.346 
7 0.155 0.157 0.140 
8 0.404 0.491 0.396 

Load Frames Plastic 
Case Collapse Load 

Factor 

LCI 1.332 

LC2 1.482 

LC3 1.862 

load Frames Plastic 
Case Collapse Load 

Factor 

LCI 1.395 

LC2 1507 

LC3 1.722 



C. 2 Connection rotations, column stability factors and plastic collapse load 
fact ors 391 

I2 
AA AB 

57 

34 
AC 

6R 

2 Storey 1 Bay 

Member Semi - Rigid Rotation (mrad) Member Stability Factors Load Frames Plastic 
Hinge Case Collapse Load 

Reference Factor 
LCI LC2 LC3 LCI LC2 LC3 

LCI 1367 
1 AA 4.14 -0.13 -0.93 5 0.265 0.100 0.108 
2 AB -8.74 -16.16 -13.24 6 0.442 0.543 0.493 LC2 1.405 
3 AC 3.38 -1.62 -3.22 7 0.276 0.288 0.274 
4 AD -7.38 -14.28 -10.90 8 0.436 0.659 0.592 LC3 1.440 

Frame Identification : f13 b2 

Member Semi - Rigid Rotation (mrad) Member Stability Factors Load Frames Plastic 
Hinge Case Collapse Load 

Reference Factor 
LCI LC2 LC3 LCI LC2 LC3 

LCI 1.720 
1 AA 2.45 -1.08 -1.92 5 0.165 0.102 0.109 

2 AB -5.24 -10.30 -10.12 6 0.304 0.494 0.477 LC2 1.692 

3 AC 2.83 -1.59 -3.25 7 0.173 0.236 0.227 

4 AD -5.69 -10.86 -9.91 8 0.280 0.578 0570 LC3 1.787 

Frame Identification : 114 b24 

Member Semi - Rigid Rotation (mrad) Member Stability Factors Load Frames Plastic 

Hinge Case Collapse Load 

Reference Factor 

LCI LC2 LC3 LCI LC2 LC3 
LCI 1.427 

1 AA 3.12 -3.17 -4.54 5 0.144 0.097 0.117 

2 AB -634 -14.58 -15.88 6 0.221 0-388 0378 LC2 1.482 

3 AC 1.65 -5.32 -7.01 7 0.115 0.183 0.176 

4 AD -3.94 -13.66 -14.06 8 0.218 0524 0.522 LC3 1.410 

Frame Identification : f15 b24 

Member Semi - Rigid Rotation (mrad) 
Hinge 

Reference 

LCI LC2 LC3 

I AA 4.14 -0.13 -0.93 
2 AB -8.74 -16.16 -13.24 
3 AC 3.38 -1.62 -3.22 
4 AD -7.38 -14.28 -10.90 

Member Semi - Rigid 
Hinge 

Reference 
LCI 

Rotation (mrad) 

LC2 LC3 

AA 2.45 -1.08 -1.92 
2 AB -5.24 -10.30 -10.12 

3 AC 2.83 -1.59 -3.25 
4 AD -5.69 -10.86 -9.91 

Member Semi - Rigid Rotation (mrad) 

Hinge 
Reference 

LCI LC2 LC3 

I AA 3.12 -3.17 -4.54 
2 AB -6_34 -1458 -15.88 
3 AC 1.65 -5.32 -7.01 
4 AD -3.94 -13.66 -14.06 

Member Stability Factors 

LCI LC2 LC3 

5 0.144 0.097 0.117 

6 0.221 0-388 0.378 

7 0.115 0.183 0.176 

8 0.218 0524 0.522 

Load Frames Plastic 
Case Collapse Load 

Factor 

LCI 1367 

LC2 1.405 

LC3 1.440 

Load Frames Plastic 

Case Collapse Load 
Factor 

LCI 1.720 

LC2 1.692 

LC3 1.787 

Load Frames Plastic 
Case Collapse Load 

Factor 

LC1 1.427 

LC2 1.482 

LC3 1.410 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 

392 

AA 
1 2 

AB AC 
3 4 

AD AE 
5 6 

AF AG 
7 8 

AN 

17 19 21 23 y5 

Al 
9 10 

!U AK 
l l 12 

AL 
13 14 

AO 
15 16 

AP 

18 20 22 24 26 

2 Storey 4 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear a t Inc luding Shear 

Reference Internal Columns at In ternal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 312 2.21 1.91 3.55 2.59 1.93 
2 AB -12.74 -10-39 -6.47 -12.23 -10.57 -8.98 
3 AC 5.08 2.61 2.44 6.02 4.64 3.80 
4 AD -12.02 -9.27 -5.63 -12.02 -10.34 "&71 
5 AE 5.22 2.63 2.40 6.03 4.65 3.79 
6 AF -11.87 -9.34 -5.80 -11.95 -10.27 -8.70 
7 AG 5.35 2.73 2.67 6.03 4.64 3.83 
8 A14 -857 -7.36 -5.06 -8.31 -7.25 -5.80 
9 Al 1.98 0.99 0.27 2.18 1.28 0.23 
10 A] -11.37 -9.63 -2.74 -10.25 -8.60 -4.63 
11 AK 3.43 1.37 0.84 4.61 3.22 1.00 

12 AL -11.06 -9.13 -256 -10.08 -8.47 -4.57 
13 AM 3.47 1.38 0.79 4.64 3.23 1.02 

14 AN -11.01 -9.06 -2.62 -9.98 -8.41 -4.49 
15 AO 3.36 1.39 0.88 4.62 3.18 0.95 

16 AP -6.45 -5.83 -3.11 -6.18 -5,61 -3.60 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

No Shear at Including Shear Case No Shear at Including Shear 

Internal Colu mns at In ternal Columns Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 
LCI 1.292 1.320 

17 0.251 0.181 0.153 0.263 0.200 0.156 

18 0.527 1). 428 0.260 0.530 0.423 0.277 LC2 1.630 1.630 

19 11.211 11.191 0.188 0.211 0.194 0.174 

20 0.942 0.798 0.518 0.929 0.786 0.511 LC3 1.965 1.967 

21 0.211 0.187 0.177 0.208 0.188 0.169 

22 0.934 0.787 0.505 0.925 0.781 0.508 

23 0.214 0.181 0.171 0.208 0.188 0.169 

24 0.936 0.791 0.515 0.926 0.783 0.509 

25 0.302 0.252 0.183 0.295 0.250 0.202 

26 0.569 0.487 0.295 0.563 0.483 0114 

Frame Identification : f46 b24 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.251 0.181 0.153 0.263 0.200 0.156 

19 0.527 0.428 0.260 0.530 0.423 0.277 

19 11.211 0.191 0.188 0.211 0.194 0.174 

20 0.942 0.798 0.518 0.929 0.786 0.511 

21 0.211 0.187 0.177 0.208 0.188 0.169 

22 0.934 0.787 0.505 0.925 0.781 0.508 

23 0.214 0.181 0.171 0.208 0.188 0.169 

24 0.936 0.791 0.515 0.926 0.783 0.509 

25 0.302 0.252 0.183 0.295 0.250 0.202 

26 0.569 0.487 0.295 0.563 0.483 0114 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 312 2.21 1.91 3.55 2.59 1.93 
2 AB -12.74 -10-39 -6.47 -12.23 -10.57 -8.98 
3 AC 5.08 2.61 2.44 6.02 4.64 3.80 
4 AD -12.02 -9.27 -5.63 -12.02 -10.34 "&71 
5 AE 5.22 2.63 2.40 6.03 4.65 3.79 
6 AF -11.87 -9.34 -5.80 -11.95 -10.27 -8.70 
7 AG 5.35 2.73 2.67 6.03 4.64 3.83 
8 A14 -857 -7.36 -5.06 -8.31 -7.25 -5.80 
9 Al 1.98 0.99 0.27 2.18 1.28 0.23 
10 A] -11.37 -9.63 -2.74 -10.25 -8.60 -4.63 
II AK 3.43 1.37 0.84 4.61 3.22 1.00 

12 AL -11.06 -9.13 -256 -10.08 -8.47 -4.57 
13 AM 3.47 1.38 0.79 4.64 3.23 1.02 

14 AN -11.01 -9.06 -2.62 -9.98 -8.41 -4.49 
15 AO 3.36 1.39 0.88 4.62 3.18 0.95 

16 AP -6.45 -5.83 -3.11 -6.18 -5,61 -3.60 

Load 
Case 

Frames Plastic Collapse LAW Factor 
No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.292 1.320 

LC2 1.630 1.630 

LC3 1.965 1.967 
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AA 
1 2 

AB AC 
3 5 

AD AE 7 
AF AG 

8 
AH 

17 19 21 23 25 

AI 
y 10 

AK 
11 12 13 14 ýAN AQ 

15 16 
AP 

18 20 

Eýl 

22 

M 

24 

Et 

26 

1-1 

2 Storey 4 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Colu mns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 3.26 1.66 1.03 3.45 1.3 0.77 
2 AB -952 -8.96 -7.76 -10.87 -10.63 . 9.34 
3 AC 4.04 2.53 1.94 4.76 2.69 1.95 
4 AD -936 -8.82 -758 -10.97 -10.64 -9.26 
5 AE 4.03 2.53 1.93 4.80 2.72 1.96 
6 AF -9-36 -8.81 -7.61 -10.87 -10.54 -9.20 
7 AG 4.08 158 2.02 4.63 2.55 1.86 
8 AH -9.01 -8.74 -7.15 -9.28 -9-37 -7.88 
9 Al 3.87 1.17 -0.92 4.06 1.112 -1.22 

10 AJ -13.26 -11.94 -6.68 -13.44 . 13.21 -8.29 
11 AK 4.74 2.47 0.10 5.92 2.57 -0.57 
12 AL -13.07 -11.74 -6.63 -13-54 . 13.21 -8.27 
13 AM 4.76 2.50 0.11 5.95 2.59 -0.55 
14 AN -13.01 -11.70 -6.60 -13.47 -13.13 -8.20 
15 AO 4.76 2.51 0.11 5.77 2.40 -0.71 
16 AP -10.99 -11.25 -759 -11.15 -11.83 -8.25 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

N o Shear at Including Shear Case No Shear at Including Shear 
Inter nal Colu mns at Inte rnal Columns Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 
LCI 1.162 1.152 

17 0.204 0.151 0.095 0.208 0.147 0.089 

18 0.546 0.500 0.349 0.552 0.513 0.365 LC2 1.407 1.422 

19 0.244 0.238 0.2(18 0.228 0.230 ((. 204 

20 1.005 0.902 0.612 0,997 0.902 0615 LC3 2.107 2.092 

21 0.240 0.234 0.204 0.228 0.229 0.202 

22 0.998 0.895 0.607 0.995 0.899 0.612 

23 0.240 0.234 0.203 0.230 0.231 0.203 

24 1.002 0.900 0.611 0,994 0.898 0.611 

25 0.218 0.198 0.164 0.223 0.208 0.174 

26 0.571 0.553 0185 0573 0.565 0.401 

Frame Identification J-17 b20 

Member Stability Factors 

No Shear at Including Shear 
Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.204 0.151 0.095 0.208 0.147 0.089 

19 0.546 0.500 0.349 0.552 0.513 0.365 

19 0.244 0.238 0.208 0.228 0.230 0.204 
20 1.005 0.902 0.612 0.997 0.902 0,615 

21 0.240 0.234 0.204 0.228 0.229 0.202 

22 0.998 0.895 0.607 0.995 0.899 0.612 

23 0.240 0.234 0.203 0.230 0.231 0.203 

24 1.002 0.900 0.611 0.994 0.898 0.611 

25 0.218 0.198 0.164 0.223 0.208 0.174 

26 0.571 0.553 0-385 0573 0.565 0.401 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 3.26 1.66 1.03 3.45 1.3 0.77 
2 AB -952 -8.96 -7.76 -10.87 -10.63 . 9.34 
3 AC 4.04 2.53 1.94 4.76 2.69 1.95 
4 AD -936 -8.82 -758 -10.97 -10.64 -9.26 
5 AE 4.03 2.53 1.93 4.80 2.72 1.96 
6 AF -9-36 -8.81 -7.61 -10.87 -10.54 -9.20 
7 AG 4.08 158 2.02 4.63 2.55 1.86 
8 AH -9.01 -8.74 -7.15 -9.28 -9-37 -7.88 
9 Al 3.87 1.17 -0.92 4.06 1.112 -1.22 

10 AJ -13.26 -11.94 -6.68 -13.44 -13.21 -8.29 
11 AK 4.74 2.47 0.10 5.92 2.57 -0.57 
12 AL -13.117 -11.74 -6.63 -1354 -13.21 -8.27 
13 AM 4.76 2.50 0.11 5.95 2.59 -0.55 
14 AN -13.01 -11.70 -6.60 -13.47 -13.13 -8.20 
15 AO 4.76 231 0.11 5.77 2.40 -0.71 
16 AP -10.99 -11.25 -759 -11.15 -11.83 -8.25 

Load Frames Plastic Collapse Load Factor 
Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI 1.162 1.152 

LC2 1.407 1.422 

LC3 2.107 2.092 
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AA 
2 

AB 
3 

AC 
4 

AD AE 
5 6 

AF AG 
7 8 

AH 

17 19 21 23 25 

AI 
y 10 

pG AK 
11 12 

AL ý 
13 14 

ý AO 
15 16 

ý 

18 20 22 24 26 

2 Storey 4 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Inc luding Shear 

Reference Internal Columns at In ternal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 2.87 1.64 1.02 3.02 1.49 0.82 
2 AB -8.06 -7.43 -6.46 -9.97 -958 -839 
3 AC 3.50 2.35 1.83 4.47 2.73 2.05 
4 AD -7.83 -7.23 -612 -10.03 -955 -8.27 
5 AE 3.47 2-33 1.80 4.51 2.76 2.05 
6 AF -7.86 -7.25 -6.28 -9.93 -9.45 -8.22 
7 AG 3.59 2.44 1.93 4.36 2.60 1.97 
8 AH -755 -7.15 -5.88 -8.01 -7.95 -6.63 
9 Al 3.55 1.31 -0.60 3.71 1.14 -0.85 
10 AJ -11.83 -10.05 -5.68 -12.74 -12.29 -7.57 
11 AK 4.37 2.63 0.40 5.78 2.81) -0.17 
12 AL -11.42 -9.65 -5.58 -12.81 -12.26 -7.53 
13 AM 4.39 2.65 0.41 5.80 2.82 -0,15 
14 AN -11.45 -9.70 -556 -12.73 -12.17 -7.45 
15 AO 4.47 2.76 0.44 5.64 2.63 -0.32 
16 AP -9.62 -9.65 -658 -10.03 -10.50 -7.27 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

N o Shear at Incl uding Shear Case No Shear at Including Shear 

Internal Columns at Inte rnal Columns Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 
LC I 1102 1.17-1 

17 0.217 0.162 0.102 0.222 0.157 0.096 

18 0.540 0.482 0.339 0.552 0.503 0.356 LC2 1.455 1.477 

19 0.244 0.237 0,210 0.228 0.229 0.202 

20 1,001 0.897 0.609 0.993 0.897 0.610 LC3 2.210 2.197 

21 11.238 0.232 0.203 11.228 0.227 0.200 

22 0.990 0.888 0.602 0.991 0.893 0.607 

23 0.238 0.229 0.201 0.230 0.229 0.201 

24 0.999 0.895 0.607 0.990 0.892 0.605 

25 0.228 0.205 0.170 0138 0.221 0.184 

26 0.565 0.542 0.380 0.575 0.564 0.399 

Frame Identification f17 b24, 

Member Stability Factors 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.217 0.162 0.102 0.222 0.157 0.096 

18 0.540 0.482 0.339 0.552 0.503 0.356 

19 0.244 0.237 0,210 0,228 0.229 0.202 

20 1,001 0.897 0.609 0.993 0.897 0.610 
21 0.238 0.232 0.203 0.228 0.227 0.200 

22 0.990 0.888 0.602 0.991 0.893 0.607 

23 0.238 0.229 0.201 0.230 0.229 0.201 

24 0.999 0.895 0.607 0.990 0.892 0.605 

25 0.228 0.205 0.170 0.238 0.221 0.184 

26 0.565 0.542 0.380 0.575 0.564 0.399 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 2.87 1.64 1.02 3.02 1.49 0.82 
2 AB -8.06 -7.43 -6.46 -9.97 -958 -839 
3 AC 3.50 2.35 1.83 4.47 2.73 2.05 
4 AD -7.83 -7.23 -612 -10.03 -955 -8.27 
5 AE 3.47 2.33 1.80 4.51 2.76 2.05 
6 AF -7.86 -7.25 -6.28 -9.93 -9.45 -8.22 
7 AG 3.59 2.44 1.93 4.36 2.60 1.97 
8 AH -755 -7.15 -5.88 -8.01 -7.95 -6.63 
9 Al 3.55 1.31 -0.60 3.71 1.14 -0.85 
10 AJ -11.83 -10.05 -5.68 -12.74 -12.29 -7.57 
11 AK 4.37 2.63 0.40 5.78 2.84) -0.17 
12 AL -11.42 -9.65 -5.58 -12.81 -12.26 -7.53 
13 AM 4.39 2.65 0.41 5.80 2.82 -0,15 
14 AN -11.45 -9.70 -556 -12.73 -12.17 -7.45 
15 AO 4.47 2.76 0.44 5.64 2.63 -0.32 
16 AP -9.62 -9.65 -658 -10.03 -10.50 -7.27 

Load Frames Plastic Collapse Load Factor 
Case No Shear at Including Shear 

Internal Columns at Intcrnal Columns 

LCI 1.2112 1.172 

LC2 1.455 1.477 

LC3 2.210 2.197 
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AB AC 
3 

AD AE 
5 

AF AG 
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AH 

17 19 21 23 25 

AI 
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AO 
15 16 

Ap 

18 120 122 j 24 1 
26 

2 Storey 4 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 4.85 2.11 1.11 4.85 1.79 0.75 
2 AB -11.13 -11.45 -10.22 -12.25 -13.03 -11.71 
3 AC 5.11 2.57 1.70 5.68 2.54 1.54 

4 AD -11.11 -11.41 -10.12 . 12.44 -13,08 -11.66 
5 AE 5.13 2.59 1.71 5.72 2.57 1.56 
6 AF -11.07 -11.38 -10.11 -12.37 -13.01 -11.61 
7 AG 5.14 2.62 1.77 5.51 2.36 1.42 
8 AH -10.83 -11.41 -9.92 -11.33 -12.26 -10.73 
9 Al 3.34 0.12 . 1.88 3.34 -0.16 -2.23 

10 Al -9.48 -9.96 -6.61 -10.59 -11.73 -8.13 
II AK 3.98 1.22 -0.98 4.44 0.79 -1.80 
12 AL -9.43 -9.91 -6.61 -10.74 -11.77 -8.11 
13 AM 3.98 1.23 -0.96 4.47 0.81 -1.78 
14 AN -9.42 -9.89 -658 -10.68 -11.69 -8.05 
15 AO 4.00 1.24 -0.98 4.27 0.60 -1.96 
16 AP -8.94 -10.47 -7.79 -9.39 -11.21 -8.42 

Member Stability Factors 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.139 0.094 0.066 0.139 0.088 0.067 

18 0.407 0.402 0.296 0.416 0.418 0.311 

19 0.171 0.181 0.167 0.168 0.175 0.161 

20 0.750 0,706 0,494 0.751 0.709 0,499 

21 0.169 0.179 0.166 0.168 0.174 0.160 

22 0.746 0.702 0.492 0.750 0.707 0.497 

23 0.169 0.179 0.166 0.169 0.176 0.161 

24 0.750 0.705 0.494 0.749 0.705 0.495 

25 0.152 0.138 0.118 0.157 0.145 0.124 

26 0.415 0.438 0.325 0.424 0.454 0.341 

Lead 

Case 

Frame FIJ. \tic Collapse L 
, ad F dcl,, r 

No Shear at Including Shear 
Internal Columns at Internal Columns 

LC I 1.277 1.307 

LC2 1537 1515 

LC3 2.012 1.977 

Frame Identification : f18 b20 
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AA 
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3 
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5 
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AH 
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Al 
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AO 
15 16 
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2 Storey 4 Bay 

Member Se mi - Rigid Rotation (mrad) 
Hinge No Shear a t Including Shear 

R eference Internal Colu mns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 4.09 2.02 1.18 4.13 1.78 0.91 
2 AB -9.32 -9.30 -8.25 -10.94 -11.33 -10.14 
3 AC 4.24 2.41 1.71 5.13 2.63 1.76 
4 AD -9.19 -9.18 -8.09 -11.09 -11.35 -10.06 
5 AE 4.25 2.42 1.71 5.17 2.66 1.77 
6 AF -9.17 -9.16 -8.10 -11.01 -11.27 -10.01 
7 AG 4.34 2.51 1.82 4.97 2.46 1.64 
8 AH -9.06 -9.31 -8.01 -9.68 -10.22 -8.86 
9 Al 3.02 0.41 -1.31 3.05 0.17 -1.62 

