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A B S T R A C T

The determination of residual stress distributions in cold-formed members is revisited considering both experi-
mental and numerical methodologies. Destructive, semi-destructive and non-destructive techniques are reviewed
with special emphasis on sectioning, hole drilling and X-ray diffraction; the particularities of each procedure
on cold-formed sections are addressed. Theory on metal strip deformation and roll design is exposed before
analytical and incremental closed-formed expressions are presented and compared to experimental results for
press-braked sections. Finally, the most important works on finite element simulations of roll forming are revis-
ited, highlighting the computational limitations and the capability for predicting residual stresses.

1. Introduction

Manufacturers and engineers require a comprehension of the rela-
tionship between manufacturing process, mechanical performance and
structural integrity of the corresponding in-service member. The use of
different steel sections is common in industry and construction, includ-
ing lightweight thin-walled sections [1,2] for light steel frames (LSF)
and thicker members for conventional building structures [3,4]. Follow-
ing European Standards, Part 1-1 of Eurocode 3 –EN 1993-1-1: General
rules and rules for buildings– only covers sections with material thick-
ness greater than 3 mm [3] while Part 1–3 –EN 1993-1-3: General rules
- Supplementary rules for cold-formed members and sheeting– deals with
cold-formed members [5]. Roll forming is also an economic alternative
for the automotive industry [6,7].

Forming processes in metallurgy are characterised by a deformation
beyond the elastic range with the aim of a permanent effect in shaping
operations, so a plastic deformation is involved. In the context of ma-
terial science and mechanics, plasticity mechanisms and modelling are
still an open research field [8,9]; besides, due to the non-linearity of
plastic processes, the associated computational problem is also a com-
plex issue [10,11]. Deformation history during forming influences thus
the mechanical behaviour of members in structural systems [12–14].
However, a distinction between cold and hot forming is useful to de-
cide if deformation history is critical. Hot forming processes are car-
ried out above the recrystallization temperature of the metal so the de-
formation-induced phenomena are mitigated [15] and, thus, residual

stresses are mainly created by non-uniform cooling [16]. In contrast,
cold forming processes are obviously associated to an important cold
working since the deformation is performed below the recrystallization
temperature [16], which is usually considered around 590 to 760 °C for
steels, particularly 727 °C for low carbon steels [17].

Cold working involves hardening due to the generation of disloca-
tions [18] but also a likely ductility reduction [19]. Grain structures
are also modified during cold rolling due to the elongation in form-
ing direction [20] and the formation of sub-grains and cell blocks be-
cause the dislocation multiplication [21,22], giving place to anisotropic
mechanical properties of the finished formed member, especially for
high thickness reduction levels [23]; this strengthening effect induced
by cold rolling is usually applied to TWIP (Twinning-Induced Plastic-
ity) steels [24]. Phase transformation is also possible during cold work-
ing of austenitic stainless steels where deformation can induce marten-
site transformation [25]. All of these microstructural changes promote a
crystal distortion that induces residual stresses at both micro and macro
scales [26].

Steel is more pliable at high temperatures and residual stresses are
avoided but hot forming has some limitations in geometric tolerances
[27,28] and in thicknesses [29]. Due to the fast cooling of thin sheets,
the minimum thickness that can be reached through hot rolling is about
1.5–1.8 mm [17]. Additionally, the process can be expensive due to
the cost associated to energy input for heating [30]. Many times, hot
and cold rolling processes are combined so to reduce the metal slab
thickness in two steps [17]. For instances, the mother coils that are
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then cold-formed, through cold roll forming or through press braking,
could have been produced by hot rolling.

The present review is focused on cold forming in two variants: roll
forming (RF) and press braking (PB). This work aims at gathering and
critically discussing the state of the art of residual stress determination
in thin-walled steel sections that have been manufactured by cold form-
ing processes. As shown in Fig. 1, press braking is based on consec-
utive bends of a metal sheet that is forced by a punch towards a die,
so a corner is formed. On the contrary, during roll forming a flat sheet
is progressively folded due to the action of rolls or mills that are sep-
arated by a certain distance. Therefore, deformation mechanisms dur-
ing roll forming and press braking are substantially different even if the
same shape was obtained. Industrial production of complex sections is
expected to be slower using press braking than roll forming, so the lat-
ter is being preferred to reduce costs and times [31,32]. Press braking
can be competitive for short runs or simple section geometries [33].
However, roll forming requires a more careful tool design and installa-
tion [32]. A comprehensive review of roll forming as a manufacturing
process, i.e. equipment, process parameters, tool design, practice, trou-
bleshooting, etc, is not the aim of this paper. For this information, the
Roll Forming Handbook by Halmos is suggested to the reader [17].

Section design is based on loading conditions and members can
be divided in compression and flexural members. Additionally, since
cold-formed members are usually thinner in comparison to hot-rolled
sections, the compression failures modes to be considered are gener-
ally more complex, including local and post-buckling phenomena [36].
Residual stresses affect structural performance of steel members both
for instability failures [37–39] and for fracture and fatigue near stress
concentrators [40–42]. Especially for fatigue, residual stress levels at
welded joints are expected to affect the service life of structures [43].
It must be noted that Eurocode 3 EN-1993, part 1–9 [44], only cov-
ers hot-rolled steel details and there is a lack in design and fatigue as-
sessment rules for cold-formed sections at European level. AISI design
guides have been developed for cold-formed steel sections by LaBoube
and Yu [45], mainly based on a review of available test data [46,47].
Within this context, structures can suffer unexpected fracture failures
even within the design load range due to the presence of cracks, which
appear because of deficient welding, corrosion phenomena or fatigue
[36]. Research on connection design and failure is reviewed by Lee
et al. [48] for cold-formed sections. Cold forming will influence crack
propagation and unstable fracture mainly through two aspects: first,
cold working induces hardening and so ductility is expected to be re-
duced; second, tensile residual stresses will accelerate cracking whereas
cracks can be arrested in compressive regions. Thus, residual stress dis-
tributions should be mapped for a certain manufacturing process and

related to the forming parameters. However, due to relatively infrequent
use of a fracture mechanics approach for cold-formed structures, resid-
ual stresses are taken into account generally only to avoid geometrical
consequences, e.g. curving, bow section or deviation from flatness [17].

The average design strength is also affected by residual stresses so
cold forming influence can be introduced following the formula pro-
vided by Eurocode 3 Part 1.3 that takes into account the forming process
and the number of 90° bends of the section [49]. Additionally, Eurocode
considers that for hollow sections the cold-formed members must be de-
signed considering a more restrictive buckling curve in comparison to
hot finished sections [5]. The higher imperfection factor for cold-formed
sections includes geometrical and mechanical imperfections, i.e. the
likely presence of residual stresses [50].

Prediction of residual stresses must rely on a robust experimental-nu-
merical framework. However, the complex manufacturing processes, es-
pecially roll forming, difficult generalised distributions [51,52]. The
intersection between academy and industry is also problematic: sim-
plification and idealisation of real manufacturing processes could hide
from view the daily procedures that introduce uncertainties, non-repro-
ducibility and scatter between samples [53,54]. Additionally, the influ-
ence of secondary processes, e.g. coiling, storage and transport, can sur-
pass forming effects on residual stresses [17,55,56].

The objective of this work is to review the existent procedures to
assess residual stresses in cold-formed steel members, both numerically
and experimentally. In section 2, methods for residual stress measuring
are reviewed following the usual classification into destructive, semi-de-
structive and non-destructive techniques. Special emphasis is put on
sectioning, hole drilling and X-ray diffraction methods, since these are
widespread procedures. Particularities of measurements on cold-formed
thin-walled steel members are exposed, addressing the applicability,
range and limitations of each method. Numerical modelling of residual
stresses due to cold forming is treated in section 3. First, the common
mathematical procedures to optimise roll design are revisited following
strip deformation theories. Then, residual stress predictions based on an-
alytical assumptions are exposed as well as the computational frame-
work for finite element simulations of forming processes.

2. Measurement methods

The most common classification of methods for residual stress deter-
mination is based on the destructivity of the measurement. Rossini et al.
[57] cited the principal techniques among destructive, semi-destructive
and non-destructive, as shown in Fig. 2 in which methods are also clas-
sified according to the underlying physical principle: relaxation, diffrac-
tion or other phenomena [58].

Fig. 1. Comparison of roll forming (top) and press braking (bottom) from a sheet steel coil [34,35].
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Fig. 2. Classification of common residual stress measuring methods [57,58].

