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Abstract
This study investigates residual stress (RS) behavior in Cold-Formed Steel (CFS) unlipped press-
braked channel (PBC) sections. A non-destructive X-Ray Diffraction (XRD) technique was used to
characterize RS patterns in sections of 1.5 mm and 2.5 mm thickness. Measurements were conducted
on specimens post-bending, covering 1116 data points across 54 cross-sections. Results showed
peak tensile and compressive residual stresses (TRS and CRS) concentrated at bent locations, while
overall RS distributions were irregular and thickness-dependent. To model and predict RS patterns,
an Extreme Gradient Boosting (XGBoost) machine learning (ML) model was developed. The model
demonstrated high accuracy in capturing the self-equilibrating nature of RS and outperformed other
ML models, including Multi-Layer Perceptron (MLP), Decision Tree (DT), and Random Forest (RF)
regressors. A finite element (FE) simulation using ABAQUS incorporated the ML-predicted RS to
evaluate axial strength in press-braked channel columns. The FE results were validated against the
Direct Strength Method (DSM), showing close agreement in both failure modes and load capacity.
Stub columns exhibited local buckling, while long columns showed local–flexural interaction,
consistent with DSM predictions. A maximum axial strength reduction of 16–17% was observed
in 1.5 mm columns due to RS effects, aligned well with existing research. This study emphasizes
the critical role of RS in the structural performance of CFS PBC sections and demonstrates the
potential of integrating ML-predicted stresses into structural design and assessment.

1. Introduction
Cold-formed steel (CFS) is widely used in structural applications due to its high strength-to-weight
ratio, corrosion resistance, and fabrication efficiency. Press-braked channel (PBC) sections are
commonly employed as load-bearing members; however, the press-braking process introduces
significant cold work that affects their structural response. This cold work manifests as residual
stresses (RS) and plastic strains associated with strain hardening. While strain hardening increases
material strength, residual stresses can adversely influence performance by promoting distortion,
buckling, and premature failure (Quach et al. 2010). In press-braked CFS members, residual stresses
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arise from both coiling–uncoiling and localized cold bending at corner regions (Quach et al.
2009b). Most analytical and design models represent these effects using simplified residual stress
distributions and idealized mechanical property variations between flat and corner zones, often
based on limited experimental data (Quach et al. 2009a; Quach et al. 2010). Experimental studies
indicate that residual stresses reduce stiffness, accelerate plasticity, and decrease fatigue resistance,
thereby lowering the load-carrying capacity and stability of thin-walled members (Gardner and
Yun 2018.
Previous research has shown that residual stress magnitude and distribution depend strongly on the
fabrication method. Roll-formed sections generally develop higher residual stresses due to greater
accumulated cold work, whereas press-braked sections exhibit tensile stresses on outer surfaces
and compressive stresses on inner surfaces, with notable differences between flat and bent regions
(Batista and Rodrigues 1992; Young and Lui 2005. These stresses can reduce CFS column strength
by up to 35%, particularly at higher slenderness ratios, with flat-region residual stresses having
a more pronounced influence on longer members (Lee and Ketter 1958; Weng and Pekoz 1990;
Quach et al. 2010). Conventional residual stress measurement techniques such as sectioning and
hole-drilling are destructive and unsuitable for thin-walled CFS sections (Somodi and Kövesdi
2017; Ma et al. 2015). In contrast, X-ray diffraction (XRD) enables accurate, non-destructive
quantification of surface residual stresses and is well suited for cold-formed members (Genzel et al.
2012; Wang et al. 2020). Despite its advantages, systematic XRD-based studies on press-braked
CFS channel sections remain limited.
This study employs X-ray diffraction to measure residual stress distributions in 1.5 mm and 2.5 mm
thick press-braked CFS channel sections. The results provide improved insight into fabrication-
induced residual stresses and their implications for structural performance and design.