10 Al -8.37 -8,48 -5.45 -9.91 -10.66 -7.22 
II AK 3.59 1.46 -0.43 4.31 1.20 -1.22 
12 AL -8.23 -8.36 -5.41 -10.04 -10.67 -7.18 
13 AM 3.58 1.46 -0.42 4.34 1.22 -1.20 
14 AN -8.25 -8.36 -538 -9.97 -10.59 -7.11 
15 AO 3.66 1.51 -0.42 4.15 1.00 -1.38 
16 AP -7.81 -8.97 -6.60 -8.38 -9.78 -7.26 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

No Shear at Including Shear Case No Shear at Including Shear 

Internal Columns at Internal Columns Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 
LCI 1.320 1_375 

17 0.149 0.104 0.071 0.150 0.098 0.070 

18 0.403 0.387 0.283 0.415 0.406 0.299 LC2 1.637 1.587 

19 0.172 0.181 0.167 0.166 0.175 (1.159 

20 0,747 0.701 0.489 0.747 0.702 0.493 LC3 2.167 2.165 

21 0.168 0.178 11.164 0.166 (1.174 (1.157 

22 11.7411 0.695 0.486 0.746 11.700 0.491) 

23 1). 167 0.177 0.164 0.168 0.176 0.159 

24 0.747 0.699 0.488 0.745 0.698 0.488 

25 0.1611 0.147 0.125 0.168 0.156 0.133 

26 0.412 0.432 (1.319 0.426 0.451 0.335 

Frame Identification : f18 b24 

Member Stability Factors 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.149 0.104 0.071 0.150 0.098 0.070 

18 0.403 0.387 0.283 0.415 0.406 0.299 

19 0.172 0.181 0.167 0.166 0.175 0.159 

20 0.747 0.701 0.489 0.747 0.702 0.493 

21 0.168 0.178 ((. 164 0.166 0.174 0.157 

22 0.740 0.695 0.486 0.746 0.700 0.491) 

23 (1.167 0.177 0.164 0.168 0.176 0.159 

24 0.747 0.699 0.488 0.745 0.698 0.488 

25 0.160 0.147 0.125 0.168 0.156 0.133 

26 0.412 0.432 0.319 0.426 0.451 0.335 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 4.09 2.02 1.18 4.13 1.78 0.91 
2 AB -9.32 -9.30 -8.25 -10.94 -11.33 -10.14 
3 AC 4.24 2.41 1.71 5.13 2.63 1.76 
4 AD -9.19 -9.18 -8.09 -11.09 -11.35 -10.06 
5 AE 4.25 2.42 1.71 5.17 2.66 1.77 
6 AF -9.17 -9.16 -8.10 -11.01 -11.27 -10.01 
7 AG 4.34 2.51 1.82 4.97 2.46 1.64 
8 AH -9.06 -9.31 -8.01 -9.68 -10.22 -8.86 
9 Al 3.02 0.41 -1.31 3.05 0.17 -1.62 

10 Al -8.37 -8.48 -5.45 -9.91 -10.66 -7.22 
II AK 3.59 1.46 -0.43 4.31 1.20 -1.22 
12 AL -8.23 -8.36 -5.41 -10.04 -10.67 -7.18 
13 AM 3.58 1.46 -0.42 4.34 1.22 -1.20 
14 AN -8.25 -8.36 -538 -9.97 -10.59 -7.11 
15 AO 3.66 1.51 -0.42 4.15 1.00 -1.38 
16 AP -7.81 -8.97 -6.60 -8.38 -9.78 -7.26 

Load Frames Plastic Collapse Load Factor 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.320 1-375 

LC2 1.637 1.587 

LC3 2.167 2.165 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

AA 3.37 1.76 1.36 3.67 1.94 1.28 
2 AB -17.75 -16.34 -12.29 -16.92 -15-17 -11.85 
3 AC 5.37 2.61 2.36 6.08 3.78 3.24 
4 AD -17.43 -15.87 -11.70 -16.69 -15.07 -11.56 
5 AE 5.43 2.62 2.39 6.17 3.81 3.22 
6 AF -17.32 -15.73 -11.64 -16.63 -14.97 -11.55 
7 AG 5.31 2.58 2.43 6.00 3.74 3.21 
8 AH -13.48 -12.22 -8.03 -12.60 -11.85 -8.32 
9 A[ 2.78 0.71 -0.47 3.11 0.88 -0.51 
10 AJ -14.16 -12.96 -6.73 -13.56 -13.42 -9.08 
11 AK 3.82 1.91 0.50 5.79 2.72 0.15 
12 AL -13.30 -12.25 -651 -13.33 -13.17 -8.94 
13 AM 3.82 1.92 0.46 5.76 2.70 0.15 
14 AN -13.35 -12.27 -656 -13.32 -13.13 -8.87 
15 AO 3.88 1.95 0.55 5.73 2.60 0.02 

16 AP -9.40 -9.91 -6.99 -9.25 -9.94 -7.44 

Member Stability Factors Lad Frames Plastic Ctddlipsc Lni l Faanr 

No Shear at Including Shear Case No Shear at Including Shear 

Int ernal Columns at Internal Columns Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 
LC I 1.265 1.267 

17 0.273 0.185 0.149 0.284 0.192 0.146 

18 0.563 11.497 0.370 0.567 0.499 0.385 LC2 1.482 1.480 

19 0.251 0.241 0.221 0.256 0.236 0.214 

20 0.761 0.724 OS60 0.747 0.721 0561 LC3 1.817 1.812 

21 0.249 11.239 0.217 0.252 11.2-13 0.211 

22 0.754 0.718 0.553 0.743 0.716 0.558 

23 0.246 0.238 0.215 0.252 0.234 0.211 

24 0.757 0.719 0.555 0.744 0.716 0.558 

25 0.336 0.292 0.251 0.333 0.290 0.258 

26 0.582 0.572 0.427 0.581 0577 0.445 

Frame Identification : f19 b20 

Member Stability Factors 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.273 0.185 0.149 0.284 0.192 0.146 

18 0.563 0.497 0.370 0.567 0.499 0.385 

19 0.251 0.241 0.221 0.256 0.236 0.214 

20 0.761 0.724 OS60 0.747 0.721 0-561 

21 0.249 (1.239 0.217 0.252 0.233 0.211 

22 0.754 0.718 0.553 0.743 0.716 0.558 

23 0.246 0.238 0.215 0.252 0.234 0.211 

24 0.757 0.719 0.555 0.744 0.716 0.558 

25 0.336 0.292 0.251 0.333 0.290 0.258 

26 0.582 0.572 0.427 0.581 0577 0.445 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 3.37 1.76 1.36 3.67 1.94 1.28 
2 AB -17.75 -16.34 -12.29 -16.92 . 15-17 -11.85 
3 AC 5.37 2.61 2.36 6.08 3.78 3.24 
4 AD -17.43 -15.87 -11.70 -16.69 -15.07 -11.56 
5 AE 5.43 2.62 2.39 6.17 3.81 3.22 
6 AF -17.32 -15.73 -11.64 -16.63 -14.97 -11.55 
7 AG 5.31 2.58 2.43 6.00 3.74 3.21 
8 AH -13.48 -12.22 -8.03 -12.60 -11.85 -8.32 
9 Al 2.78 0.71 -0.47 3.11 0.88 -0.51 
10 AJ -14.16 -12.96 -6.73 -13.56 -13.42 -9.08 
11 AK 3.82 1.91 030 5.79 2.72 0.15 
12 AL -13.30 -12.25 -651 -13.33 -13.17 -8.94 
13 AM 3.82 1.92 0.46 5.76 2.70 0.15 
14 AN -13.35 -12.27 -6.56 -13.32 -13.13 -8.87 
15 AO 3.88 1.95 0.55 5.73 2.60 0.02 

16 AP -9.40 -9.91 -6.99 -9.25 -9.94 -7.44 

L td Frames Plastic CoIlap. sc Laud Facinr 

Case No Shear at Including Shear 
Internal Columns at Internal Columns 

LC I 1.265 1.267 

LC2 1.482 1.480 

LC3 1.817 1.812 
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Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Inc luding Shear 

Reference Internal Colu mns at In ternal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 2-38 1.32 1.18 1.04 1.60 1.26 
2 AB -15.23 -12.44 -8.05 -10.46 -12.13 -8.81 
3 AC 3.29 2.35 2.25 3.11 3.97 7.37 
4 AD -14.12 -11.40 -6.94 -10.11 -11.80 -10.49 
5 AE 3.30 2.36 2.27 3.07 3.93 3.36 

6 AF -14.08 -11.48 -7.26 -10.13 -11.79 -9.85 
7 AG 3.32 2.42 2.50 3.08 3.93 3.26 

H AH -8.43 -7.74 -5.61 -6.42 -7-58 -6.18 
9 Al 2.49 0.71 -0.19 -0.34 0.97 -0.24 

10 AJ -15.96 -14.71 -5.76 -8.71 -1350 -8.77 
II AK 3.37 1.38 0.61 0.30 2.69 0.23 

12 AL -15.26 -14.13 -550 -8.56 -13.15 -8.46 
13 AM 3.40 1.39 0.57 0.31 2.71 0.42 

14 AN -15.22 -14.02 -554 -8.47 -13.07 -8.31 
15 AO 3.25 1.37 0.71 0.15 2.66 0.28 

16 AP -10.84 -11.34 -6.03 -6.80 -10.59 -6.. 64 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

No Shear at Including Shear Case No Shear at Including Shear 

Internal Columns at Internal Columns Internal Columns at Internal Columns 

LC I LC2 LC3 LC I LC2 LC3 
LC I 1.267 1.885 

17 0.272 0.194 0.159 0.154 0.208 0.166 

18 0.566 1). 507 0.362 0.381 (1.498 0.384 LC2 1.492 1.465 

19 0.239 0.248 0.222 (1.217 (1.247 0.256 

20 0.777 0.730 0.557 0.559 0.722 0.550 LC3 1.887 1.865 

21 0.235 0.244 0.218 (1.211 0.242 0.212 

22 0.769 0.723 0.548 0.555 ((. 717 #359 

23 0.236 0.242 0.209 0.212 0.242 0.203 

24 0.770 0.726 0.554 0.555 0.719 0.555 

25 0.372 0.329 0.250 0.274 0126 0.268 

26 0.587 0.576 0.419 0.445 0.570 0.443 

Frame Identification : f19 b24 

Member Stability Factors 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.272 0.194 0.159 0.154 0.208 0.166 

18 0.566 (1.507 0.362 0.381 11.498 0.384 

19 0.239 (1.248 0.222 0.217 ((. 247 0.256 

20 0.777 0.730 0.557 0.559 0.722 0.550 

21 0.235 0.244 0.218 (1.211 0.242 0.212 

22 0.769 0.723 0.548 0.555 ((. 717 OS59 

23 0.236 0.242 0.209 0.212 0.242 0.2(13 

24 0.770 0.726 0.554 0.555 0.719 0.555 

25 0.372 0.329 0.250 0.274 0126 0.268 

26 0.587 0.576 0.419 0.445 0.570 0.443 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 2-38 1.32 1.18 1.04 1.60 1.26 
2 AB -15.23 -12.44 -8.05 -10.46 -12.13 -8.81 
3 AC 3.29 2.35 2.25 3.11 3.97 7.37 
4 AD -14.12 -11.40 -6.94 -10.11 -11.80 . 10.49 
5 AE 3.30 2.36 2.27 3.07 3.93 3.36 

6 AF -14.08 -11.48 -7.26 -10.13 -11.79 -9.85 
7 AG 3.32 2.42 2.50 3.08 3.93 3.26 

8 AH -8.43 -7.74 -5.61 -6.42 -7-58 -6.18 
9 Al 2.49 0.71 -0.19 -0.34 0.97 -0.24 

10 AJ -15.96 -14.71 -5.76 -8.71 -1350 -8.77 
II AK 3.37 1.38 0.61 0.30 2.69 0.23 

12 AL -15.26 -14.13 -550 -8.56 -13.15 -8.46 
13 AM 3.40 1.39 0.57 0.31 2.71 0.42 

14 AN -15.22 -14.02 -554 -8.47 -13.07 -8.31 
15 AO 3.25 1.37 0.71 0.15 2.66 0.28 

16 AP -10.84 -11.34 -6.03 -6.80 -10.59 -6.. 64 

Load Frames Plastic Collapse Load Factor 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.267 1.885 

LC2 1.492 1.465 

LC3 1.887 1.865 
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Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 2.97 0.55 -0.25 2.95 0.17 -0.65 
2 AB -8.23 -8.63 -7.77 -9.86 -10.86 -9.88 
3 AC 3.46 154 0.89 4.11 1.38 0.57 
4 AD -7.71 -8.29 -7.49 -9.51 -10.60 -9.66 
5 AE 3.40 1.49 0.83 4.08 1.36 0.53 
6 AF -7.84 -8.42 -7.64 -9.56 -10.65 -9.72 
7 AG 3.76 1.84 1.15 4.29 1.55 0.71 
8 AH -7.41 -8.79 -7.92 -8.05 -9.86 -8.93 
9 Al 3.29 -0.70 -2.49 3.35 -0.97 -2.84 
10 AJ . 896 -10.21 -7.57 . 11.21 -1350 -10.32 
II AK 3.65 0.78 -0.98 4.64 0.39 -1.95 
12 AL -8.31 -9.84 -7.47 -10.77 -13.21 -10.22 
13 AM 3.55 0.72 -0.99 4.60 0-37 -1.95 
14 AN -851 -10.01 -756 -10.85 -13.26 -10.22 
15 AO 4.00 1.15 -0.71 4.85 0.57 -1.85 
16 AP -8.46 . 11.74 -9.82 -9.18 -12.84 -10.75 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

No Shear at Incl uding Shear Case No Shear at Including Shear 

Internal Colu mns at Internal Columns Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 
LCI 1.417 1.387 

17 0.253 0.175 0.120 0.256 0.171 0.126 

18 0.554 0.565 0.471 0.571 0.591 0.492 LC2 1535 1532 

19 0.227 0.256 0.235 0.221 0.253 0.231 

20 0,687 0,729' 0.586 0.687 0.733 0.592 LC3 1.945 1.930 

21 0.217 0.250 0.230 0.216 0.249 0.228 

22 0.672 0.718 0.581 0.679 0.727 ((. 588 

23 0.213 0.245 0.226 0.214 0.247 0.227 

24 0.687 0.729 ((. 589 0.686 0.731 11.592 

25 0.270 0.269 ((. 235 0.283 0.289 0.254 

26 0.570 0.666 0.552 0591 0.696 0.577 

Frame Identification : f20 b20 

Member Stability Factors 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.253 0.175 0.120 0.256 0.171 0.126 

18 0.554 0.565 0.471 0.571 0.591 0.492 

I9 0.227 0.256 0.235 0.221 0.253 0.231 

20 0,687 0,729' 0.586 0.687 0.73.1 0.592 

21 0.217 11.250 0.230 0.216 0.249 0.228 

22 0.672 0.718 0.581 0.679 0.727 (1.588 

23 0.213 0.245 0.226 0.214 0.247 0.227 

24 0.687 0.729 ((. 589 0.686 0.731 11.592 

25 0.270 0.269 (1.235 0.283 0.289 0.254 

26 0.570 0.666 ((. 552 0591 0.696 0.577 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 2.97 0.55 -0.25 2.95 0.17 -0.65 
2 AB -8.23 -8.63 -7.77 -9.86 -10.86 -9.88 
3 AC 3.46 154 0.89 4.11 1.38 0.57 
4 AD -7.71 -8.29 -7.49 -9.51 -10.60 -9.66 
5 AE 3.40 1.49 0.83 4.08 1.36 0.53 
6 AF -7.84 -8.42 -7.64 -9.56 -10.65 -9.72 
7 AG 3.76 1.84 1.15 4.29 1.55 0.71 
8 AH -7.41 -8.79 -7.92 -8.05 -9.86 -8.93 
9 Al 3.29 -0.70 -2.49 3.35 -0.97 -2.84 
10 AJ . 896 -10.21 -7.57 . 11.21 -1350 -10.32 
II AK 3.65 0.78 -0.98 4.64 0.39 -1.95 
12 AL -8.31 -9.84 -7.47 -10.77 -13.21 -10.22 
13 AM 3.55 0.72 -0.99 4.60 0-37 -1.95 
14 AN -851 . 10.01 -756 -10.85 -13.26 -10.22 
15 AO 4.00 1.15 -0.71 4.85 0.57 -1.85 
16 AP -8.46 -11.74 -9.82 -9.18 -12.84 -10.75 

Load Frames Plastic Collapse Load Factor 
Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI 1.417 1.387 

LC2 1535 1532 

LC3 1.945 1.930 
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Member Se mi - Rigid Rotation (mrad) 
Hinge No Shear a t Inc luding Shear 

Reference Internal Colu mns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

AA 2.37 0.35 -0.05 2.42 0.26 -0.41 
2 AB -6.04 -6.20 -5.44 -8.54 -9.14 -8.26 
3 AC 2.51 1.27 0.88 3.57 1.48 0.80 
4 AD -5.48 -5.97 -5.10 -8.09 -8.81 -7.97 
5 AE 2.38 1.17 0.80 3.51 1.43 0.75 
6 AF -5.70 -6.02 -531 -8.20 -8.91 -8.08 
7 AG 2.77 1.52 1.13 3.78 1.66 0.96 
8 AH -5.96 -7.30 -6.17 -6.66 -8.07 -7.29 
9 Al 3.44 -0.66 -2.35 3.51 -0.85 -2.76 
10 Al -9.09 -12.02 -6.45 -10.99 -13.09 -9.94 
II AK 3.05 1 0.46 -0.67 4.54 0.51 -1.76 
12 AL -7.63 -11.40 -635 -10.52 -12.80 -9.85 
13 AM 3.08 0.48 -0.67 4.49 0.48 -1.75 
14 AN -8.01 -11.56 -6.46 -10.60 -12.86 -9.86 
15 AO 3.50 0.75 -035 4.79 0.74 -1.61 
16 AP -8.46 -12.28 -956 -9.30 -12.91 -10.78 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

No Shear at Including Shear Case No Shear at Including Shear 

Int ernal Columns at Inte rnal Columns Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 
ul 1.342 1.336 

17 0.252 0.181 0.125 0.258 0.177 0.127 

18 0.542 0.568 0.458 (1.565 0.586 0.488 LC2 1.497 1.452 

19 0.234 0.269 0.241 1 (1.226 0.258 (1.237 

20 0.683 0.726 0.581 0.688 0.733 OS92 LC3 1.882 1.880 

21 0.219 0.258 0.232 0.218 (1.253 0.232 

22 0.667 0.716 0.573 0.678 0.725 0.587 

23 0.218 0.253 0.226 0.217 0.250 11.230 

24 0.686 0.728 (1.586 0.687 0.732 0.592 

25 0.270 0.276 0.214 0.292 0.299 0.262 

26 0.557 ((. 668 11.534 0.585 0.688 0.571 

Frame identification : f20 b24 

Member Stability Factors 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.252 0.181 0.125 0.258 0.177 0.127 

18 0.542 0.568 0.458 (1.565 0.586 0.488 

19 0.234 0.269 0.241 (1.226 0.258 (1.237 

20 0.683 0.726 0.581 0.688 0.733 ! OS92 

21 0.219 0.258 0.232 0.218 0.253 (1.232 

22 0.667 0.716 0.573 0.678 0.725 0.587 

23 (1.218 0.253 (1.226 0.217 0.250 11.230 

24 0.686 0.728 (1.586 0.687 0.732 0.592 

25 0.270 (1.276 0.214 0.292 0.299 0.262 

26 0.557 ((. 668 11.534 0.585 0.688 0.571 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

AA 2.37 0.35 -0.05 2.42 0.26 -0.41 
2 AB -6.04 -6.20 -5.44 -8.54 -9.14 -8.26 
3 AC 2.51 1.27 0.88 3.57 1.48 0.80 
4 AD -5.48 -5.97 -5.10 -8.09 -8.81 -7.97 
5 AE 2.38 1.17 0.80 3.51 1.43 0.75 
6 AF -5.70 -6.02 -531 -8.20 -8.91 -8.08 
7 AG 2.77 1.52 1.13 3.78 1.66 0.96 
8 AH -5.96 -7.30 -6.17 -6.66 -8.07 -7.29 
9 Al 3.44 -0.66 -2.35 3.51 -0.85 -2.76 
10 Al -9.09 -12.02 -6.45 -10.99 -13.09 -9.94 
II AK 3.05 1 0.46 -0.67 4.54 0.51 -1.76 
12 AL -7.63 -11.40 -635 -10.52 -12.80 -9.85 
13 AM 3.08 0.48 -0.67 4.49 0.48 -1.75 
14 AN -8.01 -1156 -6.46 -10.60 -12.86 -9.86 
15 AO 3.50 0.75 -035 4.79 0.74 -1.61 
16 AP -8.46 -12.28 -956 -9.30 -12.91 -10.78 