The present section references are not limited to cold-formed profiles
but refers to (i) general considerations of measurement methods and (ii)
residual stress determination in steel members that share the same pur-
poses and limitations for measurement: thin walls, stress concentrators
near bent corners (and sometimes welds) and inner surfaces that can
be hardly accessible. Thus, studies on steel sections produced by other
manufacturing process, e.g. hot rolling or extrusion are also considered
in this section. Works studying cold-rolled plates in which the rolling
process is aimed at thickness reduction and work hardening rather than
the section shaping are also included.

Some authors have combined different destructive, semi-destruc-
tive and non-destructive techniques to analyse residual stresses in
cold-formed steel samples. Roy et al. [59] (1994) studied cold-formed
steel sections using techniques over the whole classification range, as
shown in Fig. 2: hole drilling, X-ray diffraction, slicing and magnetic
(Barkhausen noise) methods. Bouffioux et al. (2016) [60] compared
X-ray diffraction, ring core and sectioning methods for the analysis of
residual stresses in hot-rolled sheet piles that have been straightened
through a rolling process.

The combination of different techniques is a common practice to as-
sess possible bias and to exploit the advantages of each method. How-
ever, this approach is not always available, and the analysis of steel
members are focused on a specific technique. The next sections gather
and review literature using different methods for determining residual
stresses. Residual stresses could also be indirectly related to hardening
phenomena trough different experimental procedures, e.g. local tests for
the determination of stress enhancement due to cold forming [32] or
micro-hardness measurements [61]. However, stress enhancement mea-
surement is out of the scope of the present work but it is addressed else-
where [32,62].

2.1. Destructive methods: sectioning

Sectioning method is a denomination that comprises cutting meth-
ods that can be used to qualitatively [63] or quantitatively [64] analyse
the altered geometry after cutting due to the release of the locked-in
residual stresses. Strip cutting is carried out in some works using me-
chanical saws [65] (refer to Fig. 3) but it is recommended to substitute
these rough operations by more refined cutting methods, e.g. wire-cut-
ting [66,67], electro-discharge machining (EDM) [68] or spark erosion
layering [37], in order to reduce vibrations, heating and strain gauge
damage. For longitudinal members, i.e. where axial dimension is high
in comparison to the cross section, two sectioning strategies can be fol-
lowed:

Fig. 3. Sectioning of a cold-rolled stainless steel box section [26].

⁃ Longitudinal sectioning: strips are mechanically cut along the axial
direction so longitudinal stresses are obtained.

⁃ Transversal sectioning: cutting operation is performed in a direction
parallel to the cross section so transversal stresses are determined.

The longitudinal cutting is more common for cold-formed steel mem-
bers since longitudinal stresses are expected to influence buckling per-
formance [69]. However, transversal stresses can be critical for mechan-
ical resistance, including fracture and fatigue behaviour near stress con-
centrators [70]. The cutting pattern that can be found in the work of
Quach and Young (2015) [67] for elliptical hollow sections (EHS), con-
sidering 48 longitudinal strips and 20 transversal measurements, both in
inner and outer surfaces, is representative of the sectioning capabilities.
Ueda et al. [71–73] proposed an analytical-experimental methodology
to determine three-dimensional strain distributions based on sectioning
and different slicing strategies and introducing the concept of inherent
strains. This procedure, also named as eigenstrain method, was proposed
for welded joints and has been revisited by Hill et al. [74,75] but its use
has not been generalised and longitudinal sectioning is the preferential
choice.

Deformation of strips after relieving can be interpreted visually to
assess the existence of stresses and to determine its sign. As shown in
Fig. 4, residual stresses are usually linearized considering that the dis
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Fig. 4. Linear assumptions of residual stress distributions: membrane and bending components [66].

tribution through thickness can be decomposed into membrane and
bending stresses [66]. After cutting, the relieve of pre-existing tensile
residual stresses will produce the shrinkage of the corresponding fibre,
whereas compressive stresses relieve will cause its lengthening. Linear
assumptions will be critically revisited in Sections 3.2 and 3.3 where it
is demonstrated that this simplification can highly deviate from distrib-
utions numerically obtained.

Due to the wide range of commercial strain gauges and the ease of in-
stallation, this method is simple and economical. However, strain gauge
positioning is complex on hardly accessible surfaces; gauges should also
be protected [76] from contamination by cutting debris and lubricat-
ing products. Due to the heat generation during sectioning, which de-
pends on the cutting procedure as mentioned above, coolant products
are sometimes used, so the protection of strain gauges by waterproof
glues can be considered [67]. Deviations from unstrained electric resis-
tance are automatically translated by data acquisition modules, taking
into account the gauge factor provided by the supplier, to strain mea-
surements. Stress determination assumes elastic proportionality between
residual stress and the strain measured on the surface of the sectioned
strip. Outer and inner stresses ( and ) are simply determined by the
following Hooke's law:

(1)
(2)

where and are the measured relieved strains on the outer and in-
ner surfaces, respectively. Assuming the linear decomposition, residual
stresses can be expressed through membrane, , or bending, , com-
ponents [66]:

(3)

(4)

These expressions are valid for pure elastic unloading. Reverse yield-
ing during stress relieve and cutting-induced plasticity phenomena are
usually neglected in sectioning. However, the latter can reduce accu-
racy of contour methods for determining residual stresses [77–79].
It is important to recall the implications of the sectioning procedure
on the stress measurement scale: this method determines the averaged
stress value for the whole strip width [80]. Hence, comparison with

other local techniques, e.g. hole drilling or X-ray diffraction, is not easy.
Dat and Pekoz (1980) [81] measured residual strains for

press-braked and roll-formed steel hat channels. For both cold forming
processes the authors found tensile residual stresses on the outer surface
of the channel and compressive in the inner surface along the longitu-
dinal direction. The relieved strains due to the strip cutting were higher
near corners in comparison to the flat parts. A similar approach was
followed by Weng and Pekoz (1990) [82] but they showed that Elec-
tro Discharge Machining method is a better alternative than saw cut-
ting for residual stress measurement by sectioning. Key and Hancock
(1993) [37] used the sectioning method for the determination of sur-
face longitudinal stresses on a roll-formed Square Hollow Section (SHS)
whereas the distribution through the thickness was measured using a
spark erosion layering technique which is based on the material removal
of small blocks extracted from the member. This approach gives a more
detailed through-thickness stress distribution, as shown in Fig. 5 for a
SHS of 254 × 254-mm2 section, 6.3 mm of thickness and 405 MPa of
yield stress. It can also be concluded that linearization oversimplifies the
real zig-zag distribution.

Fig. 5. Residual stress distribution through the thickness of a cold-formed SHS using a lay-
ering method [37].
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Ingvarsson (1975) [83] also used the sectioning method for the de-
termination of residual stresses in a press-braked U-section. Batista and
Rodrigues (1992) [84] compared press-braked and roll-formed C-shaped
sections using the strip sectioning method and stated that longitudinal
stresses are higher for the roll-formed profiles than for the press-braked
sections. For both members the membrane stresses were very low.

Schafer and Pekoz (1998) [51] collected longitudinal residual
stresses from the previously cited works [37,81,83–87] that used sec-
tioning techniques and represented statistical averages for 16
press-braked and 13 roll-formed steel members, as shown in Fig. 6
for the bending residual stresses; as already mentioned, the membrane
stresses were found to be very small. However, other authors [88,89]
have found for press-braked lipped channels that bending residual
stresses are even lower (less than 7% of the yield stress) so they can be
neglected in the subsequent structural analysis [90,91].

This comparison between manufacturing procedures, roll forming
and press braking, was also carried out by Cruise and Gardner (2008)
[26] for stainless steel box sections using the sectioning technique. They
confirmed that longitudinal residual stresses are higher for roll form-
ing [26]. Cold-formed angle columns produced by press braking were
studied by Ellobody and Young [92] using sectioning by wire-cutting. In
that work, recorded strains were corrected for temperature effects. They
found, in contrast to the results cited above, that longitudinal residual
stresses are negative in the outer surface of corners, i.e. the stresses are
not uniform and shift to compression on the bent regions. Those re-
sults were confirmed for other press-braked double lipped samples [93].
In both works the membrane stresses were not negligible and reached
about 50–100 MPa at corners.

Ma et al. (2015) [66] investigated high strength steels hollow sec-
tions with different section shapes: circular, square and rectangular. Sec-
tioning technique was not only performed in longitudinal strips but also
through cutting transverse rings. The measured membrane and trans-
verse stresses were not negligible; these results are also supported by
the measured changes in corner angles of sectioned rings. Somodi and
Kövesdi (2017) [94] measured longitudinal residual stresses on high
strength steel SHSs produced by continuous cold forming. The section-
ing method was used in that work. These authors also reviewed litera-
ture on residual stress determination on cold-formed SHSs.

