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ABSTRACT: Recent demand for increasingly complex exterior facades of com
mercial buildings has driven a need for more efficient high-performance curtain 
wall designs. Current codes can be improved by formulations that more closely 
parallel required criteria. In this paper, formulas for the elastic lateral buckling 
strength of slender monosymmetrical beams that represent curtain wall mullions 
with practical loading and supporting conditions have been derived by approximate 
energy procedures for four different assumptions of possible glazing restraint. The 
equations have been constructed in a general manner so that a large variety of 
glazing (bracing) positions is accommodated. Analysis of a typical design situation 
indicates that the currently used allowable compressive stresses of the Aluminum 
Association Specifications for buildings are extremely conservative for this appli
cation. Also, a method to experimentally verify the assumed glazing restraint is 
presented via the Southwell plot method. Use of the more accurate analyses herein 
will result in significant design efficiencies on many curtain wall systems. 

INTRODUCTION 

Glass curtain walls consist of large glass panes supported by vertical mul
lions and horizontal members between mullions. Wind forces on the curtain 
walls are transmitted to the building frame at the floor levels by the vertical 
mullions. The glazing transmits the wind forces to the mullions and also acts 
to restrain lateral-torsional motion of the mullions. The horizontal members 
between mullions also may restrain lateral-torsional buckling of the mul
lions. This paper is concerned with the lateral buckling strength of the long 
slender aluminum mullions, and the design of such members. Since there is 
practically no literature on the design of curtain wall mullions, most de
signers make very conservative assumptions. 

Approximate analyses are given herein for several different supporting 
conditions that approximate minimum and maximum bracing and a realistic 
approximation to the restraint afforded by the glazing. For a typical appli
cation, comparisons are made of the allowable compressive stress given by 
current design procedures with corresponding values derived from the dif
ferent theoretical analyses. These comparisons show the great influence of 
the restraint that may be offered by the glazing. Large increases in the al
lowable compressive stresses are possible. However, further study including 
experimental verification is suggested. 

The cross section of a typical curtain wall mullion system is shown in Fig. 
1. The mullion is represented in this paper by a prismatic monosymmetrical 
cross section, as in Fig. 2. The horizontal principal axis is denoted as x, the 
vertical principal axis as y and the longitudinal centroidal axis as z, forming 
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FIG. 1. Typical Curtain Wall Mullion 

a right-hand system. The shear center has coordinates (0,yo). The horizontal 
displacement of the shear center is denoted as « and the rotation of the cross 
section as p. The uniform load w, positive in the positive y direction, is 
considered to be applied by the glazing a distance, a, below the shear center, 
as shown in Fig. 2. The muUions span two equal floor heights, X, and are 

SHEAR CENTER 

APPLICATION OF LOAD 

FIG. 2. Nomenclature of Mullion Cross Section and Axis System 
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a) TYPICAL MULLION AND LOADING 

b) BENDING MOMENT DIAGRAM 

FIG. 3. Beam Analysis Model for Curtain Wall Mullion 

considered as simply supported at the ends. Lateral wind loads are assumed 
to be static, uniformly distributed loads, as in Fig. 3(a). The corresponding 
bending moment about a horizontal axis is denoted as M. The bending mo
ment diagram is shown in Fig. 3(b). Note that the wind pressure may be 
positive or negative on the glazing plane. 

The current state of knowledge of lateral buckling of beams is described 
in Galambos (1988); this extensive presentation contains a very complete list 
of references. Texts by Timoshenko and Gere (1961), Bleich (1952), and 
Galambos (1968) give derivations of basic relationships and many elastic 
solutions, mostly of rectangular or I-shaped cross sections. Anderson and 
Trahair (1972) give the first extensive presentation of data on the theoretical 
elastic lateral buckling strength of simply supported and cantilever mono-
symmetrical beams subjected to uniform and concentrated loads. An ex
perimental study on cantilevers verifies the validity of the theory. 