2. Experimental Program
2.1 X-ray diffraction measurements
Residual stresses were measured using an iXRD X-ray stress analyzer (Proto Manufacturing Inc.,
USA) (PROTO Manufacturing 2016), as shown in Fig. 1(a). A non-destructive X-ray diffraction
(XRD) technique compliant with ASTM E915 was employed to quantify residual stresses in
cold-formed steel press-braked channel sections (Belassel et al. 2004). The method is based on
Bragg’s law (Bragg 1912), whereby elastic lattice strains are inferred from variations in interplanar
spacing (Jandera and Machacek 2007). The system utilized Cr–K𝛼 radiation with a dual-detector
configuration to capture lattice spacing variations (Belassel et al. 2004; Celard et al. 2000), as
illustrated in Fig. 1(c). Residual stresses were evaluated using the sin2 𝜓 method, in which shifts
in the diffraction angle (2) at multiple 𝜓 tilts were analyzed to obtain lattice strain from the
sin2 𝜓 plot and subsequently converted to stresses using Hooke’s law (Cooper 1962; Duan et al.
2012). Similar XRD-based procedures have been shown to be effective for characterizing residual
stress distributions in press-braked cold-formed steel members (Fig. 1(b)). In the present study,
measurements were performed at eleven 𝜓 orientations ranging from −20◦ to +20◦, with a defined
𝛽 tilt between the specimen surface and the incident X-ray beam, as illustrated in Fig. 1(d).
Longitudinal residual stresses were measured using a 2 mm collimator, an exposure time of 1 s,
a 𝛽 oscillation of 3◦, a diffraction angle of 2𝜃 = 156.41◦, and an X-ray wavelength of 𝜆 =

2.291 Å (Suzuki and Shobu 2010).
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Figure 1: RS measurements setup by XRD : (a) RS measurements on a PBC sheet ; (b) press-braked
channel ; (c) 𝛽 rotation of the XRD machine ; (d) pointer and detectors of the XRD machine
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Figure 2: Press-braking fabrication sequence for cold-formed steel sections: (a) coiling; (b) uncoiling and
flattening; (c) press braking
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2.2 Specimen fabrication and material properties
Cold-formed steel (CFS) channel sections used in this study were produced using a press-brake
forming process. Press braking offers precise control over bend angles and is well suited for
small-batch or custom geometries. Flat sheets (170 mm × 200 mm), cut from galvanized coils,
were bent into unlipped channel sections with a flange width of 30 mm, a web width of 110
mm, and a total length of 200 mm. Prior to forming, it was assumed that any residual stresses
from rolling were relieved through coil annealing; thus, the residual stresses in finished sections
mainly arise from (a) coiling–uncoiling of flat regions and (b) localized cold bending during press
braking.The brake press forms the profile through sequential bending along predefined lines using
a punch–die assembly. This induces characteristic tensile–compressive stress patterns across the
web and flange regions, along with strain hardening at the corners. A schematic of the press-brake
system and loading sequence is shown in Fig. 2. To ensure reliability of X-ray diffraction (XRD)
measurements, galvanized coatings were removed selectively using hydrochloric acid, followed by
surface cleaning and WD-40 application to prevent corrosion. Mechanical properties of the base
material were determined through tensile coupon tests conducted in accordance with ASTM E8.
Test coupons were extracted using electrical-discharge machining (EDM) and tested in a 30 kN
universal testing machine equipped with a 50 mm extensometer. The measured yield strengths
were 317.23 MPa for the 1.5 mm thick sheets and 330.26 MPa for the 2.5 mm thick sheets. The
corresponding mechanical properties obtained from the stress–strain response are summarized in
Table 1.

Table 1: Tensile properties of CFS base metal

CFS
coupons

𝑓𝑦

(MPa)
𝑓𝑢

(MPa)
𝐸𝑠

(GPa)
𝜖 𝑓

(%)
1.5 mm thickness
Coupon 1 317.04 365.74 204.02 38.14
Coupon 2 310.66 359.62 201.81 35.01
Coupon 3 324.00 353.09 206.81 37.08

Mean 317.23 359.48 204.21 –
2.5 mm thickness
Coupon 1 338.00 376.07 202.35 32.09
Coupon 2 328.41 376.65 201.71 31.67
Coupon 3 324.37 369.89 200.39 32.75

Mean 330.26 374.20 201.48 –
∗ 𝐸𝑠: Young’s modulus of steel ∗ 𝜖 𝑓 : Strain at fracture