Law and Gardner (2012) [95] applied the sectioning technique to as-
sess residual stress effects on lateral instability of elliptical hollow steel
sections (EHS) that were hot-finished, finding residual stress magnitudes
about 10–15% of the yield stress and negligible influence on structural
response. The compressive and tensile residual stresses in inner and
outer surfaces, respectively, found by Law and Gardner (2012) [95]
were confirmed in EHS by Quach and Young (2015) [67]. Analysing
results from Law and Gardner (2012) [95] and those from Quach
and Young (2015) [67], it might be concluded that for the same sec-
tion the heat treatment has a critical influence; however, direct com

Fig. 6. Bending residual stresses in longitudinal direction, collected by Schafer and Pekoz
(1998) [51].

parison between different manufacturing processes is problematic be-
cause Quach and Young (2015) [67] detailed the rolling operations
but little information is given in Ref. [95]. Quach and Young (2015)
[67] also demonstrated that, as expected, cold-rolled EHSs present much
higher residual stresses in comparison to hot-finished specimens.

2.2. Semi-destructive methods: hole drilling

Some techniques to determine residual stresses are based on measur-
ing strain relieve during drilling operations on a target material. Three
methods are here reviewed:

⁃ Hole drilling method (HD): this is the most common method and it is
based on incrementally drilling and registering of the relieved strains
around the hole. It is usually named as incremental hole drilling (IHD)
to avoid confusions with deep hole drilling or as centre-hole method
to differentiate it from ring core method.

⁃ Ring core method (RC): the procedure relies on the same principle,
but the drilling tool is an annular cutter, and the strain gauge rosette
is placed within the removed ring.

⁃ Deep hole drilling method (DHD): this is a more complex technique
in which a long hole is performed using a gun-drill and the reference
diameter is measured with an air probe; then, a cylinder containing
the hole is trepanned and, finally, the diameter of the reference hole is
measured again [96,97].

DHD is used for workpieces with a minimum thickness of 6 mm [98]
but is optimally applied to metal thick plates and sleeves [99] since the
advantage over other techniques is palpable for great depths, from 10 to
100 mm [96]. Even though strain sensitivity of RC and HD methods lim-
its the maximum measured thickness [99], for thin-walled cold-formed
sections, HD and RC are preferred due to its simplicity.

As shown in Fig. 7, RC method requires strain gauge rosettes with
overlapping measuring grids [100]. It is less common than hole drilling
and is not standardised [101]. However, non-uniform residual stress cal-
culation from the strain registered during ring core milling is also based
on the integral method, which is used in the hole drilling procedure
[100] Calibration matrices are also found through Finite Element sim-
ulations for the corresponding geometry [102,103]. Both hole drilling
(HD) and ring core (RC) methods can be performed at a micro-scale us-
ing advanced techniques as Focused Ion Beam to drill holes [104,105]
or remove annular trenches [105–107] and to determine micro-resid-
ual stresses in thin films or coatings. Strain relief thus must be registered
using Digital Image Correlation (DIC) [104,106] instead of strain gauge
rosettes.

Since more material is removed in RC method, the strain error accu-
mulation and the corresponding stress uncertainty is avoided in compar-
ison to HD [101]. However, ring core is thus more destructive and the
measurement scale is larger – the milled ring has usually inner and outer
diameters of 14 and 18 mm, respectively, and the hole depth reached
5 mm [100,103] – so these advantages are only justified for thick work-
pieces or when residual stress distributions are searched over a relatively
large area. Regarding the study of cold forming influence on residual
stresses, thin members need to be analysed so hole drilling is the pre-
ferred method. This subsection is hereafter focused on the incremen-
tal hole drilling method as described by the ASTM E837-13a Standard
[108].

The determination of in-depth residual stresses using the hole
drilling method can be divided in three stages:

1. Drilling a hole incrementally, i.e. dividing the total depth in steps.
Usually, 1 mm of hole depth is divided in 20 steps of 0.05 mm.

2. Measuring relieved strains after each drilling step. Different strain
gauge rosettes models are used to register micro-strains, but the typ
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Fig. 7. Typical dimensions of hole drilling versus ring core procedures; adapted from Ref. [100].

ical Type A and B consist of three grids and are defined in the ASTM
E837-13a Standard.

3. After the experimental stages 1 and 2, the three strain distributions
that have been registered in each grid are used to determine resid-
ual stresses. The most common algorithm to solve the associated in-
verse mathematical problem is the integral method in which a matrix
system is solved using calibration coefficients that are defined in the
ASTM E837-13a Standard for the generic situation or can be found
through Finite Element calculations [109].

One advantage of this procedure lies in the determination of three
stress components in only a single drilled hole; thus, the complete stress
state is described. In contrast, XRD requires a tilting sequence for each
direction [60]. Additionally, layer removal is inherent to the method
and surface electropolishing is not required for the determination of
in-depth distributions when the non-uniform stress determination is con-
sidered following ASTM E837-13a. However, the strain gauges are less
sensitive to the stress removal of deep layers, so the Hole Drilling pro-
cedure is usually limited to 1 mm for holes of approximately 2 mm of
diameter [108].

The matrices of calibration coefficients included in the ASTM
E837-13a Standard have been calculated for a thick target workpiece
and for a hole diameter = 2 mm. This fact can limit the applicabil-
ity of the hole drilling method. Actually, the ASTM E837-13a standard
is limited for the analysis of thin pieces considering uniform stresses and
for thick pieces for non-uniform stress distributions. The range of al-
lowed thicknesses is relative to the diameters of the hole ( ) and the
strain gauge rosette ( ). For the most common strain gauge rosettes, i.e.

= 5.13 mm, the analysed workpiece must be thicker than 5.13 mm
for the determination of non-uniform residual stresses while for plates
thinner than 1.03 mm the ASTM E837-13a Standard allows the calcula-
tion of uniform stresses [108]. Regarding the hole diameter, the stan-
dards gives matrices for = 2 mm and proposes a correction expres-
sion, as long as lies between 1.88 and 2.12 mm for the common
rosettes ( = 5.13 mm). Alegre et al. (2019) [110] have demonstrated
that deviations from this correction can be critical for very small holes.
However, the commercial drill bits and strain gauge rosettes are usu-
ally designed considering holes between 1.6 and 2 mm of diameter. The
main optical alternatives to the use of strain gauges during hole drilling
are holographic interferometry [111,112], moiré interferometry

[113,114], electronic speckle pattern interferometry (ESPI) [115–117]
and digital image correlation (DIC) [118,119]. It must be noted that
hole drilling method usually assumes a biaxial state ( = 0) due to the
proximity to surface and only in-plane stresses are considered within the
integral method [120]. Some authors have added a displacement trans-
ducer in the drilling direction to determine the triaxial residual stress
state both for hole drilling and ring core methods [121].

All methods based on material removal and measurement of stress
relieve assume elastic unloading [97]. This assumption is not valid for
residual stresses whose magnitude is close to the yield limit because,
during relaxation, the drilled hole acts as a stress concentrator and the
unloading process can produce plasticity around it [122]. For DHD,
Mahmoudi et al. (2008) [97] have introduced corrections to elastic so-
lutions in order to measure residual stresses near the yield stress mag-
nitude. Ring core elastic solutions have been also modified by some au-
thors with the aim of including plasticity effects [123,124]. However,
more research has dealt with plasticity corrections for the hole drilling
method. Yan et al. (1996) [125] proposed a numerical methodology
to correct residual stresses considering calibration coefficients that de-
pend on the distortion energy. Vangi and Ermini (2000) [126] improved
this approach by considering the effect of biaxiality and the orientation
of strain gauges with respect to the principal directions. These authors
showed that elastic predictions are totally accurate only for stresses
lower than the 50% of the yield stress. Beghini et al. [127–131] have
also performed an extensive work in quantifying errors associated to
plasticity and improving corrections strategies. However, these correc-
tion procedures are limited to the determination of uniform distribu-
tions. For non-uniform residual stress determination, the inverse prob-
lem associated to hole drilling becomes even more complex when plas-
ticity effects are considered. Hence, only equi-biaxial stress states, as
those usually produced by shoot peening, have been considered for plas-
ticity corrections and non-uniform in-depth distributions [132]. Artifi-
cial neural networks have been successfully applied to solve the inverse
problem of plasticity correction in peened surfaces [133]. However, the
equi-biaxial simplification is hardly applicable to cold-formed members.