CASE I. MINIMUM BRACING RESTRAINT 

Assume first that the mullion of Fig. 2 is not restrained at all by the glass, 
but is freestanding. Each span of the two span beam will have a buckling 
mode as for a simply supported beam subjected to the loading and corre
sponding moment diagram of Fig. 3. A Rayleigh-Ritz approximate proce
dure is used. 

The general potential energy expression for lateral buckling, derived by 
Masur and Milbradt (1957) is as follows: 

V = \ \ Wy(u"f + £CM,(P")2 + G/(P')2 

+ 2M$u" - 2K0M($'f + wa$2]dz (la) 

in which E = Young's modulus of elasticity; G = shear modulus; J = uni
form torsion constant; Cw = warping torsion constant; Iy = moment of inertia 
about the y axis, each prime denoting one derivative with respect to z; and 
K„ = section constant given by the following expression: 
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Ko = y0 - — I y(x2 + y2)dA (lb) 
•"J: J A 

in which A = area of the cross section. 
For this case of a beam subjected to no lateral forces and with both ends 

"simply supported," the lateral curvature in Eq. l a can be eliminated by the 
following relation, u" = -$M/EIy, to give the following potential energy 
expression 

1 fX M2 

V = - [£CW(P")2 + G7(P')2 P2 - 2^0M(P')2 + wa^dz (2) 
2 Jo EIy 

Assume a one-term approximation to the buckling shape 

TTZ 
P = B sin — (3) 

X 

in which B = magnitude coordinate. Minimizing the potential energy with 
respect to a variation in B, dV/dB = 0, gives Eq. 4. 

166 0 1 U U I 
(wX2)„ = — VEIyGJ 

X 

in which 

. , IT ECW, 
82 + 0.1191 1 + — • + 8j 1 \2 GJ ' 

(4) 

8 , = I X + O - O 8 8 7 7 T ) V S (5) 

The plus sign in front of the second radical in Eq. 4 indicates that the 
direction of loading coincides with the positive direction of the y axis; the 
minus sign indicates the opposite direction of loading. Note that both KB and 
a may be negative; hence 8, may be negative. 

Eq. 4 gives an upper bound. To check the accuracy of Eq. 4, the solution 
for a symmetric section, K„ = 0, with loading applied at the shear center, 
a = 0, and with a wide range of properties was found by finite differences 
with a large number of divisions so that the answers are accurate. For this 
case Eq. 4 reduces to the following: 

(wk\r = 18.2 - VEIGJ J l + ^ ^ 
X V X2 GJ 

It was found that the numerical coefficient 18.2 is not constant but varies 
slightly with the parameter GJK2/EC„. The error varies from about 0.5 per
cent for very small values of the parameter to 2.5 percent for {GJ\2/ECn) 
= 1,000, a large value. Hence, it appears that Eq. 4 is sufficiently accurate 
for design purposes. In general, as noted by Galambos (1968) on p. 106, 
the Rayleigh-Ritz procedure applied to lateral buckling problems gives good 
results with relatively simple calculations, provided the assumed trial mode 
is well chosen. 

CASE II. MIDSTORY BRACING 

One may wish to consider the restraint afforded by intermediate wall ele
ments in addition to the supports at the floor levels. Thus, assume the mul-
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lion is supported at midstorv so that it cannot deflect taterallv ]STea!ec.Hriq 
glazing restraints, it will then buckle into two half-waves in the story. One 
may obtain an approximate value for this problem by considering in Fig. 3 
the mullion from outer support to midspan as "simply supported" for lateral-
torsional buckling. This would be conservative. Thus, the potential energy 
expression is given by Eq. 2, except the limits of integration are from 0 to 
X/2. Assume a trial buckled shape 

2lTZ 
P = B sin 

and minimize the potential energy. One obtains 

561 
(w\\r = VEtyJJ 

X 

in which 

a Kn 

§2 = - - 0.903 • 
\X X / V GJ 

EL 

±-\ /8i + 0.0352(1 + 
4TT2 £ C H 

X2 GJ 
+ 8, (6) 

(7) 

CASE III. ELASTIC RESTRAINT 

Next consider that the mullion is elastically restrained from both lateral 
deflection and rotation at the glazing plane that is a distance a below the 
shear center. Although a is usually equal to a, there are ways to apply the 
load in which a is not equal to a. Also, it may be noted that there are cases 
where the load is applied outside the flanges of the mullion. At the glazing 
plane, two restraining forces act: (1) The restraining torque per unit length 
= isTeP; and (2) the restraining lateral force resisting lateral deflection of the 
point of attachment of the glazing = Ksu, in which u = lateral displacement 
of the point of attachment to the glazing. Hence, u = u — aft. 

