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Abstract: Owing to their enhanced load-carrying and serviceability performances, prestressed cold-

formed steel beams can potentially open up new applications within the construction industry. In the 

proposed concept, an eccentric prestressing force is applied to cold-formed steel beams by means of a 

cable that is housed within a bottom hollow flange. During prestressing, tensile stresses are induced 

within the top region of the beam, thus delaying the occurrence of local instabilities under subsequent 

vertical loading. Consequently, the moment capacity of the beam is enhanced. Furthermore, owing to 

the prestressing, a pre-camber is also induced along the member, thus decreasing the overall vertical 

deflections significantly. Following discussion of the mechanical behaviour of the proposed beams, 

design recommendations are developed by employing interaction equations alongside the Direct 

Strength Method. Subsequently, finite element (FE) analysis is employed to investigate the effects of the 

prestress level and the section slenderness of the steel beam on the benefits obtained from the 

prestressing process. The parametric FE results are then utilised to assess the design recommendations. 

Keywords: Beam-columns; cold-formed steel beams; finite element modelling; interaction equations; parametric 

studies; prestressing. 
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1 INTRODUCTION 

By prestressing cold-formed steel beams, the development of local instabilities, such as local 

and distortional buckling, which typically take place in the compressed regions of cold-formed 

steel members, is delayed. This is achieved by inducing tensile stresses within the top region of 

the cold-formed steel beam using a prestressed cable. Owing to the prestressing, the beam is 

able to carry greater imposed loading before detrimental compressive stresses cause failure. 

The concept of prestressing steel was introduced by Magnel in 1950 [1]. This has been 

followed by more recent research on prestressed bare steel beams [2,3], steel trusses [4,5] and 

stayed columns [6,7]. In the proposed prestressed cold-formed steel beams, a high strength steel 

cable, which is located within the cold-formed steel beam at an eccentricity from its strong 

geometric axis, is used to apply the prestressing. Owing to this eccentricity, a pre-camber is 

induced along the beam, which, alongside the contribution of the cable to the system bending 

stiffness, cancels out a significant part of the vertical deflections induced during the subsequent 

imposed loading stage. 
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Figure 1: Section cut at the midspan of the prestressed cold-formed steel beam showing its deformations 

during different loading stages. In this figure, the member fails due to distortional buckling. 
 

The concept of prestressed cold-formed steel beams was introduced by the authors in [8], 

where analytical expressions were developed, alongside a set of failure criteria that predict the 

capacities of the cold-formed steel beam and cable during both loading stages (i.e. prestressing 

and subsequent vertical loading). The behaviour of the proposed beams was also simulated 

using finite element (FE) modelling. In the present paper, design recommendations are 

developed, while the effects of the prestress level and section slenderness on the benefits 

obtained from the addition of the prestressed cable are investigated through a set of parametric 

FE studies. These results are then compared to the design predictions using an axial force versus 

bending moment (P-M) interaction diagram. 

2 LOADING STAGES AND DESIGN RECOMMENDATIONS 

2.1 Conceptual development 

In the proposed concept, a high-strength steel cable is housed within the tubular region of 

the cold-formed steel beam, as shown in Figure 1. The cable is anchored at the two beam ends. 

2.2 Loading stages 

The prestressed cold-formed steel beams are subjected to two loading stages – Stages I and 

II. During Stage I, the initial prestressing force Pi is transmitted into the cold-formed steel beam 

at the two anchorages. Owing to the eccentricity e at which the cable is located with respect to 

the strong geometric axis of the cross-section, a pre-camber is induced along the member, as 

shown in Figures 1 and 2(a). The eccentric prestressing force is equivalent to a concentric force 

plus a negative (hogging) bending moment equal to Pie, as shown by the loading configuration 

and the axial stress distribution components in Figures 2(a) and 3(b)-(c) respectively. 
 

Figure 2: Loading configurations during the (a) prestressing and (b) imposed loading stages. 
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Figure 3: Example of the components of the midspan axial stress distribution at the end of Stages I and 

II; tensile stresses are positive and x-x and y-y are the strong and weak geometric axes respectively. (a) 

Cross-section profile, with the external dimensions shown; (b) axial compressive and (c) bending 

stresses due to prestressing; (d) bending stress due to vertical loading; (e) axial compressive and (f) 

bending stresses due to the ΔP; (g) overall stress distribution. 
 

