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1 Introduction 

Cold formed Hollow Structural Sections (HSS) have signif-
icantly attracted the interest of engineers, steel producers 
and researchers because of their high strength-to-weight 
ratio and large torsional stiffness. Owing to this, these 
cross-sections are widely used in seismic-resistant build-
ings for either braces or columns.  

The experimental and numerical research activity carried 
out on members with HSS has led to the proposal of equa-
tions in order to predict the ductility capacity of braces [1]-
[3] and evaluate the cyclic response of members under
non-uniform bending [4]-[6]. In addition, studies have
been carried out to identify suitable ranges of the width-
to-thickness and depth-to-thickness ratios and guarantee
stable hysteretic behaviour up to a prefixed value of the
ductility demand [7].

With specific regard to beams and columns subjected to 
cyclic loading protocols, analytical equations have been re-
cently proposed to predict overstrength and rotation ca-
pacity of cantilever members subjected to low-intensity 
axial forces [8]. In particular, normalised axial load ratios 
up to 0.3 have been considered.    

Limited provisions, not specifically derived in regard to 

cold formed HSS members, are given in the current ver-
sion of Eurocodes [9]-[11]. Indeed, the limit values of the 
rotation capacity suggested in [10] are similar to those 
provided for members with I- or H-shaped cross-sections. 
Further, rotation capacities are provided only in the case 
of axial load ratios not higher than 0.3 and, provided that 
this upper bound limit is not exceeded, the abovemen-
tioned rotations are supposed to be independent of the 
value of the axial load ratio.    

In the upcoming version of Eurocode 8  [12], instead, spe-
cific provisions are given to estimate the plastic chord ro-
tation capacity of HSS columns. However, the limit values 
only depend on the axial load ratio (up to 0.5) and on the 
ratio between the depth of the cross-section, b, and the 
thickness, t. However, previous studies [5], [8], [13], [14] 
have highlighted that the cyclic response of HSS members 
also strongly depends on other geometrical and mechani-
cal parameters. 

In the present study, a parametric analysis is carried out 
on numerical models representing steel HSS members. 
The adopted finite element numerical model has been pre-
viously validated against the results of experimental tests 
[8]. The results of the numerical analyses are used to for-
mulate predictive equations, as an alternative to those re-
ported in [12], to estimate the rotation capacity at the 
Near Collapse (NC) limit state of members subjected to 
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cyclic bending moments and to an axial load ratio not 
higher than 0.5. Predictive equations to estimate the rota-
tion capacity at the Significant Damage (SD) limit state 
are also formulated. In particular, the Near Collapse and 
Significant Damage limit states are here assumed as cor-
responding to a 50% and 20% strength loss, respectively. 

2 Finite element models 

The finite element models have been developed in 
ABAQUS 6.14, and their accuracy has been previously val-
idated [8] against experimental tests on both beams [4] 
and columns [6]. The investigated members were simu-
lated considering a cantilever structural scheme made of 
two parts as shown in Fig. 1. The first part is named as 
“fixed end part” and spans from the end of the member, 
which is fully restrained, to two times the member depth 
out from the fixed end; the second part is named as “dis-
placed end part”. One end of the displaced end part is con-
nected to the “fixed end part” by a beam-type multi-point 
constraint, while the other end is free along the y-direction 
and restrained along the x-direction to avoid out-of-plane 
displacements. 

The two parts are differently discretized to reduce the 
computational effort. The fixed end part consists of 3D-
solid elements, while the displaced end part consists of 
elastic beam elements. Based on the results of a sensitiv-
ity analysis, second-order (quadratic) interpolation hexa-
hedra elements have been selected (C3D20R elements) 
with an element size approximately equal to 20 mm. 