The potential energy expression is given by Eq. 8 

V [EIy(u"f + £C„,((3")2 + G/(P')2 + A êP2 + Ksu
2 + IM^xi1 

- 2K0M($')2 + wa$2]dz (8) 

Eq. 8 is the general potential energy expression of Masur and Milbradt, Eq. 
l a , supplemented by the strain energy of the rotational and lateral restraining 
springs = J i (*Tep

2 + Ksu
2)dz/2. 

Assume 

TTZ 

B sin — 

and 

u" = C 
1TZ / 3 Z 1 I Z 

sin-

(9a) 

(9b) 
x \ 8 \ 2\xy 

and minimize with respect to B and C. The approximations of Eq. 9 were 
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chosen so that when Ks and Kd vanish, the solution will agree with that of 
Case I, Eq. 4. It isn't possible to arrange the answer in a simple explicit 
form. One obtains the following quadratic equation in wX2 

OX2)2 

0 = 0.003016 - wX2 

EL 

a Kc 
— + 0.08877 — 
X2 X2 

c , - • 
1 KX a 

106.9 EIy X2. 

in which 

GJ — + Ke + Ksa
2\ + 

1 K2Xa2 

137.8 EIy 

(10) 

C, = 1 + i KX 
137.8 EL 

(11) 

For the case where the glazing is attached at the shear center, a = 0 (often 
about correct in practical cases), Eq. 10 gives the following solution 

166 „ , 
(wk\r = VEIyGJ 

A. 
(C,8,)2 + 0.119Ci 1 + 

TT2£CH, 

\2GJ + 
KX 

C,8, (12) 

Note 8, is given by Eq. 5. 
The very simple trial deflection functions assumed in Eq. 9 are most ap

propriate for relatively weak springs, Ks, for which Eq. 10 should give good 
results. However, the critical load may be off considerably for strong lateral 
restraining springs. 

There is also the possibility that the mullion will buckle into several waves 
at a lower load. To investigate this possibility the mullion is assumed to be 
subjected to a uniform moment given by Eq. 13 

M 
128 

wkz (13) 

The following mode shape is assumed with n half-waves in each span 

MTTZ 
(3 = B sin 

A. 
(14a) 

and 

ivnz 

X 

The following critical load is obtained: 
lio n T r ( 

(w\\r = — Y VEIyGJ ± 
, , , / nWECK K<X 

«2TT28 + C2 1 + — + - r - r — 
V X2 GJ n2Tt2GJ 

t Ksa\2\ / KX \(KsaX\\ 

n\2GJj \n%4EIy)\„Vc Uj _ 

0.50 -. 

' J 

(Ub) 
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KX 
c2 = 

and 

83 = 

1 + / 
n\4EIy 

\K°C +( K^ VI 
. X 2 \n4Tt4EIy)k_ 

Ely 

GJ 

(15b) 

(15c) 

This simplifies considerably for the case where the glazing is at the shear 
center, a = 0. 

CASE !V. MAXIMUM BRACING RESTRAINT 

Finally, consider that the mullion is completely restrained from lateral de
flection at the glazing plane and is elastically restrained from rotation. If Ks 

-» °° in Eq. 10, the following equation for the critical load is obtained 

wX2(1.289a - 0 .08877^ - a) 

= TT'G/ 1 + TT 
EC„ Z e \ 2 137,8 Elyd 

y-GJ 
(16) 

However, this cannot be expected to be very accurate because, as explained 
previously, the trail deflection function for u is not appropriate for this case. 
Therefore, a separate solution was obtained as described below. 

