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Abstract

Large modern buildings frequently are enclosed by lightweight, panelised,

aluminium-framed facades, known as unitised curtain walls. This study shows

that, in such wall systems, the established procedures for analysing the stability

of structural extrusions ignore two of the three greatest causes of lateral move-

ment in the main member, or mullion. One of these overlooked influences is the

force caused by the pressurisation of the mullion’s interior cavity, and the other

is the moment transferred to the mullion, through structural adhesive, from the

wall’s face material, which is usually glass.

A new, closed-form, algebraic expression is proposed to describe the lateral

movement of a unitised mullion’s interior flanges, and predictions obtained in

this way are compared with results from a finite element model. It is sug-

gested that the novel analytical approach might obviate the need for conven-

tional lateral torsional buckling calculations, which are not only time-consuming

to produce, but which are also of questionable accuracy. This simplification of

the structural design process will make it easier for facade engineers to design

extrusions in which metal is used efficiently, and because the production of alu-

minium is energy-intensive, material savings achieved in this way will bring both
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commercial and environmental benefits.

Keywords: curtain wall, mullion, facade design, aluminium extrusions,

structural stability, lateral torsional buckling

Notation

a Length of longer side of structural plate or glass pane. [Length]

β
√

Jzz:mGa

CwEa
. [Length−1]

b Length of shorter side of structural plate or glass pane, or horizontal

distance between adjacent mullions. [Length]

bm Combined width, or breadth, of the profiles in a split mullion. [Length]

B Width of contact surface, or bite, between structural silicone sealant and

substrate. [Length]

Cb Equivalent uniform moment factor for a flexural member [1, Fig. 5.8].

[Dimensionless]

Cbb Moment modification factor for full bracing condition, which is the value

of Cb achieved when bracing is fully effective 2. [Dimensionless]

Cw A mullion profile’s warping constant. [Length6]

δx A mullion’s deflection in the direction perpendicular to the plane of the

wall, measured with respect to the transoms at the ends of the unbraced

span. [Length]

δ′x, δ
′
y A mullion’s horizontal deflections in the directions parallel to its strong

and weak principal axes respectively. [Length]

δx:a Horizontal deflection of a mullion profile’s interior flange in the direction

parallel to the plane of the wall, caused by asymmetric bending. [Length]

δx:b The horizontal deflection, in the plane of the wall, of a mullion profile

bending about its y−axis because of loads caused by pressure equalisa-

tion. [Length]

δx:r The horizontal deflection, in the plane of the wall, of a mullion’s interior

flange, due to rotation about the longitudinal- or z-axis caused by wind

loads upon the webs and flanges. [Length]
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δx:s The horizontal deflection of a mullion’s interior flange, resulting from the

combined bending and rotation caused by wind load upon the webs and

flanges. [Length]

dm A mullion’s depth or distance between the extreme fibers of the interior

and exterior flanges (approximately equal to the distance from face of

exterior flange to the air seal, and approximately equal to the distance

between the centroids of the two inner and outer flanges.) [Length]

ds The horizontal distance, in the direction perpendicular to the wall, from

a mullion extrusion’s shear centre to the extreme fiber on the interior

side.

D Flexural rigidity of a plate or glass pane. [Force×Length]

esx The horizontal distance, in the direction parallel to the wall, form a

mullion extrusion’s shear centre to the point at which load is applied to

its exterior flange.

esy The horizontal distance, in the direction perpendicular to the wall, from

a mullion extrusion’s shear centre to the midpoint between its exterior

extreme fiber and interior air seal.

E Young’s modulus. [Force/Length2]

Ea Young’s modulus of aluminium. [Force/Length2]

Es Young’s modulus of structural silicone sealant. [Force/Length2]

g Thickness, or “glueline”, in the direction normal to the contact surface,

in a structural silicone sealant joint. [Length]

Ga Shear modulus of aluminium. [Force/Length2]

Ixx, Iyy A flexural member’s second moment of area in bending about the cen-

troidal axes that are parallel and perpendicular to the wall, respectively.

[Length4]

Ixy A flexural member’s product moment of area with respect to the cen-

troidal axes that are parallel and perpendicular to the wall. [Length4]

Ixx:m, Iyy:m A mullion profile’s second moment of area about the centroidal axes

that are parallel and perpendicular to the wall, respectively. [Length4]

I ′xx:m, I
′
yy:m A mullion profile’s second moment of area about its strong and
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weak centroidal principal axes, respectively. [Length4]

Ixx:t A transom profile’s second moment of area about the centroidal axis that

is parallel to the wall. [Length4]

Iyy:e A mullion profile’s effective second moment of area about the centroidal

axis that is perpendicular to the wall. [1, p. 551-552]. [Length4]

Jzz:m Torsion constant of a mullion profile’s cross-sectional shape [e.g. 3, Part

II, Chapter B.1]. [Length4]

k Temporary constant used during asymmetric bending calculation. [Force/Length2]

kmf Multiplicative factor used to set the polarity of deflection with respect to

mullion centreline. Viewed from exterior of building, kmf = 1 and kmf =

−1 for the right and left hand profiles respectively. [Dimensionless]

lb A mullion’s unbraced span, meaning the clear distance between transom

members. [Length]

Mx:m Maximum permissible moment in a mullion, acting about the centroidal

axis that is parallel to the wall, when the member is braced to prevent

lateral torsional buckling. [Force×Length]

Mz:b The moment, acting about a mullion’s longitudinal- or z−axis, carried by

a torsional brace that is capable of preventing lateral torsional buckling.

[Force×Length].

Mz:p The moment, acting about a mullion’s longitudinal- or z−axis, caused

by pressure equalisation. [Force×Length].

Mz:s Moment transferred to a mullion profile through structural silicone sealant,

and acting about the member’s longitudinal- or z−axis. [Force×Length]

ν Poisson’s ratio. [Dimensionless]

P Pressure. [Force/Length2]

q Load, per unit length of member, acting in the direction perpendicular

to the wall. [Force/Length]

θz:b Maximum angular deflection of a mullion profile about a longitudinal- or

z-axis, due to lateral torsional buckling effects. [Radians]

θz:g Maximum angular deflection of mullion, due to in-plane movement of

glass edge. [Radians]
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θz:p Maximum angular deflection of a mullion profile about a longitudinal- or

z-axis, due to moment about that axis caused by wind load upon webs

and flanges. [Radians]

θz:t Maximum angular deflection of a mullion profile about a longitudinal- or

z-axis, due to rotation of an attached transom. [Radians]

t Thickness of plate or glass pane. [Length]

u In-plane displacement of edge of plate or glass pane. [Length]

w Out-of-plane deflection of plate or glass pane. [Length]

wmax Maximum out-of-plane deflection of plate or glass pane. [Length]

1. Introduction

In 1996, a typical fabricator of architectural glass could supply heat treated

panes with a long dimension of 4 m, and the largest size available in the industry

was 5 m [4, p. 275]. By 2007 the maximum had risen to somewhere in excess of

6 m [5, p. 55], and today it is not uncommon to find panes exceeding 10 m. At

least two firms now are capable of heat treating pieces of glass up to 16 m in

length [6, 7].