During Stage II, a uniformly distributed load is applied at the top flange, as shown in Figure 

2(b), inducing downwards vertical deflections, as shown in Figures 1 and 2(b). The vertical 

loading induces a maximum bending moment Mmax at midspan, and thus a positive bending 

stress distribution, as shown in Figure 3(d). As the member deflects, the cable is stretched 

further, inducing an additional prestressing force ΔP. Note that the cable is allowed to elongate 

freely along the member and thus it does not contribute fully to the system bending stiffness. 

As shown in Figures 2(b) and 3(e)-(f), ΔP has the same effect as Pi in Stage I. The analytical 

expression for ΔP has been developed in [8] using the principle of minimum potential energy. 

The benefits from the addition of the prestressed cable originate from the fact that the initial 

tensile stresses induced in the top part of the cold-formed steel beam due to the prestressing 

force (see Figures 3(c) and (f)) have to be overcome before detrimental compressive stresses 

arise and ultimately cause failure of the member. Hence, a higher load is required for local or 

distortional buckling to occur and thus the cold-formed steel beam is able to carry greater 

loading before failure; i.e. the load-carrying capacity of the cold-formed beam is enhanced. 

2.3 Design recommendations 

Since, as shown in Figure 2, the studied prestressed cold-formed steel beams are subjected 

to combined axial compression and bending during both loading stages, they can designed as 

beam-column members, with the capacities of both the cold-formed steel beam and the cable 

being checked for both loading stages, as described below. 

2.3.1 Design of the cold-formed steel beam 

To design the cold-formed steel beam, the North American Specification (AISI-S100-16) 

[9] alongside the Direct Strength Method (DSM) [10] are employed. As discussed in [8,11], for 

this purpose, the linear interaction equation (Equation H1.2-1 in [9]) can be reduced to:  
 

 1.0net net

c n b nx

P M

P M 
  , (1) 

 
where, in the numerator, Pnet and Mnet are the net axial compressive force and bending moment 

at midspan respectively, while, in the denominator, Pn is the compressive resistance and Mnx is 
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the bending resistance of the beam about its strong geometric axis; φc and φb are the resistance 

factors for compression and bending respectively and their values are taken equal 1.0 herein. 

The expressions for Pnet and Mnet in Stages I and II are listed in Table 1, where the subscripts 

(I or II) denote the corresponding loading stage. Furthermore, as discussed by the authors in 

[8,11], the values of Pn and Mnx are determined using the DSM herein. Note that, in the Stage I 

check, Mnx is set equal to the negative bending resistance Mnx
- of the member, while, in the 

Stage II check, Mnx is set equal to the positive bending resistance Mnx
+. 

In the present study, it is assumed that, owing to the presence of the flooring and sag bars at 

the top and bottom parts of the beam respectively, lateral-torsional buckling is prevented. 

Similarly, as discussed in [8], global flexural buckling due to the internal compressive 

prestressing force (during both stages) and distortional buckling due to negative bending 

(during prestressing) are prevented by the presence of the cable. Note that the aforementioned 

restraints simplify the member resistances Pn and Mnx to cross-sectional resistances. 

Furthermore, note that there are no member P-δ effects in the proposed system since the cable 

is located within the cross-section; hence, the lever arm of the compressive prestressing force 

with respect to the strong geometric axis of the cross-section remains constant during loading. 

2.3.2 Design of the cable 

The cable is designed by ensuring that the net prestressing force in each stage does not 

overcome its tensile capacity, such that: 
 

 ,net t y c cP F A , (2) 

 
where Fy,c and Ac are the yield stress and cross-sectional area of the cable respectively and φt is 

the resistance factor in tension. 
 

Table 1: Net axial compressive and bending moment at the midspan of the member. 

Stage I: ,net I iP P  
, ,net I net IM P e  

Stage II: ,net II iP P P   
, ,net II max net IIM M P e   

3 FINITE ELEMENT MODELLING 

The behaviour of prestressed cold-formed steel beams was simulated using a geometrically 

and materially nonlinear finite element (FE) analysis using ABAQUS [12]. The cold-formed 

steel and cable were modelled using S4R shell and T3D2 truss elements [12] respectively. 