Following the mentioned works it is well established that the ASTM
E837-13a Standard overestimates residual stresses in the near-yield
stress range and only predicts “satisfactory” results when residual
stresses do not exceed the 80% of the yield stress in a thick workpiece
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and the 50% of the yield stress in a thin workpiece [108]. As shown
in Fig. 6, considering the sectioning results collected by Schafer and
Pekoz (1998) [51], residual stresses are expected to be lower than the
50% of the yield stresses. On the other hand, the mentioned thickness
range covered by the ASTM E837-13a Standard limits the applicability
of hole drilling non-uniform stress algorithms for thin workpieces, which
is extremely important within the context of thin-walled steel members
manufactured by cold forming. Thus, much effort is being put on the
extension of the procedure to intermediate thicknesses [110,134]. Cal-
ibration coefficients have been included in a compact polynomial for-
mulation by Schajer (2020) [135]. As shown in Fig. 8, the calibration
coefficients forming the matrix for non-uniform stress determination
can be recalculated for “thin” workpieces [110]; in this case, results for
1.5-mm thickness have been obtained by Alegre et al. (2019) [110]. The
authors also studied the influence of a round surface near the drilled
hole on the relieved strains and the corresponding calculated stresses
[136].

For thin cold-formed specimens, two approaches are feasible: (i) the
non-uniform determination of residual stresses up to the depth limited
by the strain gauge sensitivity; (ii) the uniform determination of residual
stresses and a possible subsequent layering of the thickness. Using the
first strategy, only the 1-mm in-depth distribution is determined with
the most common rosettes and hole diameters, but with the latter, i.e.
layer removal, the advantage of hole drilling versus X-ray diffraction is
pointless.

2.2.1. Non-uniform stress determination
Schuster et al. (2017) [137] studied plastic corrections, including

anisotropy, for Hole-Drilling calculations in thin cold-rolled specimens
of a dual phase DP600 steel. The novelty of their work lies in the simul-
taneous consideration of plasticity and thickness effects.

De Giorgi (2011) [138] studied residual stresses in cold-rolled steel
plates using the hole drilling method and a correlation between mi-
cro-hardness values and local yield strengths so the cold work level due
to the rolling reduction process might be evaluated. A total depth of
2 mm was analysed. It must be noted that for analysis beyond the 1-mm
depth limit for = 5.13 mm two options are possible: the use of larger
rosettes or the consideration of the HD method proposed by the Univer-
sity of Pisa in which generalised influence functions are analytically de-
fined [139–141].

Non-uniform stress determination was also carried out by Lothham-
mer et al. (2017) [117] for cold-formed tubular sections using the hole

Fig. 8. Coefficients calculated through FE simulations for a thickness of 1.5 mm [110]
compared to the solution corresponding to a thick piece given by the ASTM E837-13a
Standard.

drilling method combined with Digital Speckle Pattern Interferometry
(DSPI) instead of strain gauge rosettes. They compared two forming
process: (i) UOE, which stands for a combination of pressing steps:
U-shaping (U), O-shaping (O), edge welding and a final expansion (E).
(ii) a continuous rolling from flat to tubular shape with a continuous
electric resistance welding (ERW). In that work, tube wall thicknesses
ranged from 10 to 20 mm so the non-uniform stress calculation was al-
lowed without thickness correction.

2.2.2. Uniform stress determination
Weng and White (1990) [64] studied press-braked steel corners us-

ing hole drilling and sectioning. They compared both methods and
found good agreement. Hole drilling was performed by layering the
analysed sections of 25.4 and 38.1 mm of thickness. That study on
cold-bent corners demonstrated the influence of bending angle, radius
and thickness. As shown in Fig. 9, for a corner of 90° with a thickness
of 25.4 mm, the lower ratio produces the higher tensile residual
stress value that is found in the inner surface of the corner (92% of yield
stress).

Tong et al. (2012) [142] measured roll-formed steel SHS using the
hole drilling and the X-ray diffraction methods. The thickness of the
section was divided in 4 layers and hole drilling measurements were
performed considering the uniform residual stress solution [108] after
the corresponding layer removal. In this case, both methods (XRD and
HD) require the correction due to relaxation. Zhang et al. (2016) [63]
compared residual stresses in hot-rolled and cold-rolled SHSs, as well
as heat-treated specimens after cold rolling. As expected, the cold-rolled
members showed higher residual stresses. Longitudinal stresses at the
outer surface were found to be very high, about 20–30% of the yield
stress near corners and up to 60–80% at the middle of the flat area.
However, transversal stresses were lower and reached compression val-
ues compressive near corners. Hole drilling was used in that work con-
sidering the uniform stress procedure but without a following layering,
so the results shown in Fig. 10 correspond to the average stresses within
the 1-mm surface layer.

Wang et al. (2012) [80] also combined sectioning and hole drilling
techniques to analyse longitudinal residual stresses in a high strength
steel square section; surface uniform stresses were assumed and no lay-
ering was performed. However, the section was formed by welding
plates so residual stresses are not comparable to those produced during
cold forming.

Fig. 9. Transversal residual stresses tangential to a 90° corner in a cold-bent sample of
25.4 mm of thickness. Results extracted from Weng and White (1990) [64].
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Fig. 10. Residual stresses on the outer surface for cold-formed SHSs extracted from Zhang et al. (2016) [63].

2.3. Non-destructive methods: X-ray diffraction

Destructiveness of the method is not critical within the context of
Cold Forming; due to the relatively economic manufacturing process,
steel members can be produced only for measurement purposes. In-ser-
vice residual stress analysis is not required. However, diffraction meth-
ods are sometimes employed for two reasons: (i) the expected precision
in the determined residual stresses [143] and, (ii) the localised charac-
ter of measurements, that depends on the collimator diameter: 2 mm in
Refs. [60], 1.8 mm in Ref. [144] and 1 mm in Ref. [145]. Neverthe-
less, a similar scale is obtained using the hole drilling method, following
ASTM E837-13a, where a hole of 1.8-mm diameter is usually drilled.

Even though residual stresses found by XRD are considered as sur-
face stresses, diffraction occurs over a finite number of atomic layers;
Bouffioux et al. (2016) [60] measured stresses on a hot-rolled sheet for
an averaged thickness of 10 μm. Jandera et al. (2008) [144] also as-
sumed that stresses at surface correspond to a depth of 5–10 μm. In
that work (refer to Fig. 11), compressive stresses are along the perime-
ter of the box section both for longitudinal and transversal stresses,
in contrast to previous works, as shown in Fig. 6 [51] and 10 [63],

where tension stresses were determined. Thus, they also analysed
in-depth stresses for three different distances from surface (0.1, 0.3
and 0.5 × thickness) through electrolytical layer removal, finding a
through-thickness rectangular block of residual tension which is critical
for the buckling response [144]. Wang et al. (2020) [146] measured
by XRD only surface residual stresses due to roll forming with the pur-
pose of validation the numerical model; once validated along the section
perimeter, the complete through-thickness stress state was assumed to
follow FE results. This experimental-numerical approach is pertinent for
cold-formed sections to reduce the cost of test and to predict stresses in
hardly accessible surfaces.

Other authors have also used XRD to measure residual stresses due
to cold-rolling reduction [147–149]. In these cases where plastic strain-
ing and thickness reduction are the governing processes, phase trans-
formation and texture evolution can be also analysed through diffrac-
tion techniques [148,150]. Within this context, neutron diffraction is
a common alternative [151,152] due to its advantage over XRD of
greater penetration [153]. Residual stresses through a depth order of
centimetres can be measured using neutron diffraction without the
need of layer removal [154]. However, this technique is more expen-
sive and, to our knowledge, has not been used for cold-formed steel
members. The present review focuses on forming and shaping proce

Fig. 11. X-ray diffraction apparatus for the residual stress determination in cold-rolled stainless steel hollow sections. Left picture extracted from Jandera et al. (2008) [144]; right picture
from Tong et al. (2012) [142].
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dures in which plastic straining is only associated to corner bending so
texture studies and strain pole figures are not addressed.

For the determination of residual stress through the thickness of a
thin sample, material layers are commonly removed by electropolishing.
Abvabi (2014) [155] use the XRD method with electropolishing to re-
move layers of 50 μm. This is equal to the usual step for the hole drilling
method. While mechanical removal methods, e.g. electro-discharge ma-
chining (EDM), are shown to produce high residual stresses [156], the
electrolytical methods as electropolishing do not alter the stress state.
The ASTM E1558 – 09 (2014) Standard [157] establishes the recom-
mended procedure for electropolishing without introducing additional
residual stresses. However, two phenomena should be considered:

⁃ Surface damage. When an excessive potential or polishing time are
applied, pitting problems can appear [158]. A careful sample prepa-
ration must be done and the selection of electrolytes, potentials and
polishing conditions has to be performed following the recommenda-
tions from guides and standards [157,159].