These advances within the glass processing industry have occurred in re-

sponse to architectural demand. Larger panes are desirable because, with fewer

glass joints in a facade, a building’s occupants can enjoy a greater unobstructed

view of their exterior surroundings. So, in curtain walls – the sort of lightweight,

metal-framed exterior enclosures that are, today, routinely used to sheath high-

rise commercial towers – the result is an increase in the unsupported distances

spanned by the metal framing members that surround the glass panes. Struc-

turally, these members, which are almost invariably aluminium extrusions, have

become more slender.

A second trend, a change in the way that curtain wall systems are manu-

factured and installed, has further increased the slenderness of the structural

profiles. Since their introduction in the 1960s [8], growth in the use of ‘unitised’

curtain walls, made up of discrete, prefabricated panels, has been much more
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rapid than growth in the use of the previously dominant ‘stick’ curtain walls,

which are assembled at the construction site from box-like extrusions. Examples

of stick and unitised wall systems are shown in Figure 1. By 2012, in the world-

wide market, the area of facade constructed from unitised systems was twice

that constructed from stick systems [9, p. 82]. Because the vertical members in

the unitised wall are in two interconnecting parts, each individual extrusion is

less wide than the mullion in the stick curtain wall.

Figure 1: The box mullion and box transom in stick curtain wall (left) and the split mullion
and stack joint of a unitised curtain wall (right).

Of the different stresses induced in a mullion, by far the most significant

are those caused by the action of wind upon the exterior surface of the wall.

The mullion is placed in flexure, and so, even though its extrusion axis is ver-

tical, in structural terminology, it is a beam. At points of connection with the

curtain wall’s horizontal members, the ‘transoms’, the mullion can move in the

direction perpendicular to the wall, but rotation about its longitudinal axis is

restrained by the transom, as described in Section2.7. Away from the transoms,

however, internal or applied forces can cause rotation. Each of these conditions

is illustrated in Figure 2.

In the structural analysis of a curtain wall mullion, it is the convention to
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Figure 2: Plan view of unitised curtain wall mullion at connection with mullion (left) and
at mid span (right), without load (dashed line) and with rotation in response to applied wind
load (solid line).
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assume that load is applied only in a plane parallel to the member’s web, and

that the ‘infill’ material – the glass or metal sheet that forms the exterior surface

of the wall – does not provide bracing [e.g. 10]. A facade designer must check,

by calculation, that neither the flanges nor the webs of proposed mullion cross

sections are too thin to resist local buckling, a mode of failure in which one or

more elements of the extrusion take on an undulating shape, these undulations

having a wavelength much smaller than the member’s span. The structural

design codes [e.g. 11, Section B.5.4] provide simple calculation methods with

which to assess a profile’s resistance to local buckling. However, if the member

is slender then further checks must be made to ensure that, when the design

moment is applied, rotation of the cross section in the central part of the span

will not cause instability. This second mode of failure, lateral torsional buckling

(LTB), is described diagrammatically in Figure 2. Because the mullions of

modern unitised curtain wall systems are becoming more slender, LTB is often

the governing consideration in their structural design.

The analysis of a proposed mullion’s resistance to LTB is complex and can

be time consuming. If the rules of a popular design code, the Aluminium Design

Manual (ADM) [11], are observed, then aside from the various properties of the

cross section that must be found, a moment distribution coefficient must be

determined for each unsupported span. A single curtain wall panel may have

multiple inter-transom spans and, for each span, the LTB resistance of the male

and the female profile have to be assessed independently. Further, because the

direction of load affects a member’s buckling strength, it is necessary to consider

separately the cases in which wind pressure is positive, acting toward the wall,

and also negative, acting away from the wall. Even if some or all of the analysis

can be automated using software, the computations must still be presented in a

human-readable format so that they can be checked by peers, and so extensive

calculation reports may be needed to demonstrate that all of the mullions in a

building’s facade are adequately stable. For example, during a recent curtain

wall design project in which the lead author was involved, the stability analysis

of mullion extrusions in a laboratory test specimen, which contained only 16
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panels, ran to more than 400 pages of typeset algebra and tables. That partic-

ular set of computations followed the procedures set out in the ADM, but the

LTB analysis methods provided in other structural design codes are similarly

cumbersome. Skejić et al. remarked that the method defined in the European

design standard, EN 1999-1-1, for the analysis of LTB in unitised curtain wall

mullions, is “a long and complicated procedure for non-symmetrical sections

which makes it pretty impractical” [12].

An alternative means of investigating the stability limits of a given set of cur-

tain wall extrusions is to create a finite element model of the structural system.

A numerical study of this sort is described in Section 4. For research pur-

poses, or to investigate the behaviour of a few special conditions in a building

facade, finite element modelling is a powerful tool. However, to create suffi-

ciently detailed models, and to process those models using iterative, non-linear

algorithms, can be a lengthy and computationally demanding process. This,

therefore, is not a practical means of assessing the large numbers of different

mullion configurations that may be present in a real facade. Whether LTB is

modelled numerically or analytically, it is a costly part of the curtain wall design

process.

Despite all of the effort that is expended to check that the stresses in framing

members will not go beyond the codified LTB limits, it is not clear that the

mullion in a real curtain wall would necessarily become unstable if those limits

were exceeded. CWCT, a facade industry standards body, while acknowledging

that mullions are becoming more slender, and while officially recommending that

all mullions should comply with the analytical rules for LTB, notes that “lateral

torsional buckling is not known to have caused failure of curtain walling either in

service or under test conditions” [10]. Clift [13] and Goco [14] have shown that, if

the support given to the mullion by the glass or infill material were acknowledged

in the LTB analysis, then a slender mullion’s theoretical moment capacity would

increase significantly. Skejić and coauthors [12] used the finite element method

to model buckling in a particular unitised mullion, and concluded that the

member’s actual moment capacity was several times greater, and possibly as
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much as an order of magnitude greater, than the moment capacity predicted by

code. These observations suggest that the current methods of determining LTB

resistance are, at least in some cases, unduly conservative.

A slender mullion’s cross-sectional shape and its moment resistance are re-

lated by mathematical expressions that are complex [e.g. 11, Part I, Section F4].

The level of complexity is such that it is difficult, even for experienced curtain

wall designers, to find the number, configuration and sizes of flanges and webs

needed to satisfy the structural performance criteria while at the same time

minimising the quantity of aluminium in the wall. The consequence is that,

even when a custom curtain wall system is developed for a specific project, it

is common that aluminium is used inefficiently [15]. If building facades contain

more metal than is structurally necessary, current LTB analysis techniques may

be partly to blame, not just because the codes’ demands are conservative, but,

in addition, because the complexity of their formulation is a barrier to efficient

design. In construction it is desirable to minimise the usage of every type of

material, and there is an obvious commercial motive to do so. When the mate-

rial in question is aluminium, which is produced by methods that are unusually

energy intensive [16, p. 32], for environmental reasons the metal should be used

sparingly. In a previous study [17], an attempt was made to estimate the scale

of the cost savings, and also the scale of the reduction in greenhouse gas emis-

sions, that might be achieved if effective structural optimisation methods were

to be applied by the world’s curtain wall designers. The potential benefits are

substantial.