3.1 Material modelling 

The rounded nonlinear material behaviour of the cold-formed steel was modelled using the 

modified two-stage Ramberg-Osgood model, which has been used in previous research [13–

15] to replicate the material response of cold-formed steel members accurately. The equations 

utilised herein were proposed by Gardner and Ashraf [16] and are given by: 
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Figure 4: Initial part of the material stress-strain curves for the flat and corner regions of the cold-formed 

steel beam; stress-strain curve for the high-strength steel cable. 
 
where σ and ε are the engineering stress and strain respectively, Ε is the Young's modulus and 

Ε0.2 is the tangent modulus at the 0.2% proof stress σ0.2. Moreover, εt0.2 and εt1.0 are the total 

strains at σ0.2 and σ1.0 (i.e. the 1.0% proof stress) respectively. The roundedness of the first and 

second stages of the response is defined by the strain hardening exponents n and n'0.2,1.0 

respectively. 

The higher yield strength exhibited in the corner regions of the cold-formed steel beam, as a 

result of the plastic deformations that develop during the cold-forming process, was accounted 

herein by increasing the 0.2% proof stress in the corner regions σ0.2,corners of the beam. The 

stress-strain (σ-ε) responses in the flat and corner regions of the cold-formed steel are shown in 

Figure 4. Since experimental data were not available for the purposes of the present study, the 

following parameters, as determined experimentally by Kyvelou et al. [13] were adopted: 

Εs=201 kN/mm2, σ0.2,flat=491 N/mm2, σ0.2,corners=1.17σ0.2,flat, n=11.2, n'0.2,1.0=2.1. The high-

strength steel cable was modelled as elastic until reaching a failure stress Fy,c=1860 N/mm2, 

following  [17]; the Young's modulus was taken as Ec=195 kN/mm2 based on [18]. 

3.2 Initial geometric imperfections 

Since the behaviour of cold-formed steel members is sensitive to geometric imperfections, 

perturbations were imposed on the initially perfect geometry of the steel beams. To account for 

the loading configurations of Stages I and II (i.e. compression plus negative and positive 

bending respectively), the imperfection shapes were obtained by applying negative and positive 

bending stress distributions in the software CUFSM [19] respectively. 
 

Figure 5: Deformation shapes and magnitudes of the imperfections corresponding to (a) critical local 

buckling for negative bending and to critical (b) local and (c) distortional buckling for positive bending. 
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It is worth noting that, lateral-torsional and negative bending distortional buckling are 

restrained in the proposed beams by lateral bracing and the cable (see Section 2.3.1), and the 

corresponding imperfections were therefore not introduced herein. The deformed shapes, 

shown in Figure 5, were then extracted and scaled according to the maximum imperfection 

magnitudes, which were based on the cumulative distribution functions (CDFs) proposed by 

Schafer and Peköz [20]. As often adopted in the literature [21,22], the magnitudes consistent 

with a CDF value of 50% have been employed herein, as shown in Figure 5. The imperfections 

were then distributed along the length of the beam using sinusoidal functions with the 

corresponding critical half-wavelengths, and, finally, the three imperfections were superposed. 

3.3 Boundary and loading conditions 

To model the simply-supported boundary conditions of the member, the degrees of freedom 

(DOFs) of the end sections of the beam were linked to reference points using kinematic 

coupling [12], as shown in Figure 6(a). The vertical (DOF-2) and out-of-plane (DOF-3) 

translations of the reference point were then restrained. Longitudinal rigid body motion of the 

beam was restrained using a DOF-1 boundary condition at a single node at midspan. As shown 

in Figure 6(a), the bracing against lateral-torsional buckling was modelled by restraining the 

out-of-plane (DOF-3) translations of the top and bottom nodes of the web at regular intervals 

along the beam (see Figure 2(a)). The prestressing force was induced by means of thermal 

loading, while the vertical loading was applied by means of concentrated loads at the nodes of 

the web, as shown in Figure 6(a). The prestressing and imposed loading stages were modelled 

using a “Static, General” [12] and a “Static, Riks” [23] analysis respectively. 

