Structures 60 (2024) 105828

ELSEVIER

journal homepage: www.elsevier.com/locate/structures

Contents lists available at ScienceDirect

Structures

Check for

Residual stresses in steel I-sections strengthened by wire arc S|

additive manufacturing

P. Kyvelou, C. Huang , J. Li, L. Gardner

Department of Civil and Environmental Engineering, Imperial College London, UK

ARTICLE INFO

Keywords:

3D printing

Experiments

Residual stresses

Residual stress pattern
Sectioning method

Strengthened I-sections

Tests

Wire arc additive manufacturing

ABSTRACT

Wire arc additive manufacturing (WAAM) is a method of metal 3D printing that can be used to complement
traditional steel manufacturing techniques (e.g. hot-rolling and cold-forming), to produce hybrid structural el-
ements of enhanced efficiency. The case of hot-rolled steel I-sections strengthened by the addition of WAAM
stiffeners at the flange tips is the focus of the present study. In addition to the improved local buckling resistance
and increased flexural rigidity achieved by the addition of the stiffeners, a further source of enhanced load-
bearing capacity arises from the inversion, through thermal action, of the adverse residual stress pattern typi-
cally associated with hot-rolled I-sections. Thus, in contrast to previous studies, the aim of the present investi-
gation is not to eliminate but to take benefit from residual stresses, by prestressing (pretensioning) specific parts
(i.e. the flange tips) of steel sections against subsequent applied compressive loading, thereby delaying yielding
and enhancing the load-bearing capacity. The described hypothesis is demonstrated in the present study through
the manufacture of a series of hybrid WAAM-strengthened hot-rolled I-sections and the subsequent performance
of residual stress measurements. Stiffeners of different dimensions were printed using ER70S-6 welding wire. A
detailed description of the adopted experimental technique, which utilised the sectioning method, is provided,
while the magnitude and distribution of the measured residual stresses are reported. The addition of WAAM
stiffeners at the flange tips of hot-rolled I-sections is shown to lead to the generation of desirable (for structural
stability) tensile residual stresses in their vicinity, with peak values reaching the yield strength of the material;
self-equilibrating compressive residual stresses are induced in the web and around the web-to-flange junction.

1. Introduction

Residual stresses are stresses that exist within steel structural mem-
bers in the absence of external loading; these stresses are self-
equilibrating and are typically induced in steel elements during the
production process. Non-uniform plastic deformations are the key cause
of residual stresses in cold-formed sections [26,27], while in hot-rolled
and welded sections, residual stresses are induced mainly through
temperature gradients, arisen from uneven cooling and localised weld-
ing heat input, respectively [35,41,11,10]. Residual stresses generally
have an adverse influence on the structural stability and ultimate ca-
pacity of steel I-section columns and beams, with the compressive re-
sidual stresses at the flange tips causing premature yielding and loss of
flexural stiffness.

Wire arc additive manufacturing (WAAM) is a metal 3D printing
method that utilises arc welding coupled with robotics to build parts
through the incremental layer-by-layer deposition of material [20,19,
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23,25]. WAAM is deemed to be well-suited for use in construction, since
it enables the efficient and economic production of large and complex
structural parts, opening up opportunities for structural strengthening
and repair [16,9]. The high heat input and repetitive thermal cycles
during WAAM can induce high residual stresses in the built parts, which
often lead to distortion, thus decreasing the geometric precision of the
products [18,22]. Honnige et al. [17] examined the residual stress pat-
terns in WAAM aluminium walls by means of neutron diffraction,
finding the residual stresses to range from 60% to almost 100% of the
material yield strength and to be predominantly in the print layer di-
rection. Ding et al. [5] revealed significant residual stresses and distor-
tion in WAAM mild steel walls, with longitudinal residual stresses
exceeding the material yield strength. Given their significance and
typically detrimental effects, the elimination or mitigation of residual
stresses in WAAM parts has been the subject of extensive research. Xiong
et al. [37] showed that preheating the substrate could somewhat relieve
the residual stresses in thin-walled WAAM parts, while Colegrove et al.
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Table 1
Chemical composition of ER 70S-6 welding wire (% by weight, balance Fe).
C Si Mn S P Cu Ni Cr Mo
0.071 0.835 1.447 0.015 0.010 0.173 0.037 0.049 0.015
Al \4 Zr+Ti N Ti Zr Sn As B
0.002 0.002 0.009 0.006 0.008 0.001 0.009 0.003 0.001
Table 2 Table 3
Mechanical properties of as-welded ER 70S-6 welding wire (as provided by Printing parameters for WAAM stiffeners.
manufacturer). Process parameter Value
f, (MPa) fu (MPa) e (%) Impact energy (J) Wire diameter (mm) L2
470 570 26 80 @ —40 °C Torch travel speed (mm/s) 11
Voltage (V) 17
Current (A) 200
[2] and Martina et al. [24] found that post-rolling can significantly Wire feed rate (m/min) 6.0
reduce residual stresses and distortion in WAAM parts. Post-deposition Esg;’:;:‘;;‘;iigggﬁzmm) f'g
heat treatment e.g. induction heating [31] has also been shown to be Average layer width (mm) 6.5

capable of modifying the residual stresses distributions in 3D printed
parts [14].