The mullion is the curtain wall panel’s principal structural member, but

it also serves other, non-structural purposes. For example, if the wall is to

function as a weather barrier, the male and female extrusions must engage with

one another to maintain an air-tight seal. If wind load causes the profiles to

rotate in the manner indicated in Figure 2 then, as the two interior flanges

move further apart, the air seal will fail. Even if both of the profiles in a split

mullion satisfy the codified analytical criteria for LTB resistance, it does not

necessarily follow that, when load is applied, their rotation will be too small
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to cause disengagement. The authors are aware of anecdotal but technically

plausible accounts of pre-construction structural tests, simulating the action of

wind load on prototype curtain wall panels, that were said to fail in this way,

even though analysis had shown that the design load would not cause LTB.

Witnesses said that the split mullions oscillated between the open and closed

position, like the reeds in musical instruments, creating a loud purring noise.

One means of limiting the extent to which the two sides of the split mullion

can separate, and hence avoid a breach of the air seal, is to introduce mechanical

latches known as ‘anti-buckling clips’. Two such designs are shown in Figure 3.

Although they are included in many modern curtain wall systems, their effec-

tiveness in their nominal ‘anti-buckling’ role is unclear. While the inclusion of

anti-buckling clips does prevent separation of the interior air seal, there may

be practical reasons for designing without them. One of the disadvantages is

that, if the clip extrusions are separate from the mullions, they add to design

complexity, material cost and fabrication time. Another issue is that, during

normal building movements, metal-to-metal contact at clips may create unwel-

come noise. A third potential problem is that, if a panel is installed incorrectly,

it can be difficult or impossible to separate it from its neighbour without per-

manently damaging the mullion.

For the purpose of LTB analysis, it is the convention to assume that the

mullion sections are restrained only at transom locations, and that all structural

responses are attributable to a line load acting upon the outer flange, in the

direction perpendicular to the wall, as indicated in the diagram at the right

hand side of Figure 4. This present study considers forces that are neglected in

the standard model, but which, in practice, influence the lateral movement of

member’s flanges. To model each of these effects, short, closed-form algebraic

expressions are proposed in Section 2. The design of a real building’s curtain

wall is detailed in Section 3, and a finite element study of this wall specimen is

described in Section 4. The results of the finite element study have been used

to validate the algebraic predictions and, in Section 5, the mathematical models

of the different physical phenomena are combined in a closed-form expression.
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Figure 3: Split mullion with local ‘anti-buckling clip’ extrusion (left), and split mullion with
continuous integral clips (right [18]).
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It is hoped that these new insights into the loads that act upon real curtain

wall mullions, and the new models that describe the mullions’ responses to the

loads, will help curtain wall designers to shape their structural extrusions in

such a way that aluminium is used efficiently.

2. The Causes of Mullion Flange Movement in Plane of Wall

The different physical effects that cause the interior flanges of mullion ex-

trusions to move laterally, in the plane of the wall, are examined below. The

mathematical expressions presented here are intended to describe the behaviour

of mullions in a wide range of unitised curtain wall designs and, by inserting the

applicable material properties, can be applied to extrusions of any particular

aluminium alloy and temper.

2.1. Lateral Torsional Buckling

It is easy to visualise the wind pressure acting upon the exterior surface

of a curtain wall, causing a line load to act upon the mullion’s outer flange

and, hence, bending about the strong- or x-axis. Even if, in accordance with

the established facade design convention, other applied loads are ignored, the

bending moments induced in the split mullion by wind pressure can cause the

profiles to rotate about a longitudinal axis. The processes that cause this rota-

tion are complex. In codified approaches to the analysis of a beam’s stability,

the compression flange is considered to behave as an Euler column, which is free

to deflect and buckle laterally. In reality, other phenomena, some of which our

outlined below, also cause the cross section to rotate.

It is a corollary of the classical, small-deflection beam analysis theory of

Euler [19, 20] and Bernoulli [21, pp. 30-36] that the stresses in the fibers of a

flexural member vary in proportion with their distance from the elastic neutral

axis. In reality, however, shear lag causes the stress and strain in a flange

to diminish with distance from the web and, as a result, a flange that is not

symmetrical about the web will deflect laterally. In the diagram on the left-

hand of Figure 4, it can be seen that this effect can cause the whole cross
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section to rotate. Changes in the profile’s cross-sectional shape, exaggerated in

the central sketch in Figure 4, further complicate the geometry and hence the

analysis. Also, as the cross section rotates in the manner sketched on the right

hand side of Figure 4, so the eccentricity of the applied load increases.

INTERIOR

EXTERIOR

Figure 4: Shear lag causes mullion in flexure to rotate (left). Bending stresses in flanges
cause deflection in the plane of the cross section (centre). Eccentricity of applied load changes
as member rotates (right).

The Structural Stability Research Council [1, Equation 12.10; 2] advises

that, if it is to be effective in preventing LTB, the minimum unfactored tor-

sional stiffness of a continuous brace (expressed as a moment per unit length of

member, per radian of axial rotation at the centre of the span), Mz:b/θz:b, with

some changes to the original variable names, is:

Mz:b

θz:b
=

2.4M2
x:m

EaIyy:eC2
bb

, (1)

where Mx:m is the maximum design moment about the x-axis, and Ea is the

Young’s modulus of the member, which, in the current context, is made of

aluminium. The meanings and the usage of the other terms, Iyy:e and Cbb, are
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explained in the paragraphs that follow.

Cbb is the moment modification factor for the full bracing condition. In other

words, Cbb is the value of the equivalent uniform moment factor, Cb [1, Fig. 5.8],

assuming that the bracing is fully effective. In the worked examples that follow,

the value of Cbb is taken to be 2.0 when the interior flange is in tension and

also when it is in compression, which implies that the mullion’s outer flange is

laterally restrained by its connection to the glass.

The value of Iyy:e, which is the effective second moment of area about an

axis that is perpendicular to the wall and passing through the centroid, will be

equal to the second moment of area about the weak- or y-axis, Iyy:m, only if the

profile’s centroid lies exactly mid way between the inner and outer flanges. A

method for calculating Iyy:e is provided by Ziemaian [1, p. 551-552], however, for

the purpose of this study an approximation is sufficient, so it will be assumed

that Iyy:e ≈ Iyy:m . Equation 1 applies to the more severe case in which loads

applied at a flange act toward, rather than away from, the profile’s centroid.

The expression was originally derived for beam sections having at least one axis

of symmetry, and its applicability to a doubly-asymmetric mullion profiles is

discussed in Section 6.2.

The minimum unfactored ultimate strength of the torsional brace [2, p. 15]

(a moment per unit length of member) is:

Mz:b =
0.04M2

x:m

EaIyy:eC2
bb

. (2)

The axial moment that is required to prevent LTB in the mullion profiles

of a given curtain wall can be estimated using Equation 2. The magnitude of

the moment is of interest because, in this paper, it will be compared with the

other moments acting about a mullion profile’s longitudinal axis. Similarly, the

torsional stiffness of a mullion extrusion’s connection to its adjacent structural

components will be compared with the minimum stiffness of a torsional brace,

which can be found with Equation 1.
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2.2. Rotation Due to Wind Loads on Flanges and Webs

One of the methods used to prevent the passage of water through the inter-

panel joints in a unitised curtain wall is to ‘pressure equalise’ [22, 23] some or all

of the cavities inside the framing members. These cavities are open, or partially

open, to the exterior side of the wall, and cavity pressure varies with the exterior

wind pressure. In practice, when the exterior wind load fluctuates rapidly, the

response measured within the cavity may be damped and attenuated, and so it

is conservative to assume that the cavity pressure is equal to the wind load. A

consequence of pressure equalization is that forces act upon a mullion profile’s

web and interior flange and the member experiences a lateral force in the plane

of the wall, as well as a moment about its longitudinal axis.