3.4 Connection between steel beam and cable 

The two anchorages at the beam ends were modelled using kinematic coupling [12]. The end 

nodes of the bottom hollow flange and the ends of the cable were linked to a reference point, 

as illustrated in Figure 6(b), ensuring the uniform transfer of the prestressing force into the 

entire flange. As shown in Figure 6(c), constraint equations [12] were introduced at every cross-

section along the beam, linking DOFs-2 and 6 alongside DOF-3 of the cable with the middle 

side node and middle bottom node of the bottom hollow flange respectively. In this manner, 

DOF-1 of the cable remained unconstrained and thus the cable was allowed to elongate freely 

along the member while being kept concentric to the bottom hollow flange. 
 

Figure 6: Modelling of the (a) simply-supported boundary conditions, (b) anchorages at the beam ends 

and (c) connecting collars along the member, which keep the cable concentric to the hollow flange. 
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3.5 Validation of FE model 

As far as the authors are aware, experiments on prestressed cold-formed steel beams have 

not been conducted in the past, hence, a combination of three means of validation was 

employed. Firstly, as discussed in Sections 3.1-3.4, the chosen FE modelling techniques have 

been used in previous studies to model cold-formed steel beams and prestressed steel systems 

accurately. Furthermore, the mechanical behaviour of the proposed beams in the elastic pre-

buckling stage was verified in [8] using the developed analytical expressions. Finally, the 

adopted modelling approach was validated against experiments on cold-formed steel beams 

with cross-section profiles and loading configurations that are as similar as possible to those of 

the proposed beams. For this purpose, the experimental studies on distortional buckling of cold-

formed steel beams by Yu and Schafer [24] and Wang and Zhang [25] were utilised. 

4 PARAMETRIC STUDIES 

The parametric studies presented below investigate the effect of the prestress level and 

section slenderness on the benefits obtained from the addition of the prestressed cable. The 

geometric properties of the cold-formed steel beam modelled herein are given in Table 2; the 

dimensions are shown in Figure 3(a). Note that the length of the member is 4800 mm. 
 

Table 2: Geometric properties of the cold-formed steel beam (see Figure 3(a)) modelled herein. 

h = 280.0 mm b1 = 27.0 mm a1  = 82.5 mm r1 = 3.5 mm 

d1 = 26.0 mm b2 = 75.0 mm a2 = 115.0 mm r2 = 12.0 mm 

d2 = 20.0 mm b3 = 12.0 mm e = 137 mm yb/h = 0.53 

4.1 Effect of prestress level 

In the present study, the geometry of the cold-formed steel beam and the cable were 

maintained constant, with the section thickness t and cable radius rc being equal to 2.00 mm 

and 5.5 mm respectively. The contribution of the cable to the system is represented by the ratio 

Ac/As, which, in this case, was equal to 10.5%. The predicted capacities for the cold-formed 

steel beam, as determined using the DSM, are as follows: Mnx
+=0.785My; Mnx

-=1.0My; 

Pn=0.475Py, where My=30.6 kNm and Py=449.3 kN are the yield moment and load respectively. 
 

Figure 7: (a) Moment-deflection responses of the prestressed models for Pi/Pmax={0.0, 0.2, 0.4, 0.6, 0.8, 

1.0, 1.2, 1.4}, alongside the corresponding bare steel model. (b) Variation of the enhancement of the 

ultimate capacity of the cold-formed steel beam with respect to the relative prestress level. 
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The prestress level was controlled using the normalised prestress level parameter Pi/Pmax, 

where Pi is the applied initial prestressing force and Pmax is the maximum prestressing force 

that the cold-formed steel beam can carry. The expression for Pmax is obtained using Equation 

1, with the expressions for Pnet,I and Mnet,I being obtained from Table 1, such that:  
 

 
1

1
max

c n b nx

P
e

P M  


 

 
 

, (5) 

 
and with Pmax being equal to 109 kN in this example. To investigate the effect of the prestress 

level, the initial prestressing force was varied to give the following eleven levels of prestress: 

Pi/Pmax={0.0, 0.2, 0.4, 0.6, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4}. Prestress levels up to 1.4 times Pmax 

(indicated with dashed lines in the figures below) were modelled herein to investigate if these 

levels can offer greater benefits than the predicted maximum allowable prestress level. 