2.3 Residual stress measurement configuration
Residual stresses in the press-braked channel specimens were measured using XRD, focusing on the
longitudinal stress component. The test program included twelve channels of 1.5 mm thickness and
six channels of 2.5 mm thickness. Measurements were taken 77.5 mm from one end—corresponding
to the mid-length of the 200 mm specimens—to avoid end effects, as illustrated in Fig. 3(a). Each
channel contained three measured cross-sections spaced 22.5 mm apart, denoted as Cross Section
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Figure 3: Schematic of residual stress measurement locations on (a) flat sheet and, (b) press-braked channel

1 (CS 1, 𝛼), Cross Section 2 (CS 2, 𝛽), and Cross Section 3 (CS 3, 𝛾), as shown in Fig. 3(b). At each
section, 22 points were measured: 12 on the flanges (6 outer-top and 6 outer-bottom) and 10 on the
web (6 inner and 4 outer), with reduced spacing near the edges to capture stress gradients. For the
1.5 mm channels, six specimens included all web and flange points (396 points), while six excluded
outer-web locations (324 points), giving a total of 720 measurements. The 2.5 mm channels added
396 points, resulting in 1116 XRD measurements overall. This arrangement effectively captures
the residual stresses induced by coiling–uncoiling and cold bending in press-braked CFS channel
sections.

3. Results and Discussion
3.1 Experimental observations
Residual stresses in the 1.5 mm and 2.5 mm PBC sections were evaluated using XRD at selected
flange and web locations. The 1.5 mm specimens were examined in two configurations: the first
measured RS on outer flanges and inner web surfaces, while the second included both inner and outer
web surfaces along with the outer flanges. In both cases, RS profiles exhibited substantial scatter,
with no consistent trend in the flat regions. Representative RS distributions for a 1.5 mm PBC section
are presented in Fig. 4. Similar residual stress patterns were observed across the remaining 1.5 mm
and 2.5 mm PBC sections. Across all measurements, a consistent feature was observed at the bent
corners: the outer surface exhibited tensile residual stress (TRS), while the inner surface showed
compressive residual stress (CRS), reflecting strain reversal during the cold-bending process. The
flat portions of the flange and web exhibited mixed tensile–compressive behavior without a clear
through-thickness trend, indicating competing influences from coiling–uncoiling and press-braking
operations. Irrespective of section thickness, both the 1.5 mm and 2.5 mm PBC sections exhibited
similar residual stress characteristics, with tensile stresses on the outer surface and compressive
stresses on the inner surface at the bends, and irregular stress variations in the flat regions. This
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Figure 4: Residual stress distributions in 1.5 mm press-braked CFS channels (7–9): 2D plots are shown in
(a–c), with the corresponding 3D plots in (d–f)

consistency across thicknesses suggests that localized plastic deformation at the bent corners, rather
than thickness alone, governs the dominant residual stress response (Quach et al. 2010).

3.2 Residual stress characteristics in press-braked channel sections
RS measurements obtained from XRD reveal substantial spatial variability in both 1.5 mm and
2.5 mm press-braked CFS channel sections. Although no uniform RS pattern is observed across
flanges or webs, consistent trends emerge at bent locations, which govern the overall stress behavior.
For the 1.5 mm sections, the outer surfaces of bent flanges exhibit peak TRS of up to approximately
60% of the yield stress ( 𝑓𝑦), while the corresponding inner surfaces develop CRS approaching
48% of 𝑓𝑦. In flat flange regions, TRS ranges from 23–53% of 𝑓𝑦 and CRS from 18–43% of 𝑓𝑦.
Web stresses are comparatively lower, with TRS between 1–30% and CRS between 4–29% of
𝑓𝑦. Residual stress differences are more pronounced in the flanges (44–81% of 𝑓𝑦) than in the
web, particularly on the inner web surface, indicating stronger through-thickness variability. In
the 2.5 mm sections, similar behavior is observed. Peak TRS at bent flange locations ranges from
10–65% of 𝑓𝑦, while CRS at the corresponding inner surfaces reaches up to 41% of 𝑓𝑦. Flat flange
regions show TRS of 17–41% and CRS of 6–44% of 𝑓𝑦, whereas web stresses range from 4–33%
(TRS) and 1–18% (CRS). Residual stress variation in the flanges (25–84% of 𝑓𝑦) remains higher
than in the web, where inner and outer surfaces exhibit comparable ranges. A comparison of both
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Figure 5: Two-dimensional scatter plots of measured residual stresses in press-braked channel sections: (a)
1.5 mm thickness; (b) 2.5 mm thickness