⁃ Relaxation. For thin members, the layer removal creates relaxation so
the measured stresses must be corrected assuming equilibrium condi-
tions [145]. This correction was firstly proposed by Moore and Evans
[160] and improved by Savaria et al. [161] using a Finite Element
methodology.

As previously mentioned, Tong et al. (2012) [142] measured
cold-formed SHSs through hole drilling and X-ray diffraction methods
(refer to Fig. 11). The required layer removal was also corrected using
elastic expressions considering relaxation. They compared “direct” form-
ing process, in which the SHS is rolled directly from a flat steel plate,
with “indirect” or continuous process where a circular section is firstly
formed and then rolled to the final square section. Results in the outer
surface, as shown in Fig. 12, i.e. , correspond to tension longi-
tudinal stresses.

The evaluation of the diffraction intensity curve is usually autom-
atized and only the residual stress is extracted from the fitting
slope; this fitting method requires a range of tilt angles – 13 tilts in
Ref. [60] – in order to find residual stress value for each analysed di-
rection. However, some inner surfaces near bent corners can difficult
the goniometer tilting. It must be highlighted that the extent of the dif-
fraction curve, which is quantified by the Full Width at Half Maximum
(FWHM), is an interesting parameter for measuring crystal distortion so

plastic deformation can be correlated with this value [162,163]. Even
though the quantification of plastic deformation can help to improve the
understanding of cold forming effects, the study of FWHM parameter is
rare in literature about XRD method on cold-formed steel sections [70].

3. Residual stress modelling

Mathematical modelling, both analytical and numerical, of
thin-walled steel members is mainly focused on stability analysis, i.e.
buckling failure studies [164]. Yu and Schafer (2006) [165] classify in-
stabilities of cold-formed sections in local, distortional and lateral-tor-
sional buckling. However, for the design of cold-formed sections some-
times only local plate buckling modes is considered as the limiting
phenomenon [50]; within this context, the two most common design
methods are the Effective Width Method (EWM) [166] and the Direct
Strength Method (DSM) [167]. Moen and Schafer (2009) extended the
Direct Strength Method for members with perforations [168,169]. How-
ever, the prediction of residual stresses is hard to tackle due to some rea-
sons: (i) information from manufacturers is not easy to obtain; (ii) real
machines consist of many complex rolling stations; and the influence of
other secondary processes can be significant, e.g. coiling [56], flatten-
ing [34] or pre-punching [170]. Roll forming is an especially complex
process for modelling purposes in comparison to press braking; the pro-
gressive bending throughout the stations implies a three-dimensional de-
formation pattern so longitudinal effects can be critical. Thus, the valid-
ity of pure bending assumptions must be carefully assessed.

In the following subsections, modelling of roll forming dealing with
residual stress predictions is reviewed, both considering analytical or
semi-analytical expressions (Section 3.2) and Finite Element framework
(Section 3.3). However, the fundamentals of strip deformation during
roll forming are previously revisited (Section 3.1) with the aim of intro-
ducing the relationship between roll optimisation and strain minimisa-
tion. Finally, in Section 3.4, residual stress input in structural modelling
is briefly discussed.

3.1. Theory of strip deformation in roll-forming

This section refers to the numerical-analytical procedures that can be
exploited to analyse strip deformation during the roll-forming process
as a previous step before the more accurate but more challenging Fi-
nite Element modelling. Due to the high computational cost of FE

Fig. 12. Longitudinal residual stress through the thickness of a SHS, extracted from Tong et al. (2012) [142]. Simplified through-thickness symmetric distributions are considered after
averaging hole drilling and X-ray diffraction measured points over the section.
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simulations, the design of rolls still relies on theory of deformations,
along flower-pattern assumptions and a simplified flow of material
between stations. A detailed review of strip deformation theory in
roll-forming can be found in the handbook of Halmos (2005) [17] and
in the literature survey of Lindgren's thesis (2009) [171].

The deformation of the strip can be theoretically assumed uniform
between stations. In that case, the elongation of the flange end can be
determined following geometrical arguments [17]. However, the real
flow behaviour of the metal strip deviates from the theoretical value
predicted by geometry. The deformation between rolling stations is not
progressive and is limited to a length before entering the following
forming roll. Bhattacharyya et al. (1983) [172] derived a simple analyti-
cal expression for a U-channel by minimising the work consumed during
deformation phenomena:

(6)

where is the flange length, is the section thickness and is the
bending angle increment. This parameter dependency was experimen-
tally validated for mild steel and aluminium sections [172].

The number of passes determines the angle increment and is related
to deformation behaviour and thus to the presence of residual stresses.
“Forming angle method”, which is based on geometrical relationships
and the limitation of the forming angle, is sometimes used to assign a
number of rolling stations [171]. Other methods consider empirical re-
lationships for the selection of the number of forming steps [17,171].
Longitudinal strains have been measured by some authors during rolling
[173]. Even though the present review is focused on residual stresses,
the longitudinal residual stress will be clearly determined by this defor-
mation behaviour.

A first approach to model the deformed strip is to define a nor-
malised shape function; this strategy was firstly proposed by Kiuchi
(1973) [174,175] and it has been adopted later by many authors
[171,176] naming the method as “deformed curved surface” or DCS
[17]. Duggal (1996) [177] implemented this expression to find the
strain distribution during rolling using the finite difference method. A
surface is defined for each position between rolling stations:

(7)

where is the forming length, i.e. the distance between consecutive sta-
tions, the axial coordinate and is a forming coefficient. As an illustra-
tive example, DCSs modelling the forming of a U-shape from a flat sheet
is shown in Fig. 13 for different coefficients. In this figure, the flower
approach is not considered and the initial and only an initial and final
rolling stations are considered for the U-section forming.

In order to select the forming coefficient that simulates the real ma-
terial flow, the power of deformation must be minimised; values of

between 2 and 10 are obtained [17] depending the section shape and
thickness. The DCS predictions for real values confirm the fact that the
deformation is not progressive and is limited to a length near the form-
ing roll, as predicted by the expression derived by Bhattacharyya et al.
(1983) [172]. A similar approach is considered by Nefussi and Gilormini
(1993) [178] but using a kinematic approach and theory of shells to
simulate the deformed strip shape during roll forming. DCS modelling
procedures facilitate the determination of strain history during rolling
and, when yielding behaviour is implemented, the residual strains and
stresses. However, the usual procedure is limited to distribute longitudi-
nal strains equally throughout rolling stations and to keep these strain
peaks within the elastic range [171]. An extension of these methods was
proposed by Liu et al. (2001) [179] including elastic-plastic B-spline
large deformation theory.

COPRA software is one of the most used tools for the simulation of
roll forming. It includes a Deformation Technology Module (DTM) in
which the longitudinal strain peaks are determined taking into account
not only the section shape but also roll diameter, material and thickness
[180]. The determination of strain course is used to optimise the flower
pattern for different section thicknesses and materials [181,182]. An ex-
ample of the evolution of longitudinal flange strain during roll forming
is shown in Fig. 14. This computer simulation is based on the Hauschild
method, presented as an evolution of Kiuchi's approach in which inho-
mogeneous strain is included [180]. However, the physical-mathemati-
cal model is not provided by the developer.

It can be concluded that the aim of strip deformation modelling is
not the determination of residual stresses. This preliminary design step
is directed to minimise the longitudinal strain peak and theory on strip
deformation is rarely connected to the prediction of residual stresses.