Examples of pressure equalised mullions are presented in Figure 5. Because

they have large webs, “arrow” or “rocket” shaped corner mullions of the sort

shown in Figure 5-C, will experience pressure equalisation loads that are greater

than those acting upon mullions in the flat areas of the same facade.

Figure 5: Inside pressure equalised mullions, wind pressure acts within the cavities that have
been shaded and, consequently, forces act upon the webs and interior flanges.

If the air seal between the male and female sides is at the interior flange –

this being the configuration in most unitised designs, and that shown in cases B
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and C in Figure 5 – then the magnitude of the moment about the axis of

extrusion, Mz:p, per unit length of member, is:

Mz:p = P

(
b

2
(esx + (dm − ds)θz:p) + dmesy

)
, (3)

where P is the wind pressure at the exterior of the facade, b is the horizontal

distance between mullions and dm is the depth of the mullion in the direction

perpendicular to the wall. Because the mullion profile’s angle of rotation, θz:p,

must in reality be small, θz:p ≈ sin θz:p. The eccentricity between the shear

centre and the load at the flange is esx, and the eccentricity for load at the

web is esy. These dimensions are marked on the left hand mullion in Figure 6.

The length (dm − ds)θz:p is the amount by which the eccentricity between flange

load and shear centre, shown in the sketch on the right hand side of Figure 4,

changes as the mullion rotates. There is no corresponding adjustment for esy

because the direction of the wind load is always perpendicular to the web, and

there is no variation in eccentricity as the mullion rotates.

Strictly speaking, the pressure equalisation forces act upon the web in the

region from the outer face of the front flange up to the air seal gasket at the

interior flange, but, for simplicity, that distance is taken to be approximately

equal to the mullion depth, dm. Also, the moment obtained from Equation 3,

Mz:p, is that acting at middle of the member’s span, where rotation is greatest.

In the analytical methods that follow, it will be assumed that Mz:p is applied

uniformly over the whole length of the member. For design purposes, this

assumption is on the safe side, but not excessively conservative: the axial torque

is overstated in the zones away from the mid span, where the system’s rotational

response to moment is relatively small.

The moment due to pressure equalisation, Mz:p, causes the member to rotate

about a longitudinal axis passing through the cross section’s shear centre. In

Figure 6, the left hand diagram shows, in solid line, the rotation of the cross

section at the mid span, while the position of the cross section at the end of

the span is shown in dashed line. The central diagram in Figure 6 shows the
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lateral deflection caused by pressure equalization in the absence of Mz:p, and

the right hand diagram shows the deflection occurring because of the combined

effects of lateral bending and rotation about the longitudinal axis. Because of

this combined deflection, the lateral movement of the members’ outer flanges

is small, making it possible to attach the extrusion to the glass using a flexible

adhesive.

esy

esx

SHEAR
CENTRE

Pdm Pdm

Pb
2

Pb
2

y

x

Figure 6: Plan view of mullions at mid-span (solid line) and at transom connections (dashed
line), subjected to a moment about the longitudinal axis (left), subjected to a lateral load
(centre) and subjected to a combined moment and lateral load (right).

Below, mullion rotation is considered in isolation. Lateral deflection is anal-

ysed separately, in Section 2.3.

A mullion extrusion is joined by its web to the transom members so that its

cross-sectional profile can warp but not twist at these points of connection. If the

torque applied about the member’s axis is assumed to be uniformly distributed,

as indicated in Figure 7, then the maximum rotation of the mullion profile, θz:p,

at the mid-point of the span between transoms, will be [24, p. 424, Table 10.3,
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Case 2e];

θz:p =
Mz:p

CwEaβ4

β2l2b
8

+
1

cosh
(
βlb
2

) − 1

 , (4)

where Mz:p is the distributed torque (a moment per unit length of mullion), Cw

is the profile’s warping constant, lb is the span between transoms, and;

β =

√
Jzz:mGa
CwEa

, (5)

Jzz:m being the profile’s torsion constant and Ga being the shear modulus.

For cross sections that are thin-walled and open, a method for calculating the

warping constant, Cw, and also the location of the shear centre, is described by

Xiang et al. [25]. The algorithm is intended for use in a computer program, but,

with patience, it can be executed by hand [26]. An open source software package

that makes use of finite element mesh methods to find the warping constant of

open or boxed cross-sectional shapes, named sectionproperties, has been written

by van Leeuwen [27].

Later, in Section 6.3, it is argued that, even if a structural sealant is used to

bond the mullion’s outer flange to the glass, the extrusion still will rotate about

its shear centre. In this case, while the angle of rotation is small, the lateral or

x−direction movement of a mullion extrusion’s interior flange is;

δx:r ≈ dsθz:p. (6)

2.3. Weak Axis Bending Due to Pressure Equalisation

The male and female profiles in a pressure equalised mullion both experi-

ence forces that cause rotation about the longitudinal axis, as considered in

Section 2.2, and also bending about the weak axis, as shown in the central

diagram in Figure 6. If the connections with transom members are moment

resisting, then the deflection due to weak axis bending is easily calculated using
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Figure 7: Uniformly distributed moment acting about the longitudinal axis of a mullion
profile. At each end of the unbraced span, at the connections with transoms, the extrusion
can warp but not twist.
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the standard small-deflection beam formula [e.g. 24, Table 8.1, Case 2d]:

δx:b =
Pdml

4
b

384EaIyy:m
(7)

where lb is the mullion’s unrestrained span, which is the vertical distance be-

tween transoms, and Iyy:m is the mullion extrusion’s second moment of area

about its weak axis.

2.4. Rotations at Edges of Glass Panes.

If a gradually increasing pressure acts upon the surface of a glass pane, or

on any other thin, edge-supported plate, then initially the induced stresses will

be bending stresses, and deflection will vary in proportion to the applied load.

As greater pressure is applied, membrane effects raise the apparent stiffness,

and actual deflections will be less than those predicted by a model of bending

alone. Even before the magnitude of deflection reaches the thickness of the

plate, deviation from the linear load-deflection relationship can be appreciable

[28, Fig. 7]. The large-deflection behaviour of a thin plate can however be

found using a mathematical model that was first set out by Föppl [29] and,

more famously, by von Kármán [30, p. 350]. It is known that these differential

equations do not take into account all of the stresses that occur in reality [31],

but numerous studies [e.g., for glass, 32, p. 65-74] have compared this model’s

predictions with the results of laboratory tests, or with the results of finite

element analysis, with the finding that the analytical model is reliable over a

wide range of conditions.