The moment-deflection response of the prestressed beams, under increasing prestress levels, 

is presented in Figure 7(a). It is observed that, as the prestress level is increased, the pre-camber 

(i.e. the starting point) induced during Stage I also increases, reducing the overall vertical 

deflections of the member. Furthermore, with increasing prestress levels, the ultimate moment 

capacity of the member is enhanced. This can be explained using the moment-stress response 

of the member, as shown in Figures 8(a)-(b). Note that, failure of the cold-formed steel beam 

can be predicted by the DSM failure stress σt,DSM=Mnx
+/St, where Mnx

+ is the DSM prediction 

for the capacity of the cold-formed steel beam when subjected to pure positive bending and St 

is the elastic section modulus with respect to the top flange. As shown in Figure 8(a), the higher 

the prestress level, the higher the initial tensile stresses that develop within the top flange. As a 

result, since these stresses need to be overcome before σt,DSM is reached, the higher the prestress 

level, the more the development of local/distortional buckling is delayed and thus the greater 

the moment required to cause failure, i.e. the more the capacity of the cold-formed steel beam 

is enhanced.  
 

Figure 8: Moment-stress responses for the (a) top and (b) bottom flanges of the prestressed models for 

Pi/Pmax={0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4}, alongside the corresponding bare steel model; σt,av and σb,av 

are the average membrane stress levels within the top and bottom flanges of the cold-formed steel beam 

respectively, while Fy,s is the yield stress of the cold-formed steel. 
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Figure 9: Moment-stress response for the cable in the prestressed beam models for Pi/Pmax={0.0, 0.2, 

0.4, 0.6, 0.8, 1.0, 1.2, 1.4}; σc the axial stress level within the cable. 
 

The increase in the ultimate moment capacity of the cold-formed steel beams due to the 

addition of the prestressed cables is given by the ratio Mult,p/Mult herein, where Mult,p and Mult 

are the ultimate capacities of the prestressed and bare steel models respectively. The variation 

of Mult,p/Mult with increasing prestress levels is shown in Figure 7(b), where it is observed that 

Pmax, as defined in Equation 5, is a representative approximation of the prestress level that 

maximises the enhancement of the ultimate moment capacity of the cold-formed steel beam. 

Note that, as shown in Figure 8(b), the utilisation of the bottom flange decreases with increasing 

prestress level, with the entire cross-section being under compression at the end of Stage II in 

the cases of Pi/Pmax>1.0. Finally, as expected, the axial stress level in the cable σc increases with 

increasing prestress level, as shown in Figure 9. 

4.2 Effect of section slenderness 

To investigate the effect of the cross-sectional slenderness on the benefits obtained from the 

addition of the prestressed cable, the thickness of the cold-formed steel beam was varied while 

keeping the remaining dimensions of the beam (as listed in Table 2) constant. To maintain the 

contribution of the cable to the system bending stiffness constant, the ratio Ac/As was kept equal 

to 10.5% by adjusting the size of the cable accordingly. Furthermore, since Pmax depends on the 

section thickness, the initial prestressing force was adjusted with the aim of maintaining the 

parameter Pi/Pmax equal to 1.0. The section thicknesses modelled herein are listed in Table 3, 

together with the corresponding section slenderness λ=max{λl, λd} values, cable sizes and 

prestressing forces; λl=(My/Mcrl)
0.5 and λd=(My/Mcrd)

0.5, where Mcrl and Mcrd are the elastic 

critical local and distortional buckling moments respectively, as determined using CUFSM. 

The moment-deflection response of the prestressed beams, alongside the corresponding bare 

steel beams, for five section thicknesses, are shown in Figure 10(a). In the case of the bare steel 

beams, as expected, the ultimate capacity of the beams is enhanced when the section thickness 

is increased. In the case of the prestressed beams, as shown in Table 3, with increasing section 

thickness, a higher initial prestressing force is required to keep Pi/Pmax=1.0. For this reason, as 
 

Table 3: Controlling variables of the parametric study exploring the effect of section slenderness 

t (mm) 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 

λ 1.43 1.27 1.16 1.06 0.99 0.93 0.88 0.83 0.79 

rc (mm) 4.0 4.4 4.8 5.2 5.5 5.9 6.2 6.4 6.7 

Pi (kN) 46 61 77 93 109 126 143 159 176 
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Figure 10: (a) Moment-deflection responses of the prestressed models, alongside the corresponding bare 

steel models, for t={1.00, 1.50, 2.00, 2.50, 3.00} mm. Variation of the enhancement of the ultimate 

capacity of the cold-formed steel beam with respect to the section (b) thickness and (c) slenderness. 
 
demonstrated in Figure 10(a), a larger pre-camber and a greater enhancement in the ultimate 

moment capacity of the cold-formed steel beam are achieved with increasing section thickness. 