Within the fixed end part, the cross-section consists of flat 
and corner parts with constant thickness. A kinematic 
hardening law with no strain rate effects is considered. In 
particular, the difference  between the stress  and the 
yield stress 0 is expressed as the sum of two kinematic 
hardening components αk (back-stress), as reported in Eq. 
(1): 

k
k 1

N



     (1) 

The single back-stress is expressed as a function of the 
equivalent plastic strain pl and parameters Ck and γk as 
reported in Eq. (2). 
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k
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In particular, coefficients Ck and γk have been determined 
by minimizing the differences between the values of  that 
have been experimentally obtained in [8] and those pre-
dicted by the material model. The values of Ck and γk se-
lected to represent the stress-strain behaviour of coupon 
tests belonging to flat and corner parts of the cross-section 
are reported in Table 1. No material damage is considered.  

Residual stresses r are simulated according to the pro-
posal by Somodi and Kövesdi [15] and assumed to vary 
linearly through the thickness of the plates. The maximum 
values of the residual stress along the thickness are also 
reported in Table 2, along with the strength 0 correspond-
ing to the end of the linear response of the experimental 
stress-strain curve. 

Geometric imperfections are considered in the fixed-end 
part to model local buckling phenomena. The geometric 
imperfections are given as a linear combination of the first 
two buckling modes. Consistently with provisions given in 
[16], the maximum imperfection is set equal to 80% of 
the geometric fabrication tolerance.  

 

Figure 1 The finite element model 

Table 1 Parameters for the kinematic hardening components 

 C1 

[MPa] 
γ1 C2 

[MPa] 
γ2 

Flat  129912 17668 1359.3 15.9 

Corner 180605 930.9 6.4 499.3 

 

Table 2 Strength corresponding to the end of the linear response and 
maximum residual stress 

 0 [MPa] r [MPa] 

Flat  467.4 ±306.92 

Corner 402.9 ±168.81 

 

3 Parametric analysis 

The considered parameters are the cross-section size, the 
shear length Lv and the axial load ratio  (i.e., the ratio of 
the axial force to the plastic resistance). Specifically, the 
investigation carried out in this paper includes 216 speci-
mens that correspond to the combination of the following 
parameters:  

 12 cross-sections characterised by ratios bf/t and 
hw/t ranging from 3.36 to 25 and from 14.0 to 
40.0, respectively. Specifically, in the definition of 
the ratios above, t is the thickness, bf is the width 
b reduced by two times the exterior radius of the 
corner (re) and hw is the height h of the cross sec-
tion reduced by 2re; 

 3 values of the shear length, equal to 1.50, 2.25 
and 3.00 m 

 6 values of the axial load ratio, ranging from 0.0 
to 0.50 in steps of 0.10. 

The displacement loading protocol given in AISC has been 
applied to the tip of the cantilever members along the y-
direction. 
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4 Monitored parameters 

The cyclic response of each specimen is first determined 
in terms of chord rotation versus bending moment at the 
fixed end. Second, the first cycle envelope curve is deter-
mined and normalised to the plastic flexural resistance 
Mpl,N reduced because of the axial load (see Fig. 2). Due to 
local buckling, degradation of stiffness and strength oc-
curs. To identify damage levels leading to moderate and 
high degradation, the points of the first cycle envelope 
curve corresponding to a normalised bending moment 
equal to 0.80 and 0.50 are identified and the correspond-
ing chord rotations are assumed as chord rotation capacity 
at the Significant Damage limit state (θSD) and at the Near 
Collapse limit state (θNC). 

 

Figure 2 Selected response parameters. 

5 Proposal of predictive equations 

Analytical equations are calibrated to predict the rotation 
capacity at the significant damage and near collapse limit 
states as a function of the geometric and mechanical pa-
rameters that mainly affect the cyclic response of HSS 
members 

5.1 Selected geometric and mechanical features 

Based on results of previous investigations dealing with 
the rotation capacity of steel members [5], [8], [13], [14] 
the following parameters have been used to formulate the 
proposed predictive equations: 

 the flange slenderness f y
f

b f

t E
   

 the web slenderness w y
w

h f

t E
   

 the shear length-to-width ratio V

 f

L

b
 

 the ratio 
V

2 b t

h L
 

 the half-wave length of the buckled flange nor-
malised to the shear length m VL L  

In the ratio above, the half-wave length of the buckled 
flange is calculated as proposed in [17],[18] 

0.25

m 2 0.6
h

L c
c

    
 

 (3) 

where c is equal to bf as recommended in [5]. 