Navier worked on the theory of large deflection in plates [33, 34]. Applying

a technique developed by his contemporary, Fourier, he considered the forces

acting upon the plate to be the sum of a series of sinusoidally varying loads. He

showed that, using this approach, it is possible find solutions to the Föppl and

von Kármán system of differential equations. It is known that, under uniform

lateral pressure, a pane of architectural glass whose four edges are attached to a

supporting frame by conventional glazing gaskets or structural silicone sealant,
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will behave as a simply supported plate [e.g. 35, p. 198]. A general solution for

the deflection of a plate of this sort, obtained using Navier’s method, has been

provided by Levy [28]. If its dimensions are a and b in the directions of the

x−axis and y−axis respectively, then its deflection at a given point, w(x, y),

will be [28, Equation 6]:

w(x, y) =

∞∑
m=1,2,3...

∞∑
n=1,2,3...

wm,n sin
(mπx

a

)
sin
(nπy

b

)
. (8)

The effort required to determine the wm,n coefficients is not insignificant, but,

since the series converges quickly, a useful approximation can be obtained by

considering only the term containing w1,1. So, Equation 8 can be rewritten:

w(x, y) ≈ w1,1 sin
(πx
a

)
sin
(πy
b

)
. (9)

In the present discussion of rotational influences on mullions, it is approximate

scale, rather than the precise values, that are of interest. In this context, the

accuracy of the above expression is adequate. For example, for a square plate

with Poisson’s ratio of 0.316, at values of Pa4/Eh4 above 150, w1,1 is greater

than the exact central deflection by only 9 % [28, Fig. 7].

Measured along any line that is parallel to a side of the plate, the out-of-

plane deflected shape is one half period of a sinusoid, as shown in Figure 8. The

slope of the deflected glass can be found by partial differentiation of Equation 9.

If a glass pane is orientated so that the side with length a is vertical, and it is

viewed in plan, then the gradient of the glass with respect to its normal plane

is:
∂w

∂y
≈ πw1,1

b
sin
(πx
a

)
cos
(πy
b

)
. (10)

The deflection of architectural glass is commonly limited to 1/60 of the

plate’s shorter dimension [e.g 36, Section 3.3.3]. Substituting b/60 for w1,1 in

Equation 10, and converting the gradient to an angle of rotation, θz:g, in radians:
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θz:g ≈ arctan
[ π

60
sin
(πx
a

)
cos
(πy
b

)]
. (11)

At the glass edge that is in contact with the mullion, the angle of rotation

of the glass is greatest at the mid-point between transoms, where x = a/2 and

y = b. Hence, all of the foregoing plate analysis leads to the simple but im-

portant result that, when full design pressure is applied, the maximum angle

through which the edge of an architectural glass pane will rotate is approx-

imately 0.0523 radians or 3 degrees. This figure is used in the models that

follow.

2.5. Moments Transferred Through Structural Silicone Sealant

When glazing a prefabricated curtain wall panel, it is now the usual practice

to bond the glass to the outer flange of the aluminium framing members using

structural silicone sealant. Examples of these adhesive joints can be seen in

Figures 3 and 5, and a brief history of structural sealants, with guidelines for

θz:g is angle
to x-y plane

0
0.2

0.4
0.6

0.8
1

Position, x
(as a proportion of a)0

0.2
0.4

0.6
0.8

1

Position, y
(as a proportion of b)

Deflection

Figure 8: Sinusoidal deflection of a pane of glass, described by Equation 9.
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usage and stress analysis, may be found in ASTM C1401 [37].

In a previous study [38, Equation 4], the relationship between the angle of

rotation at the edge of the glass, θz:g, and the axial moment that is transferred

to the mullion, Mz:s, was proposed to be;

Mz:s = θz:g
B3Es
12g

, (12)

this angle being in radians, while B and g are the sealant joint’s cross-sectional

dimensions – its bite and glueline – measured, respectively, in the directions

parallel and perpendicular to the glass. A linear elastic response is assumed,

and Es is the Young’s modulus of the sealant.

Figure 9 shows the transfer of moment from the curtain wall’s face or infill

material, which is typically glass, through the structural silicone joint, to the

exterior flange of the mullion.

Figure 9: Acted upon by wind pressure, glass edges rotate, and a moment is transferred
through the structural sealant to the mullion extrusion.

Typical published values of Es are between 1 and 2 MPa [e.g 39]. However,
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laboratory tests carried out during the same past study suggested that the

apparent value of Young’s modulus increases with B [38, Section 7.2]. The

test data indicate that, for a real structural silicone connection, the value of

Mz:s might lie somewhere between one and two times the value found using

Equation 12.

2.6. Asymmetric Bending

If a mullion profile’s principal axes – the two centroidal axes about which

it is strongest and weakest – are not parallel to its webs and flanges, then,

even if load is applied only in the direction normal to the wall, there will be a

component of displacement parallel to the wall. In Figure 10, x′ and y′ are the

principal axes of a female extrusion, and the angle that they make with the x−

and y−axes, which are parallel to the profile’s flanges and webs respectively, is

α, where [25, Equation 7];

α =
1

2
atan

(
2Ixy

−Ixx + Iyy

)
, (13)

and the section’s second moments of area about its principal axes are;

I ′xx =
Ixx + Iyy

2
+

√
I2xy +

(Ixx − Iyy)
2

4
, I ′yy =

Ixx + Iyy
2

−

√
I2xy +

(Ixx − Iyy)
2

4
.

(14)

For a given curtain wall panel, deflection in the direction perpendicular to the

wall, δx, measured with respect to the transoms at the ends of the unbraced

span, varies directly with wind load, so, for convenience in the analysis that

follows, a temporary constant, k is introduced;

k =
Ixxq

δx
, (15)

where q is the force per unit length of member.

Analysing the movement of an asymmetric extrusion at a single unbraced

span, as on the right hand side of Figure 10, is complicated. The process be-
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gins with the vector decomposition of the direct load, q, and also the moments,

M1 and M2, into components aligned with the principal axes. The mullion’s

responses in the directions parallel and perpendicular to the wall are affected

by the different support conditions in the two planes. For bending in the plane

of the wall, the ends of the mullion’s span are fixed to the transoms and these

connections are moment-resisting. At the same time, for bending in the plane

perpendicular to the wall, the transoms offer no moment resistance. For sim-

plicity in this current analysis, the in-plane moment resistance of the horizontal

members will be ignored. Therefore, the in-plane flange movements predicted

using Equation 18, below, will be overestimates, possibly gross overestimates,

but they will be useful nonetheless.

Decomposing the loads into vector components parallel to the principal axes;

q sin(α) >
kδ′y
I ′yy

, q cosα >
kδ′x
I ′xx

, (16)

and then taking the components of displacement in the direction parallel to the

wall;

δx:a < kmf (δ′y cosα− δ′x sinα). (17)

Replacing the terms in Equation 17 with the expressions given in Equations 13,

14, 15 and 16;

δx:a <
δxkmf
Ixx

√
I2xy +

(Ixx − Iyy)
2

4
sin

(
atan

(
2Ixy

Ixx − Iyy

))
(18)

So that the polarity of deflection will be positive when the extrusion flanges

move away from the mullion’s centreline, kmf = −1 when the profile, usually

male, is on the left hand side when the split mullion is viewed from the exterior

of the building, and kmf = 1 for the other profile.