The potential energy expression for this case is given by Eq. 8 with u = 
0. Obviously 

u = afi (17) 

Using a one-term approximation, (3 = B sin TTZ/X., and minimizing, as 
before, one obtains Eq. 18 

vv\2(0.9112a - a 

= IT 2 G/ 1 + y— + + 

0.08877JTJ 

IT ECW 

GJ\l GJ\Z ir2GJ, 
(18) 

Note that this is of the same form as Eq. 16. 
If Ke were of significant magnitude there is the possibility that the mullion 

would buckle into several waves at the lowest critical load. However, as 
will be shown, the buckling strength for practical mullions is so high (even 
for KB = 0), there is no need to consider this possibility further. 

Roeder and Assadi (1982) give the exact solution for a doubly symmetric 
wide flange beam (K„ = 0) with the lower flange prevented from lateral 
displacement (a = d/2) by a thin membrane (Ke = 0) and subjected to uni
form moment. They give 

M„ 
d\ 4 

2 v A EI, + ECW) + 
GJ 

d 
(19) 

Eq. 18 gives for this beam with a = 0 
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(w\2)c, 
2 ^ d2 

1EI> 
GJ 

ECW I + — 
' d 0.9112 

The corresponding maximum positive moment is 

(M+)cr = (M'\2)C,. = 1.52 
128 

TT2 d2 

—A — E1y d\2\ 4 y ECW\ + 
GJ 

(20) 

(21) 

Thus, the form of this solution is the same as the exact solution of Roeder 
and Assadi for uniform moment and the coefficient is substantially larger, 
as would be expected. 

DESIGN COMPARISONS 

The monosymmetric beam of Fig. 4 represents a simplified mullion that 
spans two stories with a story height, X = 150 in. (381 cm). The glazing 
is roughly at the position of the shear center and hence it is assumed that 
the wind load is applied at the shear center. The mullion is assumed to be 
an extrusion composed of 6063-T6 aluminum. 

Aluminum Association Specifications (1986) 
The beam is fully supported against lateral buckling over the center sup

port. Therefore, by Table 3.3.29 the allowable stress at this location is as
sumed to be 15 ksi (103.4 MPa) in either tension or compression. The lim
itations on compressive stress due to lateral buckling are assumed to apply 
only to the interior portions of the mullion, for which the maximum moment 
is 0.0703w\2. For this example only downward forces will be considered. 

Table 3.3.29 gives the following formula for allowable compressive stress 
in beams, in ksi, for Lb/r* > 94 

2.716" 

- a * 

2.584" 

0 

r-\ 

« ''5 

2 0 -

• • •—0.12" 

0 

S 

3" 

1.483" 

i 

, 

FIG. 4. Design Example of Mullion Cross Section Dimensions 
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t> ,' ,UUO 
(22a) 

in which Lb = unsupported length of compression flange and r* = radius 
of gyration about the y axis calculated as though both flanges were the same 
as the compressive flange. For the given mullion Lb = X. = 150 in. (381 
cm); r* = 0.360 in. (0.914 cm); and (Lb/r*) = 416. For this very slender 
beam, Eq. 22a gives 

F„ 0.502 ksi (3.46 MPa) (22b) 

The Specifications for Aluminum Structures also give a more accurate 
formula for allowable compression stress in Section 4.9, in which r* in Eq. 
22 is replaced by an effective r*, as follows for load applied to the bottom 
(tension) flange 

effective r* 
1.7 

0.50 + 1.25 + 0.152-
J* 

I* 
(23) 

in which kb — coefficient = 1 for uniform transverse load as in this example; 
/* = moment of inertia about axis parallel to web; S* = section modulus; 
d = depth of section; and J* = uniform torsion constant, all computed as 
though both flanges were the same as the compression flange. Thus, I* = 
0.226 in.4 (9.41 cm4); S* = 3.07 in.3 (50.3 cm3); d = 5.30 in. (13.46 cm); 
and J* = 0.0666 in.4 (2.77 cm4). Then, by Eq. 23, r* = 0.944 in. (2.40 
cm); and by Eq. 22, Fb = 3.45 ksi (23.8 MPa). 

