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Introduction
Buckling phenomena frequently govern the design of steel members under 
compression or for elements partially compressed. To achieve a good 
compromise between steel tonnage and performance, discrete restraints along 
the compressed member (or along the compressed part of the member) can be 
used. However, for certain cases, introducing restraints as part of an orthodox 
bracing system is not feasible and designers must use other options to achieve a 
capable structural solution. The use of U-frame action offers this opportunity.

U-Frame action general principles
The classic U-Frame action example can be found in “half-through” railway 
bridges[1],[2] or pedestrian bridges. The key concept of the U-frame action is 
illustrated in Figure 1a. The two longitudinal girders are subjected to a sagging 
bending moment, which causes compression in the top flanges. At certain 
locations along the bridge span, a continuous U-shaped frame is formed from 
the horizontal deck beams and vertical elements in the main girders – usually 
full depth stiffeners welded to the web. There is a stiff connection between the 
end of the deck beam and the vertical elements, so that an appropriate bending 
stiffness between the vertical elements  and the floor beams is achieved. The 
flexural stiffness of the U-frame provides discrete spring restraints to the 
compressed beam flanges. These elastic restraints increase the resistance of the 
girders to lateral torsional buckling. The same principle can be applied to a 
trussed solution (Figure 1b). If the vertical posts of the truss are connected to 
the adjacent floor beam, the top compressed chords will have spring restraints, 
which will increase the out-of-plane flexural buckling resistance of the chord. 
The concepts described may be extended to other forms of construction based 
on the same principles.

Although the concept of U-frame action is often related to “half-through” 
railway bridges or pedestrian bridges, the concept may be also used when 
designing conventional downstand composite bridge beams during the 
construction stage or to prevent lateral torsional buckling of the compressed 
bottom flanges near the bridge internal supports. The typical configuration 
shown in Figure 1a may not suffice and bracing elements (typically forming a 
“K” shaped bracing arrangement) or haunched cross beam solutions may be 
provided to increase the stiffness and effectiveness of the restraints, to provide 
an effective torsional bracing or simply to establish clear segments for the beam 
buckling verification.

Structures such as portal frames[3],[4], multi-storey buildings with continuous 
composite beams or arched bridges may also rely on U-frame action to provide 
restraint against buckling.

General advice and design principles
The stiffness of the U-frames is the key for the structural behaviour and 
design. Care must be taken not only while selecting the members sizes but 
also while undertaking the connections design and detailing.

Semi-rigid connections will decrease the stiffness of the U-frame, which in 
turn will decrease the stiffness of the point restraints and therefore the 
buckling resistance of the restrained elements. The joint stiffness 
classification can be assessed based on EN 1993-1-8[5]. The stiffness of semi-
rigid joints must be used while assessing the U-frame behaviour.

In addition to the stiffness of the elements forming the U-frame, the 
resistance of the elements must also be checked including second order 
effects. Guidance on the design is provided in references [6], [7], [8] and [9].

The objective when considering U-frame action is to address the elastic 
stability problem of the elements that are being restrained – typically the 
elastic critical buckling force for the compression element restrained by 
intermediate spring supports. Designers will then use typical buckling 
resistance verifications based on buckling curves according to Eurocode 3. 
Even for U-frame action in composite structures, the lateral torsional 
buckling resistance will still be based on the buckling curves from 
EN 1993-1-1[10] section 6.3.

U-Frame action in composite structures
Typical UK composite practice assumes simply supported beams, which offers 
a good compromise considering structural capacity, slab detailing and 
straightforward analysis and design. For certain cases – due to say high 
loading or atypical requirements for serviceability floor performance – a 
continuous solution may be utilised. The unrestrained steelwork of a 
continuous composite beam experiences compression over the supports and 
therefore is susceptible to local and member buckling. To avoid the 
unattractive practice of introducing restraints to the beam bottom flange, 
U-frame action may be considered, achieved by the combined behaviour of 
two adjacent parallel floor beams and the slab. The restraint to buckling is 
based on the stiffness ks (Figure 2), which accounts for the stiffness of the 

U-Frame action design 
according to Eurocodes

Figure 1: U-Frame action

Ricardo Pimentel of the SCI discusses the consideration of U‐Frame action to restrain members
susceptible to flexural and lateral torsional buckling according to Eurocodes.

a) I-shaped girders – addressing lateral torsional buckling b) Trussed solutions – addressing flexural buckling
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beam web and the slab. The design is covered by Eurocode 4[11] and further 
guidance on the buckling resistance of continuous composite beams can be 
found in reference [12].