3.2. Analytical modelling of residual stresses

Moen et al. (2008) [34] presented a mathematical-mechanical
framework for analytically predict through-thickness residual stresses in
cold-formed open sections. The corners in the section bend plastically
during the cold-forming process and, for a low ratio, can be guar-
anteed that the sheet fully yields through its thickness in the corners.
The following expressions are extracted and summarized from the math-
ematical derivation by Moen et al. (2008) [34]. The stresses in the bend-
ing direction, i.e. the transversal stresses, are obtained considering a per-
fectly plastic distribution:

(8)

where is the through-thickness position and is the yield stress. The
negative sign in (8) arises because the outer surface, which is under

Fig. 13. Deformed strip from a flat sheet to a U-section considering as in equation (7) for different exponents: (a) , (b) and (c) .
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Fig. 14. Longitudinal flange deformation during forming passes simulated in COPRA and the corresponding section flower [182].

tension during bending, is assumed here in . That plastic distri-
bution gives a moment that determines the elastic springback:

(9)

where is the section thickness and the inertia of the sheet cross sec-
tion. Moen et al. (2008) [34] also derived stresses for coiling, uncoiling
and flattening processes. The stresses due to the coiling depend on the
radial location of the analysed strip within the coil. The elastic core, ,
might be defined as the inner part of the section where plastic strain has
not been reached:

(10)

where is the Young's modulus. If the coil radius is small, almost
the whole section is plasticized during coiling. The elastic-perfectly plas-
tic distribution of stresses through the thickness due to longitudinal coil-
ing is thus:

(11)

The uncoiling stresses might be found considering the elastic spring-
back determined by the plastic coiling moment:

(12)

After uncoiling, the sheet still has a remaining curvature, , if
the initial coil radius was too small. When the sheet enters the first roll,
the stress applied for flattening is:

(13)

The final distribution before rolling process, i.e. the sum of the three
stress distributions ( ), will depend mainly
on the yield stress, the thickness and the coil radius. The last parame-
ter is different for each sample location in the coil so this must be taken
into account in the analysis of experimental results. The total analytical
stresses are therefore the sum of all the stages during manufacturing. For
the longitudinal and the transversal components:

(14)

(15)

For the corresponding longitudinal stresses, a different coefficient
is considered for the plastic bending than for the elastic springback. The
representation of results for different coil radii is shown in Fig. 15a and
b for the longitudinal and the transversal residual stresses, respectively.
The influence of coiling is significative near the surfaces for a small coil-
ing radius. As shown in that figure, the influential parameter is
rather than the absolute radius.

The simplifications assumed for the predicted residual stresses plot-
ted in Fig. 15 must be taken into account. An elastic perfectly plastic

Fig. 15. Analytical trough-thickness distribution for: (b) transversal residual stresses and (b) longitudinal residual stresses, following Moen et al. (2008) [34] and considering different
coiling radii.
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behaviour has been modelled so hardening phenomena are neglected.
To include more complex constitutive models, numerical and iterative
procedures are required [183]. Moreover, even though that work aims
at studying roll-forming [34], only a 2D pure bending is considered,
with the associated Poisson effect and the subsequent elastic spring-
back; the progressive longitudinal deformation actually taking place
during roll-forming is not reproduced by the equations presented above.
Thus, Fig. 15 can be validated with the experimental measurement of
press-braked sections but the comparison with roll-formed sections can
be problematic. Additionally, these expressions neglect thickness reduc-
tion and the shift of the neutral axis that plastic bending promotes. Nev-
ertheless, an important conclusion of the simple analytical approach is
that the linear simplification assumed by some authors [34] barely re-
produces the zig-zag distribution produced by bending and springback.
However, many experimental works measuring residual stresses only
on the section surface, both using destructive or non-destructive tech-
niques, still divide residual stresses in bending and membrane compo-
nents.

In order to improve the accuracy of through-thickness distributions,
Ingvarson (1975) [83] proposed a theoretical elastic-plastic framework
and an incremental computer analysis to solve the Prandtl-Reuss flow
rule with von Mises yield criterion and to determine residual stresses
due to cold bending. Rondal (1987) [184] and Amouzegar et al. (2016)
[35] presented a similar incremental numerical algorithm. Residual
stresses are obtained in polar coordinates without the need of neglect-
ing hardening, as in Moen et al. (2008) [34]. The determination of
through-thickness distributions requires an incremental algorithm, so it
cannot be regarded as an analytical procedure, but the flowchart re-
quires less computational cost than finite element simulations.

As shown in Fig. 16, results from Amouzegar et al. (2016) [35] pre-
dict a non-linear zig-zag distribution that match reasonably the finite el-
ement (FE) distribution from Quach et al. (2006) [185] and the exper-
imental findings of Weng and White (1990) using hole drilling and sec-
tioning methods [64], which have been previously presented in Fig. 9.
This model predicts, in contrast to the analytical expressions extracted
from Moen et al. (2008) [34], a shift of the neutral axis towards the
inner surface, i.e. for . This fact has been theoreti-
cally studied in bent corners [186,187] which is usually modelled con-
sidering a k-factor [188] and is experimentally accompanied by a re-
duction in sheet thickness [189,190]. Bend allowance is the term refer-
ring to the strip elongation during plastic bending [191] that limits the
minimum bending radius [187] and also produces a thickness reduc-
tion at corners. It is common in manufacturing research on metal sheet
bending to explore bendability and springback behaviour rather than
the presence of residual stresses, even though these phenomena are in-
terconnected. Residual stresses are strongly influenced by the unloading
process and springback is a complex phenomenon that has been tried to
be modelled considering different elastic-plastic frameworks [186], e.g.
cyclic plasticity [192] or variable Young's modulus [193], and loading
conditions [194]. Research on constitutive models, material properties
and numerical procedures dealing with springback predictions has been
reviewed by Wagoner et al. [195–197]. Zhang et al. (1998) [183] con-
sidered the influence of deformation history, i.e. repeated bending and
reverse bending, on the springback behaviour and thus on the devel-
opment of residual stress distributions. All these works consider plane
strain conditions (see Fig. 17).

It must be noted that numerical and experimental results presented
in Fig. 16 have been obtained for press braking, i.e. for pure 2D bending
without longitudinal rolling effects; hence, this methodology proposed
by Amouzegar et al. (2016) [35] is a great alternative to FE simulations
of press braking but it would be limited for prediction in roll-formed sec-
tions.

Quach et al. (2004) [55] also derived a closed-form analytical so-
lution for residual stresses due to coiling and uncoiling operation, vali

Fig. 16. Comparison of through-thickness residual stresses predicted by Weng and White
(1990) using hole drilling and sectioning methods [64], by Quach et al. (2006) [185] us-
ing finite element simulations and by Amouzegar et al. (2016) [35] using an incremental
method.

dated by finite element simulations. Strain hardening is neglected in
Ref. [55] but von Mises yield criterion and Prandtl-Reuss flow rule are
considered. Additionally, equivalent plastic strain is integrated for each
through-thickness point [55]. Quach et al. (2009a, 2009b) [56,198]
combined the coiling – uncoiling solution with an analytical method-
ology to predict residual stresses due to press braking so the com-
plete manufacturing process is reproduced for press-braked sections. Ex-
pressions modelling transverse bending during press braking considered
both large and small-strain formulations and the Hill's anisotropic yield
criterion.

Analytical distributions proposed for stainless steel channel sections
in Quach et al. (2009b) [198] that are based on large-strain formulation
agree with FE results even for high curvatures, i.e. 10, where is
the bending or corner radius and is the section thickness, so they can
be regarded as accurate predictions for sharp corners. However, analyt-
ical stresses from a small-strain formulation provide significative errors
in comparison to FE distributions for sharp corners and can only be used
to predict residual stresses for low curvature, i.e. 10.

Additionally, all the analytical methodologies presented above are
focused on the rolling forming and press braking of sections from mother
coils to produce channel members, i.e. open sections. However,
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Fig. 17. Roll forming simulation in COPRA RF FEA considering friction and including driven rolls (purple with arrows) and idle rolls (green without arrows) [228]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

many of the experimental methods discussed in Section 2 are focused on
hollow sections. Typically, circular sections are produced from rolling
and are then closed by seam welding [199]. Finally, the closed circu-
lar hollow section (CHS) is cold-rolled again [142] until the final el-
liptical [67,95], rectangular [63,66] or square [37,145] shape is ob-
tained. This procedure is sometimes termed as continuous [200] or in-
direct forming, as already mentioned for the results presented by Tong
et al. (2012) [142]. For rectangular (RHS) and square hollow sections
(SHS), a direct-forming alternative is possible in which the desired shape
is directly obtained in a single roll forming sequence and weld joining
of the section lips is performed at the end. In this direct operation cold
working is concentrated in the corners [200] whereas continuous or in-
direct strategy involves uniform bending during the first step to shape a
circular section.

In order to predict the influence of the real strain history during man-
ufacturing operations, the complete forming sequence must be consid-
ered. The first bending stages, from the input sheet to the circular hol-
low section, can be modelled considering the same principles already
exposed for a concentrated bent corner but this time for small-curvature
pure bending, i.e. for high bending radius. Thus, analytical closed-form
solutions are similar to those used for coiling-uncoiling operations pro-
posed by Quach et al. (2004) [55]. Quach et al. (2010) [201] pro-
posed to extend this strategy for the prediction of residual stresses due
to transverse bending in cold-formed CHSs, considering small-strain for-
mulations, assuming plane strain, and including strain hardening and
anisotropic plasticity. The detailed formulation adapted to transverse
bending of CHS can be found in the work of Cai (2009) [202].