Thus, the allowable compressive stress by this provision is 6.9 times larger 
than that given by the provision of Section 3.4.11. 

Case I. No Bracing Restraint 
The critical value of wX2 is given by Eq. 4, in which for the cross section 

of Fig. 4, / , = 0.563 in.4 (23.4 cm4); G = 0.385£; E = 10,000 ksi (68,950 
MPa); J = 0.0429 in.4 (1.79 cm4); C„, = 2.250 in.6 (604 cm6); and K0 = 
1.450 in. (3.68 cm). One obtains (w\\r = 3 8 4 in.-kip (43.4 k N - m ) , and 
the corresponding maximum positive moment = (M+) max = 0.0703wX2 

= 27.0 in.-kip (3.05 kN • m). The corresponding compressive stress at elastic 
buckling i s / c = M/S = 8.58 ksi (59.2 MPa) in which S = 3.15 in.3 (51.6 
cm3). If one applies a factor of safety of 1.65 as is used for the Alluminum 
Association formulas for buildings, one obtains the following allowable 
compressive stress for the interior region 

F„ = 5.20 ksi (35.8 MPa) (24) 

This allowable compressive stress is 10 times larger than the value given by 
Eq. 22 and 1.5 times larger than the value given using the effective r*e of 
Eq. 23. The Case I analysis neglects all restraint offered by the glazing; the 
additional strength results partly from an accurate evaluation of the true bending 
moment variation in Eq. 4 and partly from the approximate nature of the 
Aluminum Association specification procedure when applied to this case. 
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FIG. 5. Glazing Pocket Detail for Modeling Elastic Restraint 

Case II. Midspan Bracing 
If an intermediate element prevents lateral displacement at midstory of the 

given mullion, the critical load is approximated by Eq. 6, giving (w\2)cr = 
591 in.-kip (66.8 kN'in). This gives a maximum positive moment = 41.6 
in.-kip (4.70 kN'm), which corresponds to a critical compressive stress of 
13.2 ksi (91.0 MPa). Again, assuming a factor of safety of 1.65, one obtains 
the following allowable stress 

Fb = 8.00 ksi (55.2 MPa) (25) 

Thus the intermediate supporting element increased the strength over the 
freestanding mullion, Case I, by a factor of 1.54. 

Case III. Elastic Restraint 
Small restraints can greatly increase the lateral-torsional buckling strength 

of the aluminum mullions. A reliable estimate of the restraint constants /sT9 
and Ks provided by the glazing is not available. As a very rough estimate 
of the minimum elastic restraint, assume that Ke = 0 and that Ks is provided 
by the elasticity of the soft Neoprene seals only as it seems reasonable to 
assume that the glass does not move horizontally in its plane. 

The attachment of the glass to one side of the mullion is shown in Fig. 
5(a). Although the glass is assumed fixed and the mullion moves, it is easier 
to visualize the mullion as fixed and the glass as moving, as in Figs. 5(b) 
and 5(c). The very complex stress-displacement state in the seals is roughly 
approximated herein as composed of pure shear and pure flexure. The total 
displacement of the glass A is the sum of the displacements due to shear, 
A„, and flexure, Afc. The force per unit length of seal of each glass pane is 
denoted as P. Each seal resists one-half of this force. 

First consider the displacement due to shear. Assume the load P/2 causes 
uniform shearing stress in the seal. Then 
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t 
shearing stress = T = — (26) 

2b 

in which b is the width of the seal, as in Fig. 5(a). The corresponding shear
ing strain is 

T 3 P 
shearing strain = -y = — = (27) 

G 2 bE 

as it is assumed for the seal material that G = E/3. The displacement due 
to shear is then 

3 P c 
A„ = ic = - - - (28) 

2 E b 

in which c — height of the seal, Fig. 5(a). 
As a conservative assumption assume simple flexure of each seal as a 

cantilever beam. Then the beam displacement is 

~l)C W 2Pc3 

A„ = = —— = — - (29) 
3EIS b3\ Eb3 

3E 
\12 

in which Is = moment of inertia of seal per unit width. 
The total displacement A is 