Load Frames Plastic Collapse Load Factor 
Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.342 1.335 

LC2 1.497 1.452 

LC3 1.882 1.880 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 

401 

AA 
I 2 

AB AC 
3 

AD AE 
5 

AF AG 
7 x 

AH 

17 19 21 23 25 

9 10 
AJ AK 

1 1 12 13 14 
AO 

15 16 

18 

17-1 

20 22 

6 

24 26 

2 Storey 4 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Inc luding Shear 

Reference Internal Colu mns at In ternal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 4.31 -0.54 -1.80 4.27 -1.23 -2.54 
2 AB -10.87 -13.63 -12.79 -12.16 -16.14 -15.29 
3 AC 4.69 032 -056 5.25 -0.14 -1.43 
4 AD -10.65 -13.51 -12.67 -12.13 -16.04 -15.14 
5 AE 4.68 0.51 -0.57 5.26 -0.14 -1.44 
6 AF -10.66 -13.53 -12.71 -12.10 -16.01 -15.13 
7 AG 4.85 0.69 -0.39 5.22 -0.23 -1.50 
8 AH -10.32 -14.19 -13.35 -10.91 -15.61 -14.75 
9 Al 2.74 -3.17 -5.05 2.75 -3.66 -5.61 

10 Al -834 -12.12 -10.04 -9.91 -15.46 -13.14 
II AK 3.18 -1.25 -3.09 3.76 -2.46 -4.78 
12 AL -8.08 -11.94 -9.99 -9.85 -15.25 -12.96 
13 AM 3.15 -1.27 -3.09 3.76 -2.47 -4.79 
14 AN -8.14 -11.98 -9.99 -9.83 -15.19 -12.89 
15 AG 3.32 -1.12 -3.02 3.72 -2.63 -4.98 
16 AP -8.13 -14.34 -12.92 -8.67 15.52 14.00 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

No Shear at Including Shear Case No Shear at including Shear 

Internal Columns at In ternal Columns Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 
LC I 1.447 1.435 

17 0.183 0.113 0.099 0.184 0.115 0.111 

18 0.428 0.532 0.466 0.440 0.559 0.488 LC2 1.482 1522 

19 0.232 0.283 0.265 0.228 0.280 0.262 

20 0.718 0.831 0,692 0.719 0.840 0.702 LC3 1.730 1.710 

21 0.228 0.280 0.263 0.226 0.279 0.261 

22 0.710 0.825 0.688 0.716 0.834 0.697 

23 0.226 0.279 0.262 0.227 0.280 0.261 

24 0.718 0.830 0.691 0.717 0.833 0.695 

25 0.198 0.214 0.192 0.205 0.227 0.205 

26 0.444 0.630 0.556 0.457 0.658 0581 

Frame Identification : [ii b20 

Member Stability Factors 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

17 0.183 0.113 0.099 0.184 0.115 0.111 

18 0.428 0.532 0.466 0.440 0.559 0.488 

19 0.232 0.283 0.265 0.228 0.280 0.262 

20 0.718 0.831 0.692 0.719 0.840 0.702 

21 0.228 0.280 0.263 0.226 0.279 0.261 

22 0.710 0.825 0.688 0.716 0.834 0.697 

23 0.226 0.279 0.262 0.227 0.280 0.261 

24 0.718 0.830 0.691 0.717 0.833 0.695 

25 0.198 0.214 0.192 0.205 0.227 0.205 

26 0.444 0.630 0.556 0.457 0.658 0581 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 4.31 -0.54 -1.80 4.27 -1.23 -2.54 
2 AB -10.87 -13.63 -12.79 -12.16 -16.14 -15.29 
3 AC 4.69 032 -056 5.25 -0.14 -1.43 
4 AD -10.65 -13.51 -12.67 -12.13 -16.04 -15.14 
5 AE 4.68 0.51 -0.57 5.26 -0.14 -1.44 
6 AF -10,66 -13.53 -12.71 -12.10 -16.01 -15.13 
7 AG 4.85 0.69 -0.39 5.22 -0.23 -1.50 
8 AH -10.32 -14.19 -13.35 -10.91 -15.61 -14.75 
9 Al 2.74 -3.17 -5.05 2.75 -3.66 -5.61 

10 Al -834 -12.12 -10.04 -9.91 -15.46 -13.14 
II AK 3.18 -1.25 -3.09 3.76 -2.46 -4.78 
12 AL -8.08 -11.94 -9.99 -9.85 -15.25 -12.96 
13 AM 3.15 -1.27 -3.09 3.76 -2.47 -4.79 
14 AN -8.14 -11.98 -9.99 -9.83 -15.19 -12.89 
15 AO 3.32 -1.12 -3.02 3.72 -2.63 -4.98 
16 AP -8.13 -14.34 -12.92 -8.67 -15.52 -14.00 

Load Frames Plastic Collapse Load Factor 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC 1 1.447 1.435 

LC2 1.482 1.522 

LC3 1.730 1.710 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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AB AC 
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8 

AE 
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13 14 

AO 
15 16 

18 20 22 24 26 

2 Storey 4 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Inc luding Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 3.47 -0.23 -1.23 3.47 -0.84 -1.88 
2 AB -8.82 -10.61 -9.88 -10.69 -13.78 -12.98 
3 AC 3.72 0.84 0.03 4.59 0.36 -0.70 
4 AD -8.46 -10.38 -9.67 -1036 -1358 -12.74 
5 AE 3.68 0.81 0.00 4.58 0.34 -0.72 
6 AF -854 -10.45 -9.76 -10.56 -13.56 -12.74 
7 AG 3.92 1.06 0.23 4.60 0.29 -0.75 
S AH -8.42 -11.44 -10.74 -9.11 -12.94 -12.20 
9 Al 2.95 -3.113 -4.98 2.97 -3.62 -5.65 
10 Al -8.14 -11.67 -9.61 -10.03 -15.64 -13.27 
II AK 3.17 -1.08 -2.89 3.88 -2.48 -4.87 
12 AL -7.86 -11.50 -959 -9.99 -15.46 -13.12 
13 AM 3.14 -1.09 -2.87 3.89 -2.48 -4.86 
14 AN -7.92 -11.55 -9.60 -9.96 -15.4(1 -13.05 
15 AO 3.35 -0.88 -2.75 3.85 -2.64 -5.04 
16 AP -8.25 -14.39 -12.93 -8.93 -15.84 -14.24 

Member Stability Factors Load Frames Plastic Collapse Load Factor 
No Shear at Including Shear Case No Shear at Including Shear 

Internal Colu mns at Internal Columns Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

LCI 1.512 1530 

17 0.189 0.125 0.103 0.191 0.122 0.112 

18 0.422 0.527 0.463 0.437 0.560 0.489 LC2 1520 1517 

19 0.232 0.294 0.276 0.227 0.290 0.273 

20 0.719 0.830 0.690 0.719 0.840 0.702 LC3 1.700 1.682 

21 0.225 0.289 0.272 0.224 0.287 0.269 

22 0.709 0.823 0.686 0.716 0.834 0.697 

23 0.224 0.287 0.270 0.225 0.288 0.270 

24 0.719 0.831 0.692 0.718 0.834 0.695 

25 0.206 0.225 0.209 0.216 0.244 0.222 

26 0.438 0.623 0.549 0.454 0.656 0.580 

Frame Identification : f21 b24 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

17 0.189 0.125 0.103 0.191 0.122 0.112 

18 0.422 0.527 0.463 0.437 0.560 0.489 

19 0.232 0.294 0.276 0.227 0.290 0.273 

20 0.719 0.830 0.690 0.719 0.840 0.702 

21 0.225 0.289 0.272 0.224 0.287 0.269 

22 0.709 0.823 0.686 0.716 0.834 0.697 

23 0.224 0.287 0.270 0.225 0.288 0.270 

24 0.719 0.831 0.692 0.718 0.834 0.695 

25 0.206 0.225 0.209 0.216 0.244 0.222 

26 0.438 0.623 0.549 0.454 0.656 0580 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 3.47 -0.23 -1.23 3.47 -0.84 -1.88 
2 AB -8.82 -10.61 -9.88 -10.69 -13.78 -12.98 
3 AC 3.72 0.84 0.03 4.59 0.36 -0.70 
4 AD -8.46 -10.38 -9.67 -1036 -1358 -12.74 
5 AE 3.68 0.81 0.00 4.58 0.34 -0.72 
6 AF -854 -10.45 -9.76 -10.56 -13.56 -12.74 
7 AG 3.92 1.06 0.23 4.60 0.29 -0.75 
8 AH -8.42 -11.44 -10.74 -9.11 -12.94 -12.20 
9 Al 2.95 -3.03 -4.98 2.97 -3.62 -5.65 
10 Al -8.14 -11.67 -9.61 -10.03 -15.64 -13.27 
II AK 3.17 -1.08 -2.89 3.88 -2.48 -4.87 
12 AL -7.86 -11.50 -959 -9.99 -15.46 -13.12 
13 AM 3.14 -1.09 -2.87 3.89 -2.48 -4.86 
14 AN -7.92 -11.55 -9.6(1 -9.96 -15.4(1 -13.05 
15 AO 3.35 -0.88 -2.75 3.85 -2.64 -5.04 
16 AP -8.25 -14.39 -12.93 -8.93 -15.84 -14.24 

Load Frames Plastic Collapse Load Factor 
Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI 1.512 1530 

LC2 1.520 1517 

LC3 1.700 1.682 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Inc luding Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 3.56 2.22 1.63 3.87 2.49 1.72 
2 AB -12.30 -10.58 -7.45 -12.84 -11.56 -10.00 
3 AC 5.51 3.07 2.85 6.42 4.60 3.74 
4 AD -8.90 -8.03 -6.07 -8.78 -8.22 -6.73 
5 AE 2.08 0.83 -0.04 2.48 1.02 -0.08 
6 AF -11.98 -9.62 -3.39 -10.42 -9.44 -5.25 
7 AG 2.25 1.43 0.74 4.53 2.58 0.38 
8 AH -7.74 -7.30 -4.35 -7.41 -7.31 -4.82 
9 Al 1.25 0.25 -0.33 1.81 0.39 -0.40 

10 AJ . 14.35 -11.63 -3.98 -12.23 -11.16 -5.08 
It AK 0.32 0.50 0.24 2.67 1.04 0.04 
12 AL -11.82 -10.42 -4.15 -10.38 -10.09 -4.47 
13 AM 1.33 0.17 -0.52 1.82 0.27 -0.58 
14 AN -13.84 -12.09 -4.80 -12.21 -11.73 -5.60 
15 AO 0.97 0.39 -0.03 2.78 0.81 -0.32 
16 AP -11.03 -10.47 -4.58 -9.95 -10.23 -4.80 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

No Shear at Including Shear Case No Shear at Including Shear 

Internal Columns at Inte rnal Columns Internal Columns at Internal Columns 

LC1 LC2 LC3 LCI LC2 LC3 
LC I 1.247 1.295 

17 0.285 0.199 0.155 0.301 0.214 0.163 

18 0.460 0.318 0.220 0.487 0.323 0.230 LC2 1.505 1.492 

19 0.415 0.299 0.166 0.447 0.309 0.172 

20 0.694 0.587 0.364 0.685 0.587 0.376 LC3 1.917 1.927 

21 0.275 0.242 0.241 0.247 0.242 0.222 

22 0.841 0.748 0.518 0.844 0.746 0.489 

23 0.543 0.480 0.327 0.542 0.479 0.313 

24 0.915 0.796 0.525" 0.883 0.786 0.517 

25 0.328 0.287 0.223 0.326 0.293 0.241 

26 0.600 0.523 0.309 0.587 0.526 0.326 

27 0.516 0.429 0.270 0.513 0.432 0.282 

28 0.701 0.636 0.424 0.694 0.638 0.436 

Frame Identification : f22 b24 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 

LC1 LC2 LC3 LCI LC2 LC3 

17 0.285 0.199 0.155 0.301 0.214 0.163 

18 0.460 0.318 0.220 0.487 0.323 0.230 

19 0.415 0.299 0.166 0.447 0.309 0.172 

20 0.694 0.587 0.364 0.685 0.587 0.376 

21 0.275 0.242 0.241 0.247 0.242 0.222 

22 0.841 0.748 0.518 0.844 0.746 0.489 

23 0.543 0.480 0.327 0.542 0.479 0.313 

24 0.915 0.796 0.525" 0.883 0.786 0.517 

25 1 0.328 0.287 0.223 0.326 0.293 0.241 

26 0.600 0.523 0.309 0.587 0.526 0.326 

27 0.516 0.429 0.270 0.513 0.432 0.282 

28 0.701 0.636 0.424 0.694 0.638 0.436 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 3.56 2.22 1.63 3.87 2.49 1.72 
2 AB -12.30 -10.58 -7.45 -12.84 -11.56 -10.00 
3 AC 5.51 3.07 2.85 6.42 4.60 3.74 
4 AD -8.90 -8.03 -6.07 -8.78 -8.22 -6.73 
5 AE 2.08 0.83 -0.04 2.48 1.02 -0.08 
6 AF -11.98 -9.62 -3.39 -10.42 -9.44 -5.25 
7 AG 2.25 1.43 0.74 4.53 2.58 0.38 
8 AH -7.74 -7.30 -4.35 -7.41 -7.31 -4.82 
9 Al 1.25 0.25 -0.33 1.81 0.39 -0.40 

10 AJ . 14.35 -11.63 -3.98 -12.23 -11.16 -5.08 
It AK 0.32 0.50 0.24 2.67 1.04 0.04 
12 AL -11.82 -10.42 -4.15 -10.38 -10.09 -4.47 
13 AM 1.33 0.17 -0.52 1.82 0.27 -0.58 
14 AN -13.84 -12.09 -4.80 -12.21 -11.73 -5.60 
15 AO 0.97 0.39 -0.03 2.78 0.81 -0.32 
16 AP -11.03 -10.47 -4.58 -9.95 -10.23 -4.80 

Load 

Case 

Frames Plastic Collapse Load Factor 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.247 1.295 

LC2 1.505 1.492 

LC3 1.917 1.927 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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4 Storey 2 Ba y 
M ember Semi - Rigid Rotation (mrad) 

Hinge No Shear at Inc luding Shear 
R eference Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

1 AA 3.16 1.97 1.43 3.35 1.95 1.35 
2 AB -9.50 -8.52 -7.26 -10.77 -9.87 -8,46 
3 AC 3.75 2.60 2.22 4.20 2.71 2.28 
4 AD -9.36 -8.51 -6.77 -9.60 -8.96 -7.22 
5 AE 3.50 1.77 0.05 3.74 1.77 -0.13 
6 AF -13.91 -11.23 -5.88 -13.97 -12.48 -7.09 
7 AG 3.81 2.51 0.46 4.67 2.46 -0.05 
8 AH -12.97 -11.54 -6.89 -13.01 -11.93 -7.37 
9 Al 1.76 0.54 -0.48 2.03 0.55 -0.67 
10 Al -17.09 -14.07 -5.83 -16.41 -13.93 -7.11 
11 AK 1.77 0.74 0.03 2.51 0.98 -0.47 
12 AL -16.52 -13.71 -6.32 -16.00 -13.73 -6.82 
13 AM 1.74 0.46 -0.64 L99 0.52 -0.78 
14 AN -17.02 -14.27 -6.18 -16.36 . 14.11 -7.46 
15 AO 1.95 0.76 -0.15 2.71 1.00 -I). 66 
16 AP -15.51 -13.20 -6.45 -15.07 -13.10 -6.87 

Member Stability Factors Load Frames Plastic Collapse Load Factor 
No Shear at In cluding Shear Case No Shear at Including Shear 

In ternal Columns at In ternal Columns Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

LCI 1.117 1.115 

17 0.207 0.153 0.105 0.209 0.153 0.104 

18 0.392 0.295 0.185 0.398 0.292 0.192 LC2 1.342 1.342 

19 0.375 0.282 0.162 0.385 0.287 0.168 

20 0.725 0.599 0.369 0.722 0.601 0.381 LC3 1.925 1.910 

21 0.257 0.230 0.193 0.242 0.221 0.187 

22 0.770 0.656 0.419 0.761 0.641 0.408 

23 0.534 0.448 0.291 0.532 0.446 0.282 

24 0.927 11.782 0.498 0.914 0.775 0,501 

25 0.224 0.196 0.159 0.229 0.203 0.166 

26 0.493 0.413 0.245 0.492 0.417 0.252 

27 0.465 0.388 0.237 0.466 0.390 0.245 

28 0.746 0.641 0.415 0.743 0.643 0.425 

Frame Identification : i"Z3 bý0 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

17 0.207 0.153 0.105 0.209 0.153 0.104 

18 0.392 0.295 0.185 0.398 0.292 0.192 

19 0.375 0.282 0.162 0.385 0.287 0.168 

20 0.725 0.599 0.369 0.722 0.601 0.381 

21 0.257 0.230 0.193 0.242 0.221 0.187 

22 0.770 0.656 0.419 0.761 0.641 0.408 

23 0.534 0.448 0.291 0.532 0.446 0,282 

24 0.927 41.782 0.498 0.914 0.775 0,501 

25 0.224 0.196 0.159 0.229 0.203 0.166 

26 0.493 0.413 0.245 0.492 0.417 0.252 

27 0.465 0.388 0.237 0.466 0.390 0.245 

28 0.746 0.641 0.415 0.743 0.643 0.425 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 3.16 1.97 1.43 3.35 1.95 1.35 
2 AB -9.50 -8.52 -7.26 -10.77 -9.87 -8.46 
3 AC 3.75 2.60 2.22 4.20 2.71 2.28 
4 AD -9.36 -8.51 -6.77 -9.60 -8.96 -7.22 
5 AE 3.50 1.77 0.05 3.74 1.77 -0.13 
6 AF -13.91 -11.23 -5.88 -13.97 -12.48 -7.09 
7 AG 3.81 2.51 0.46 4.67 2.46 -0.05 
8 AH -12.97 -11.54 -6.89 -13.01 -11.93 -7.37 
9 Al 1.76 0.54 -0.48 2.03 0.55 -0.67 
10 Al -17.09 -14.07 -5.83 -16.41 -13.93 -7.11 
11 AK 1.77 0.74 0.03 2.51 0.98 -0.47 
12 AL -16.52 -13.71 -6.32 -16.0O -13.73 -6.82 
13 AM 1.74 0.46 -0.64 1.99 0.52 -0.78 
14 AN -17.02 -14.27 -6.18 -16.36 . 14.11 -7.46 
15 AO 1.95 0.76 -0.15 2.71 1.00 -I). 66 
16 AP -15.51 -13.20 -6.45 -15.07 -13.10 -6.87 

Load 

Case 

Frames Plastic Collapse Load Factor 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCl 1.117 1.115 

LC2 1.342 1.342 

LC3 1.925 1.910 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 

1 2 3 4 AA AB AC AD 

17 21 25 

5 6 7 A AE AF AG AH 

19 22 26 

9 10 11 12 AI AJ AK 

19 23 27 

13 14 ý-, r----, 15 16 

20 124 I2S 

4 Storey 2 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LC1 LC2 LC3 LCI LC2 LC3 

AA 2.91 1.15 0.59 3.09 1.11 0.45 
2 AB -7.93 -7.82 -6.85 -9.57 -9.84 -8.74 
3 AC 3.42 1.96 1.56 4.16 1.99 1.46 
4 AD -7.66 -8.08 -6.70 -8.02 -8.69 -7.33 
5 AE 3.80 0.63 -1.04 4.20 0.55 -1.37 
6 AF -11.58 -11.37 -6.25 -12.46 -13.24 -8.31 
7 AG 4.12 1.64 -0.21 5.20 1.31 -1.28 
8 AH -10.97 -11.90 -7.82 -11.11 -12.49 -8.59 
9 Al 2.30 -0.56 -1,49 2.78 -0.68 -1.78 
10 AJ -12.76 -14.07 -5.48 -11.07 -14.32 -8.13 
11 AK 1.96 -0.05 -0.45 3.90 -0.18 -1.65 
12 AL -10.48 -13.64 -6.84 -9.43 -14.00 -7.63 
13 AM 2.19 -0.90 -1.86 2.67 -0.98 -2.13 
14 AN -12.95 -15.19 -6.91 -11.37 -15.49 -9.00 
15 AO 2. (X) -0.34 -0.94 3.911 -11.67 -2.24 
16 AP -9.95 -14.23 -7.51 -9.07 -14.36 -8.11 