Welding influence on residual stresses is out of the scope of the pre-
sent review, but seam joints will surely produce thermal stresses. Addi-
tionally, it must be noted that residual stresses are expected to increase
in the welding line of a hollow section due to the constraint and cor-
responding reaction force [145] in comparison to a similarly welded
plate. Moreover, modelling the final roll forming process of the closed
circular section to obtain the desired shape, i.e. the last stage of indi-
rect forming, is complex due to the absence of free edges and the cor-
responding constrained behaviour. Thus, to the knowledge of the au-
thors, analytical approaches reproducing the real forming process from

the already welded CHS to the final EHS, SHS or RHS shapes are unlikely
so they are just based on local corner assumptions [203], i.e. high-cur-
vature bending, that have been previously exposed. In order to evaluate
how constraint effects might produce different residual stresses between
open or closed sections under the same local small-curvature bending,
Finite Element models are required.

3.3. Finite element modelling

Residual stress modelling of cold forming process is challenging be-
cause several reasons: (i) contact modelling between tools and the metal
sheet influences solution; (ii) tools, die and punch in press braking and
rolls in roll forming, are usually modelled as rigid analytical surfaces so
the implications of the non-deformability assumption must be discussed;
(iii) elastic-plastic constitutive models are crucial for the prediction of
residual stresses; isotropic hardening is usually assumed even though
unloading phenomena will deviate from that behaviour if kinematic ef-
fects, e.g. Bauschinger effects, are happening in reality; (iv) mesh refine-
ment near corners and through-thickness. A very fine mesh critically in-
creases the computation time; (v) implicit schemes exhibit convergence
issues and longer computational time whereas explicit solver can cause
error accumulation.

3.3.1. Press braking simulations
The need of a robust finite element framework for press braking is

lower than for roll forming because the former process is accurately
approximated by analytical or incremental algorithms considering pure
bending, as shown in the previous section and in Fig. 16. However,
some geometrical and material effects can be important and require fi-
nite element simulations.

Quach et al. [185] determined through FE simulations the pres-
ence of residual stresses for press-braked steel members. 2D simulations
were carried out in ABAQUS using plane strain elements and symmetry
boundary conditions. These authors successfully reproduced two bench-
marking works, from Weng and Pekoz (1990) [82] and from Weng
and White (1990) [64] and they perform a very rigorous mesh conver-
gence study, adopting 16 elements in the corner region for the thick-
ness direction. Both punch and lower die were modelled as analyt
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ical rigid surfaces and considering a hard contact with the sheet. For
the simulation of consecutive bending steps in the lipped channel, the
section must be rotated and the corresponding boundary conditions ap-
plied. Additionally, in the work of Quach et al. [185] coiling-induced
residual stresses that have been predicted by analytical expressions are
introduced as an initial stress state in the FE model. Despite the pure
bending occurring during press braking, Mutafi et al. (2018) [204] sim-
ulated a 3D model to analyse longitudinal residual strains and edge ef-
fects.

Simulations of press braking usually aiming at optimising the punch
– die design. Bakhshi-Jooybari et al. (2009) compared the springback
behaviour under a V or a U-die using ABAQUS and considering the
Hill's anisotropic model. Similarly, Thipprakmas (2010) [205] studied
the effects of punch height on the bending allowance so stress distrib-
ution is only a consequence of material flow but not the required mag-
nitude. A commercial FE code DEFORM-2D with plane strain elements
and an automatic remeshing was used, as in Ref. [206] for the study of
spring-back/spring-go phenomena.

For air-bending forming, where the punch bends the metal sheet
without reaching the lower die [207], the punch displacement is a
critical process parameter. Miranda et al. (2018) [208] combined fi-
nite element simulations and artificial neural networks to predict opti-
mum parameters and geometries; similarly, Fu et al. (2010) [209] used
neural networks to analyse punch radius effects. It can be mentioned
that air-bending is analogous to a 3-point bending test, so beam theory
can be applied [210].

3.3.2. Roll forming simulations
Roll forming simulations are extremely CPU-time consuming in com-

parison to press braking due to the high number of contacts and the
non-linearity of the process. The common commercial codes used for
stress-strain analysis, e.g. ABAQUS or ANSYS, are not optimised for roll
design and selection of the number of stations. Thus, specific codes have
been developed for roll forming simulation. Brunet et al. (1998) [211]
developed the code PROFIL for a finite element for a 3D shell analy-
sis and obtained the strain history during rolling. However, this shell
analysis cannot be used to study through-thickness residual stresses.
UBECO-PROFIL has also been used as a pre-processor for the determina-
tion of bending sequence of a roll-formed U-channel, that is simulated
in an implicit analysis in ABAQUS [212]. UBECO-PROFIL implements
in new versions an interface to the explicit solver LS-DYNA to simu-
late roll forming. Sheu (2004) [213] used LS-DYNA to study the effect
of rolling parameters, e.g. friction or speed, and Paralikas et al. (2011)
[214] to analyse different flower patterns in a roll-formed advanced
high strength steel. LS-DYNA is usually accessed through the ANSYS en-
vironment [214]. Spoorenberg et al. (2011) [215] have used an implicit
scheme in ANSYS to simulate roll bending to estimate residual stresses
in curved sections. However, roll bending is less demanding than roll
forming in terms of contacts and non-linearities.

Ponthot (1995) [216] built the code METAFOR that implements an
Arbitrary Lagrangian-Eulerian algorithm, reducing the required num-
ber of elements and the computational time in comparison to the clas-
sical Updated Lagrange approach [217,218]. This FE has been vali-
dated for roll forming simulations [219] and used by many authors. Bui
and Ponthot (2008) [173] simulated the bend of a U-channel consid-
ering only one through-thickness layer since they only studied longitu-
dinal strain, springback and final geometry. Rossi et al. (2013) [219]
also performed simulations of a U-channel but considering 4 layers
of elements for through-thickness meshing even though the objective
was to analyse corner stress enhancement. However, some works using
METAFOR for roll forming simulation still rely on the specific software
COPRA to design flower patterns [220]. Sheikh and Palavilayil (2006)
[221] used the FE software SHAPE-RF that includes an initial guessing
algorithm for the 2D section before the 3D rigid-plastic finite element

calculation. Heislitz et al. (1996) [222] employed the FE software
PAM-STAMP which implements an explicit scheme and took advantage
of mass scaling and adaptative mesh refinement for reducing computa-
tional time. This code has been compared with an implicit solver for
simple bending problems providing similar results [223].

One of the most used software is COPRA-RF (see Fig. 17), developed
by DataM, which follows a two-step flowchart: a pre-processing stage
where the flower pattern is optimised and rolls are designed, and a cal-
culation step that is integrated in the MSC Marc FE solver. A snapshot of
this environment can be seen in Fig. 15. Therefore, finite element for-
mulations, contact modelling, remeshing techniques or boundary con-
ditions can be redefined exploiting MSC Marc capabilities. A bending
sequence is generated, and the corresponding flower pattern, in CO-
PRA-RF for the considered final cross-section. Some complex geometries
are hard to tackle in the COPRA pre-processing; for example, Görtan
et al. (2009) [224] defined the bending sequence of a branched sec-
tion and directly used MSC Marc to simulate roll forming. Wiebenga et
al. (2013) [225] also used this software for a V-section. Pastor et al.
(2013) [226] simulated an upright section typical of racking structures.
They used a single through-thickness element. Jiao-Jiao et al. (2020)
[227] studied the springback of a roll-formed high-strength steel sec-
tion using COPRA. Roll-forming simulation with COPRA can also be
used to assess possible geometrical deviations between the real scanned
section between passes and the simulated strip deformation [190]. Liu
et al. (2018) [190] simulated roll-forming in COPRA to determine lo-
cal thickness reduction and results were experimentally compared with
hat-shaped sections formed through cold rolling. Bonada et al. (2015)
[170] studied in COPRA the influence of perforations on roll forming
and residual stress distributions. Simulations of flexible roll forming, i.e.
when cross section of the final member is not constant, can also be per-
formed by COPRA [7].

Wang et al. (2020) [146] used COPRA for the optimisation of the
flower pattern and for the roll design but simulate rolling process in-
cluding friction in ABAQUS Explicit. As already mentioned, these au-
thors validated the numerical results through XRD measurements along
the perimeter. The same strategy, i.e. bending sequence and roll design
in COPRA and simulation in ABAQUS Explicit, is followed by Yan et al.
(2017) [229].