P / 3 c 

E\2b b: A = A„ + A6 = - ( - 7 + 2 - (30) 

Assuming that a glass pane is restraining the mullion on each side, the 
total spring stiffness Ks is 

IP IE 
*. = T = (31) 

\2 b b3) 

Assume as typical dimensions b = c = 0.250 in. (0.635 cm) and for soft 
Neoprene rubber under short time loading, E = 2,000 psi (13.8 MPa). Then, 
Ks = 1,143 lb/ in . / in . (788 N / c m / c m ) . Obviously, this is a ballpark esti
mate but it should be low since consistently conservative assumptions have 
been made. In the following calculation Ks = 1,000 lb / in . / in. (690 N / c m / 
cm) has been assumed. 

Assume that the central plane of the glazing is at the shear center; hence, 
a = a = 0. For a story height X = 150 in. (381 cm); as before, the two-
wave solution of Case III gives the lowest critical load as follows: (w\2)cr 

= 965 in.-kip (109 kN-m) . This is 2.51 times larger than the critical load 
of Case I. The elastic critical compressive stress is 21.6 ksi (149 MPa). The 
compressive yield strength of 6063-T6 aluminum is 25 ksi (172 MPa). 
Therefore, this case should fail inelastically at about 17.7 ksi (122 MPa). 
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Or using a factor of safety of 1.65 gives the following allowable stress 

Fb = 10.7 ksi (74 MPa) (32) 

This is about three times the value allowed by the Specifications for Alu
minum Structures and over twice as much as the suggested allowable stress 
for the freestanding beam, Case I. 

Note that in this example a minimum glazing restraint is assumed as well 
as a uniform moment. The true critical load is probably much higher. 

Case IV. Maximum Bracing Restraint 
This case assumes that the mullion is completely restrained from lateral 

deflection at the glazing plane and elastically restrained from rotation. For 
this example assume the glazing is at the shear center and neglect entirely 
the rotational restraint. Then a = d = 0 and ATe = 0. Eq. 18 gives the 
following result: (w\2)cr = -13,420 in.-kip (-1,516 lcN-m). Thus, the ab
solute value of w\2 is 35 times larger than the value of Case I. The negative 
sign means that the wind force would have to be reversed (suction). This 
result shows that if the given mullion is prevented from lateral displacements 
by the glazing located at the shear center there is really no lateral buckling 
problem and the allowable stresses do not have to be reduced. 

Comment 
The dramatic difference in results between the regular Aluminum Asso

ciation allowable compressive stress equation, its more precise effective ry 
equation, and an allowable compressive stress based on the minimum pos
sible critical load, Case I, is readily discerned. Case I gives an increased 
capacity of 51% compared to the effective radius equation and an increase 
of over 900% compared to the regular equation. The contrasts are even greater 
when comparisons to Cases II, III, and IV are made. In Case III an attempt 
is made to conservatively estimate the elastic restraint offered by the glazing. 
This solution gives an increase in the allowable stress over that of Case I 
of over 100%. 

If the elastic restraint afforded by the glazing can be estimated reliably 
and conservatively, it is certain that higher allowable stresses could be used 
with great savings of materials. It seems desirable to experimentally evaluate 
the behavior of curtain wall construction. 

EXPERIMENTAL STUDIES 

The critical buckling strength of the very slender mullions used in curtain 
wall construction is very sensitive to the restraint offered by the glazing. As 
discussed, this restraint is difficult to estimate accurately. However, it is 
presently the industry standard to carry out full-scale structural mock-up test
ing on new or major curtain wall designs. This provides an excellent op
portunity to collect data that can be used to establish the strength and be
havior of the slender mullions. 