- Member Stability Factors 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LC1 LC2 LC3 

17 0.213 0.148 0.086 0.215 0.147 0.083 

18 0.411 0.303 0.217 0.424 0.307 0.231 

19 0.410 0.281 0.180 0.435 0.286 0.193 

20 0.691 0.636 0.409 0.687 0.642 0.430 

21 0.247 0.265 0.232 0.232 0.252 0.223 

22 0.750 0.712 0.485 0.729 0.693 0.465 

23 0.519 (1.495 0.347 0.520 0.492 0.328 

24 0.893 0.850 0.581 0.863 0.848 0.580 

25 0.231 0.222 0.184 0.239 0.2-14 11.197 

26 0.490 0.463 0.291 0.490 0.471 0.305 

27 0.498 0.429 0.275 0.497 0.430 0.292 

28 0.723 0.719 0.504 0.720 0.726 0.521 

Load Frames Plastic Collapse Load Factor 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.182 1.185 

LC2 1.317 1.312 

LC3 1.567 1.545 

Frame Identification : f23 b24 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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4 Storey 2 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 4.77 1.99 1.09 4.77 1.80 0.85 
2 AB -11.13 -11.49 -10.18 -1130 -12.98 -11.60 
3 AC 4.73 2.25 1.60 5.11 2.06 1.31 
4 AD -11.29 -11.89 -10.20 -11.77 -12.56 -10.86 
5 AE 3.30 0.01 -1.82 3.25 -0.22 -2.22 
6 AF -9.63 -10.18 -6.65 -10.83 -11.90 -8.16 
7 AG 3.36 0.64 -1.29 3.45 -0.05 -2.30 
8 AH -10.29 -11.57 -8.17 -10.76 -12.20 -8.83 
9 Al 2.41 -1.14 -2.73 2.35 -1.40 -3.18 

10 AJ -10.01 -12.05 -7.44 -11.09 -12.86 -9.17 
11 AK 2.57 -0.65 -1.97 2.67 -1.14 -3.10 
12 AL -10.30 -12.45 -8.67 -10.76 -12.87 -9.42 
13 AM 2.09 -1.53 -3.10 2.07 -1.71 -3.44 
14 AN -10.41 -12.94 -8.09 -11.32 . 13.44 -9.82 
15 AO 2.57 -1.110 -2.38 2.74 -1.43 -3.53 
16 AP -9.91 -12.52 -9.01 -10.29 -12.74 -9.64 

Member Stability Factors Load Frames Plastic Collapse Load Factor 

No Shear at Including Shear Case No Shear at Including Shear 

Internal Columns at Internal Columns Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 
LCI 1.252 1.252 

17 0.138 0.091 0.067 0.138 0.089 0.066 

18 0.294 0.228 0.165 0.296 0.232 0.174 LC2 1.377 1.385 

19 0.393 0.293 0.193 0.396 0.298 0.202 

20 0.693 0.629 0.422 0.706 0.637 0.438 LC3 1.545 1.552 

21 0.173 0.182 0.166 0.169 0.178 0.157 

22 0.564 0.523 0.356 0.555 0.509 0.345 

23 0.481 0.436 0.296 0.473 0.430 0.286 

24 0.806 0.760 0.529 0.801 0.761 0.539 

25 0.150 0.142 0.120 0.154 0.147 0.125 

26 0.340 0.319 0.205 0.347 0.325 0.213 

27 0.455 0.411 0.262 0.465 0.417 0.271 

28 0.730 0.721 0.514 0.743 0.729 0.530 

Frame Identification : x'24 b2O 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

17 0.138 0.091 0.067 0.138 0.089 0.066 

18 0.294 0.228 0.165 0.296 0.232 0.174 

19 0.393 0.293 0.193 0.396 0.298 0.202 

20 0.693 0.629 0.422 0.706 0.637 0.438 

21 0.173 0.182 0.166 0.169 0.178 0.157 

22 0.564 0.523 0.356 0.555 0.509 0.345 

23 0.481 0.436 0.296 0.473 0.430 0.286 

24 0.806 0.760 0.529 0.801 0.761 0.539 

25 0.150 0.142 0.120 0.154 0.147 0.125 

26 0.340 0.319 0.205 0.347 0.325 0.213 

27 0.455 0.411 0.262 0.465 0.417 0.271 

28 0.730 0.721 0.514 0.743 0.729 0.530 

Member Semi - Rigid Rotation (mrad) 

Hinge No Shear at Including Shear 
Reference Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

1 AA 4.77 1.99 1.09 4.77 1.80 0.85 
2 AB -11.13 -11.49 -10.18 -12.30 -12.98 -11.60 
3 AC 4.73 2.25 1.60 5.11 2.06 1.31 
4 AD -11.29 -11.89 -10.20 -11.77 -12.56 -10.86 
5 AE 3.30 0.01 -1.82 3.25 -0.22 -2.22 
6 AF -9.63 -10.18 -6.65 -10.83 -11.90 -8.16 
7 AG 3.36 0.64 -1.29 3.45 -0.05 -2.30 
8 AH -10.29 -11.57 -8.17 -10.76 -12.20 -8.83 
9 Al 2.41 -1.14 -2.73 2.35 -1.40 -3.18 

10 AJ -10.01 -12.05 -7.44 -11.09 -12.86 -9.17 
11 AK 2.57 -0.65 -1.97 2.67 -1.14 -3.10 
12 AL -10.30 -12.45 -8.67 -10.76 -12.87 -9.42 
13 AM 2.09 -1.53 -3.10 2.07 -1.71 -3.44 
14 AN -10.41 -12.94 -8.09 -11.32 . 13.44 -9.82 
15 AO 2.57 -1. (N) -2.38 2.74 -1.43 -3.53 
16 AP -9.91 -12552 -9.01 -10.29 -12.74 -9.64 

Load 

Case 

Frames Plastic Collapse Load Factor 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI 1.252 1.252 

LC2 1.377 1.385 

LC3 1.545 1.552 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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4 Storey 2 Bay 

M ember Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 4.13 1.38 0.50 4,16 1.16 0.24 
2 AB -9.19 -9.99 -9.04 -10.73 -12.05 -10.99 
3 AC 4.09 1.77 1.15 4.68 1.56 0.79 
4 AD -9.39 -10.57 -9.27 -9.91 -11.38 -10.05 
5 AE 3.24 -0.36 -2.14 3.21 -0.69 -2.62 
6 AF -8.29 -9.40 -6.37 -9.86 -11.90 -8.54 
7 AG 3.25 0.46 -1.36 3.56 -0.49 -2.76 
8 AH -8.86 -11.04 -8.23 -9.46 -11.94 -9.09 
9 Al 2.40 -1.65 -3.19 2.35 -2.03 -3.76 
IO AJ -7.57 -10.58 -6.78 -9.63 -12.72 -9.59 
11 AK 2.52 -0.64 -1.85 2.81 -1.66 -3.60 
12 AL -8.36 -11.88 -8.83 -9.13 -12.71 -9.90 
13 AM 2.04 -2.32 -3.85 2.03 -2.64 -4.30 
14 AN -7.86 -12.34 -7.76 -9.93 -13.82 -10.76 
15 AO 2.53 -1.30 -2.47 2.82 -2.35 -4.42 
16 AP -8.00 -12.50 -9.66 -8.71 -13.06 -10.58 

Member Stability Factors Load Frames Plastic Collapse Load Factor 
No Shear at Including Shear Case No Shear at Including Shear 

Internal Colu mns at Internal Columns Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

LC I 1.347 1.332 

17 0.148 0.091 0.061 0.150 0.089 0.060 

18 0.301 0.235 0.183 0.306 0.246 0.197 LC2 1.365 1.370 

19 0.404 0.299 0.204 0.410 0.311 0.221 

20 0.672 0.644 0.444 0.697 0.662 0.471 LC3 1.525 1.520 

21 0.172 0.200 0.185 0.168 0.194 0.177 

22 0.561 0.558 0.395 0.550 0.538 0.380 

23 0.484 0.476 0.338 0.472 0.463 0.323 

24 0,799 ' 0.808 0.589 0.790 0,813 0.599 

25 0.159 0.159 (1.137 0.165 0.167 0.145 

26 0.342 0.345 0.233 0.354 0.359 0.246 

27 0.454 0.442 0.292 0.473 0.454 0.309 

28 0.713 0.782 0.581 0.738 0.799 0.606 

Frame Identification : f24 b24 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

17 0.148 0.091 11.061 0.150 0.089 0.060 

18 11.301 0.235 0.183 0.306 0.246 0.197 

19 0.404 0.299 0.204 0.410 0.311 0.221 

20 0.672 0.644 0.444 0.697 0.662 0.471 

21 0.172 0.200 0.185 0.168 0.194 0.177 

22 0.561 0.558 0.395 0.550 0.538 0.380 

23 0.484 0.476 0.338 0.472 0.463 0.323 

24 0,799' 0.808 0.589 0.790 0,813 0.599 

25 0.159 0.159 0.137 0.165 0.167 0.145 

26 0.342 0.345 0.233 0.354 0.359 0.246 

27 0.454 0.442 0.292 0.473 0.454 0.309 

28 0.713 0.782 0.581 0.738 0.799 0.606 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

AA 4.13 1.38 0.50 4,16 1.16 0.24 
2 AB -9.19 -9.99 -9.04 -10.73 -12.05 -10.99 
3 AC 4.09 1.77 1.15 4.68 1.56 0.79 
4 AD -9.39 -10.57 -9.27 -9.91 -11.38 -10.05 
5 AE 3.24 -0.36 -2.14 3.21 -0.69 -2.62 
6 AF -8.29 -9.40 -6.37 -9.86 -11.90 -8.54 
7 AG 3.25 0.46 -1.36 3.56 -0.49 -2.76 
11 AH -8.86 -11.04 -8.23 -9.46 -11.94 -9.09 
9 Al 2.40 -1.65 -3.19 2.35 -2.03 -3.76 
10 AJ -7.57 -10.58 -6.78 -9.63 -12.72 -9.59 
11 AK 2.52 -0.64 -1.85 2.81 -1.66 -3.60 
12 AL -8.36 -11.88 -8.83 -9.13 -12.71 -9.90 
13 AM 2.04 -2.32 -3.85 2.03 -2.64 -4.30 
14 AN -7.86 -12.34 -7.76 -9.93 -13.82 -10.76 
15 AO 2.53 -1.30 -2.47 2.82 -2.35 -4.42 
16 AP -8.00 -12.50 -9.66 -8.71 -13.06 -10.58 

Load 
Case 

Frames Plastic Collapse Load Factor 
No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.347 1.332 

LC2 1.365 1.370 

LC3 1.525 1.520 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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Member Se rru - Rigid Rotation (mrad) 
Hinge No Shcai at Inc luding Shear 

R eference Internal Columns at In ternal Columns 
LCI LC2 I LC3 LCI LC2 LO 

I AA 3.13 0.67 0.07 3.12 0.71 -0.04 
2 AB -12.18 -14.66 -11.80 -12.20 -14.20 -11.66 
3 AC 5.47 1.50 1.15 5.54 2.17 1.57 
4 AD -7.41 -9.74 -7.91 -7.54 -9.75 -8.22 
5 AE 2.74 -1.15 -2.26 2.91 -1.17 -2.40 
6 AF -8.47 -13.55 -7.24 -10.72 -13.91 -10.45 
7 AG 3.59 0.12 -0.82 4.77 0.06 -2.10 
9 AH -7.32 -11.58 -9.10 -7.76 -11.67 -9.64 
9 AI 2.71 -2.18 -3.22 2.85 -2.37 -3.67 
10 A] -8.57 -20.44 -12.64 -9.97 -21.38 -14.53 
11 AK 2.70 -1.50 -2.29 4.04 -2.66 

1 
-4.18 

12 AL -7.31 -21.37 -13.51 -7.81 -21.88 -15,14 
13 AM 2.77 -2.44 -3.77 3.04 -2.59 -3-91 
14 AN -6.99 -15.81 -9.36 -9.77 -16.92 -13.78 
15 AO 2.93 -11. " -2.36 4.16 -2.53 4.66 
16 AP -7.15 -15.22 -11.10 -7.74 -15.63 -11.75 

Member Stability Factors Load Fraincs Plastic CoIlLipsc Load Factol 
No Shear at Inclu ding Shear Case No Shear at Including Shear 

In ternal Columns at Inter nal Columns Internal Columns at Internal Columns 
LCI LC2 LC3 LCI I LC2 LC3 

LCI 1.347 1.360 

17 0.313 0.171 0.100 0.312 0.175 O. I(K) 

is 0.435 0.410 0.358 0.448 0.417 0.375 LC2 1.202 1.225 

19 0.291 0.215 0.170 0.299 0.222 0.184 

20 0.388 0.518 0.423 0.405 0.528 0.451 LC3 1.265 1.295 

21 0.243 0.296 0.285 0.235 0.303 0.293 

22 0.584 0.735 0.626 0.573 U36 0.609 

23 0.373 0.441 0.358 0,362 0.437 0.342 

24 0.566 0.724 0.600 0.560 0.735 0.620 

25 0.344 0.371 0.316 0.347 0.371 0.325 

26 0.493 0.617 0.473 0.510 0.624 0.493 

27 0.318 0.354 0.268 0.330 0.357 0.280 

29 (). 387 0.610 0.524 0.402 0.619 0.551 

Frame Identification : Fbý =b24 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

17 0.313 0.171 0.100 0.312 0.175 0.100 

is 0.435 0.410 0.358 0.448 0.417 0.375 

19 0.291 0.215 0.170 0.299 0.222 0.184 

20 0.388 0.518 0.423 0.405 0.528 0.451 

21 0.243 0.296 0.285 0.235 0.303 0.293 

22 0.584 0.735 0.626 0.573 0736 0.609 

23 0.373 0.441 0.358 0.362 0.437 0.342 

24 0.566 0.724 0.600 0.560 0.735 0.620 

25 0.344 0.371 0.316 0.347 0.371 0.325 

26 0.493 0.617 0.473 0.510 0.624 0.493 

27 0.318 0.354 0.268 0.330 0.357 0.280 

28 0.387 0.610 0.524 0.402 0.619 0.551 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 3.13 0.67 (1.07 3.12 0.71 -0.04 
2 AB -12.18 -14.66 -11.80 -12.20 -14.20 -11.66 
3 AC 5.47 1.50 1.15 5.54 2.17 1.57 
4 AD -7.41 -9.74 -7.91 -7.54 -9.75 -8.22 
5 AE 2.74 -1.15 -2.26 2.91 -1.17 -2.40 
6 AF -8.47 -13.55 -7.24 -10.72 -13.91 -10.45 
7 AG 3.59 0.12 -0.82 4.77 0.06 -2.10 
8 AH -7.32 -11.58 -9.10 -7.76 -11.67 -9.64 
9 AI 2.71 -2.18 -3.22 2.85 -2.37 -3.67 
10 AJ -8.57 -20.44 -12.64 -9.97 -21.38 -14.53 
11 AK 2.70 -1.50 -2.29 4.04 -2.66 -4.18 
12 AL -7.31 -21.37 -13.51 -7.81 -21.88 -15.14 
13 AM 2.77 -2.44 -3.77 3.04 -2.59 -3.91 
14 AN -6.99 -15.81 -9.36 -9.77 -16.92 -13.78 
15 AO 2.93 -1.44 -2.36 4.16 -2.53 -4.66 
16 AP -7.15 -15.22 -11.10 -7.74 -15.63 -11.75 

Load 

Case 

Frames Plastic CoIlapse Load Factor 

No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.347 1.360 

LC2 1.202 1.225 

LC3 1.265 1.295 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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4 Storey 4 Bay 

FL, F-L, 

Member Semi - Rigid Rotation (mrad) Member Stabilit y Factors 
Hi nge No Shear at Incl uding Shear No Shear at Includi ng Shear 

Reference In ternal Co lumns at Int ernal Coiun uis Internal Columns at Internal Columns 
LCI LC2 I LO LCI LC2 LO LCI LC2 I LC3 I-Cl I LC2 LO 

I AA 3.05 2.27 1.86 3.70 2.55 1.84 31 0.260 0.201 0.165 0.293 0.216 0.168 

2 AB -14.36 -10.25 -6.94 -13.21 -11.60 -9.91 34 0.433 0.316 0.200 0.474 0-335 0.214 

3 AC 3.63 3.05 2.80 6.36 4.78 3.90 35 0.410 0.314 0.182 0.435 0.331 0.178 

4 AD -13.47 -9.33 -6.49 -13.15 -11.48 -9.70 36 0.695 0.566 0.334 0.688 0.561 0-153 

5 A-E 3.76 3.07 2.71 6.39 4.80 3.89 37 0.256 0.242 0.227 0.251 0.235 0112 

6 AF -13.47 -9.49 -6.66 -13.07 -11.40 -9.67 38 0.848 0.729 47482 0.852 0.72-54 0.468 

7 AG 3.69 3.17 2.95 6.29 4.69 3.86 39 0.554 0.462 0.305 0350 ! 0.461 
- 

0.295 

8 AH -9.49 -7.84 -5.69 -8.95 -8.03 -6.49 40 0.920 0.766 0.481 ýi-50 0.482 

9 Al 1.61 0.94 0.27 2.27 1.21 0.12 41 0.255 0.1-17 0.216 0.248 0.232 0.208 

10 AJ -13.03 -9.62 -3.19 -10.78 -9.32 -5.07 42 0.840 0.721 0.474 0.851 0.724 0.467 

11 AK 1.92 1.53 0.85 4.59 2.98 0.77 43 0.547 0.455 0.298 0.546 0.457 0.292 

12 AL -12.92 -9.44 -3.12 -10.91 -9.40 -5.13 44 0.911 0.759 0.474 0.888 0.747 0.479 

13 AM 1.93 1.54 0.85 4.63 3.02 0.80 45 0.251 0.232 0.213 0.251 0.2-14 0.210 

14 AN -12.64 -9.26 -3.11 -10.77 . 9.26 -5.02 46 0.851 0.732 0.480 0.856 0.729 0.470 

15 AO 1.85 1.51 0.88 4.41 2.82 0.65 47 0.548 0.458 0.298 0.546 0.458 0.291 

16 AP -9.03 -7.13 -3.84 -7.67 -7.04 -4.47 48 0.911 0.760 0.481 0.888 0.746 0.479 

17 AQ 1.03 0.50 0.11 1.58 0.79 0.06 49 0.342 0.282 0.214 0-130 0.288 0.2.35 

18 AR -14.49 -11.14 -2.92 -12.86 . 10.19 -4.60 50 0.607 0.519 0.292 0.600 0.515 0.314 

19 AS 1.07 0.73 0.51 2.51 1.63 0.46 51 0.517 0.4-32 0.245 0.514 0.432 0.266 

20 AT -14.28 -10.95 -2.75 -12.86 -10.14 -4.57 52 0.713 0.611 0-380 0.702 0.608 0.401 

21 AU 1.08 0.74 0.51 2.52 1.64 0.46 

22 AV -14.17 -10.85 -2.79 -12.77 -10.06 -4.55 Load Frames Plastic Collapse Load 
23 AW 1.02 0.69 0.60 2.42 1.57 0.42 

Case No Shear at Including Shear 
24 AX -12.68 -9.58 -3.34 -11.09 -8.75 -3.94 Internal Columns at Inte rnal Columns 
25 AY 1.21 0.55 0.01 1.64 0.80 -0.12 
26 AZ -14.16 -11.21, -3.48 -12.70 -10.39 -4.90 LCI 1.285 1.290 

27 BA 1.21 0.72 0.32 2.63 1.55 0.24 

28 BB -13.81 -10.97 -3.31 -12.59 -10.29 -4.86 LC2 1.535 1.522 

29 BC 1.21 0.73 0.33 2.64 1.56 0.24 

30 BD -13.75 -10.92 -3.37 -12.55 -10.25 -4.85 LC3 
1 

1.952 
1 

1.952 
1 

31 BE 1.17 0.69 0.44 2.56 1.51 0.23 

32 BF -11.51 -9.13 -3.57 -10.44 -8.52 -4.07 

Frame Identification : Fffý =b24 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 3.05 2.27 1.86 3.70 2.55 1.84 
2 AB -14.36 -10.25 -6.94 -13.21 -11.60 -9.91 
3 AC 3.63 3.05 2.80 6.36 4.78 3.90 