U-frame stiffness and design
For the typical U-frame configurations such as the ones presented in Figure 1, 
the stiffness Cd can be calculated from EN 1993-2[6] Table D.2 as follows:

=
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3         2Iq

E IvCd

+

Eq. (2)

where:
Iv  is the second moment of area of the vertical stiffeners;
Iq is the second moment of area of the cross/horizontal member;
ℎ  is the distance between the centroid of the compressed flange and the   

 centroid of the cross member;
ℎv  is the distance between the centroid of the compressed flange and the top 

 of the cross member;
bq  is the spacing of the main girders.

Iv may be calculated assuming the contribution of a web width equal to ts + 
30 ε tw

[13], where ts is the thickness of the vertical stiffener, tw is the thickness of 
the web, ε = √(235 ⁄ fy,w) and fy,w is the yield strength of the web. If flange plates 
are welded to the vertical stiffeners, the inertia Iv can be calculated based on the 
obtained equivalent “I” section. Higher stiffnesses can be achieved by specifying 
two double “T” shaped stiffeners on each side of the main girder web, which can 
each be cut from a standard “I” or “H” section. The stiffness of the connections 
between cross beams and verticals may be accounted for in equation 2 by 
adding the term ℎ²EIv/Sj in the denominator, where Sj is the stiffness of the 
connection[2].

The assessment of U-frame stiffness may seem straightforward for the 
orthodox configuration shown in Figure 3. However, for certain cases the 
designer may wish to prepare a simple FE model from which the stiffness can be 
calculated. The stiffness can be calculated by applying a pair of forces “F” 
(Figure 3) in the U-frame, measuring the deflection at the tip of the flange and 
dividing the load by the measured deflection. The stiffness (Cd) may then be 
used to assess the elastic critical force of a top chord of a truss or for a 
compressed flange of a beam susceptible to lateral torsional buckling.

The elastic critical buckling force can be calculated based on an analytical 
approach or determined from FE models. The analytical approach, based on a 

beam supported by an elastic foundation, can be undertaken as follows, based 
on EN 1993-2 section 6.3.4.2 (6):

Ncrit = mNE      Eq. (3)

where:

NE =
π2EI
L2 , where L is the distance between rigid braces;

m =
2
π2 γ ≥ 1

  
where g = cL4/EI and c = Cd/l, in which l is the distance  

between U-frames.
From equation (3), the buckling length of the compressed member can be 

obtained from:

lcrit =
π2EI
Ncrit

Equation (3) assumes that the end frames are rigid, which will not be the 
case for most practical cases. The influence of the flexibility of the supports may 
be considered by replacing the variable “m” in Equation (3) by[14], [7]:
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 and Ce  is the stiffness of the  
 
end frame according to equation (2).

The stiffness of the end supports will only have an influence in the design of 
critical segments close to the supports. The influence of the stiffness of the 
supports may be neglected for segments located at least 2.5 × lcrit from the 
supports[7].

Design for flexural buckling according to Eurocode 3
Consider a 20 m span pedestrian bridge with two 1575 mm deep longitudinal 
warren trusses with additional vertical members as shown in Figure 4. The 
trusses are 3 m apart and the verticals spaced at approximately 1.67 m. Five 
U-frames are provided in the structural solution: 2 end frames and 3 interior 
equally spaced frames (5 m between U-frames). The axial loads in the chords 
are estimated as 550 kN at midspan. The design will be based on EN 1993-1-1 
section 6.3.2.4 (1) or EN 1993-2 6.3.4.2.

A hot finished SHS 150 × 150 × 6.3 was selected for the preliminary design, 
which gives a buckling resistance of 673 kN for a 5 m buckling length and 
gM1 = 1.10. The cross beams at U-frame locations have the same cross section 
(SHS 150 × 150 × 6.3: I = 1220 cm⁴).

The stiffness of the U-frames can be calculated as follows, using equation (2):

Figure 2: U-Frame action in a continuous composite beam

Figure 4:  Trussed pedestrian bridge with 20 m span

Figure 3: Generic model for U-frame stiffness calculation
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=
1.353

3

210 × 106 × 1220 × 10-8 Cd

+
1.4252 × 3 × 1220 × 10-8

2 × 1220 × 10-8

= 662.69 kN/m

A simple FE model with bar elements was completed to compare the 
calculated U-frame stiffness. Rigid links were used to model the distance ℎv. 
Forces with opposite directions represent the critical mode (producing higher 
deflection). From the analysis results, the deflection is 1.507 mm under 
opposing forces of 1 kN. The spring stiffness can be obtained as follows: 
 
Cd,FEM =

1
1.507 · 10-3 = 663.57 kN/m

 
which is very close to the value of

  
662.69 kN/m previously calculated (See Fig. 5).