Residual stresses in WAAM or WAAM-strengthened elements can be
determined by means of non-destructive and destructive techniques
[36]. However, non-destructive measuring techniques, including X-ray
diffraction, neutron diffraction and ultrasonic and magnetic methods,
are generally less suitable for examining printed parts of the scale of
structural members. Hole-drilling and sectioning are two common
destructive methods, whereby residual stresses are determined based on
the strains relieved upon the removal of material from the specimen. The
hole-drilling method is often used to measure near-surface residual
stresses, while the sectioning method, due to its effectiveness and
simplicity, has been widely used to examine residual stresses in struc-
tural steel members [32,33,39,42].

In this paper, residual stress measurements on I-section steel columns
strengthened by the addition of WAAM stiffeners at the flange tips are
presented. The WAAM stiffeners were added to improve the perfor-
mance of the I-sections through an increased cross-sectional area and
second moment of area, enhanced local buckling capacity and a more
favourable residual stress pattern. Specifically, the typical residual stress
pattern in hot-rolled steel I-sections that features moderate (around
30-50% of the material yield strength) compressive residual stresses at
the flange tips (with a detrimental effect on structural stability) is
replaced by one that features high tensile residual stresses at the flange
tips, with a positive effect on structural stability by delaying first yield.
Thus, in contrast to previous studies, the aim of the present investigation
is not to eliminate but to take benefit from residual stresses. Three
structural steel I-sections strengthened with WAAM stiffeners of two
different nominal heights, together with a reference bare specimen,
were examined. The sectioning method, implemented using waterjet
cutting, was employed to investigate the levels and distributions of re-
sidual stresses in the WAAM-strengthened (and bare) hot-rolled steel I-
sections, aided by complementary material tests. A description of the
adopted experimental techniques is provided, while the magnitude and
distribution of the residual stresses are presented and analysed.

2. Specimen design and manufacture

Hot-rolled S355 steel UC 152 x 152 x 23 profiles were examined in
the present study, with stiffeners of different nominal heights added to
the flange tips by means of WAAM. Carbon steel welding wire of grade
ER 70S-6 (EN ISO 14341-A G 42 3 M21 3Sil in line with EN ISO 14341
[7]) and of 1.2 mm diameter was used as the feedstock material for the
manufacture of the stiffeners; the chemical composition and key me-
chanical properties of the employed welding wire, as specified by the
manufacturer, are provided in Tables 1 and 2 respectively, where f; is

the yield strength, f, is the ultimate tensile strength and & is the per-
centage elongation at fracture. For each specimen, a total of four stiff-
eners were added, printed one by one, with the two on the same flange
printed first, followed by the other two on the second flange, to limit the
thermal distortion of the member during printing. The key printing
parameters are presented in Table 3; note that the deposition rate was
calculated excluding the dwell time between layers. A total of three
WAAM-strengthened specimens were manufactured and subjected to
residual stress measurements, while a bare specimen was also examined
to provide a reference residual stress pattern.

Following manufacture, all specimens were first wire brushed and
cleaned with acetone, and then laser scanned to determine their geo-
metric properties. A FARO Scan Arm, capable of capturing 600,000
points per second with an accuracy of + 0.075 mm, was used to obtain
the point cloud of the scanned specimens, which was subsequently
converted into a polygon mesh using the software [13]) and imported
into Rhino [28] for geometric analysis — see Fig. 1. Note that, since direct
scanning of the inner surface of the WAAM stiffeners was not possible
due to the obstruction of the web, the inner surface geometry was esti-
mated using a curvature-based hole-filling function in Geomagic Wrap
[13]. It should be mentioned that the cross-sectional dimensions
determined by means of laser scanning were verified against sample
Vernier calliper measurements.

The average cross-sectional dimensions of the specimens, namely the
height H, breadth B, flange thickness tf, web thickness ty, fillet radius r
and average height hy and width ws of the WAAM stiffeners are defined
in Fig. 2 and reported in Table 4. The adopted labelling system for the
residual stress specimens starts with the letter B to denote the bare steel
section or S for the WAAM-strengthened sections. For the three
strengthened specimens, the S is followed by the nominal height of the
WAAM stiffeners in mm; one of the strengthened specimens had 8 mm
stiffeners (S-8), while the other two had 24 mm stiffeners (S-24a and S-
24Db). The bare I-section was used as a benchmark for the remainder of
the specimens. All test specimens, including the bare and WAAM-
strengthened I-sections, are shown in Fig. 3.