thicknesses, as illustrated in Fig. 5, confirms that bent corners are the most critical RS zones,
consistently showing tensile stresses on the outer surface and compressive stresses on the inner
surface due to strain reversal during cold bending. Flat regions of both flanges and webs display
considerable scatter with no dominant trend. The 1.5 mm webs exhibit greater inner–outer stress
variability than the 2.5 mm webs, indicating a more pronounced through-thickness gradient. In
the flanges, both thicknesses show nearly balanced TRS and CRS in the top flange, whereas the
bottom flange is tensile-dominant in the 1.5 mm sections and comparatively more compressive in
the 2.5 mm sections.
Overall, while thickness influences the magnitude and variability of residual stresses—particularly
in the web—the fundamental RS distribution pattern remains similar. The formation of ten-
sile–compressive stress pairs at bent locations is primarily governed by bending severity and
localized plastic deformation rather than thickness alone.

3.3 Residual stress prediction using machine learning
The pronounced variability in experimentally measured RS, particularly between 1.5 mm and
2.5 mm press-braked channel sections, motivates the use of machine learning (ML) to capture
complex, non-uniform stress patterns. A comprehensive dataset comprising 1116 XRD-based RS
measurements was assembled from press-braked CFS channel specimens, covering both thick-
nesses, multiple cross-sections, and distinct geometric regions including flanges, web, and bent
corners.Four supervised ML regression models—Decision Tree (DT), Random Forest (RF), Multi-
Layer Perceptron (MLP), and Extreme Gradient Boosting (XGBoost)—were implemented and
compared. Input features included cross-section index, spatial coordinates, measurement location
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Figure 6: Comparison of predictive performance of machine learning models based on evaluation metrics:
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(flange or web), surface type (inner or outer), and sheet thickness. The dataset was randomly divided
into training (80%) and testing (20%) subsets to ensure unbiased evaluation. Model performance
was assessed using the coefficient of determination (𝑅2), mean absolute error (MAE), and root
mean square error (RMSE). Among the evaluated models, XGBoost consistently provided the most
accurate predictions as shown in Fig. 6, demonstrating superior generalization capability across
both thicknesses.

3.4 XGBoost model optimization and performance
To further enhance prediction accuracy, the XGBoost model was optimized through systematic hy-
perparameter tuning using GridSearchCV, RandomizedSearchCV, and Optuna frameworks. These
approaches explored a wide parameter space to improve predictive accuracy while maintaining
physical consistency of the RS field. In addition to standard error metrics, the predicted stress dis-
tributions were post-processed to compute resultant residual forces across flanges and web surfaces,
ensuring near self-equilibrium of stresses.Net residual forces were calculated using a combination of
numerical integration schemes, including Simpson’s rule for uniformly spaced data, the trapezoidal
rule near boundaries, and linear interpolation through bent regions. Model robustness was verified
using three-fold cross-validation to mitigate overfitting. The optimized XGBoost model achieved
the highest 𝑅2 values and the lowest MAE and RMSE for both 1.5 mm and 2.5 mm sections, with
consistent performance on training and test datasets, as shown in Fig. 7. These results indicate that
the XGBoost model provides accurate residual stress predictions with stable performance across
training and test datasets, suggesting no overfitting and supporting its use for further numerical and
design-based investigations.
The ensemble XGBoost model successfully predicts residual stress distributions in press-braked
CFS channel sections for both 1.5 mm and 2.5 mm thicknesses, as shown in Fig. 8. The model
captures RS on the inner and outer web surfaces, bent regions, and outer flange surfaces, including
the otherwise difficult-to-measure inner flange surfaces. For the 1.5 mm sections, distinct RS
profiles are observed between inner and outer surfaces across the cross-section. In contrast, for
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Figure 7: Performance comparison of ensemble XGBoost ML model: (a) 1.5 mm PBC ; (b) 2.5 mm PBC