5.2 Rotation capacity at the SD limit state 

The proposed equation is a linear combination of the se-
lected geometric and mechanical parameters.  

     

   

V
SD,pred 1, SD 2, SD 3, SD2 2

f w f

4, SD 5, SD 6, SD

1 1

2

      
 

    m

V V

L
C C C

b

b t L
C C C

h L L

  (4) 

To determine the values of the coefficients of the linear 
combination C1,SD to C6,SD that minimize the sum of the 
squares of the scatters between predicted and target val-
ues of the rotation capacity, members characterised by an 
assigned value of the axial load ratio are first considered. 
Second, the values of the obtained coefficients are plotted 
by dots in Fig. 3 as a function of the axial load ratio .  

The values of the coefficients obtained by means of the 
proposed predictive equation are plotted by continuous 
lines in Fig. 3. 

A comparison between predicted and target values of the 
rotation capacity at the Significant Damage limit state is 
finally plotted in Fig. 4. The figure shows that the proposed 
equation well fits the target data. In particular, the error 
in the prediction of θSD is generally in the range from -20% 
to 20% and the square of the Pearson product-moment 
correlation coefficient (R2) is equal to about 0.97. 

  

  

  

Figure 3 Proposed relationships of the coefficients for the evaluation 
of the rotation capacity at the SD limit state: calibrated values (dots) 
and proposed equations (solid line). 
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Figure 4 Comparison between predicted and target rotation capacities 
at the SD limit state 

5.3 Rotation capacity at the NC limit state 

A procedure similar to that described in the previous sub-
section is used to calibrate the equation for the prediction 
of the rotation capacity at the NC limit state, as reported 
below.  

     

     

V
NC,pred 1, NC f 2, NC w 3, NC

f

4, NC 5, NC 6, NC

2

        

     m

V V

L
C C C

b

b t L
C C C

h L L

 (5) 

It should be noted that the coefficients of the linear com-
bination C1,NC to C6,NC, shown in Fig. 5, are linearly related 
to the axial load ratio in the case of low values of .  

  

  

  

Figure 5 Proposed relationships of the coefficients for the evaluation 
of the rotation capacity at the NC limit state: calibrated values (dots) 
and proposed equations (solid line). 

Instead, the same coefficients are almost constant in the 
case of high values of . 

The comparison between predicted and target values of 
the rotation capacity at the Near Collapse limit state, plot-
ted in Fig. 6, shows that the proposed equation is accurate. 
The error in the prediction of θNC is generally in the range 
from -20% to 20%. Slightly larger errors are committed 
for some specimens with axial load ratio equal to 0.5. In 
any case, the square of the Pearson product moment cor-
relation coefficient (R2) is equal to about 0.95. 

 
Figure 6 Comparison between predicted and target rotation capacities 
at the NC limit state 
 

6 Conclusions 

Analytical equations are proposed to estimate the rotation 
capacity at the Significant Damage and Near Collapse limit 
states for cold formed HSS members subjected to axial 
load ratios up to 0.5. The proposed equations have the 
main advantage of not requiring any preliminary classifi-
cation of the cross-section of members. Indeed, the pro-
posed equations depend on the cross-section geometry, 
shear length, half-wave length of the buckled flange and 
axial load ratio.  
It should be noted that the proposed equation can be used 
to predict the rotation capacity of members characterised 
by values of geometric and mechanical parameters within 
the ranges of variation considered in this study, i.e.  
axial load ratio not higher than 0.5, flange slenderness in 
the range from 0.16 to 1.65, web slenderness in the range 
from 0.68 to 3.00, ratio 2 b t / h LV not higher than 0.0267 
and ratios LV/bf and Lm/LV in the range from 3.53 to 79 and 
0.02 to 0.35, respectively. 
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