2.7. Rotation at Ends of Transoms

It is conservative to assume that, in the direction perpendicular to the wall,

the load acting upon a transom is uniformly distributed and is caused by the
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Figure 10: Vector components of load, in solid line at exterior flange, and components of
deflection, in dotted line at interior flange, in female mullion extrusion (left) with principal
axes x′ and y′. Deflection of the mullion at one unbraced span in a unitised curtain wall panel
(right).
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action of wind upon a tributary strip whose height is equal to the transom

length, b − bm. Such a transom is shown in Figure 11. The deflection of the

member is of interest because, at each end, it is rigidly connected to the web

of a mullion, and so transom flexure causes the mullion profiles to rotate about

their longitudinal axes. If it is assumed that the mullion is weak in torsion, so

that it does not resist rotation of the transom’s ends, then the angle of rotation

θt radians, can then be found using the standard formula for a simply supported

beam [24, p. 193, Table 8.1, Case 2e]:

θt =
P (b− bm)4

24EaIxx:t
, (19)

where Ixx:t is the transom’s second moment of area about a vertical axis through

its centroid.

Figure 11: When transom member goes from the unloaded (upper sketch) to loaded condition
(lower sketch), flexure causes the attached mullion profiles to rotate about their longitudinal
axes.

2.8. In-plane-of-wall Movement of Glass Edge

When wind load causes a pane of architectural glass to deflect, the edges of

the pane move in the plane of the wall. If the glass is bonded to its structural
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frame, then movements at its edges will cause the mullions to rotate. The

approximate glass deflection model described in Section 2.4 is considered again

in this present discussion, but now, as shown in Figure 12, the y−axis has

been aligned with the centre of the plate. The deflected shape of the pane,

measured in a horizontal plane passing through its geometric centre, is a cosine

with amplitude wmax.

s s

Figure 12: When wind pressure causes a glass pane to deflect, its edges move in the plane of
the wall, and the mullion profile rotates.

Working from first principles, it is not difficult to develop an integral for the

arc length of the curve, which is equal to the original width of the flat pane, b.

If the in-plane movement of a glass edge is u then:

b =

∫ b
2−u

−( b
2−u)

√
1 +

(
d

dx

[
wmax cos

(
πx

b− 2a

)])2

dx (20)

An expression of this form, an elliptic integral, has no closed-form solution.

However, with the assumption that was introduced in Section 2.4, that the

maximum glass deflection in the direction normal to the plane of the wall,

wmax, is b/60, then numerical evaluation reveals that u is, at most, b/2918.

3. Example Unitised Curtain Wall

The shapes and structural properties of a male and female mullion pair are

shown in Figures 14 and 15, and the geometry of the facade in which they

are used is shown in Figure 13. The lateral movements of this curtain wall
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system’s mullion profiles have been modelled numerically and algebraically, as

described in Sections 4 and 5. In these studies, it is assumed that the profiles

are extruded in 6063 aluminium alloy, and that the temper is T5. The vertical

dimensions given in Figure 13 are measured from the fulcrums of the stack joints

and brackets.

For the purpose of determining the magnitude of the bending moment acting

about the mullion’s x-axis, the load upon each mullion is considered to act only

in the direction perpendicular to the wall, and to be uniformly distributed, with-

out any concentration of load at the points of connection with transoms. These

assumptions are consistent with the example given in the ADM [11, Part VIII,

Figure 28d, p. 60]. Stresses caused by axial loads, which are small in comparison

with flexural stresses, are ignored.

Theoretical bending moments, shear forces and deflections in mullions, at the

design load of 4.6 kPa, are shown in Figure 16. These theoretical curves follow

from the classical theory of small deflections in elastic beams, and have been

determined numerically, using an open source frame analysis software package,

Frame3DD [40].

In this wall system, which complies with the ADM’s structural design rules,

the limiting structural design constraint is LTB resistance.

4. Numerical Simulation Using Code Aster and Salome-Meca

An open-source finite element software package, Code Aster [41], and a com-

patible pre- and post-processing environment named Salome-Meca [42], have

been used to simulate the shape changes that occur when load is applied to

the split mullion in the curtain wall specimen shown in Figures 13. Finite

element meshes representing the glass, sealant and aluminium profiles in two

horizontally-adjacent panels were studied. In order to avoid unnecessary com-

putation, each panel was divided at its vertical centreline, and only one half was

included in the model. The pair of adjacent half-panels is pictured in Figure 17.

The model’s boundary conditions were set to mimic the restraint provided
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Figure 13: Exterior elevation and section view of curtain wall considered in analytical and
finite element studies. The mullion span considered in this study is shown within the ‘cloud’.
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Cross sectional area: 1243.3 mm2

Overall section width (in x direction): 77.0 mm
Overall section depth (in y direction): 171.5 mm
x-coordinate of shear centre with respect to centroid: -43.71 mm
y-coordinate of shear centre with respect to centroid: 14.41 mm
Radius of gyration about centroidal x−axis: 60.59 mm
Radius of gyration about centroidal y−axis: 22.15 mm
Second moment of area about centroidal x−axis, Ix:m: 4.558×106 mm4

Second moment of area about centroidal y−axis, Iy:m: 0.619×106 mm4

Product moment of area, Ixy:m: 0.224×106 mm4

Torsion constant, Jz:m [3, Part II, Chapter B.1]: 4.167×103 mm4

Warping constant, Cw: 2.56 ×109 mm6

Figure 14: Structural section properties of the male mullion profile in the wall specimen
shown in Figure 13.
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Cross sectional area: 1151.6 mm2

Overall section width (in x direction): 41.5 mm
Overall section depth (in y direction): 171.5 mm
x-coordinate of shear centre with respect to centroid: 23.79 mm
y-coordinate of shear centre with respect to centroid: -6.60 mm
Radius of gyration about centroidal x−axis: 51.33 mm
Radius of gyration about centroidal y−axis: 14.30 mm
Second moment of area about centroidal x−axis, Ix:m: 4.334×106 mm4

Second moment of area about centroidal y−axis, Iy:m: 0.237×106 mm4

Product moment of area, Iyx:m: 0.182×106 mm4

Torsion constant, Jzz [3, Part II, Chapter B.1]: 195.99 ×103 mm4

Warping constant, Cw: 0.942×109 mm6

Figure 15: Structural section properties of the female mullion profile in the wall system
shown in Figure 13.
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Figure 16: Theoretical deflection, bending moment and shear in the curtain wall specimen’s
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lines: continuous vertical lines show the positions of stack joints.
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Deflection (mm)
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0

Figure 17: Loads considered in the finite element model (left), and the deflected shape of the
two adjacent half-width panels (right).
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by the missing half-panels, as well as the loads from panels above and below.

In this way, each half-panel in the model is forced to behave as if it were part

of a normal, multi-floor curtain wall.

The Young’s modulus of the structural silicone sealant is taken to be 1.1 MPa,

which is the value published by the manufacturer of the product (DC-983) used

in the laboratory test specimens [39]. This material is, in reality, visco-elastic,

but providing strains are not extreme, in this practical context it is a reasonable

to assume a linear elastic response [38, p. 512]. Rubber gaskets that are present

in the real curtain wall system, at the joints between the male and female

mullion profiles, visible in Figure 5-B, have not been included in this computer

simulation. The coefficient of friction between the metal surfaces has been taken

to be zero.