The Southwell plot was originally proposed as a nondestructive procedure 
for extrapolating the elastic critical load of concentrically loaded struts from 
tests in which the load is increased to a fairly high value but not to failure. 
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The theory is unquestionably correct for the simple strut problem. The theory 
and application of the Southwell-type procedures for lateral buckling prob
lems is described by Trahair (1969) and Attard (1983). The plot of the prod
uct wind pressure times measured displacement versus measured displace
ment should be a straight line with the slope equal to the critical wind pressure. 
The plot may not be a straight line with the correct slope until the wind 
pressure reaches a significant percent of the critical value and, of course, 
the stress-strain behavior must be linear. The measured displacement could 
be the sideways displacement of the compression flange at a point of max
imum displacement. Assuming the mullions have some initial crookedness, 
if in a test one does not measure any progressively increasing lateral dis
placement as one increases the load up to the maximum, then the conclusion 
would be that the maximum is simply nowhere near the critical value. In 
the several tests witnessed by the senior writer, such has been the case, as 
the measured displacements have been negligible. The useful strength of the 
curtain walls in these tests depended on the yield strength of the mullions, 
with no lateral buckling tendencies observed. 

SUMMARY AND CONCLUSIONS 

Formulas for the elastic lateral buckling strength of slender monosym-
metrical beams that represent curtain wall mullions with practical loading 
and supporting conditions have been derived by approximate energy pro
cedures for four different assumptions of possible elastic restraint. These are: 
(1) No lateral bracing; (2) bracing at midstory only; (3) elastic restraint against 
lateral displacement and twisting displacement at the glazing level; and (4) 
maximum bracing that completely prevents lateral displacements at the glaz
ing level. The beams span two stories and are subjected to uniform load. 

A typical design situation is evaluated. The allowable compressive stresses 
obtained by applying the two Aluminum Association Specification (AAS) 
formulas for unbraced beams are shown to be very conservative. The so
lution based upon no lateral bracing leads to an allowable compressive stress 
51% higher than given by AAS. The others are higher. The most realistic 
assumption, the third, with very conservative assumptions of glazing re
straint leads to an allowable compressive stress about three times the AAS 
value. 

Experimental studies performed to verify by test practical designs by the 
senior author show no progressive displacement failures and suggest there 
is sufficient bracing restraint by the glazing to prevent lateral buckling fail
ure. 

With additional study it should be possible to establish realistic design 
codes that will allow far more economical designs than are now possible. 
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APPENDIX II. NOTATION 

The following symbols are used in this paper: 

A = area of cross section of mullion; 
a = distance of elastic restraint below shear center; 
a = distance of point of load application below shear center; 

B,C = constants in series expressions; 
b,c = dimensions of seal; 
C„, = warping-resistance constant; 

d = depth of wide-flange or I section; 
E = Young's modulus of elasticity; 

Fb = allowable design compressive stress; 
fc = maximum compressive stress at elastic buckling; 
G = shearing modulus; 

Ix,Iy = moments of inertia about x and y axes, respectively; 
J = uniform torsion cross-section constant; 

K0 = cross-section constant; 
K9,KS = stiffness constants for rotational and transverse spring sup

ports, respectively; 
kh = load coefficient; 
Lb = unsupported length of compression flange; 
M = bending moment about x axis; 
n = number of half-waves of buckling displacement; 
P = force per unit length of seal; 
ry = radius of gyration about v axis of wide flange beam; 

rye = effective ry\ 
S = section modulus for maximum compressive stress for bending 

about x axis; 
u = horizontal displacement of shear center, a function of z; 
V = potential energy of slightly displaced system; 
w = uniform load; 

x,y = principal axes of inertia and Cartesian coordinates; 
y0 = y coordinate of shear center; 
z = longitudinal coordinate; 
(3 = rotation of cross section about shear center, a function of z; 
*y = shearing strain ( T / G ) ; 

9494 

Downloaded 22 Aug 2011 to 131.104.62.10. Redistribution subject to ASCE license or copyright. Visit http://www.ascelibrary.org



A,A;.,A,. = displacements of seal; 
81; 82,83 = dimensionless parameters; 

X = story height; 
T = shearing strain in seal; 

( )* = quantity computed for I beam with unequal flanges as if both 
flanges were the same as the compression flange, holding the 
total depth constant; and 

( )„ = elastic critical buckling value. 
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