4 AD -13.47 -9.33 -6.49 -13.15 -11.48 -9.70 
5 AE 3.76 3.07 2.71 6.39 4.80 3.89 

6 AF -13.47 -9.49 -6.66 -13.07 -11.40 -9.67 
7 AG 3.69 3.17 2.95 6.29 4.69 3.86 

8 AH -9.49 -7.84 -5.69 -8.95 -8.03 -6.49 
9 Al 1.61 0.94 0.27 2.27 1.21 0.12 

10 AJ -13.03 -9.62 -3.19 -10.78 -9.32 -5.07 
11 AK 1.92 1.53 0.85 4.59 2.98 0.77 

12 AL -12.92 -9.44 -3.12 -10.91 -9.40 -5.13 
13 AM 1.93 1.54 0.85 4.63 3.02 0.80 

14 AN -12.64 -9.26 -3.11 -10.77 -9.26 -5.02 
15 AO 1.85 1.51 0.88 4.41 2.82 0.65 

16 AP -9.03 -7.13 -3.84 -7.67 -7.04 -4.47 
17 AQ 1.03 0.50 0.11 1.58 0.79 0.06 

18 AR -14.49 -11.14 -2.92 -12.86 . 10.19 -4.60 
19 AS 1.07 0.73 0.51 2.51 1.63 0.46 

20 AT -14.28 -10.95 -2.75 -12.86 -10.14 -457 
21 AU 1.08 0.74 0.51 2.52 1.64 0.46 

22 AV -14.17 -10.85 -2.79 -12.77 -10.06 -455 
23 AW 1.02 0.69 0.60 2.42 1.57 0.42 

24 AX -12.68 -958 -3.34 -11.09 -8.75 -3.94 
25 AY 1.21 0.55 0.01 1.64 0.80 -0.12 
26 AZ -14.16 -11.21. -3.48 -12.70 -10.39 -4.90 
27 BA 1.21 0.72 0.32 2.63 1.55 0.24 

28 BB -13.81 -10.97 -3.31 -12.59 -10.29 -4.86 
29 BC 1.21 0.73 0.33 2.64 1.56 0.24 

30 BD -13.75 -10.92 -3.37 -1255 -10.25 -4.85 

31 BE 1.17 0.69 0.44 2.56 1.51 0.23 

32 BF -11.51 -9.13 -3.57 -10.44 -8.52 -4.07 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCl LC2 LC3 

33 0.260 0.201 0.165 0.293 0.216 0.168 
34 0.433 0.316 0.200 0.474 0-335 0.214 
35 0.410 0.314 0.182 0.435 0.331 0.178 
36 0.695 0.566 0.334 0.688 0.561 0353 
37 0.256 0.242 0.227 0.251 0.235 0.212 
38 0.848 0.729 0.482 0.852 0.725 0.468 
39 0.554 0.462 0.305 0350 ! 0.461 0.295 
40 0.920 0.766 0.481 0.892 0.750 0.482 

41 11.255 0.217 0.216 0.248 0.232 0.208 

42 0.840 0.721 0.474 0.851 0.724 0.467 

43 0.547 0.455 0.298 0546 0.457 0.292 

44 0.911 0.759 0.474 0.888 0.747 0.479 

45 0.251 0.232 0.213 0.251 0.234 0.210 

46 0.851 0.732 0.480 0.856 0.729 0.470 

47 0.548 0.458 0.298 0.546 0.458 0.291 

48 0.911 0.760 0.481 0.888 0.746 0.479 

49 0.342 0.282 0.214 0130 0.288 0.235 

50 11.607 0519 0.292 0.600 0.515 0.314 

51 0.517 0.432 0.245 0514 0.432 0.266 

52 0.713 0.611 0380 0.702 0.608 0.401 

Load Frames Plastic Collapse Load 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.285 1.290 

LC2 1535 1.522 

LC3 1.952 1.952 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 410 
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AE 
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AH 

33 37 41 45 49 
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17 18 
AS 

19 20 
AT AU 

21 22 23 
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17ý1 Uh 

4 Storey 4 Bay 

Uý ab 

Member Semi -Rigid Rotation (mrad) Member Stability Factors 
Hinge No Shear at Incl uding Shear No Shear at Includi ng Shear 

Reference In ternal Co lumns at Int ernal Columns Internal Columns at Internal Col s 
LCI LC2 I LC3 LCI I LC2 LC3 LCI LC2 I LC3 LCI I LC2 I LC3 

I AA 3.03 1.98 1.48 3.25 1.86 1.27 33 0.2(% 0.157 0.101 0.208 0.153 0.102 

2 AB -9.65 -8.54 -7.20 -11.01 -10.09 -8.62 34 0.385 0.297 0.186 0-388 0.292 0.197 

3 AC 3.76 2.67 2.25 4.46 2.92 2.37 35 0.368 0.278 0.160 0-387 0286 0.169 

4 AD -9.71 -8.59 -7.15 -11.34 -10.32 -8.69 36 0.731 0.605 0.369 0.719 0.603 O_A95 

5 AE 3.79 2.70 2.25 4.52 2.97 2.40 37 0.263 O. n7 0.190 0.242 0.221 0.187 

6 AF -9.67 -8.55 -7.14 -11.21 -10.19 -8.62 39 0.776 0.661 0.418 0.764 0.650 0.414 

7 AG 3.70 2.65 2.27 4.18 2.69 2.25 39 11.544) 0.448 0.287 0.533 0.447 o. 284 

9 AH -9.52 -8.45 -6.66 -9.70 -9.05 -7-30 40 0.937 0.788 0.494 0.911 0.780 0.50 La -1 9 At 3.14 1.61 0.06 3.57 1.54 -0-12 41 0.262 0.225 0.187 0.243 0.212 0.186 

10 AJ -14.64 -11.55 -5.92 -14.34 -12.86 -7.37 42 0.772 0,657 0.417 0.766 0.651 0.414 

11 AK 3.73 2.49 0.54 4.91 2.60 0.02 43 0.536 0.445 0.295 0.531 0.446 0.284 

12 AL -14.91 -11.73 -6.04 -14.74 -13.16 -7.55 44 0.933 0.785 0.492 0.910 0.779 0.506 

13 AM 3.74 2.50 0.58 4.97 2.64 0.05 45 0.262 0.227 0.188 0.246 0.225 0.18S 

14 AN -14.72 -11.63 -5.98 -14.58 -13.04 -7.48 46 0.779 0,663 0.421 0.768 0.652 0.416 

15 AO 3.48 2.38 0.50 4.56 2.28 -0.20 47 0.538 0.448 0.286 0.552 0.452 0.282 

16 AP -13.45 -11.73 -6.85 -13.25 -12.22 -7.59 48 0.933 0.785 0.4" 0.906 0.777 0-505 

17 AQ 1.34 0.29 -0.43 1.97 0.37 -0.83 49 0.226 0.194 0.157 0.229 0.203 0.166 

18 AR -17.96 -14.61 -5.76 -16.56 -14.33 -7.32 50 0.506 0.422 0.248 0.4" 0.426 0.258 

19 AS 1.56 0.65 0.05 2.66 0.94 -0.49 51 0.467 0-389 0.233 0.466 0.390 0.245 

20 AT -18.11 14,75 -5.80 -16.82 -14.51 -7.37 52 0.758 0.649 0.414 0.744 0.649 0.429 

21 AU 1.57 0.65 0.05 2.66 0.95 -0.48 
22 AV -18.03 -14.68 -5.80 -16. " -14.53 -7-11 Load Frames Plastic Collapse Load 
23 AW 1.41 0.53 0.08 2.33 0.75 -0.58 Case No Shear at Includin g Shear 
24 AX -17.55 -14.31 -6.25 -16.18 -14.18 . 7.02 

Internal Columns at Interna l Columns 
25 AY 1.43 0.26 0.59 2.07 0.42 -0.92 - 

26 AZ -17.70 -14.72 -6.10 -16.24 . 14-35 -7.63 LCI 1.112 1. 112 

27 BA 1.76 0.65 -0.18 2.93 0.99 -0.72 

28 BB -17.65 -14.73 -6.12 -16.31 -14.41 -7.66 LC2 1.335 1.330 

29 BC 1.76 0.66 -0.18 2.94 0.99 -0.72 

30 BD -17.61 -14.69 -6.13 . 15-58 -14.16 -7.78 LC3 1.892 I. W 

31 BE 1.66 0.57 -0.09 4.74 1.51 -1.28 

32 BF -16.23 -13.66 -6.35 -15.45 . 13.49 -6.93 

Frame Identification 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

1 AA 3.03 1.98 1.48 3.25 1.86 1.27 

2 AB -9.65 -854 -7.20 -11.01 -10.09 -8.62 
3 AC 3.76 2.67 2.25 4.46 2.92 2.37 

4 AD -9.71 -859 -7.15 -11.34 -10.32 -8.69 
5 AE 3.79 2.70 2.25 4.52 2.97 2.40 

6 AF -9.67 -855 -7.14 -11.21 -10.19 -8.62 
7 AG 3.70 2.65 2.27 4.18 2.69 2.25 

8 AH -9.52 -8.45 -6.66 -9.70 -9.05 -730 
9 Al 3.14 1.61 0.06 3.57 154 -012 

10 AJ -14.64 -11.55 -5.92 -14.34 -12.86 -7.37 
11 AK 3.73 2.49 0.54 4.91 2.60 0.02 

12 AL -14.91 -11.73 -6.04 -14.74 -13.16 -755 
13 AM 3.74 2.50 0.58 4.97 2.64 0.05 

14 AN -14.72 -11.63 -5.98 -14.58 -13.04 -7.48 
15 AO 3.48 2.38 0.50 4.56 2.28 -0.20 
16 AP -13.45 -11.73 -6.85 -13.25 -12.22 -759 
17 AQ 1.34 0.29 -0.43 1.97 0.37 -0.83 
18 AR -17.96 -14.61 -5.76 -16.56 -14.33 -732 
19 AS 1.56 0.65 0.05 2.66 0.94 -0.49 
20 AT -18.11 -14.75 -5.80 -16.82 -14.51 -737 
21 AU 1.57 0.65 0.05 2.66 0.95 -0.48 
22 AV -18.03 -14.68 -5.80 -16.99 -14.53 -7-11 
23 AW 1.41 0.53 0.08 2.33 0.75 -058 
24 AX -17.55 -14.31 -6.25 -16.18 -14.18 . 7.02 

25 AY 1.43 0.26 0.59 2.07 0.42 -0.92 

26 AZ -17.70 -14.72 -6.10 -16.24 . 14-35 -7.63 

27 BA 1.76 0.65 -0.18 2.93 0.99 -0.72 

28 BB -17.65 -14.73 -6.12 -16.31 -14.41 -7.66 

29 BC 1.76 0.66 -0.18 2.94 0.99 -0.72 

30 BD -17.61 -14.69 -6.13 . 1558 -14.16 -7.78 

31 BE 1.66 0.57 -0.09 4.74 151 -1.28 

32 BF -16.23 -13.66 -6.35 -15.45 . 13.49 6.93 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI LC2 LC3 LCI LC2 LC3 

33 0.208 0.157 0.107 0.208 0.153 0.102 
34 0.385 0.297 0.186 0388 0.292 0.197 

35 0.368 0.278 0.160 0.387 0.286 0.169 

36 0.731 0.605 0.369 0.719 0.603 0_385 

37 0.263 0.227 0.190 0.242 0.221 0.187 

38 0.776 0.661 0.418 0.764 0.650 0.414 

39 0.5441 0.448 0.287 0.533 0.447 0.284 
40 0.937 0.788 0.494 0.911 0.780 0.508 

41 0.262 0.225 0.187 0.243 0.222 0.186 

42 0.772 0.657 0.417 0.766 0.651 0.414 

43 0.536 0.445 0.285 0.531 0.446 0.284 

44 0.933 0.785 0.492 0.910 0.779 11.506 

45 0.262 0.227 0.188 0.246 0.225 0.188 

46 0.779 0.663 0.421 0.768 0.652 0.416 

47 0.538 0.448 0.286 0.552 0.452 0.282 

48 0.933 0.785 0.495 0.906 0.777 0.505 

49 0.226 0.194 0.157 0.229 0.203 0.166 

50 0.506 0.422 0.248 0.499 0.426 0.258 

51 0.467 0.389 0.233 0.466 0.390 0.245 

52 0.758 0.649 0.414 0.744 0.649 0.429 

Load Frames Plastic Collapse Load 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.112 1.112 

LC2 1335 1.330 

LC3 1.892 1.840 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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4 Storey 4 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LC1 LC2 LC3 

AA 2.82 1.38 0.84 2.96 1.19 0.55 
2 AB -8.01 -7.59 -657 -9.89 -9.87 -8.69 
3 AC 3.38 2.12 1.68 4.35 2.37 1.74 
4 AD -7.98 -7.55 -6.44 -10.17 -10.02 -8.68 
5 AE 3.39 2.13 1.67 4.42 2.42 1.75 

6 AF -7.96 -7.53 -6.47 -10.03 -9.88 -8.61 
7 AG 3.39 2.15 1.74 4.11 2.15 1.60 

8 AH -7.73 -7.66 -6.27 -8.16 -8.49 -7.12 
9 Al 3.53 0.94 -0.65 3.93 0.74 -1.20 

10 AJ -12.14 -10.96 -5.90 -12.91 -13.14 -8.19 
11 AK 3.99 1.97 0.09 5.36 1.89 -0.83 
12 AL -12.24 -11.02 -5.98 -13.32 -13.39 -832 
13 AM 4.00 1.99 0.13 5.42 1.94 -0.79 
14 AN -12.11 -10.93 -5.92 -13.18 -13.25 -8.22 
15 AO 3.89 1.93 0.09 4.99 1.55 -1.07 
16 AP -11.33 -11.44 -7.25 -11.43 -12.24 -833 
17 AQ 1.96 -0.18 -0.96 2.54 -0.24 -1.48 
18 AR -13.60 -13.22 -4.99 -11.75 -13.22 -7.71 
19 AS 2.02 0.35 -0.26 3.78 0.51 -1.16 
20 AT -13.41 -13.23 -4.98 -11.85 -13.26 -7.71 
21 AU 2.03 0.35 -0.25 3.79 0.51 -1.16 
22 AV -13.28 -13.13 -5.01 -11.76 -13.20 -7.67 
23 AW 1.92 0.27 -0.16 3.63 0.38 -1-1 
24 AX -11.60 -12.44 -6.05 -10.16 -12.69 -7.19 
25 AY 1.91 -0.41 -1.28 2.48 0.39 -1.69 
26 AZ . 13.64 -14.02 -5.52 -11.88 -13.99 -834 
27 BA 2.06 0.09 -0.63 3.77 -0.15 -1.63 
28 BB -13.26 -13.97 -5.53 -11.83 -13.97 -8.33 

29 BC 2.07 0.10 -0.62 3.78 0.15 -1.62 

30 BD -13.20 -13.93 -5.57 -11.78 -13.94 -8-11 

31 BE 1.99 0.04 -0.46 3.67 0.07 -1.72 

32 BF -10.86 -12.62 -6.42 -9.47 -12.55 -7.43 

48 52 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

33 0.214 0.154 0.095 0.213 0.147 0.087 
34 0.400 0.297 0.207 0.414 0.299 0.226 
35 0.399 0.271 0.164 0.427 0.273 0.182 
36 0.697 0.616 0.388 0.690 0.620 0.414 

37 0.251 0.251 0.219 0.234 0.242 0.214 
38 0.755 11.698 11.465 0.737 0.684 0.458 

39 0.528 0.477 0.322 0.52 I 0.477 0.315 
40 0.901 0.823 0.547 0.872 0.820 0.560 

41 0.238 0.248 0.214 0.234 1 0.242 0.213 

42 0.750 0.694 0.463 0.739 0.684 0.458 

43 0.522 0.473 0.319 0.521 0.475 0.313 

44 0.893 0.818 0543 0.8711 0.817 0.557 

45 0.249 0.249 0.214 0.238 0146 0.215 

46 0.759 0.701 0.467 0.743 0.686 0.459 

47 0.525 0.477 0.318 0.522 0.474 0.312 

48 0.895 0.819 0-948 0.869 0.815 0.554 

49 0.232 0.214 11.177 0.241 0.230 0.193 

50 0.503 0.458 0.286 0.499 0.467 0.305 

51 0.500 0.424 0.256 0.499 0.425 0.280 

52 0.735 0.696 0.468 0.728 0.702 0.497 

Load Frames Plastic Collapse Load 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LCI 1.180 1.180 

LC2 1332 1.327 

LC3 1.715 1.670 

Frame Identification : X29 b24 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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4 Storey 4 Bay 
Member Semi -Rigid Rotation (mrad) Member Stability Factors 

Hinge No Shear at Including S hear No Shear at Includ ing Shear 
Reference In ternal Co lumns at Internal C olumns Internal Colurrins at Intern al Columns 

LC II LC2 LC3 LCI I LC2 LC3 LCI LC2 I LC3 LCI I LC2 I LC3 

I AA 4.79 2.18 1.29 4.66 1.77 0.85 33 0.138 0.096 0.069 0.137 0.091 0.064 
2 AB -11.15 -11.31 . 9.95 - 12.36 - 12.93 . 11.50 34 0.292 0.230 0.165 0.291 0.237 0.178 
3 AC 4.92 2.51 1.79 5.38 2.40 1.55 35 0.394 0.290 0.186 0.394 0.293 0.198 
4 AD -11.39 -11.51 -10.01 -12,79 -13.22 . 11.62 36 0.691 0.627 0.417 0.705 0.635 0.437 
5 AE 4.96 2.55 1.81 5.43 2.44 1.57 37 0.169 0.176 0.159 0.168 0.176 0.156 
6 AF -11.32 -11.45 -9.99 -12.71 -13.14 -11.56 38 0.561 0.523 0.353 0.557 1 0.515 0-151 
7 AG 4.80 2.46 1.81 5.05 2.13 1.39 39 0.477 0.431 0.287 0.474 0.428 0.284 
9 AH -11.21 -11.56 -9.87 -11.81 -12.49 -10.77 40 0.798 0.754 0.517 0.802 0.761 0.538 
9 Al 3.29 0.10 -1.67 3.11 -0.36 -2.31 41 0.169 0.177 0.159 0.170 1 0.177 0.156 

10 A] -9.70 -10.15 -6.53 -11.11 -12.18 -8-34 42 0.561 0.523 0.354 0.560 0.516 0.351 
11 AK 3.53 0.83 -1.09 3.74 0.17 -2.15 43 0.474 0.429 0.288 0.473 0.428 0.284 
12 AL -9.96 -10.37 -6.73 -11.58 -12.51 -8.53 44 0.793 0.752 0-518 0.801 0.760 0_1538 

13 AM 3.58 0.87 -1.06 3.78 0.21 -2.13 45 0.172 0.178 0.160 0.173 0.180 0.157 

14 AN -9.87 -10.32 -6.67 -11.48 -12.41 -8.46 46 0.565 0.526 0-356 0.562 0.517 0.352 

15 AO 3.40 0.75 -1.14 3.35 -0.16 -2-37 47 0.475 0.431 0.288 0.473 0.427 0.283 

16 AP -10.27 -11.43 -7.94 -10.94 -12.36 -8.93 48 0.799 0.754 0-521 0.800 0.758 0.536 

17 AQ 2.45 -1.07 -2.49 2.25 -1.48 -3.23 49 0.149 0.139 0.118 0.154 0.146 0.124 

18 AR -9.93 -11.93 -7.14 -11.24 -12.96 -9.21 50 0.341 0-122 0.206 0.351 0.331 0.218 

19 AS 2.60 -0.53 -1.83 2.76 -1.07 -3.04 51 0.453 0.407 0.253 0.465 0.416 0.267 

20 AT . 10.00 -12.21 -7.33 -11.43 -13.14 -9.35 52 0.727 0.715 0.503 0.744 0ý 

21 AU 2.61 -0.53 -1.82 2.77 -1.06 -3.03 
22 AV -9.98 -12.18 -7.34 -11-39 -13.12 . 9-34 

Load Frames Plastic Collapse Load 
23 AW 2 63 -0-57 -1.74 2.60 -1.19 -3.12 . Case No Shear at Including Shear 
24 AX -10.23 -12.35 -8.33 -10.91 -12.99 -9.49 Internal Columns at Inte rnal Columns 
25 AN' 2.17 -1.42 -2.81 2.05 -1.67 -3-38 - 

26 AZ 10.23 -12.73 -7.74 -11.36 -13.40 -9.75 LCI 1.250 1.250 

27 BA 2.54 -0.87 -2.27 2.77 -1.35 -3.45 
28 BB -10.10 . 12.91 -7.92 -11.41 -13.50 -9.86 LC2 1.387 1-377 

29 BC 2.55 -0.87 -2.26 2.77 -1.34 -3.43 
30 BD -10.12 -12.90 -7.94 -11.40 , 13.49 -9.85 LC3 1.565 1.552 

31 BE 2.67 -0.87 -2.11 2.72 -1.38 -3.46 
32 BF -9.77 -12.31 -8.60 - 10.31 -12.67 -9.53 

Frame Identification : Fff 0-b ý]O 

Member Semi -Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LC I LC2 LC3 LCI LC2 LC3 