Having calculated the U-frame stiffness, the elastic critical force can be 
determined:

c =
Cd

l =
662.69

5 = 132.54 kN/m²

g = 132.54 × 20⁴/(210 × 10⁶ × 1220 × 10-8) = 8277.16

m =
2
π² ×    8277.16 = 18.44

NE =
π2 × 210 × 10⁶ × 1220 · 10-8

202
= 63.21 kN

Ncrit = 18.44 × 63.21 = 1165.44 kN

The benchmark buckling resistance of the chord assuming a buckling length 
between U-frames is:

NE,5m =
π2 × 210 × 10⁶ × 1220 × 10-8

52
= 1011.44 kN

It can be concluded that the U-frames are of benefit in restraining the chord 
if the end restraints were rigid, as the critical load (1165.44 kN) is higher in 
comparison with the value obtained (1011.44 kN) considering the distance 
between U-frames for the chord buckling length.

As the end restraints are also U-frames (and therefore flexible), the values 
calculated previously are not accurate. The flexibility of the end supports needs 
to be considered as follows:

)=
662.69

  2
X (

0.2553

662.69³ × 210 × 10⁶ × 1220 × 10-8
= 1.69 m

=
π            0.69 

     2      1.69 + 0.5

8277.16me
+( )2

= 14.13

Ncrit = 14.13 × 63.21 = 893.50 kN

The chord effective length can be back-calculated as follows:

lcrit =
π2 × 210 × 10⁶ × 1220 × 10-8

893.50
= 5.32 m
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Figure 5: U-Frame stiffness based on a simple FE model[17]

https://www.steelconstruction.info/Design_for_half-through_construction#Bending_resistance


NSC  January 2021   27

The buckling length is shown to be a little longer than the system length.
As an alternative approach, a FE model was also completed to evaluate the 

elastic critical buckling load of the chord. The spring supports of 663.57 kN/m 
were modelled (including end frames). The buckling shape obtained for the 
cord is represented in Figure 6. Each bar was subdivided in 10 segments for 
accuracy[15],[16]. For simplicity, the axial load was considered constant along the 
chord, which is conservative. The analysis reports an elastic critical buckling 
resistance of Ncrit = 985.42 kN.

The effective length for the chord based on the FE analysis is therefore:

lcrit =
π2 × 210 × 10⁶ × 1220 × 10-8

985.42
= 5.07 m

A FE model was also completed to evaluate the impact of the axial load 
gradient in the compressed chord. The results are shown in Figure 7. The model 
with constant axial force shows a lower resistance, as the less stable end 
segments had a higher axial force. The analysis reports an elastic critical 
buckling resistance of Ncrit =  1193.99 kN.

The new effective length for the chord based on the FE analysis is therefore:

lcrit =
π2 × 210 × 10⁶ × 1220 × 10-8

1193.99
= 4.60 m

It can be concluded that both analytical and numerical approaches  
show a good agreement. The chord member could then be checked against 
EN 1993-1-1/EN 1993-2 rules for member stability using the back-calculated 
effective buckling length.

More sophisticated analyses may be undertaken where the elastic critical 
buckling load is obtained directly from 3D FE models. The designers must 
ensure that the internal bar releases and support conditions are correctly 
modelled to obtain a realistic behaviour of the structure. Such models may be 
completed using bar elements or with shell elements. The elastic critical 
buckling loads may differ from the more simplistic models due to the three-
dimensional structural behaviour. Shell element models can be also used to 
more accurately obtain the U-frame stiffness as shown in Figure 5, which may 
also include the stiffness of the connections. The simple model represented in 
Figure 5 may also account for joint stiffness by including spring internal bar 
releases at the joints.

Design for lateral torsional buckling according to Eurocode 3
To illustrate the process applied to an “I” beam, consider a half-through bridge 
with a 42 m span. The main girders are spaced apart by 9 m. At a preliminary 
design stage, the top flanges were defined as 1000 × 120 mm plates, the bottom 
flanges 1500 × 70 mm and the webs 2810 × 20 mm. All plates were S460 (yield 
strength of 390 MPa for the top flange and 440 MPa for the web). The cross 
girders are spaced at 3.5 m centres along the bridge span and have a total depth 
of 700 mm, a centroid at half depth and a major axis second moment of area of 
4.50 × 10⁹ mm⁴. The vertical “I”-shaped posts of the U-frame have a second 
moment of area of 1.20 × 10⁹ mm⁴, which comprises a gusset of 400 × 15 mm 
perpendicular to the web, an end plate of 425 × 40 mm and a web contribution 
of √(235 ⁄ 440) × 30 × 20 + 15 = 453.50 mm.