the 2.5 mm sections, this distinction is reduced in flat regions, with inner and outer RS values
becoming comparable, except at bent locations where clear tensile–compressive pairs persist. In
both thicknesses, the predicted RS distributions satisfy self-equilibrium, confirming the physical
consistency of the ML predictions. Maximum RS values are consistently observed at bent locations
due to cold bending. For the 1.5 mm section, the maximum TRS occurs at the outer surface of
the bottom flange bend, reaching 30.36% of 𝑓𝑦, while the corresponding CRS at the inner surface
reaches 28.21% of 𝑓𝑦. For the 2.5 mm section, higher magnitudes are predicted, with maximum TRS
and CRS of 36.18% and 30.82% of 𝑓𝑦, respectively. These results confirm that bending-induced
plastic deformation governs RS concentration, with higher thickness leading to increased stress
magnitudes. Overall, the XGBoost model demonstrates high predictive accuracy without evidence
of overfitting, providing reliable, self-equilibrated RS fields suitable for subsequent numerical
simulations and design-oriented analyses. A preliminary finite element study incorporating the
ML-predicted RS is therefore conducted in the following section to evaluate axial strength behavior
of press-braked channel columns.

3.5 Numerical evaluation of ML-predicted residual stresses
Finite element (FE) analyses were performed using ABAQUS (Hibbitt, Karlsson and Sorensen, Inc.
2002) to quantify the influence of machine-learning (ML)–predicted residual stresses (RS) on the
axial compression behavior of press-braked unlipped CFS channel columns with thicknesses of 1.5
mm and 2.5 mm. The columns shared identical geometry and material properties (Table 1, Fig. 3)
and were modeled with fixed-end boundary conditions. Nonlinear material behavior, geometric
imperfections, and ML-predicted RS were incorporated to capture realistic structural response.The
true stress 𝜎true and plastic true strain 𝜀

pl
true were calculated using Eqs. 1 and 2 (Ellobody and Young

2005) and used for numerical modeling in this study.

𝜎true = 𝜎(1 + 𝜀) (1)
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Figure 8: XGBoost-predicted residual stress distributions in PBC sections: (a) 1.5 mm thick sections; (b)
2.5 mm thick sections

𝜀
pl
true = ln(1 + 𝜀) − 𝜎true

𝐸
(2)

where 𝐸 = Young’s modulus, and 𝜎 and 𝜀 are measured engineering stress and strain values.
The numerical procedure consisted of two stages. First, linear elastic buckling analyses were
conducted on perfect columns to extract the lowest global, local, and torsional eigenmodes. These
modes were appropriately scaled to define initial geometric imperfections following established
expressions (Selvaraj and Madhavan 2020), as shown in Fig. 9(a-d). Second, ML-predicted RS
were imposed on flat and corner regions of the section using predefined fields, together with
corresponding plastic strain distributions. The engineering stress–strain data were converted to true
stress–strain relationships to ensure accurate material representation.
Columns of varying lengths were analyzed to investigate the interaction between RS and buck-
ling behavior.The FE-predicted ultimate strengths (𝑃FEA) were compared with nominal strengths
calculated using the Direct Strength Method (DSM) in accordance with the North American Spec-
ification for the Design of Cold-Formed Steel Structural Members published by the American Iron
and Steel Institute (AISI) Iron and (AISI), as given in Eq.3. DSM predictions generally showed
close agreement with FE results across all lengths. Stub columns failed predominantly by local
buckling, while longer columns exhibited combined local–flexural buckling, consistent with DSM
classifications, as illustrated in Fig. 9(e-g).