1 AA 4.79 2.18 1.29 4.66 1.77 0.85 
2 AB -11.15 -11.31 -9.95 -12.36 -12.93 -11.50 
3 AC 4.92 2.51 1.79 5.38 2.40 1.55 
4 AD -11.39 -11.51 -10.01 -12.79 -13.22 -11.62 
5 AE 4.96 2.55 1.81 5.43 2.44 1.57 
6 AF -11.32 -11.45 -9.99 -12.71 -13.14 -11.56 
7 AG 4.80 2.46 1.81 5.05 2.13 1.39 
8 AH -11.21 -11.56 -9.87 -11.81 -12.49 -10.77 
9 Al 3.29 0.10 -1.67 3.11 -0.36 -2.31 

10 Al -9.70 -10.15 -6.53 -11.11 -12.18 -834 
11 AK 3.53 0.83 -1.09 3.74 0.17 -2.15 
12 AL -9.96 -10.37 -6.73 -11.58 -1251 -8.53 
13 AM 3.58 0.87 -1.06 3.78 0.21 -2.13 
14 AN -9.87 -10.32 -6.67 -11.48 -12.41 -8.46 
15 AO 3.40 0.75 -1.14 3.35 -0.16 -2-37 
16 AP -10.27 -11.43 -7.94 -10.94 -12.36 -8.93 
17 AQ 2.45 -1.07 -2.49 2.25 -1.48 -3.23 
18 AR -9.93 -11.93 -7.14 -11.24 -12.96 -9.21 
19 AS 2.60 -0.53 -1.83 2.76 -1.07 -3.04 
20 AT -10.00 -12.21 -7.33 -11.43 -13.14 -935 
21 AU 2.61 -053 -1.82 2.77 -1.06 -3.03 
22 AV -9.98 -12.18 -7.34 -1139 -13.12 -934 
23 AW 2.63 -057 -1.74 2.60 -1.19 -3.12 
24 AX -10.23 -12.35 -8.33 -10.91 -12.99 -9.49 
25 AY 2.17 -1.42 -2.81 2.05 -1.67 -3.38 
26 AZ -10.23 -12.73 -7.74 -11.36 -13.40 -9.75 
27 BA 2.54 -0.87 -2.27 2.77 -1.35 -3.45 
28 BB -10.10 -12.91 -7.92 -11.41 -13.50 -9.86 
29 BC 2.55 -0.87 -2.26 2.77 -1.34 -3.43 
30 BD -10.12 -12.90 -7.94 -11.40 -13.49 -9.85 
31 BE 2.67 -0.87 -2.11 2.72 -1.38 -3.46 
32 BF -9.77 -12.31 -8.60 -10.31 -12.67 -953 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

33 0.138 0.096 0.069 0.137 0.091 0.064 
34 0.292 0.230 0.165 0.291 0.237 0.178 
35 0.394 0.290 0.186 0.394 0.293 0.198 
36 0.691 0.627 0.417 0.705 0.635 0.437 
37 0.169 0.176 0.159 0.168 0.176 0.156 
38 0.561 0.523 0.353 0.557 9.515 0151 
39 0.477 4)431 0.287 0.474 1 0.428 0.284 
40 0.798 0.754 0.517 0.802 0.761 0338 
41 0.169 0.177 0.159 0.170 0.177 0.156 

42 0.561 0.523 0.354 0.560 0.516 0.351 
43 0.474 0.429 0.288 0.473 0.428 0.284 
44 0.793 0.752 0518 0.801 0.760 0-198 

45 0.172 0.178 0.160 0.173 0.180 0.157 
46 0.565 0.526 0-356 0.562 0517 0.352 
47 0.475 11.431 0.288 0.473 0.427 0.283 
48 0.799 0.754 0.521 0.800 0.758 0.536 
49 0.149 0.139 0.118 0.154 0.146 0.124 
50 0.341 0-122 0.206 0.351 0.331 0.218 

51 0.453 0.407 0.253 0.465 0.416 0.267 

52 0.727 0.715 0.503 0.744 0.728 0528 

Load Frames Plastic Collapse Load 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.250 1.250 

LC2 1387 1377 

LC3 1565 1.552 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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Member Semi -Rigid Rotation (mrad) Member Stability Factors 
Hinge No Shear at Incl uding S hear No Shear at Including Shear 

Reference Internal Co lumns at Int ernal Colurnivs Internal Columns at Internal Columns 
LCI LC2 I LO LCI I LC2 LC3 LCI LC2 I LC3 LCI I LC2 I LO 

I AA 4.13 1.71 0.84 4.06 1.27 0.39 33 0.148 0.096 0.066 0.148 0.091 0.061 
2 AB -9.21 -9,62 -8.64 -10.93 -11.97 -10.84 34 0.300 0.226 0.175 0-302 0145 0.194 
3 AC 4.18 2.07 1.38 4.95 2.01 1.15 35 0.407 0.281 0.187 0.408 0.297 0.207 
4 AD -9.34 -9.72 -8.61 -11.32 -12.20 -10.89 36 0.670 0.618 0.423 0.696 0.644 0.452 
5 AE 4.22 2.11 1.39 5. (X) 2.05 1.18 37 0,169 0.189 0.174 0.166 0.188 0.171 
6 AF -9.28 -9.67 -8.61 -11.22 -12.11 -10.83 38 0.556 0.541 0.379 0.552 U36 0-176 

7 AG 4.15 2.09 1.45 4.65 1.74 0.99 39 0.479 0.457 0.312 0.472 0.450 , O-M8 

8 AH -9.31 -10.02 -&72 -9.99 -11.15 -9.78 40 0.784 0.768 0.548 0.791 0.788 0-573 

9 Al 3.25 0.07 -1.73 3.08 -0.58 -2.46 41 0.168 0.189 0.173 0.168 0.189 0.170 

10 AJ -8.34 -9.03 -6.00 -10.14 -11.87 -8.40 42 0.554 0.540 0.380 0.555 0.537 0.376 

11 AK 3.36 0.82 -1.01 3,85 0.00 -2.33 43 0.473 0.454 0.314 0.472 0.449 0-308 

12 AL -8.52 -9.21 -6.17 -10.60 -12.15 -8.55 44 0.775 0.764 0.549 0.789 0.787 Oý572 

13 AM 3.42 0.87 -0.97 3.91 0.03 -2.30 45 0.170 0.189 0.174 0.172 0.192 0.172 

14 AN -8.43 -9.14 -6.10 -10.48 -12.04 -8.47 46 0.559 0.543 0.382 0.557 0.5.38 0,376 

15 AO 331 0.81 -1.01 3.48 -0.34 -2-56 47 0.474 0.454 0.313 0.471 0.447 0.306 

16 AP -8.80 -10.40 -7.61 -9.63 -11.76 -8.83 48 0.786 0.773 0.555 0.789 0.785 0,569 

17 AQ 2.49 -0.96 -2.47 2.27 -1.67 -3.33 49 0.158 0.153 0.131 0.166 0.165 0.142 

18 AR -7.45 -9.06 -6.01 -9.76 -12.21 -8.99 50 0-342 0.336 0.225 0.358 0- : 58 0.244 

19 AS 2.44 -0.15 -1.49 2.86 -1.17 -3.07 51 0.450 0.416 0.269 0.473 . 0 0 0.293 

20 AT -7.35 -9.22 -6.19 -9.89 -12.36 -9.12 52 0.709 0.739 0.540 0.739 0.771 
- 

!. 574 

21 AU 2.44 -0.15 -1.48 2.88 -1.16 -3.07 
22 AV -7.37 -9.28 -6.22 -9.86 -12.33 -9.11 Load Frames Plastic Collapse Load Factor 
23 AW 2.59 0.01 -1.33 2.75 -1.26 -3.14 Case No Shear at Including Shear 
24 AX -8.23 -10.72 -7.82 -9.24 -12.20 -9-31 Internal Columns at Inte rnal Columns 
25 AY 2.17 -1.48 -2.95 2.02 -2.04 -3.65 _ 

26 AZ -7.68 -10.51 -6.77 -9.96 -12.99 -9.85 LCI 1.347 1.332 

27 BA 2.37 -0.67 -2.05 2.82 -1.71 -3,73 
28 BB -7.45 -10.65 -6.98 -9.95 -13,07 , -9.97 LC2 1.395 1.370 

29 BC 2.35 -0.68 -2.03 2.82 -1.70 -3.71 
30 BD -7.51 -10.71 -7.03 -9.95 . 13.07 . 9.97 LC3 1.647 1.662 

31 BE 2.61 -0.49 -1.79 2.81 -1.69 -3.71 
32 BF -7.81 

1 
-11.03 -8.34 -8.73 12.16 -9.61 

Frame Identification : J-36-b4ý4] 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 4.13 1.71 0.84 4.06 1.27 0.39 
2 AB -9.21 -9,62 -8.64 -10.93 -11.97 -10.84 
3 AC 4.18 2.07 1.38 4.95 2.01 1.15 
4 AD -9.34 -9.72 -8.61 -11.32 -12.20 -10.89 
5 AE 4.22 2.11 139 5.00 2.05 1.18 
6 AF -9.28 -9.67 -8.61 -11.22 -12.11 -10.83 
7 AG 4.15 2.09 1.45 4.65 1.74 0.99 

8 AH -9.31 -10.02 -8.72 -9.99 -11.15 -9.78 
9 Al 3.25 0.07 -1.73 3.08 -0.58 -2.46 

10 AJ -8.34 -9.03 -6.00 -10.14 -11.87 -8.40 
11 AK 3.36 0.82 -1.01 3.85 0.00 -2.33 
12 AL -8.52 -9.21 -6.17 -10.60 -12.15 -855 
13 AM 3.42 0.87 -0.97 3.91 0.03 -2.30 
14 AN -8.43 -9.14 -6.10 -10.48 -12.04 -8.47 
15 AO 331 0.81 -1.01 3.48 -0.34 -256 
16 AP -8.80 -10.40 -7.61 -9.63 -11.76 -8.83 
17 AQ 2.49 -0.96 -2.47 2.27 -1.67 -3.33 
18 AR -7.45 -9.06 -6.01 -9.76 -12.21 -8.99 
19 AS 2.44 -0.15 -1.49 2.86 -1.17 -3.07 
20 AT -7.35 -9.22 -6.19 -9.89 -12.36 -9.12 
21 AU 2.44 -0.15 -1.48 2.88 -1.16 -3.07 
22 AV -7.37 -9.28 -6.22 -9.86 -12.33 -9.11 
23 AW 2.59 0.01 -1.33 2.75 -1.26 -3.14 
24 AX -8.23 -10.72 -7.82 -9.24 -12.20 -9.31 
25 AY 2.17 -1.48 -2.95 2.02 -2.04 -3.65 
26 AZ -7.68 -10.51 -6.77 -9.96 -12.99 -9.85 
27 BA 2.37 -0.67 -2.05 2.82 -1.71 -3.73 
28 BB -7.45 -10.65 -6.98 -995 -13.07` -9.97 
29 BC 2.35 -0.68 -2.03 2.82 -1.70 -3.71 
30 BD -7.51 -10.71 -7.03 -9.95 -13.07 -9.97 
31 BE 2.61 -0.49 -1.79 2.81 -1.69 -3.71 
32 BF -7.81 

1 
-11.03 -8.34 -8.73 -12.16 -9.61 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

33 0.148 0.096 0.066 0.148 0.091 0.061 
34 0.300 0.226 0.175 0.302 0.245 0.194 
35 0.407 0.281 0.187 0.408 0.297 0.207 
36 0.670 0.618 0.423 0.696 0.644 0.452 
37 0,169 0.189 0.174 0.166 0.188 0.171 
38 0.556 0.541 0379 0.552 0536 0176 
39 0.479 0.457 0.312 0.472 0.450 0.308 
40 0.784 0.768 0.548 0.791 0.788 0573 
41 0.168 0.189 0.173 0.168 0.189 0.170 
42 0.554 0.540 0.380 0.555 0537 0.376 
43 0.473 0.454 0.314 0.472 0.449 0308 
44 0.775 0.764 0.549 0.789 0.787 0372 

45 0.170 0.189 0.174 0.172 0.192 0.172 
46 0.559 0.543 0.382 0.557 0538 0,376 
47 0.474 0.454 0.313 0.471 0.447 0.306 
48 0.786 0.773 0.555 0.789 0.785 0,569 

49 0.158 0.153 0.131 0.166 0.165 0.142 

50 11142 0.336 0.225 0158 0.358 0.244 

51 0.450 0.416 0.269 0.473 0.440 0.293 

52 0.709 0.739 0.540 0.739 0.771 0,574 

Load Frames Plastic Collapse Load Factor 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1347 1.332 

LC2 1.395 1.370 

LC3 1.647 1.662 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 
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4 Storey 4 Bay 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

AA 2.96 0.84 0.69 3.57 1.02 0.45 

2 AB -19.74 -18.24 -13.76 -17.70 -17.41 -1353 
3 AC 3.51 1.73 1.67 5.46 2.65 2.30 

4 AD -19.28 -17.96 -13.33 -17.50 -17.26 -13.18 
5 AE 3.58 1.74 1.68 5.49 2.66 2.31 

6 AF -19.23 -17.76 -13.29 -17.27 -17.08 -13.18 
7 AG 3.11 1.64 1.73 5.37 2.52 2.32 

8 AH -12.39 -13.29 -9.35 -11.14 -12.78 -9.89 
9 Al 2.37 -1.25 -1.85 3.03 -1.22 -2.21 

10 AJ -15.82 -16.90 -7.18 -13.94 -16.75 -10.71 
11 AK 2.96 0.34 -0.14 5.19 0.55 -1.25 
12 AL -15.21 -16.66 -7.07 -13.79 -16.55 -10.70 
13 AM 2.96 0.34 -0.17 5.16 0.55 -1.25 
14 AN -15.17 -16.51 -7.16 -13.81 -16.43 -10.64 
15 AO 2.93 0.25 -0.04 5.11 0.40 -1.35 
16 AP -12.26 -14.54 -9.86 -11.44 -14.48 -10.75 
17 AQ 2.44 -2.33 -2.69 2.69 -2.59 -3.41 
18 AR -16.01 -22.39 -11.74 -14.85 -23.36 -13.74 
19 AS 2.77 -1.64 -1.90 4.17 -2.58 -3-36 
20 AT -15.77 -22.64 -11.88 -14.91 -23.42 -13.60 
21 AU 2.79 -1.64 -1.89 4.18 -2.58 -336 
22 AV -15.57 -22.55 -11.76 -14.79 -2-1-45 -13.58 
23 AW 2.70 -1.73 -1.94 4.03 -2.72 -3.46 
24 AX -13.15 =-23.45=-= -11.67 -12.70 -24.15 -14.13 
25 AY 2.64 -2.69 -3.49 2.88 -2.96 -4.02 
26 AZ -11.27 -19.01 -10.40 -13.64 -19.87 -14.19 
27 BA 3.45 -1.49 -2.29 4.44 -2.30 -3.94 

28 BB -10.77 -18.83 -10.34 -13.56 -19.50 -14.02 

29 BC 3.42 -1.48 -2.29 4.44 -2.29 -3.94 

30 BD -10.87 -18.78 -10.38 -13.53 -19.45 -13.95 

31 BE 3.65 -154 -2.17 4.31 -2.37 -4.17 

32 BF -10.59 -17.81 -11.71 -11.05 -18.46 -12.78 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 

LC1 LC2 LC3 LCI LC2 LC3 

33 0.333 0.219 0.167 0361 0.230 0.156 
34 0.539 0.517 0.395 0.563 0526 0.423 
35 0.404 0.304 0.222 0.405 0.314 0.243 
36 0.613 0.660 0.496 0.624 0.669 0526 

37 0.331 0.333 0.313 0-132 0338 0307 

38 0.783 0.822 0.641 0.785 0.827 0.633 
39 0.586 0.579 11.433 0.562 0.581) 0.437 

40 0.894 0.961 0.747 0.897 0.971 0.765 
41 0.327 0.3311 0309 0.328 0.336 0.304 

42 0.774 0.816 11.635 0.778 0.823 0.629 

43 0.578 0.576 0.429 0557 0577 0.433 
44 0.884 0.955 0.742 0.892 0.965 0.759 

45 0.327 0.344 0.306 0.327 0.340 0.305 

46 0.779 0.820 0.638 0.782 0.826 0.633 

47 0.573 0.577 0.433 11.559 0.578 0.435 

48 0.888 0.955 0.745 0.893 0.965 0.758 

49 0.459 0.426 0.346 0.447 0.427 0.358 

50 0.711 0.733 0511 0.697 0.739 0540 

51 0.487 0.458 0.336 0.487 0.461 0340 

52 0.642 0.762 0596 0.657 0.769 0.629 

Load Frames Plastic Collapse Load 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.220 1.230 

LC2 1.177 1.160 

LC3 1.247 1.287 

Frame Identification : f3I b20 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 

4'It 15 

m 

AA AC 
3 

XE 
5 

AF AG 
7 

AH 

33 37 41 45 49 

9 10 11 12 13 14 15 16 

34 39 42 46 50 

17 18 
AS 

19 20 
AT F-, -77 21 22 23 24 

35 39 43 47 51 

25 ýL 26 ý 27 28 F--j 29 Y) 31 32 TE- ý BA BB L 

- 

36 

1 

40 

' 

44 

ý 

49 

b 

52 

- 17 7 E D E ] 

4 Storey 4 Bay 

E 17 1 

Member Semi - Rigid Rotation (wad) Member Stability Factors 
Hinge No Shear at Inc luding Shea r No Shear at Including Shear 

Reference In ternal Columns at Internal Colu mns Internal Columns at Internal Columns 
LCI LC2 LC3 LCI I LC2 LO LCI LC2 j LC3 LCI I LC2 LC3 

I AA 2.33 0.71 0.67 3.03 0.93 0.55 33 0.331 0.219 0.170 0.372 0.236 0.165 
2 AB -16.15 -13.99 ý -9Q6 -13.21 -12.60 -10.78 34 0.558 0.481 0.372 0.573 0,489 0.408 1 

3 AC 2.71 1.69 1.68 5.64 3.36 2.64 35 0.424 0.256 0.199 0.429 0.269 0.2-15 
4 AD -15.00 -13.05 -8.29 -12.52 -12.22 -10.43 36 0-599 0.621 0.462 0.621 0.635 0-508 

5 AE 2.73 1.69 1.69 5.63 3.28 2.56 37 0.330 0,355 0.314 0-137 0-366 0317 

6 AF -15.13 -13.26 -8.77 -12.66 -12-13 -10.54 39 1 0.788 ý' '79 9 0.616 0.772 0.797 0.620 

7 AG 2.75 1.76 1.86 5.68 3.42 2.72 39 
ý 

O 56 2 0.563 1 0.444 0.551 , 0.562 0.430 
AH -9.97 -9.50 -7.21 -8.82 -9.25 -7.81 40 0.885 0.926 1 0.729 0.886 1 0.9.18 -7 . 750 , 

9 AI 2.56 -0.59 -1.28 326 -0.53 -1.75 41 o. 324 0.350 0.309 0.332 0.358 0.310 

10 AJ 47A0 -17JZ 1 -7.59 -1ýý 
i 

. 17,50 -9.96 42 0.789 0.782 0.609 0.766 0.781 0.615 

11 AK 2.18 0.31 -0.06 4.87 0.61 -0.85 43 0.552 0.557 0.437 0.545 0.554 OAZ3 

12 AL -17.12 -17.67 -7.51 -14.88 -17.49 -9.94 44 0.872 0.919 0.721 0.881 0.910 0.742 

13 AM 2.18 0.31 -0.06 4.87 0.62 -0.83 45 0.322 0.348 0.300 0-130 0.358 0.309 

14 AN -16.85 -17.48 -7.47 -14.73 -17.35 -9.88 46 0.791 0.790 OA15 0.776 0.790 0.622 

15 AO 2.12 0.26 0.02 4,74 0.53 -0.93 47 0-548 0.560 0.438 0.549 0.558 0.429 

16 AP -12.85 -17.09 -9.03 -11.05 -16.89 -10.11 48 0.880 0.921 0.729 0.880 0.930 0.739 

17 AQ 2.11 -0.97 -1.57 2.33 -1.19 -2.25 49 0.478 0.438 0.343 0.451 0.431 0.363 

18 AR -10.15 -14.17 -6.26 -12.68 -16.01 -11.85 50 0.718 0.701 0.501 0.711 0.697 0-543 

19 AS 2.53 0.00 -0.59 4.48 -0.46 -2.42 51 0.487 0.490 0.336 0.513 0.493 0.386 

20 AT -9.31 -13.80 -6.17 -12.72 -15.82 -11.67 52 0.637 0.737 0.575 
1 

0.659 
1 

0.746 0,626 

21 AU 2.54 0.00 -0.60 4.51 -0.46 -2.43 
22 AV -9.38 -13.69 -6.21 -12.60 -15.72 -11.55 Load Frames Plastic Collapse Load Factor 
23 AW 2.65 -0.06 -0.48 4.19 -0.72 -2.82 Case No Shear at Including Shear 
24 AX -8.22 -11.99 . 7.43 -8.79 -13.31 -9.15 Internal Columns at Internal Columns 
25 AY 2.39 -1.19 -2.14 2.52 -1.45 -2.75 11 
26 AZ -9.79 -15.44 -7.04 -12.55 -16.77 -12.9.5 LCI 1.245 1.235 