Only the inner pane of the insulated glass unit, or IGU, has been modelled

in full. This pane carries a pressure equal to (t3i + t3e)P/t
3
i , where ti and te are

the thicknesses of the IGU’s inner and outer panes, and P is the total wind

load acting upon the facade. This load share formula is consistent with design

codes for structural analysis of architectural glass, such as ASTM E1300 [43,

Appendix X3]. The component of wind pressure acting upon the outer pane has

been modelled as a line load at the center of the structural silicone connection

to the mullion’s outer flange. In addition to the wind pressure on the glass, the

same pressure has been considered to act within the mullion’s internal cavities,

as indicated in Figure 5-B. The forces are shown diagrammatically in Figure 17:

pressure acting upon the inner pane of the insulated glass unit is indicated in

color red, the load transferred from the outer pane is in blue, and wind pressure

in the direction parallel to the wall, upon each extrusion’s web, is shown in

green.

For each load case, displacements were calculated iteratively until the forces

at each node, in the directions parallel to the axes, had converged to an equi-

librium state, with a tolerance of 1 × 10−6 N. The effect of varying the mesh

density was investigated, and it was found that changing from the model shown

in Figure 17 to that shown in Figure 18 had little influence upon the deflected
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shape predictions. The values indicated in this paper have been obtained from

a model with approximately 700,000 nodes.

The deflected shapes of the male and female mullion extrusions, from the

curtain wall specimen shown in Figure 13, at the middle of their longest un-

supported span, are drawn in bold color in Figure 18; in the same image the

positions of the components in their unloaded conditions are shown in outline.

The FEA models have yet to be validated by physical testing. However, the

software – which is made up of 1.5 million lines of source code, accompanied

by 14,000 pages of technical documentation and more than 3,600 standard-

ized test cases – is known to be mature, and is believed to be reliable: it has

been developed continuously since 1980 by the French state’s electrical power

conglomerate, EDF, and has been widely used in the design of nuclear power

facilities [41].

5. Relative Importance of Factors Causing Mullion Twist

Contributions to the lateral movements of the interior flanges of the mul-

lion profiles in the curtain wall system described in Section 3, and moments

acting about the extrusions’ longitudinal axes, have been calculated using the

expression introduced in Section 2.

The results, set out in Table 1, demonstrate that the rotational moment

attributable to the phenomena that are collectively termed lateral torsional

buckling is, for practical purposes, negligible in comparison with the moments

that are attributable to the eccentricity between the shear centre and the applied

wind loads. Similarly, it is reasonable to ignore rotations due to the transom’s

flexure, and the mullion rotations caused by movements of the glass edges in

the plane of the wall, and the lateral movement associated with asymmetric

bending. Inspection of the algebraic expressions suggests that, for the facade

layouts and design pressures encountered in real buildings, these findings will

apply to all of the unitised curtain wall systems in which air seals are located

at the mullion’s interior flange.
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17.43
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10.05

6.365

2.676

Deflection (mm)

26.65

20.94

15.24

9.542

3.840

Figure 18: The deflected positions of the mullion profiles at wind pressures of -4.6 kPa (upper
diagram), and +6.75 kPa (lower diagram). The components’ unloaded positions are shown in
outline.
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Table 1: Contributions of different physical effects to the moments in, and lateral displace-
ment of, interior flanges of mullion profiles in the curtain wall described in Section 3, at a
wind pressure of 4.6 kPa.

Axial Moment Lateral Disp. of
Phenomenon (N.mm/mm) Int. Flange (mm) Diagram Notes

Male Female Male Female

a Lateral torsional
buckling.

< 0.807 < 1.89 – – See Figure 2. See Equation 2.
Magnitude is small
in comparison with
effects in rows b and
c below.

b Rotation caused
by wind loads on
flanges and webs.

132.9 73.0 11.9 0.803 See Equations 3, 4
and 5.

c Deflection in
plane of wall
caused by
pressure
equalisation.

– – 1.07 2.80 See Equation 7.

d Asymmetric
bending.

– – < -0.145 < 0.124 See Figure 10 See Equation 18; δx
from Figure 16.

e Moment
transmitted
through
structural
silicone sealant.

-17.5 -13.2 – – See Equation 12.
Values are maxima,
occurring at the mid
span. Glass rotation
is 3◦, and mullion
rotations are from
FEA (see Table 2).

f Rotation of
transom end.

– – -0.112 -0.112 See Equation 19.
Reasonably, this
effect can be ignored.

g Mullion rotation
caused by glass
edge movement
in plane of wall.

– – -0.267 -0.491 See Equation 20.
Reasonably, this
effect can be ignored.
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The lateral movement occurring at the mid span of the interior flange of a

mullion profile can therefore be estimated by summing both the rotation caused

by moments about the longitudinal axis together with the weak-axis bending

that is the result of pressure equalisation. These are the two effects described

in Sections 2.2 and 2.3. An expression for the magnitude of this deflection in

the plane of the wall can be obtained by combining Equations 3, 4, 5, 6 and 7.

If δx:s is the total horizontal movement of the flange of a mullion profile, in the

plane of the wall, then;

δx:s ≈
Pdml

4
b

384EaIyy:m
+

dsP (besx + 2dmesy)
(
k1 − l2bk2

)
bP (dm − ds)(l2bk2 − k1)− 16GaJzz:mk2

, (21)

where;

k1 = 8CwEa

(
e

1
2 lb

√
GaJzz:m
CwEa − 1

)2

, (22)

and;

k2 = GaJzz:m

(
e
lb

√
GaJzz:m
CwEa + 1

)
. (23)

Equation 21 applies to the split mullion members in a unitised curtain wall

whose air seal is located at the profiles’ interior flanges.

6. Discussions

Arguments regarding the validity of the algebraic models that are the basis

for the flange movement predictions summarized in Table 1, are set out below,

together with comments on the level of agreement between the analytical and

finite element simulations.

6.1. Pressure Equalization

The principle of pressure equalisation is one that is encountered regularly

in the facade industry. The role that it plays in weatherproofing is usually one

of the first topics to be covered in curtain wall design textbooks and training

courses, and it is frequently mentioned in technical specifications. Therefore, at

least in the context of controlling water entry, the concept is familiar to every
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facade engineer. Given this high level of awareness, it is odd that the structural

consequences of pressure equalisation – the loads that it places upon a mullion’s

webs – are not even mentioned in the existing literature, nor have the authors

ever seen structural calculations in which it is taken into account.

This paper’s analytical methods, which consider the loads acting upon mul-

lion webs, therefore are novel.

6.2. Twisting Moment Due to LTB

Torsional bracing can be used to prevent lateral torsional buckling of a slen-

der flexural member, and the moment transferred to such a brace will be less

than the estimate obtained using Equation 2. However, in the derivation of this

expression, it is assumed that the member’s cross section has at least one axis of

symmetry, whereas, in reality, there is no line of symmetry in a unitised mullion

profile. Therefore, the explanation in the following paragraph is required to

justify the use of this analytical method with unitised mullion extrusions, which

are invariably asymmetric.