Note that, in both cases, the gradient of the moment-deflection responses is independent of the 

section thickness since the applied moment Mmax is normalised by the yield moment of the 

section My and since the cable contribution to the system bending stiffness (i.e. Ac/As) was kept 

constant. 

The variation of the enhancement of the ultimate moment capacity of the cold-formed steel 

beams Mult,p/Mult, with respect to the nine different section thicknesses and slenderness values 

is illustrated in Figures 10(b) and (c) respectively, where it is demonstrated that the thicker the 

section, the greater the obtained benefits. 

5 ASSESSMENT OF DESIGN RECOMMENDATIONS 

The results presented in Section 4 are used in this section to assess the suitability of the 

design recommendations presented in Section 2.3. For this purpose, an axial force versus 

bending moment (P-M) interaction diagram is utilised, as shown in Figure 11, where the design 

surface (i.e. the solid line) represents the use of Equation 1 to predict the load-carrying capacity 

of the cold-formed steel beam during Stage II; the two components of Equation 1 are effectively 

the two axes of the P-M diagram. It is worth noting that, in all the models presented herein, by 

using a sufficiently large cable, it was ensured that failure of the cold-formed steel beam would 

take place before the tensile capacity of the cable was reached; i.e. Equation 2 was satisfied in 

both stages. Also note that the resistance factors in Equations 1 and 2 are set equal to unity. 

The FE results (i.e. the markers) are also plotted on the P-M diagram. For this purpose, the 

prestressing force in the cable and bending moment at the midspan of the cold-formed steel 

beam at the ultimate point were extracted. Subsequently, the expressions given in Table 1 were 

utilised to calculate the net axial force Pnet,II and bending moment Mnet,II, which were then 

normalised by the axial compressive Pn and positive bending Mnx
+ resistances of the member 

respectively, as determined using the DSM. 

As indicated by the fact that the majority of the FE results are located outside the design 

surface, most of the FE models achieved greater ultimate capacities than the design predictions.  
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Figure 11: Axial force vs bending moment P-M interaction diagram comparing the parametric FE results 

(markers) with the design predictions (solid line). 
 
Hence, it is concluded that, the design recommendations can be used to design the studied 

prestressed cold-formed steel beams, though more detailed reliability analysis will be required. 

6 CONCLUSIONS 

Prestressing can be used to enhance the load-carrying capacity of cold-formed steel beams 

and reduce their overall vertical deflections. This is achieved by pre-tensioning a high-strength 

steel cable that is located at an eccentricity from the strong geometric axis of the cold-formed 

steel beam. During the prestressing stage, tensile stresses are induced in the top part of the 

beam. Hence, since these initial stresses counteract the compressive stresses imposed during 

subsequent vertical loading, the occurrence of local/distortional buckling is delayed and thus 

the ultimate moment capacity of the cold-formed steel beam is enhanced. The eccentric 

prestressing also induces a pre-camber, which, together with the contribution of the cable to the 

system bending stiffness, reduces the overall vertical deflections. 

In the present paper, finite element modelling was employed to simulate the behaviour of 

the proposed prestressed cold-formed steel beams during the prestressing and imposed loading 

stages. Parametric studies were then conducted to investigate the effect of the prestress level 

and the section slenderness on the benefits obtained from the addition of the prestressed cable. 

It was demonstrated that, the higher the prestress level and the section thickness, the more the 

enhancement of the moment capacity of the cold-formed steel beam. The parametric results 

were also compared against design capacity predictions, developed based on an adaptation of 

the Direct Strength Method (DSM). The developed design recommendations were shown to 

provide accurate capacity predictions for the proposed prestressed beams. 
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