27 BA 2.61 -0.33 -1.06 4.56 -0.97 
29 BB -8.90 -15.13 -6.91 -12.56 -16.50 -12.67 LC2 1.260 1.230 

29 BC 2.62 -0-32 -1.06 4.57 -0.98 -3.15 
30 BD -9.02 -15.06 -6.96 . 12.48 -16.46 -12-56 LC3 1.447 1.377 

31 BE 2.79 -0.36 -0.90 4.28 -1.13 -3.59 
32 BF -8.04 -14.09 -8.49 . 8.85 -15.14 -10.15 

Frame Identification: jjý=b24 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 2.33 0.71 0.67 3.03 0.93 0.55 
2 AB -16.15 -13.99 -936 -13.21 -12.60 -10.78 
3 AC 2.71 1.69 1.68 5.64 3.36 2.64 
4 AD -15.00 -13.05 -8.29 -12.52 -12.22 -10.43 
5 AE 2.73 1.69 1.69 5.63 3.28 2.56 

6 AF -15.13 -13.26 -8.77 -12.66 -12-13 -10.54 
7 AG 2.75 1.76 1.86 5.68 3.42 2.72 

8 AH -9.97 -9.50 -7.21 -8.82 -9.25 -7.81 
9 AI 2.56 -059 -1.28 3.26 -0.53 -1.75 
10 AJ 47.60 -17.72 -7.59 -14.97 -17.50 -9.96 
11 AK 2.18 0.31 -0.06 4.87 0.61 -0.85 
12 AL -17.12 -17.67 -7.51 -14.88 -17.49 -9.94 
13 AM 2.18 0.31 -0.06 4.87 0.62 -0.83 
14 AN -16.85 -17.48 -7.47 -14.73 -17.35 -9.88 
15 AO 2.12 0.26 0.02 4.74 0.53 -0.93 
16 AP -12.85 -17.09 -9.03 -11.05 -16.89 -10.11 
17 AQ 2.11 -0.97 -1.57 2.33 -1.19 -2.25 
18 AR -10.15 -14.17 -6.26 -12.68 -16.01 -11.85 
19 AS 2.53 0.00 -0.59 4.48 -0.46 -2.42 
20 AT -9.31 -13.80 -6.17 -12.72 -15.82 -11.67 
21 AU 2.54 0.00 -0.60 4.51 -0.46 -2.43 
22 AV -9.38 -13.69 -6.21 -12.60 -15.72 -11.55 
23 AW 2.65 -0.06 -0.48 4.19 -0.72 -2.82 
24 AX -8.22 -11.99 . 7.43 -8.79 -13.31 -9.15 
25 AY 2.39 -1.19 -2.14 2.52 -1.45 -2.75 
26 AZ -9.79 -15.44 -7.04 -12.55 -16.77 -12.95 
27 BA 2.61 -033 -1.06 4.56 -0.97 -3.15 
28 BB -8.90 -15.13 -6.91 -12.56 -1650 -12.67 
29 BC 2.62 -0.32 -1.06 4.57 -0.98 -3.15 
30 BD -9.02 -15.06 -6.96 -12.48 -16.46 -1256 
31 BE 2.79 -036 -0.90 4.28 -1.13 -359 
32 BF -8.04 -14.09 -8.49 -8.85 -15.14 -10.15 

Member Stability Factors 
No Shear at Including Shear 

Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

33 0.331 0.219 0.170 0.372 0.236 0.165 
34 0.558 0.481 0.372 0573 0.489 0.408 
35 0.424 0.256 0.199 0.429 0.269 0.235 
36 0599 0.621 0.462 0.621 0.635 0508 
37 0.330 0.355 0.314 0-137 0-366 0317 
36 11.799 0.788 0.616 0.772 0.787 0.620 

39 10.562 0.563 0.444 11.551 (1.562 0.430 
40 0.885 0.926 0.729 0.886 11.938 11.750 ; 
41 0.324 11.3511 0.309 0.332 0.358 0.310 

42 0.789 0.782 0.609 0.766 0.781 0.615 

43 0.552 0.557 0.437 0.545 0.554 0.423 
44 0.872 0.919 0.721 0.881 0.930 0.742 

45 0.322 0.348 0.300 0130 0.358 0.309 
46 0.791 0.790 0.615 0.776 0.790 0.622 

47 0ä48 0.560 0.438 0.549 0558 0.429 

48 0.880 0.921 0.729 0.880 0.930 0.739 

49 0.478 0.438 ((. 343 0.451 0.431 0.363 

50 0.718 0.701 0.5111 0.711 0.697 0.543 

51 0.487 0.490 0.336 0.513 0.493 0.386 

52 0.637 0.737 0.575 0.659 0.746 0.626 

Load Frames Plastic Collapse Load Factor 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.245 1.235 

LC2 1.260 1.230 

LC3 1.447 1.377 



C. 2 Connection rotations, column stability factors and plastic collapse load 
factors 

416 

AA AB AC 
3 

AD AE 
5 

, AF 
7 

AH 

33 37 41 45 49 

9 10 11 12 13 14 15 16 

34 38 42 46 50 

17 i92-L 19 ý ý AS 
19 20 

AT 
21 

, 
22 23 24 

35 39 43 47 51 

25 26 27 28 F-- j 29 30 31 32 BA B 1 

36 40 44 48 52 

Cýl 
4 Storey 4 Bay 

lie r-1 

Member Senii - Rigid Rotation (mrad) Member Stability Factor-, 
Hinge No Shear at Inc luding Shea r No Shear at Includi ng Shear 

Reference internal Columns at Internal Colu mns Internal CA)Iumns at Internal Columns 
LCI LC2 I LC3 LCI I LC2 LC3 LCI LC2 I LC3 LCI I LC2 LC3 

I AA 2.46 -0.59 -0.94 2.40 -0.95 -1.61 33 0.253 0.198 0.154 0.257 0.201 0.177 
2 AB -7.26 -8.28 . 7.35 -9.59 -11.72 -10.74 34 0.417 0.443 0.371 0.421 0.460 0.404 
3 AC 3.11 1.06 0.59 4,03 0.61 -0.14 35 0.324 0.217 0.177 0.329 0.236 0.201 
4 AD -7.02 -8.07 -7.18 -9.59 -11.67 -10.23 36 0.474 0-5" 0.440 0.496 0.5" 0.479 

5 AE 3.07 1.01 0.55 4.04 0.61 . 0.16 37 0.317 0.412 0.372 0.312 0.402 03% 

6 AF -7.10 -8.20 -7.29 -9.54 -11.60 -10.62 38 0.726 0.827 0.686 0.717 F 0. &13 0.679 

7 AG 3.22 1.17 0.72 3.97 0.55 -0.21 39 0.375 0.425 0.349 0.369 0.418 0341 

8 AH -6.55 -9.15 . 8.04 -7.30 -10.07 -9.48 40 0.594 0.738 0.614 0.600 0.762 0.696 

9 Al 3.69 -2.96 -4.58 3.59 -3.75 -5.75 41 0.307 0.404 0.366 0-109 0.398 0.367 

10 AJ -9.59 -16.46 -9.72 -12.57 -18.44 -14.83 42 0.713 0.820 0.682 0.714 082 '8 0,673 

II AK 3.79 -1.08 -2.24 4.78 -2.36 -4.87 43 0.366 0.421 0.348 0.366 Oý 41 1 0.317 

12 AL -9.35 -16.56 -9.78 -17-69 -18.40 -14.80 44 0.584 0.734 0.612 0.597 0.756 0,651 

13 AM 3.77 -1.08 -2.22 4.81 -2.36 -4.86 45 0.307 0., 9)3 0.364 0.31 I_ 0.400 0,369 

14 AN -9.40 -16.48 -9.79 -12.62 -18.41 -14.72 46 0.721 o. 828 0.687 0,718 0.831 0,675 

15 AO 3.96 -1.04 -2.09 4.63 -2.38 -5.08 47 0.367 0.422 0.347 0.367 0.416 0-138 

16 AP -10.16 -18.92 13. &1 -11.34 -21.26 -16.37 48 0.596 0.738 0.620 0.598 0.755 0.647 

17 AQ - 2.15; -2.77 -3.85 2.08 -3.26 -4.65 49 0.288 0.334 0.290 0.107 0.363 0.325 

19 AR -6.70 -12.51 -8.48 -9.50 -15.87 -13.49 50 0.491 0.611 0.481 0.517 0.626 0.518 

19 AS 2.26 -1.52 -2.52 3.09 -2.92 -4.76 51 0.357 0.404 0.304 0.379 0.426 0.335 

20 AT -6A3 -12.38 -8.55 -9.43 -15.68 -13.33 52 0,4" 1 
0.700 

1 
0.597 

1 
0.523 0.726 0.647 

21 AU 2.24 -1.52 -2.52 3.10 -2.93 -4.77 
22 AV -6.47 -12.39 -8.75 -9.39 -15.61 -13.28 Load Frames Plastic Collapse Load Factor 
23 AW 2.44 -1.44 -2.34 3.02 -3.13 -4.99 Case No Shear at Including Shear 
24 AX -6.90 -13.05 -10.68 -7.76 -14.09 -12.40 Internal Columns at Internal Columns 
25 AY 2.29 -2.73 4.12 2.30 -3.13 4.70 

26 AZ -6.67 -13.63 . 9.18 -9.30 -16.18 -14.09 LCI 1-327 1.302 

27 BA 2.28 -1.83 . 3.02 3.21 -3.21 -5.24 
29 BB -6.38 . 13.79 ý9.35 -9.22 -16.08 -14.02 LC2 1.295 1.272 

29 BC 2.26 -1.83 -3.00 3.21 -3.20 -5.22 
30 BD -6.42 . 13.78 -9.38 -9.21 -16.04 -13.98 LO 1-130 

1 
1.320 

31 BE 2.50 -1.75 -2.73 3.17 -3-35 -5.38 
32 BF -6.80 -13.30 -11-19 -7.57 -14.14 -12.59 

Frame Identification: [Pý*2: ]4 

Member Semi - Rigid Rotation (mrad) 
Hinge No Shear at Including Shear 

Reference Internal Columns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

I AA 2.46 -059 -0.94 2.40 -0.95 -1.61 
2 AB -7.26 -8.28 -7.35 -9.59 -11.72 -10.74 
3 AC 3.11 1.06 0.59 4.03 0.61 -0.14 
4 AD -7.02 -8.07 -7.18 -9.59 -11.67 -10.23 
5 AE 3.07 1.01 0.55 4.04 0.61 -0.16 
6 AF -7.10 -8.20 -7.29 -954 -11.60 -10.62 
7 AG 3.22 1.17 0.72 3.97 0.55 -0.21 
8 AH -6.55 -9.15 -8.04 -7.30 -10.07 -9.48 
9 Al 3.69 -2.96 -4.58 3.59 -3.75 -5.75 

10 Al -9.59 -16.46 -9.72 -12.57 -18.44 -14.83 
lI AK 3.79 -1.08 -2.24 4.78 -2.36 -4.87 
12 AL -9.35 -16.56 -9.78 -12.69 -18.40 -14.80 
13 AM 3.77 -1.08 -2.22 4.81 -2.36 -4.86 
14 AN -9.40 -16.48 -9.79 -12.62 -18.41 -14.72 
15 AO 3.96 -1.04 -2.09 4.63 -2.38 -5.08 
16 AP -10.16 -18.92 -13.83 -11.34 -21.26 -16.37 
17 AQ 2.15 -2.77 -3.85 2.08 -3.26 -4.65 
18 AR -6.70 -12.51 -8.48 -950 -15.87 -13.49 
19 AS 2.26 -152 -2.52 3.09 -2.92 -4.76 
20 AT -6.43 -12.38 -8.55 -9.43 -15.68 -13.33 
21 AU 2.24 -152 -2.52 3.10 -2.93 -4.77 
22 AV -6.47 -12.39 -8.75 -939 -15.61 -13.28 
23 AW 2.44 -1.44 -2.34 3.02 -3.13 -4.99 
24 AX -6.90 -13.05 -10.68 -7.76 -14.09 -12.40 
25 AY 2.29 -2.73 -4.12 2.30 -3.13 -4.70 
26 AZ -6.67 -13.63 -9.18 -9.30 -16.18 -14.09 
27 BA 2.28 -1.83 -3.02 3.21 -3.21 -5.24 
28 BB -6.38 -13.79 "9.35 -9.22 -16.08 -14.02 
29 BC 2.26 -1.83 -3.00 3.21 -3.20 -5.22 
30 BD -6.42 . 13.78 -9.38 -9.21 -16.04 -13.98 
31 BE 2.50 -1.75 -2.73 3.17 -3-35 -5.38 
32 BF -6.80 -13.30 -11.19 -757 -14.14 -1259 

Member Stability Factors 
No Shear at Including Shear 

Internal C )Iumns at Internal Columns 
LCI LC2 LC3 LCI LC2 LC3 

33 0.253 0.198 0.154 0.257 0.201 0.177 
34 0.417 0.443 0.371 0.421 0.460 0.404 
35 0.324 0.217 0.177 0.329 0.236 0.201 
36 0.474 0544 0.440 0.496 0.566 0.479 
37 0.317 0.412 0.372 0.312 0.402 0.372 
38 0.726 0.827 0.686 0.717 0.833 0.679 
39 0.375 0.425 0.349 0.369 0.418 0.311 
40 0.594 0.738 0.614 0.600 0.762 0.656 
41 0.307 0.404 0.366 0109 0.398 0.367 
42 0.713 0.820 0.682 0.714 0.828 0.673 
43 0.366 0.421 0.348 0.366 0.413 0.337 
44 0.584 0.734 0.612 0.597 0.756 0.651 
45 0.307 0.4113 0.364 0.311 0.400 0,369 

46 0.721 0.828 0.687 0.718 0.831 0,675 

47 0.367 0.422 0.347 0.367 0.416 0-138 

48 0.596 0.738 0.620 0.598 0.755 0.647 

49 0.288 0.334 0.290 0.107 0.363 0.325 

50 0.491 0.611 0.481 0517 0.626 0518 

51 0.357 0.404 0.304 0.379 0.426 0.335 

52 0.497 0.700 0.597 0523 0.726 0.647 

Load Frames Plastic Collapse Load Factor 

Case No Shear at Including Shear 

Internal Columns at Internal Columns 

LC I 1.327 1.302 

LC2 1.295 1.272 

LC3 1-130 1.320 
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C. 3 Graphical representation for the load-deflection 

behaviour 

The following section presents the load-lateral deflection response for a typical 

Wind-Moment frame that was considered during the study. The deflection plot- 

ted is applicable to that at the level of the roof. 
A load factor equal to 1.0 indicates that the frame is able to withstand the 

design load for ultimate limit state. 

The reference for the frame presented is f30b24. 
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. 1.3 

C. 4 Sequence of hinge formation 
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The following tables, C. 1 to C. 5, provide a summary of the plastification obtained 
in each Wind-Moment frame considered. The load factors within the tables 

represent the lowest load level in which a plastic hinge formed in any of the beam 

and column members. To aid clarity, the column end adjacent to the base base. 

has been considered independently from the remaining part of the column. 

The `S-R ' designation represents the frame employing the standard connec- 

tions, whereas the `Rigid ' designation refers to an identical frame with rigid full 

strength connections. 

Beam member Column member Column base 

S-RI Rigid IS-RI Rigid ýS-RI Rigid 

df ct rs L a o oa 

LC I 1.14 1.37 N/A 1.52 N/A N/A 

LC2 1.38 1.27 N/A 1.58 1.40 1.56 

LC3 1.68 1.42 N/A 1.76 1.43 1.68 

Table C. 1: Load factor at member plastification (2 storey 1 bay frame) 

Beam member Column member Column base 

S- R Rigid l S- RI Rigid ` S- RI Rigid 

LC I 1.13 1.65 N/A 1.77 2.00 1.80 

LC2 1.38 1.49 N/A 1.74 1.47 1.77 

LC3 1.64 1.85 N/A 2.13 1.67 2.05 

Table C. 2: Load factor at member plastification (2 storey 4 bay frame) 



C. 4 Sequence of hinge formation 

Beam member Column member Column base 
S-R I Rigid S-R Rigid I S-R ý Rigid 

LC I 1.11 1.57 N/A 1.46 1.24 1.44 

LC2 1.30 1.31 1.49 1.51 1.16 1.45 

LC3 1.87 1.60 1.28 1.70 1.23 1.52 

Table C. 3: Load factor at member plastification (4 storey 2 bay frame) 

Beam member Column member Column base 
S-RI Rigid IS-RI Rigid S-RI Rigid 

L df t oa ac ors 

LC I 1.09 1.62 N/A 1.55 1.28 1.49 

LC 2 1.29 1.21 N/A 1.48 1.13 1.41 

LC3 1.88 1.44 N/A 1.68 1.28 1.57 

Table C. 4: Load factor at member plastification (4 storey 4 bay frame) 

Beam member Column member Column base 

S- RI Rigid I S- RI Rigid S-R Rigid 

Load factors 

LC I 1.06 N/A 1.06 1.14 1.06 1.25 

LC2 N/A N/A 1.23 1.32 1.06 1.35 

LC3 N/A N/A N/A 1.90 N/A 1.83 

425 

Table C. 5: Load factor at member plastification (8 storey 2 bay frame) 
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CA Sequence of hinge formation 
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C. 4 Sequence of hinge formation 
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C. 4 Sequence of hinge formation 
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C. 5 Sway deflections 

The sway deflections presented in this section refer to the horizontal displacemem 

of the top left hand corner of each frame. 