3. Material tests

The mechanical characteristics of both types of steel employed
within the examined specimens (i.e. the hot-rolled section and the
WAAM stiffeners) were determined by means of tensile coupon tests,
undertaken at room temperature in compliance with EN ISO 6892-1 [8].
Dog bone shaped coupons were extracted from the strengthened col-
umns by means of waterjet cutting. Six coupons were extracted from the
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Fig. 1. (a) Laser scanning and (b) 3D CAD model of WAAM-strengthened I-section specimen.
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Fig. 2. Cross-sectional dimensions of (a) bare and (b) WAAM-strengthened I-sections.

Table 4

Average measured geometric properties of test specimens.
Specimen H B t tw r hs Wy
1D (mm) (mm) (mm) (mm) (mm) (mm) (mm)
B 152.54 151.97 6.45 6.01 12.18 - -
S-8 151.90 152.45 6.75 6.06 10.36 8.18 6.59
S-24a 152.24 152.20 6.73 6.04 10.14 24.13 6.71
S-24b 152.19 151.59 6.77 6.04 10.18 24.29 6.35

flanges and web of the hot-rolled steel I-sections (i.e. four from the
flanges and two from the web) and four from the WAAM stiffeners; ten
coupons were tested in total. Subsequent to their extraction, all coupons

(a)

Fig. 3. Specimens for residual stress measurements: (a) B, (b) S-8, (c) S-24a, (d) S-24b.

(b)

|l ¥ |' ]
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were sandblasted with glass beads to clean their surface from rust and
any welding soot remaining from the WAAM process — see Fig. 4(a). The
nominal dimensions of the coupons, shown in Fig. 4(b), were specified in
line with EN ISO 6892-1 [8].

The cross-sectional area A of the parallel length of the smooth cou-
pons (i.e. those extracted from the hot-rolled sections) was determined
based on measurements taken using Vernier callipers and a mechanical
micrometre of 0.001 mm accuracy. For the coupons extracted from the
WAAM stiffeners, since their undulating as-built surface, shown in Fig. 4
(a), rendered the use of conventional measuring tools impractical, 3D
laser scanning was employed. The point cloud of the scanned coupons
was converted into a polygon mesh using the software Geomagic Wrap
[13] and imported into Rhino [28] for subsequent geometric analysis,
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(b) Nominal dimensions (in mm)

Fig. 4. (a) Typical sandblasted hot-rolled steel and WAAM coupons and (b)
coupon dimensions.

Speckle pattern

Standard gauge length

Fig. 6. Standard gauge length marked on the side of WAAM coupons.

following the process described by Huang et al. [21].

The tensile test setup is shown in Fig. 5. A four-camera LaVision
digital image correlation (DIC) system was employed to monitor the
strain fields during testing, with each camera pair monitoring opposite
coupon faces. A random white speckle pattern on a matt black back-
ground was applied along the parallel length of both coupon faces, to

600
500
— 400
[a]
[a W)
S 300 -
©
n -
8 004 Stiffener
) 100 4 — — - Flange
— Web
0 T T T T
0.00 0.05 0.10 0.15 0.20 0.25
Strain ¢

Stress o (MPa)
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allow the detection of deformations during image acquisition by the DIC
system. A 250 kN Instron 8802 testing machine was used for the
application of the tensile load, which was measured by a load cell within
the actuator. The tensile load was applied using displacement control,
with a slower strain rate of 0.00007 s~* up to yield and a faster strain
rate of 0.00025 s~! post yield, and a gradual transition between them
[8]. The acquisition of images was carried out at a frequency of 1 Hz,
while the applied tensile load was recorded by the DIC system through
an analogue to digital converter. The acquired images were processed in
the software DaVis [4], and the strains were calculated using a virtual
strain gauge placed over the full area of the parallel length. Standard
gauge lengths were marked onto the coupons, as shown in Fig. 6, for the
calculation of fracture strains & [8].

The obtained engineering stress-strain curves are presented in Fig. 7
(a), while their initial range is more clearly shown in Fig. 7(b). The
mechanical properties obtained from the coupons extracted from the
hot-rolled steel sections and the effective mechanical properties ob-
tained from the coupons extracted from the WAAM stiffeners are pre-
sented in Tables 5 and 6 respectively, where E is the Young’s modulus, fy
is the yield strength, f, is the ultimate tensile stress, ¢, is the strain at the
ultimate tensile stress and ¢r is the fracture strain measured over the
standard gauge length. The mean and COV (coefficient of variation)

Table 5
Mechanical properties obtained from tensile coupons extracted from hot-rolled
steel sections.