𝑃𝑛,DSM = min(𝑃𝑛𝑒, 𝑃𝑛𝑙 , 𝑃𝑛𝑑) (3)
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(a) (b) (c) (d)

(e) (f) (g)

Figure 9: Buckling modes and deformed shapes of CFS columns with 1.5 mm and 2.5 mm thickness: (a)
local buckling in short columns; (b) local buckling in long columns; (c) global buckling modes; (d)
distortional/torsional (twist) buckling modes; (e–g) failure modes of columns with varying lengths

Residual stresses were found to have a length-dependent influence on column strength. For short
columns, RS caused only minor strength reductions (approximately 3–4%). In contrast, long
columns experienced more pronounced reductions, reaching about 17% for 1.5 mm sections and
10% for 2.5 mm sections. This trend reflects the dominance of detrimental RS effects over strain-
hardening benefits in slender members, particularly where buckling governs failure. The magnitude
of strength reduction observed for long columns aligns well with previously reported results for
cold-formed carbon steel channels (Quach et al. 2010). Overall, the numerical results confirm that
ML-predicted RS can be reliably integrated into FE models and that DSM provides a reasonable
and generally conservative estimate of column strength. Residual stresses have a limited effect on
short columns but significantly influence the strength and failure mode of slender press-braked CFS
members.

3.6 Effect of strain hardening at corners
RS reduce the global buckling resistance of press-braked channel sections, whereas strain hardening
at corners (SHC) provides a beneficial counteracting effect by enhancing local material strength (El-
lobody and Young 2005). During press braking, sequential bending induces plastic strains at corner
regions, resulting in increased corner yield strength ( 𝑓𝑦,𝑐) compared to flat portions (Karren 1967
; Afshan et al. 2013). The combined presence of SHC and RS influences the overall structural
response of cold-formed steel members (Quach et al. 2010).
In this study, SHC was explicitly incorporated together with machine-learning-predicted RS in the
finite element (FE) models to quantify its ability to mitigate RS-induced strength reductions. The
enhanced corner yield strength was estimated using the model proposed by Rossi et al. Rossi et al.
(2013), which has been shown to be broadly applicable to cold-formed steel sections (Gardner and

11



1.5 mm

2.5 mm

1.5 mm
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1.5 mm
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Figure 10: FEA Load–axial displacement curves for CFS columns with different lengths and thicknesses:
(a–d) 1.5 mm thick columns and (e–h) 2.5 mm thick columns. Column lengths are (a, e) 350 mm, (b, f)

1000 mm, (c, g) 350 mm, and (d, h) 350 mm

Yun 2018). The corner yield strength is expressed as:

𝑓𝑦,𝑐 = 𝑝(𝜀𝑐,av + 𝜀0.2)𝑞 ≤ 𝑓𝑢, (4)

where the average corner plastic strain is given by

𝜀𝑐,av =
𝑡

2(2𝑟𝑖 + 𝑡) . (5)

Plastic strains at the corners were determined using the revised Ramberg–Osgood formulation for
cold-formed steel (Ramberg and Osgood 1943 ; Gardner and Yun 2018), and the corresponding
true stress–strain relationships were incorporated into the FE models. Based on this approach, the
enhanced corner yield strengths were obtained as 352.4 MPa and 368.3 MPa for the 1.5 mm and
2.5 mm sections, respectively. The numerical results indicate that accounting for SHC reduces
the detrimental influence of RS on column strength. Compared with FE models considering RS
alone, the inclusion of SHC led to an increase in axial capacity of approximately 1–2% for the
1.5 mm sections and 2–4% for the 2.5 mm sections. The maximum strength enhancement was
2.3% for the 1.5 mm columns and 3.9% for the 2.5 mm columns. For long columns governed
by combined local–flexural buckling, the strength reduction due to RS decreased from 17.0% to
16.0% for the 1.5 mm sections and from 9.9% to 6.8% for the 2.5 mm sections when SHC was
considered, as summarized in Table 2 and Fig. 10. These results demonstrate that SHC partially
compensates for RS-induced strength loss, with a more pronounced benefit observed in thicker
sections. Overall, the findings confirm that incorporating SHC is essential for realistic strength
assessment of press-braked CFS columns and improves agreement with Direct Strength Method
predictions and observed failure modes.
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Table 2: Comparison of FE and DSM column strengths considering corner strain hardening in CFS columns

Strength enhancement

FEA (strain hardening at corners) (Diff. between RS DSM

End Condition L (mm) Presence of P𝐹𝐸𝐴 Decrease in and RS with strain (P𝐷𝑆𝑀) 𝑃𝐹𝐸𝐴

𝑃𝐷𝑆𝑀

RS (in kN) Load (%) hardening at corners) (%) (in kN)