C-5 Sway deflections 

> 
d 

>1 

Frame Fixed Frame Including Shear at External Columns 
Ist 2nd No Shear at Internal Columns 

Order Order Ist 2nd Increase in Frame Drift 
# 

Order Order Ist 2nd 
Order Order 

f10 b24 
14.2* 14.97 
[5631 [534] 

f] 1 b20 
10.61 11.25 
[754] [711] 
15.89 16.85 I'll b24 
[5031 [4751 

f12 b20 
13.81 14.44 
[579] [5541 

f12 b24 
19.51 20.40 
[4101 [3921 

ý 40.78 42.86 
f13 b24 7 [2701 [257] 

37.48 38.58 f14 b24 
[2931 [2851 
57.12 59.07 

f15 b24 
V 

[193] [186] 
6.28 6.77 7.27 7.89 fl6b24 1.16 1.17 [1273] [118IJ [1100J [10131 

15.34 17.22 
f17 b20 1.47 1.50 

10.47 11.46 [5221 [464] 
[7641 [698) 14.22 15.88 

f17 b24 1.36 1.39 
[583] [524] 
17.49 19.23 

f18 b20 1.63 1.67 
10.72 11.51 [4571 [4161 
[744] [6951 15.79 17.23 

f18 b24 1.47 1.50 
[5061 [4641 
22.94 25.39 

f19 b20 1.31 1.33 
17.52 19.06 [4801 [4331 
[628] [577] 21.74 23.97 

f19 b24 1.24 1.26 
[5061 [459] 
37.54 41.98 

f2O b20 1.35 1.37 
27.91 30.57 
[394] [360] 35.90 40.03 

f2O b24 1.29 1.31 
[3061 [2751 
53.32 60.12 

f2l b20 1.48 1.53 
35.95 39.35 (I [2061 [183] 

f2l b24 
[3061 [2801 51.54 58.00 

1.43 1.47 

Including Shear at External Columns 
Including Shea at Internal Columns 

Ist 2nd Increase in Frame Drift 
Order Order Ist 2nd 

Order Order 
19.34 20.50 
[4141 [3901 

1.36 1-37 

18-86 20.55 
[424] (389] 

1.78 1.83 

26.02 28.19 
1.64 1.67 [3071 [284] 1 

27.44 29.57 
1.99 2.05 [292) [271] 

34.71 37.14 
[2301 [2151 

1.79 1.82 

57.41 61.17 
1.41 1.43 [1921 [1801 

52. " 55.11 
1.41 1.43 [2081 [2001 

85.36 89.46 
1.49 1.51 

[129] [1231 
8.12 8.85 

1.29 1.31 
(9851 [9041 

16.96 19.21 
1.62 1.68 

[472] [4161 
15.89 17.89 

1.52 1.56 
[5031 [447] 
19.29 21.38 

1.84) 1.96 
[4151 [3741 
17.67 19.45 

1.65 1.69 
f4531 f4111 
25.39 28.33 

1.45 1.49 
[4331 [3881 
24.53 27.32 

1.44) 1.43 
[4481 [4031 
40.70 46.19 

1.46 1.51 
(2701 [2381 
39.89 44.90 

1.43 1,47 
[2761 [2451 
57.82 65.78 

1.61 1.67 
[1901 (1671 
56.92 0.4.75 

1.58 1.65 
[1931 L_LI701 

NOTES 

- Horizontal drift of the top left hand comer of the frame (mm) 

Sway Index 

#A dimensionless multiplyer to the fixed frame drift, to obtain the corresponding serni-rigid frame drift 

= Critical frames where the drift exceeds the allowable tolerance (height/300) 
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Table C. 6: Serviceability sway drifts -2 storey frames 



C. 5 Sway deflections 

a 

Q) 

0 

L 

Frame Fixed Frame Including Shear at External Columns i Including Shear at External Columns 
I st 2nd No Shear at Internal Columns Including Shear at Intemal Columns 

Order Order I st 2nd Increase in Frame Drift Ist 2nd Increase in Frame Drift 
Order Order I st I Order Order Ist 2nd 

I Order Order Order Order 

f22 b24 
14.99* 15.97 21.04 22.94 23.52 25.77 

[1()Ol] [939] [713] [657] 
1.40 1.43 

[6381 [5821 
1.57 1.61 

f23 b20 
11.58 12 - 55 21.52 24.70 

1.86 1.97 
23.61 27.48 

2.04 2.19 [12951 [1195] [697] (607] [635] [546] 

1723 b24 
22.76 24.70 35.94 40.39 

1.58 1.64 
40.75 46.55 

1.79 1.88 [6591 [6071 [4171 [371] [3681 [3221 
18.12 19.65 37.24 43.31 40.00 46.98 f24 b2O 2.06 2.20 2.21 2.39 
[8281 [7631 [403] [346] [3751 [3191 
26.62 28.90 46.85 53.37 52.36 60.56 f24 b24 1.76 1.85 1.97 2.10 
[563] [519] 1 [320] [281] [286] [2481 
71.21 76.34 99.96 109.96 108.69 120.71 

f25 b24 1.40 L" 1.53 1.58 
[2951 [2751 [2101 [1911 (193] [1741 
11.60 12.38 15.15 16.44 17.93 19.72 

1728 b24 1.31 1.33 1.55 1.59 
[12931 [12111 19901 [912] [837] [7611 
12.25 13.31 21.37 24.50 24.61 28.81 

1`29 b20 1.74 1.84 2.01 2.16 
[12241 [11271 [7021 [612] [6101 [5211 
20.53 22.31 30.88 34.72 36.56 41.96 

f29 b24 1.50 1.56 1.78 1.88 
[7311 [672] [4861 [4321 [4101 [3571 

18 41 19.95 35.64 41.18 40.90 48.27 
1`30 b20 . 1.94 2.06 2.22 2.42 

[8151 [752] [4211 [3641 [3671 [3111 

00 b24 
24.51 26.56 40.48 45.75 

1.65 1.72 
47.87 55.34 

1.95 2.08 
[6121 (5651 [3711 [3281 [3131 (2711 

1731 b20 
_ 79.81 92.95 

1.46 1.52 
go. " 107.47 

1.65 1.76 
54.80 61.01 [263] [226] [1321 (1951 

[3831 [3441 71.83 82.33 
1 31 1 35 

85.79 100.97 
1.57 1.65 f3l b24 [292] . . [2451 [2081 

- 
78.00 86.07 110-60 126.81 

1 42 1 47 
126.22 147.48 

1 1732 b24 
[2691 (2441 [19()] [1661 . 

- 
. [1661 [1421 

OTES 
Horizontal drift of the top left hand corner of the frame (mm) 

Sway Index 

#A dimensionless multiplyer to the fixed frame drift, to obtain the corressponding semi-ngid frame drift 

Critical frames where the drift exceeds the allowable tolerance (height/300) 
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Table C. 7: Serviceability sway drifts -4 storey frames 



C-5 Sway deflections 

Frame Fixed Frame Including Shear at External Columns Including Shear at External Columns 
I St 2nd No Shear at Internal Columns Including Shear at Internal Columns 

Order Order # 
Ist 2nd Increase in Frame Drift Ist 2nd Increase in Frame Dnft 

Order Order Is( 2nd Order Order I st 2nd 
Order Order Order Order 

20.98* 22.50 33.45 37.46 38.71 44.20 f34 b24 1.59 1.66 1.85 1.96 
[1382] [12991 [8671 [7741 [7491 [6561 
38.05 42.26 75.39 93.53 83.98 107.20 

f35 b20 1.98 2.21 2.21 2.54 
[7621 [6861 [3851 [3101 [3451 [2711 
36.18 40.18 66.55 81.33 75.58 95.34 

f35 b24 1.84 2.02 2.09 2.37 
[802] 

, 
[7221 

, 
[4361 [3571 [3841 (3041 

NOTES 
Horizontal drift of the top left hand comcr of the frame (rrun) 

Sway Index 

# A dimensionless multiplyer to t he fixed frame drift, to obtain the corressponding semi-rigid frame drift 

Critical frames where the drift exceeds the allowable tolerance (height/300) 

Table C. 8: Serviceability sway drifts -8 storey frames 



Appendix D 

Material properties and 
0 

geometrical imperfections 

D. 1 Scope 

The following appendix describes the material properties applicable to the harcl- 

ened concrete, reinforcement and steel plate samples. In addition, the geomel rical 

imperfections applicable to the structural members are reported. 

538 



D. 2 Material properties 

D-2 Material properties 

Compressive strength N/MM2 Test date 
Test Compressive Tensile 

7 days 28 days strength strength 
EW 

I I Steel only i 

2 36.35 42.00 
49 days 

45.05 1 3.85 

3 26.90 40.85 88 d ays 
45.75 i 3.40 

4 24.35 41.20 31 days 
38.90 3.60 

5 33 05 49.30 41 days 
. 47.95 1 3.50 

Figure D. I: Concrete strengths 

Bar Youngs Yield Ultimate Bar ductility 
diameter Modulas stress stress based on 

(mm) 
kN/mm 2 % elongation at fracture 

Average Test Average 

3 26 
16 200 504 611 4 27 26 

(longitudinal) 5 27 

6 
(A 142 mesh) 197 602 633 

x 

12 

Note : 
The yield stress was assumed to be the value of the 

stress when a level of strain equal to 0.2% 

had been obtained 

539 

Figure D. 2: Material properties applicable to the reinforcement 



D-2 Material properties 
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Figure D-3: Material properties 'Pplicable to the I)Iate steel samples 



D. 3 Geometrical imperfections - structural members 

D. 3 Geometrical imperfections 

1511 

structural mem- 

bers 



D. 3 Geometrical imperfections - structrual members .5 42 
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Figure DA: General arrangement drawing of the imperfections considered 



D. 3 Geometrical imperfections - structrual members 

Locations of cross sections 

, U'l 10mm below the top of the column section 
n2 Centre line of the tension bolt row 

10mm above the base of the column section 

30mm from face of the column flange applicable to connection B 

Mid depth between the column flanges 

30mm from face of the column flange applicable to connection A 

30mm from face of stiffner towards the end plate 

Vertical centre line of the beam 

30mm from the face of the end plate 

40mm below the tension flange of the beam 

in, Mid depth between the beam flanges 

g 40mm above the compression flange of the beam 

Figure D. 5: Location of cross-sections where the imperfections were ineisw-ed 

Average dimensions (mm) 

Depth of Width of Thickness 
section section flange web 

Universal beams 

457xI52x52 447.3 154.7 10.5 8.0 

533x2lOx82 527.7 210.1 13.0 9.7 

Universal columns 

203x2O3x52 207.3 204.3 12.4 8.1 

254x254x73 256.7 252.7 13.4 8.4 

End plate thickness (mm) 

norninaly actual 
I Omm -7 10.05 

15mm 15.10 

Figure D. 6: Average dimensions for the structural members and end plates 



D. 3 Geometrical imperfections - structrual members 

Test I 

Universal beam 457x I 52x52 

Connection B Connection A 
Reference Front Back Reference 

Front Back 

W(B) 446.0 449.0 Db7(A) 444.0 450.0 

0 Ez Db8(B) 445.0 450.0 Db8(A) 445.0 450.0 

Db9(B) 446.0 450.0 Db9(A) 445.0 450.0 

Wfb7t(B) 154.5 Wfb7t(A) 154.5 

E C. - Wfb8t(B) 153.9 Wfb8t(A) 154.0 

Wfb9t(B) 154.0 Wfb9t(A) 154.5 
U 

14- 

E- 
0 Wfb7c(B) 158.9 Wfb7c(A) 154.5 

W fb8c(B) 154.0 Wfb8c(A) 154.0 

" ýýt r= 0 Wfb9c(B) 154.0 Wfb9c(A) 154.5 

b-0 
r Tfb7t(B) 10.74 10.19 Tib7t(A) 10.61 11.05 
- M qZ Tfbgt(B 10.65 10.24 Tfb8t(A) 10.70 10.84 

Tfb9t(B) 10.90 10.20 Tfbgt(A) 10.65 10.95 

0 Tfb7c(B) 10.25 10.80 Tfb7c(A) 10.55 9.86 

a Tfb8c(B) 10.20 10.56 Tfb8c(A) 10.65 9.85 

Tfb9c(B) 10.30 10.64 Tfbgc(A) 10.70 9.88 

TwbIO(B) 7.96 TwbIO(A) 8.15 

0 Twb II (B) 7.94 Twb II (A) 7.91 

Twbl2(B) 8.00 Twbl2(A) 7.1 90 

. 5-14 

Figure D. 7: Imperfections within the beam section - Test I 



D. 3 Geometrical imperfections - structrual members 

Figure D-8: Imperfections within the beam web profile - Test I 



D-3 Geometrical imperfections 
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c0 

Deb 
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207.0 
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207.0 

Back 
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205.5 

205.5 

Tfc I (B) 12.95 11.84 

Tfc2(B) 13.00 11.86 

Tfc3(B) 12.86 11.90 

Tfc I (A) 12.80 12-35 

Tfc2(A) 12.85 12.35 

Tfc 3 (A) 12.75 12-35 
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Twcm 
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7.74 

8.02 

839 

834 
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Figure D. 9: Imperfections within the column sect ioi) - Test 



D-3 Geometrical imperfections - structrual members 

Test 2 

Universal beam 457x I 52x52 

Connection B Connection A 
Reference Front Back Reference 

Front Back 

W(B) 445.0 449.0 Db7(A) 445.0 447.5 

Db8(B) 444.0 450.0 Db8(A) 444.0 451.0 

Db9(B) 445.5 450.5 Db9(A) 445.0 449.0 

w fb7t(B) 155.0 w fb7t(A) 154.0 

Wfb8t(B) 155.5 Wfb8t(A) 154.5 

.0 
Wfb9t(B) 155.0 Wfb9t(A) 155.0 

0 Wfb7c(B) 154.5 Wfb7c(A) 155.5 

Wfb8c(B) 155.0 Wfb8c(A) 154.0 

0 Wfb9c(B) 155.5 Wfb9c(A) 156.0 
I I 

Tfb7t(B) 10.62 10.60 Tfb7t(A) 10.91 10.70 
c1d 7+11 Tfb8t(B) 10.65 10.67 Tfb8t(A) 10.84 10.60 

Tfb9t(B) 10.64 10.59 Tfbgt(A) 10.96 10.62 

0 Tfb7c(B) 10.74 10.81 Tfb7c(A) 9.90 10.60 

Ln A 
Vj 

=ý Tfb8c(B) 10.30 10.80 Tfb8c(A) 9.81 10.51 
L 0-) 
-Q 

CDW m EE- 
0 Tfb9c(B) 10.36 10.81 Tfb9c(A) 10.07 10.55 

u 

- 
Twb I O(B) . 80 8-8 8 0 8 

7 
TwbIO(A) 8.40 

-C Twb II (B) 7 .9 9 6 . 
Twb II (A) 8.00 

Twbl2(B) 7.77 Twb I 2(A) 8.21 

. 547 

Figure D. 10: Imperfections within the beam section - Test, 9 



D. 3 Geometric-a] imperfections - structrual members 

Figure D. 11: Imperfections within the bearn web profile - Test 2 



D. 3 Geometrical imperfections - structrual members 54.1ý 

Universal column 203x2O3x52 

Reference Front Middle Back 
CO U 0 

(D 206.0 

Dcb Q) 

>< 1 

206.0 

(1) 207.0 

T 206.5 
0 
0 D cm (g) 

x 

N/A 

< 

0 206.0 

205.5 

Dcf 207.0 

206.0 

Connection B Connection A 
T 203.0 

0 Wc(B) (7) 203.0 

x 

203.0 
0 

T 204.0 

Wc(A) 203.0 

a 203.5 

Tfc I (B) 11.88 12.91 

Tfc2(B) 11.90 

x 

13.00 

bz Tfc 3 (B) 11.95 13.14 

Tfc I (A) 12.16 12.56 

Tfc2(A) 12.30 12.60 

Tfc3(A) 12.10 12.78 

8-30 
T wc(B) 

7.75 

(D 8.40 
TWCM 

8.50 

T 7.70 
Twc(A) 

7.81 

e fections within the column section - Tesi 
Figure D-12: ImP rI 



D-3 Geometrical imperfections - structrual mernbers 

Test 3 

Universal beam 457xl52x52 

Connection B Connection A Reference Front Back Reference 
Front Back 

W(B) 445.0 449.0 Db7(A) 445.0 448.5 

Db8(B) 445.0 449.0 Db8(A) 445.0 450.0 

Db9(B) 445.0 
1 

448.0 
1 

Db9(A) 445.0 449.0 

w fb7t(B) 155.0 Wfb7t(A) 154.0 

E Wfb8t(B) 154.5 Wfb8t(A) 154.5 

0 Wfb9t(B) 154.5 Wfb9t(A) 155.0 

(B) Wfb7 155.5 Wfb7c(A) 155.0 
c 

Wfb8 B) 
155.0 Wfb8c(A) 155.0 

CLý m E E;: ý 
0 

c( 
Wfb9c(B) 1 6.0 1 Wfb9c(A) 155.0 
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Figure D-13: Imperfections within the beam section - Test :3 



D-3 Geometrical imperfections - structrual members 

Reference 

Beam web profile (457x I 52x52UB) 
Connection B Connection A 

81(B) 4.0 2.0 0.0 

82(B) 72.0 72.0 72.0 

53(B) 71.0 71.0 71.0 

X X X 

84(B) 76.0 74.0 72.0 

85(B) 4.0 4.0 3.0 
0 
(A 81(A) 10.0 10.0 13.0 

aý 82(A) 74.0 74.0 74.0 

83(A) 74.0 76.0 78.0 

84(A) 84.0 84.0 87.0 

85(A) 3.5 5.0 4.0 

1 

Figure D. 14: Imperfections within the beam Nveb profile - "h-, i 3 
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Universal column 203x2O3x52 

Reference .0 Front Middle Back 
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x x 
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(D 207.0 
0 . .n U 0 D CM (9) 
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207.0 

Connection B Connection A 
204.0 

.0 
Wc(B) (ý) 204.0 

x 

204.0 

(D 204.0 
"0 

Wc(A) 

x 

205.0 

I 204.0 

Tfc I (B) 12.97 12.03 

Tfc2(B) 12.90 11.87 

0 Tfc 3 (B) 13.00 12.10 

Tfc I (A) 12.56 12.24 

Tfc2(A) 12.85 
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12.08 

Tfc3 12.70 12.24 
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Figure D-15: imperfections within the column section - Tesi 3 



D-3 Geometrical imperfections - structrual members 

Test 4 

I Universal beam 457x I 52x52 I 

Connection BII 

Frnn-t 
Reference Reference 

Connection A 
I 

Front Back 
I AqrL- 

Db7(B) 445.0 450.0 450.0 Db7(A) Db7(A) Dt 444.0 444.0 450,0 450.0 

Db8(B) 445.0 1.0 451.0 451.0 Dt Db8(A) 445.0 5 452.0 

Db9(B) 445.0 A 450.1 Db9(A) 445.0 
A 451.0 

Wfb7t(B) 155.0 Wfb7t(A) 155.0 

CD 
w fb8t(B) 155.0 Wfb8t(A) 0 155.0 

-CD Q) Wfb9t(B) 155.0 Wfb9t(A) 155.0 

C 
CD 

. - 
Wfb7c(B) 155.0 Wfb7c(A) 155.0 

LA 

55 
Wfb8c(B) 155.0 Wfb8c(A) 155.0 

. cz 
u 

Wfb9c(B) 155.0 Wfb9c(A) 155.0 

r" Tfb7t(B) 10.58 10.40 Tfb7t(A) 10.39 10.60 
m ýZ, 
9.1 Tfb8t(B) 10.40 10.58 Tfb8t(A) 10.36 10.54 
CD 

(D Tfb9t(B) 10.52 10.40 Tfb9t(A) 10.45 10.60 

Z Tfb7c(B) 10.89 10.70 Tfb7c(A) 10.65 11.00 

c) t, £ 
Z. '. Tfb8c(B) 10.85 10.66 Tfb8c(A) 10.56 10.90 

Z,. rz 
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Figure D. 16: Imperfections within the beam scction - Test I 



D. 3 Geometrical imperfections - structrual members . 5154 

Reference 

Beam web profile (457x I 52x52UB) 
Connection B Connection A 

(2) (1) 1 (3ý (2) o) 

81(B) 5.0 4.0 11.0 

82(B) 72.0 72.0 74.0 

83(B) 72.0 73.0 75.0 

84(B) 77.0 76.0 85.0 

85(B) 5.0 6.0 5.0 

81 (A) 6.0 10.0 12.0 

82(A) 72.0 73.0 74.0 

83(A) 72.0 73.0 75.0 

84(A) 78.0 83.0 86.0 

55(A) 6.0 7.0 6.0 

Figure D. 17: Imperfections within the beam web profile - Test I 
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Figure D-18: imperfections within the column section - Test 4 
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Test 5 

I Universal beam 533x2 I Ox82 

Connection B Connection A Reference Front Back Reference 
Front Back 

4. Db7(B) 526.5 528.5 Db7(A) 526.5 529.0 
0 r- , E Db8(B) 526.5 529.0 Db8(A) 527.0 529.0 

Db9(B) 526.5 529.0 Db9(A) 527.0 529.0 
W fb7t(B) 209.0 Wfb7t(A) 212.0 
Wfb8t(B) 210.0 Wfb8t(A) 210.0 

0 Wfb9t(B) 211.0 w fb9t(A) 1 210.0 

4. 0 Wfb7c(B) 210.0 Wfb7c(A) 209 0 
Wfb8c(B) 210.0 Wfb8c(A) 

. 
211.0 

d Wfb9c(B) 
1 

209.0 Wfb9c(A) 210.0 

Tfb7t(B) 12.65 13.15 Tfb7t(A) 13.00 12.54 

Tfb8t(B) 12.80 12.90 Tfb8t(A) 13.16 12.64 

Tfb9t(B) 12.65 13.04 Tfb9t(A) 13.16 12.70 

0 Tfb7c(B) 13.15 13.30 Tfb7c(A) 13.20 13.05 

91 
Tfb8c(B) 13.10 13.25 Tfb&(A) 13.39 13.11 
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Figure D. 19: Imperfections within the beam section - Test 5 
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Reference 

Beam web profile (533x2lOx82UB) 
Connection B Connection A 

(D (1) 1 o) (2) (1) G 

81(B) 2.00 2.0 2.0 

52(B) 100.5 100.5 100.5 

83(B) 101.0 101.5 101.5 

X 

84(B) 102.5 103.0 103.0 

85(B) 2.0 2.5 2.5 

81(A) 1.5 1.5 1.5 

82(A) 100.0 100.0 100.0 

83(A) 

N 

100.5 100.5 100.5 

84(A) 101.5 101.5 101.5 

85(A) 2.5 2.0 2.0 

. 5.5 

Figure D. 20: Imperfections within the beam web profile - Test 5 
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Universal column 254x254x73 
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Figure D. 21: Imperfections within the column section - Test 5 