The moment that causes a mullion profile to rotate about its longitudinal axis

can be divided into two components. One part, the eccentric loading moment,

is induced by applied loads whose line of action does not pass through the cross

section’s shear centre. The other part is attributable to the various buckling

effects outlined in Section 2.1, whose total is know to be less than the moment

found with Equation 2. So, if the sum of buckling moments can be shown to be

small in comparison with the eccentric loading moment – which will normally,

perhaps always, be the case for unitised mullions – and if it can be shown that

the profile’s torsional rigidity is such that the eccentric loading moment causes

only slight rotation, then it follows that the design is resistant to lateral torsional

instability. Expressed another way, if the buckling moment from Equation 2 is

small in comparison with the eccentric loading moment from Equation 3, and if

Equations 21 to 23 show that lateral movements of flanges will be small, then

further analysis of LTB is unnecessary.
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6.3. Rotation About Shear Centre

When a moment is applied about the longitudinal axis of a prismatic member

that is held only at its ends, as in Figure 7, the cross section will rotate about its

shear centre. However, the members considered in this study are not completely

free to rotate in this way, as they are attached by structural sealant to a face or

infill material that is often glass, and it is therefore reasonable to ask whether

the member in fact rotates about the centre of the sealant connection. The

explanation that follows will therefore be helpful.

In the analytical models established in Section 2, it has been assumed that

rotation occurs about the shear centre. Such rotation cannot occur freely on

its own because the mullion’s outer flange is bonded to the glass. However, as

well as rotating, the member is also deflecting about its weak axis, and when

bending and rotation occur together, the relative movement between the outer

flange and the glass is much smaller than the movement that would be caused by

bending or rotation alone. This combination of effects may be seen in Figure 6.

The sealant is an elastomer with a low modulus of elasticity, and it is capable of

accommodating lateral movements that are comparable with, or greater than,

the sealant joint thickness. Some such lateral movement can be seen in the finite

element model in Figure 18.

6.4. Influence of Structural Silicone Sealant

The magnitudes of moments about the longitudinal axes of the mullions are

compared in Table 1. It can be seen that, compared to the moment due to wind

load on the webs and flanges, the moment induced in the structural sealant is of

secondary importance. For the sake of simplicity, the model proposed in Equa-

tions 21 to 23 ignores the moment and also the shear force in the sealant. Since

the sealant resists lateral movement and resists rotation, it is to be expected

that, for cases in which the lateral deflection of the mullion’s interior flange is

large, the analytical prediction will be an overestimate. For use in design, the

model is therefore conservative.
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6.5. Analytical and Numerical Predictions Compared

In Table 2, the algebraic predictions are compared with the results of the

finite element study. It is to be expected that, because Equations 21 to 23

do not consider the torsional or shear resistance of the structural sealant, as

the magnitude of the mullion’s rotation and lateral deflection increases, so the

analytical forecasts will be overestimates. This expectation is consistent with

the results in Table 2. Only one curtain wall design has been modelled, and

therefore claims regarding the analytical method’s general applicability must

be made with some caution. That said, it appears that lateral movements

of a split mullion’s interior flanges can, for practical purposes, be estimated

conservatively using Equations 21 to 23.

Table 2: Comparison of results obtained from the analytical and numerical models.

Lateral Disp. of
Phenomenon Int. Flange (mm) References

Male Female

Finite element prediction. 8.29 4.04 Section 4. Figure 18.

Sum of rotation and bending effects
due to pressure equalisation.

12.99 3.60 Equation 21.

Sum of rotation and bending due to
pressure equalisation, and also rotation
due to moment transmitted through
structural silicone sealant.

11.1 3.47 Moment from Equation 3, less mo-
ment from Equation 12. Lateral
movements: due to rotation from
Equations 4, 5 and 6; due to bend-
ing from Equation 7

6.6. Structural Silicone Sealant as a Torsional Brace

A question of interest to curtain wall designers [38] is whether or not a

structural silicone sealant connection to glass is, on its own, effective as a tor-

sional brace for a mullion extrusion. For the particular curtain wall system

considered in this investigation, the answer is that the glass and sealant provide

adequate torsional bracing to prevent lateral torsional buckling. The minimum

torsional stiffnesses needed to prevent LTB, from Equation 1, are 48 and 113

N.m per m length of profile, per radian, for the male and female extrusions
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respectively. The stiffness of the sealant connection, from Equation 12, is 174

N.mm/(mm.radian). While this is not necessarily the case for every curtain wall

mullion shape and for every structural silicone bite, there is nothing in these

comments to suggest that a structural silicone sealant joint will be ineffective

as a lateral, rather than torsional, brace.

7. Conclusions

The majority of today’s curtain walls are unitised systems made up of pre-

fabricated panels [9, p. 82], whose principal framing members, the mullions, are

slender aluminium extrusions. The cavities within these profiles ventilate to

the outside of the building, and therefore wind pressure acts upon their webs.

Curiously, these loads are not mentioned in the published literature.

In this investigation, the various different physical processes that cause a

mullion’s interior flanges to move laterally, or parallel to the wall, have been ex-

amined analytically. A new algebraic model has been proposed, in Equations 21

to 23, to describe the most significant of these effects, which are rotation about

a longitudinal axis and flexure about the cross section’s weak axis. Using these

new expressions, a facade designer can calculate whether lateral movement of

flanges will affect the serviceability of a male and female extrusion pair. In

particular, the analysis can be used to reveal whether disengagement will occur

at a mullion’s central air seal.

An existing curtain wall system has been studied, and it has been shown

that the applied moments, which twist the mullions about their prismatic axes,

are large in comparison with any twisting moment needed to prevent lateral

buckling of the compression flange. It is suggested that this finding will apply

to unitised mullion designs in general. So, if Equations 21 to 23 show that, at full

design load, a mullion extrusion’s lateral movement is small, it follows that the

profile is resistant to lateral torsional buckling. This new analysis may therefore

obviate the need for the sort of LTB checks that are mandated by current design

codes, which are time consuming and therefore expensive to perform.
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Descriptions of the movement of a mullion’s flange are complicated by the

near-universal presence of structural sealant [37], which is used to bond the

member’s outer flange to the glass or other sheet material at the wall’s exterior

face. Because Equations 21 to 23 ignore the forces transmitted to the mullion

by the sealant, it is to be expected that, for cases in which lateral movements

are large, the predicted deflections will be greater than those that will occur in

reality. The results obtained from a finite element model are consistent with

this expectation. For design purposes, the proposed algebraic model is therefore

conservative.

Previous research has shown that, even when custom curtain walls are devel-

oped specifically for a particular building, they often contain more aluminium

than is structurally necessary [15]. It is hoped that, with a new model of the

forces acting upon the mullions, together with this paper’s new and reasonably

simple expressions for structural analysis, it will be easier for facade engineers to

design extrusions in which metal is used efficiently. Minimising material usage

is always desirable, as it is a way to control building cost. For aluminium, whose

embodied energy is much greater than that of other common building materials

[16, p. 10], there is also a strong environmental incentive to use the metal spar-

ingly. It is already known that, if the techniques proposed in this paper will

help the curtain wall industry to reduce the mass of metal in its products, then

the monetary savings, and also the reduction in greenhouse gas emissions, will

be substantial [17, p. 24].
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