Salmani Tehrani et al. (2006) [230] pointed out an advantage of
ABAQUS Explicit, in which shell element thickness can be used for mod-
elling contact problems. The authors analysed the longitudinal strain
behaviour during roll forming considering localised buckling as a lim-
iting phenomenon; they also verified that solution was not deviating
from quasi-static conditions by computing the kinetic energy. Kang et
al. (2014) [231] and Safdarian and Naeini (2015) [232] also employed
shell elements and the ABAQUS Explicit solver. The anisotropic Hill's
yield criterion was considered in Ref. [231].

Muller et al. (2011) [233] proposed a simplified 2D approach in
ABAQUS in which each pass is independently simulated. Even though
the material flow between stations is not simulated, springback after
each pass was experimentally compared. An implicit scheme could be
followed due to the reduced number of plane strain elements. It is im-
portant to highlight that roll forming is an expensive computational
problem, so the understanding of lagrangian/eulerian formulations and
meshing strategies is crucial. In addition, the limitations of explicit
schemes [234], adopted in some works simulating roll forming [222],
must be better discussed.

Regarding hollow sections, as discussed in Section 3.2, the man-
ufacturing process can be direct or continuous (indirect). In the for-
mer case, the framework revisited above is valid but the simulation of
the final operation of joining the section lips is required. On the other
hand, FE simulations of continuous forming can be divided in the three
corresponding stages: circular forming, welding and final shaping. As
pointed out by Yao et al. (2019a) [235], numerical works on hollow
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sections are scarce in comparison with simulations for steel open sec-
tions. The previously mentioned analytical solutions for coiling-uncoil-
ing and transverse bending were considered by Yao et al. (2019a) [235]
as the initial stress-strain state for welding and shaping simulations
in ABAQUS. These simulations were performed using shell elements
and 17 integration points, demonstrating that non-linear distributions
of through-thickness residual stress can also be determined. Using this
approach, simplified block distributions were proposed by Yao et al.
(2020) [236] for elliptical hollow sections (EHS). Similarly, strength
enhancement and local geometric imperfections can also be predicted
considering this FE modelling framework for continuous forming [237].
Yao et al. (2019a) [235] also included a sequentially coupled ther-
mal-stress analysis to reproduce electric resistance welding (ERW); these
authors did not consider heat source models and a simplified tempera-
ture history approach was implemented. However, temperature-depen-
dent properties, thermal expansion and annealing effects were taken
into account. Through this methodology, negligible influence of ERW on
residual stresses was numerically obtained [235].

Other forming parameters are also influential for rolling simulations.
For instance, friction is reproduced by Hong et al. (2001) [238] us-
ing the Coulomb's friction model in COPRA with μ = 0.2, as in Ref.
[173,230]; Safdarian and Naeini (2015) [232] assessed different val-
ues (0.1, 0.15 and 0.2). Lubrication or forming velocity could influence
friction properties [239]. The speed of the metal sheet can be imposed
as a boundary condition [222] or can be governed by the rotation of
rolls and friction phenomena [230]. In Ref. [225] the sheet enter with a
speed of 0.0225 m/s for roll forming of a V section while top and bottom
rolls are driven. In contrast, Safdarian and Naeini (2015) [232] studied
higher speeds (1, 2 and 2.5 m/s), concluding that forming speed has not
influence on material flow as long as quasi-static conditions [173] are
verified and dynamic effects can be neglected. Therefore, rolls can be
driven, i.e. rolls are moving the sheet, or rolls are non-driven, i.e. the
sheet is “pushed” forward in the rolling direction [17]. Each roll on each
station can be easily defined as driven or non-driven within COPRA sim-
ulations [240], so real machines can be better imitated.

Heating effects are neglected for roll forming because localised tem-
perature raise due to the friction between rolls and the metal sheet is
small enough to avoid an important thermal gradient and the corre-
sponding residual stresses. Only for cold rolling with thickness reduction
these effects must be considered [241].

Some authors have also modelled dimpling processes in cold-rolled
forming [242]. Dimpled surfaces are produced before roll forming with
the aim of improving mechanical performance of some structural mem-
bers [243].

A mixed numerical-experimental methodology was proposed by Abv-
abi et al. [155,244,245] to quantify residual stresses before roll form-
ing, i.e. stresses remaining after the preparatory operations. Considering
the steel member response in pure bend tests, a residual stress distrib-
ution through the thickness is determined using an inverse numerical
methodology.

3.3.3. Residual stress input in structural modelling
Finite element modelling of structural behaviour of cold-formed pro-

files is out of the scope of this work; an overview of elastic buckling
and nonlinear collapse is given by Schafer et al. (2010) [69]. The au-
thors highlight the importance of two physical features of cold forming
– geometric imperfections and residual stresses – for collapse modelling.
Some strategies for the implementation of residual stress distributions
for the initial state of cold-formed member in structural modelling are
here reviewed.

The inclusion of residual stresses as an initial field in Finite Ele-
ment simulations may be difficult due to the lack of a complete 3D map
and the complicated extrapolation. Narayanan and Mahendran (2003)

[246] applied a residual stress field in a FE static analysis of cold-formed
steel columns; they considered, following [51], residual stresses of 17%
of the yield stress uniformly distributed along the section perimeters
with tension on the outer surfaces and compression on the inner ones.
They used the ABAQUS capability of establishing initial conditions by
means of a user-defined subroutine for the initial stress field (SIGINI).
Quach et al. (2010) [247] simulated nonlinear buckling of press-braked
channels by implementing analytical solutions for residual stresses as
initial conditions in ABAQUS. In flat regions only analytical expressions
from coiling operations were considered [55], whereas corners were
modelled assuming the local high curvature [198]. Yao et al. (2019b)
[237] used the combination of analytical and Finite Element simula-
tions, which has been discussed in Section 3.3.2 for reference [235],
to study not only residual stresses, but also geometrical imperfections
and strength enhancement [237]. The final state after FE simulation of
the shaping process of elliptical hollow sections (EHS) was then trans-
lated as the initial state for the FE analysis of stub-column behaviour in
ABAQUS [237].

Pastor et al. (2013) [170,226] transferred residual stresses that were
determined in COPRA to an ANSYS model with the aim of studying
buckling failure. A routine in Matlab was programmed to localise nodes
and assign elastic-plastic strain tensors to the corresponding integration
points in ANSYS. The same strategy is followed later by Bonada et al.
(2015) [170].

On the other hand, some authors proposed blocks of longitudinal
residual stresses, e.g. Thong et al. (2012) [142] or Cruise and Gardner
(2008) [26] who collected bending longitudinal stresses in blocks and
presented by Jandera et al. (2008) [144].

4. Conclusions

Literature survey and the discussion on experimental and numerical
determination of residual stresses in cold-formed members lead to the
following conclusions that summarise the state-of-the-art:

⁃ Longitudinal stress distributions are required to better characterise the
structural response of cold-formed members when buckling failures
are assessed. Thus, research has being focused in the determination
of longitudinal residual stresses, commonly using Sectioning methods.
The strip cutting operations are not standardised and different ap-
proaches are found. Transversal sectioning is less common than longi-
tudinal striping.

⁃ Deep hole drilling (DHD) and ring core (RC) are infrequent for thin
members due to larger or deeper range. Therefore, hole drilling is here
revisited as the most advantageous semi-destructive technique for thin
cold-formed profiles. This method is standardised, but some limita-
tions are associated to the calibration coefficients determination.

⁃ X-ray diffraction method is the most common way of determining sur-
face residual stresses without the damage of the workpiece. However,
layer removal and the corresponding correction is required to find
through-thickness residual stresses.

⁃ Modelling approaches for press braking and roll forming are very dif-
ferent because the latter is a 3D process in which strip deformation be-
tween rolls is a challenging topic for researchers whereas press brak-
ing can be assumed as a 2D pure bending. Theory on strip deformation
has been introduced in Section 3.1 even though it is usually applied
to roll design and optimisation, rather than to obtain residual stresses.

⁃ Analytic expressions or incremental algorithms to find residual stresses
are based on elastic-plastic constitutive models but usually rely on
some simplifications. The mathematical framework proposed by dif-
ferent authors is a good approximation to the transverse and lon-
gitudinal stress evolution during coiling, uncoiling, flattening, bend-
ing and springback. For hollow sections, the continuous forming
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stages must be considered. Nevertheless, these approaches are limited
to a 2D bending and cannot be accurately used to reproduce roll form-
ing.

⁃ Finite element modelling of roll forming is a critical issue due to
the high computational cost caused by the required mesh, the num-
ber of contacts and the non-linearities. For roll forming simulation,
multi-purpose commercial software as ABAQUS, MSC Marc or ANSYS
have been used.
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