The challenge of the worked example is to check the main beam for lateral 
torsional buckling accounting for the contribution of the U-frame action 
provided by the cross beams and vertical stiffeners. The design will be 
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Figure 8: Half-through bridge with plated girder worked example geometry

Figure 6: Chord elastic critical buckling load - flexible supports[17]

10 FE per par. Critical multiplier: acrit = 985.42, Ncrit = 985.42 kN

Figure 7: Chord elastic critical buckling load - flexible supports with axial load gradient[17]

10 FE per par. Critical multiplier: acrit = 1193.99, Ncrit = 1193.99 kN
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undertaken based on EN 1993-1-1 section 6.3.2.4(1) / EN 1993-2 6.3.4.2. The 
process will be analogous to the one described in the previous worked example, 
but for this case an equivalent compression strut needs to be defined for the 
process. EN 1993-2 clause 6.3.4.2(7) states that the area of the equivalent strut 
may be assumed the area of the compressed flange plus 1/3 of the compressed 
web area, accounting for the effective web area due to local plate buckling. The 
main beam cross section is class 4 under sagging bending moment due to the 
slender web. The effective cross section area is represented in Figure 9. In this 
example, the effective area of the equivalent strut is therefore Aeff = 1000 × 120 + 
20 × (373.85 + 560.77) / 3 = 126230.80 mm². The equivalent strut out of plane 
second moment of area is based on the flange plate (ignoring the small 
contribution of the web), which has a value of I = 1.0 × 1010 mm⁴.

According to Figure 3, the example comprises the following data:

Iv [mm⁴] 1.20 × 10⁹

Iq [mm⁴] 4.5 × 10⁹

ℎv[mm] 2065

ℎ [mm] 2415

bq[mm] 9000

Cd [kN/m] 25367.74

Ce [kN/m] 25367.74

C [kN/m²] 7247.92

g 10739.68

m 21.00

X [m] 0.60

me 12.77

Ne [kN] 11749.53

Ncrit [kN] 150035.68

Aeff [mm²] 126230.80

The normalized slenderness to calculate the lateral torsional buckling 
resistance of the girder can be calculated as follows – EN 1993-2 section 
9.3.4.2(4):

λLT =
126230.80 × 390 × 10-3

150035.68
= 0.57

Aeff × fy

Ncrit
=

As lLT > 0.20 the beam is susceptible to lateral torsional buckling. With the 
value of lLT , the buckling verification according to EN 1993-1-1 section 6.3 can 
be undertaken.

Similar FE models could be used to evaluate the elastic critical buckling 
resistance as described for the previous pedestrian bridge worked example.

The calculations presented above assume that the flange is subjected to a 
constant bending moment. The bending moment gradient for the segment 
under analysis may be allowed for according to EN 1993-2 section 6.3.4.2 (7) 
Note.

For the cases where the concrete deck is effectively connected to the beam 
webs, the stiffness Iq may be considered as the second moment of area of the 
deck (see reference [12]) and Iv = tw³/12(1 − v2), where v is Poisson’s ratio[19].

Conclusions
1. U-frame action is present in many forms of construction, from single- and 

multi-storey buildings to bridges, related with steel or composite 
structures;

2. U-frame action may be used to provide elastic (spring) restraints to 
elements which at first sight may look like an unrestrained component, such 
as a compressed chord susceptible to flexural buckling or a flange of a “I” 
girder susceptible to lateral torsional buckling;

3. The stiffness of the connections between U-frame elements is important if 
the stiffness of the U-frame is to be correctly calculated;

4. U-frame action is used with elastic stability calculations, so that Ncrit and 
then l may be calculated for elements susceptible to flexural buckling.

5. For members subject to lateral-torsional buckling, a non-dimensional 
slenderness lLT  may be calculated.

6. U-frame action can be accounted for by undertaking an analytical procedure 
based on available guidance or based on a more general method using FE 
analysis; in the examples shown, a good agreement between the two 
possible design routines was achieved.
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Figure 9 : Main beam effective area[18]
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