(For 1.5 mm) (compare the 𝑃𝐹𝐸𝐴 of table 6)

350 No RS 47.13

With RS 45.48 3.50 1.21 47.63 0.95

1000 No RS 31.54

With RS 29.95 5.02 2.33 26.15 1.14

Fixed-ended 2000 No RS 13.09

With RS 11.85 9.45 2.17 10.11 1.17

3000 No RS 8.20

With RS 6.89 16.02 1.25 6.82 1.00

Mean 1.06

(For 2.5 mm)

350 No RS 88.03

With RS 85.85 2.48 2.42 80.55 1.06

1000 No RS 59.74

With RS 57.46 3.81 2.19 49.64 1.15

Fixed-ended 2000 No RS 33.64

With RS 32.45 3.53 2.52 28.37 1.14

3000 No RS 22.90

With RS 21.34 6.81 3.91 22.77 0.93

Mean 1.07

∗ ”No RS” considers only geometric imperfections.

∗ ”With RS” considers both geometric imperfections and RS.

∗ ”L” represents Local buckling and ”F” represents Flexural buckling.
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4. Conclusions
This study experimentally quantified residual stresses in press-braked cold-formed steel unlipped
channel sections of two thicknesses using X-ray diffraction. The measured RS, characterized by
significant spatial variability, were subsequently modeled using machine learning to develop pre-
dictive RS distributions. A finite element framework implemented in ABAQUS was then employed
to evaluate the influence of ML-predicted RS on the axial strength of press-braked unlipped channel
columns. The numerical results demonstrate that RS-induced reductions in axial capacity are more
pronounced in longer columns, in close agreement with trends reported in the literature Quach et al.
(2010).
This study investigated residual stress behavior in press-braked cold-formed steel unlipped channel
sections of 1.5 mm and 2.5 mm thickness using X-ray diffraction. The measured RS, characterized
by significant spatial variability, were subsequently modeled using machine learning (ML) to
develop predictive RS distributions. A finite element framework implemented in ABAQUS was
then employed to evaluate the influence of ML-predicted RS on the axial strength of press-braked
unlipped channel columns. The numerical results demonstrate that RS-induced reductions in axial
capacity are more pronounced in longer columns, in close agreement with trends reported in the
literature (Quach et al. 2010). Based on the results, the following conclusions are drawn:

• XRD measurements show significant RS variability across the cross-section for both thick-
nesses, with the highest tensile residual stress (TRS) consistently occurring at outer bent
locations and compressive residual stress (CRS) at inner surfaces. Peak RS reached approx-
imately 60% (TRS) and 48% (CRS) of 𝑓𝑦 for 1.5 mm sections and 65% (TRS) and 41%
(CRS) for 2.5 mm sections.

• Flat flange and web regions exhibit highly scattered RS with no distinct trend. RS variation
is more pronounced in flanges than in webs. The 1.5 mm sections show greater inner–outer
RS variation in the web, whereas the 2.5 mm sections exhibit comparable variation on both
web surfaces.

• The ML-based XGBoost model accurately predicts RS distributions for both thicknesses,
capturing self-equilibrating stress patterns and correctly identifying peak RS at bent locations.
The model demonstrates high predictive accuracy without overfitting and reliably reflects
experimentally observed thickness effects.

• Finite element analysis incorporating ML-predicted RS successfully captures the axial be-
havior of press-braked columns. Stub columns fail by local buckling, while longer columns
exhibit local–flexural interaction, consistent with Direct Strength Method (DSM) predictions.

• Residual stresses reduce axial strength more significantly in longer columns, with reductions
of approximately 17% for 1.5 mm and 9–10% for 2.5 mm sections, compared to 3–4% in
short columns. These trends closely align with existing literature (Quach et al. 2010).

• Strain hardening at corners (SHC) partially offsets the detrimental effects of RS, enhancing
column strength by approximately 1–2% for 1.5 mm and 2–4% for 2.5 mm sections. The
beneficial influence of SHC is more pronounced in thicker sections, reducing RS-induced
strength loss in long columns.
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