Coupon Label E (MPa) fy (MPa) fu (MPa) £y e

F1 212,700 423 569 0.143 0.367
F2 210,600 416 567 0.141 0.383
F3 209,500 414 561 0.149 0.400
F4 209,600 406 558 0.142 0.433
w1 211,300 414 572 0.145 0.327
w2 209,100 408 561 0.147 0.309
Mean 210,500 413 565 0.145 0.370
cov 0.006 0.013 0.009 0.018 0.114

Table 6

Effective mechanical properties obtained from tensile coupons extracted from
WAAM stiffeners.

Coupon Label E (MPa) fy (MPa) fu (MPa) &y &
s1 208,400 415 535 0.150 0.309
S2 212,500 408 529 0.127 0.291
s3 214,700 409 527 0.109 0.350
sS4 214,900 393 513 0.118 0.300
Mean 212,600 406 526 0.126 0.313
cov 0.012 0.020 0.015 0.119 0.072
600
500 -
400 -
300 -
200 - .
------- Stiffener
100 4 — — - Flange
— Web
0 T T T T T
0.00 0.01 002 0.03 004 0.05 0.06
Strain ¢

Fig. 7. Stress-strain curves obtained from tensile coupon tests: (a) full curves, (b) initial range.
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Fig. 8. Overall layout within member for residual stress measurements (dimensions in mm).
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Fig. 9. Cross-sectional layout for residual stress measurements (locations of gauge holes are shown, with dimensions in mm).

values are also reported. Note that the mechanical properties obtained
from the WAAM stiffeners are referred to as ‘effective’, since these
values were determined based on the average cross-sectional area over
the parallel length of the coupons and would have been influenced by
the surface undulations inherent to the WAAM process. It has been
shown in previous research [20,21] though that as-built coupons (i.e.
those with the surface undulations present) tested along the print layer
direction (as in the present study) exhibit similar mechanical properties
to corresponding machined coupons (i.e. those with the surface un-
dulations removed), with the reported differences in E, f; and f, being
less than 3% [21]. The adopted labelling system for the tensile coupons
begins with the letter F, W or S for the coupons extracted from the
flange, web or WAAM stiffener respectively, followed by the test
number.

4. Residual stress measurement technique

The sectioning method, which is the principal destructive technique

used for the determination of residual stresses in structural members
[29,34], was employed herein to measure the residual stresses in the
examined cross-sections. The layout of the specimens within the mem-
ber length is illustrated in Fig. 8, while the locations and dimensions of
the strips within the cross-sections are shown in Fig. 9. Note that the
specimens were fabricated to be sufficiently long to ensure that repre-
sentative residual stress patterns would be included in the central
300 mm measurement region (see Fig. 8) and that end effects would be
minimised [43].

Prior to sectioning, the strips were marked out on the specimens and
pairs of 2 mm diameter gauge holes were drilled at their ends over a
gauge length of 250 mm, using a CNC milling machine. The complete set
of gauge holes for the flange of a typical specimen is shown in Fig. 10(a).
The gauge holes were lightly sanded to remove any burrs from the
drilling operations and cleaned with acetone and an air blast. In line
with the recommendations of the Structural Stability Research Council
[43], three repeated readings were taken on each pair of gauge holes
using a Demec gauge, with the mean value recorded as the initial gauge

(@

(b)

Fig. 10. Steps of sectioning method: (a) gauge holes drilled in cross-section before initial measurements and (b) cross-section cut into strips by waterjetting before

final measurements.
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Fig. 11. Typical sectioned WAAM-stiffened specimen (Specimen S-24a).

length, denoted r;. Note that readings were taken on both sides of each
strip when this was possible (i.e. when positioning of the Demec gauge
was not obstructed by the web-to-flange or flange-to-stiffener junctions).
After the initial gauge length readings were taken, the marked strips
were cut and subsequently extracted from the specimens by means of
waterjet cutting — see Fig. 10(b). A typical sectioned residual stress
specimen is shown in Fig. 11. Following the sectioning process, the final
gauge length of each strip, denoted as rf, was determined as the mean
value of three subsequent readings taken on each set of gauge holes.
Note that, in order to minimise the influence of any temperature changes
on the measured gauge lengths, a temperature reference bar was
employed, with readings taken before and after sectioning, denoted as ¢;
and tg, respectively.

5. Measured residual stresses

The relieved strain ¢ of each strip was calculated according to Eq. (1),
where r; and r¢ are the average values of the measurements taken on each
strip before and after sectioning respectively, t; and t; are the average
values of the measurements taken on the reference temperature bar
before and after sectioning respectively, and L is the nominal gauge
length (i.e. the nominal initial distance between each pair of gauge
holes), set to 250 mm. Note that a positive relieved strain ¢ calculated in
line with Eq. (1) corresponds to a compressive residual stress, while a
negative ¢ value indicates a tensile residual stress.

(ri—tr) = (ri—1)

— Y 1
¢ Ly +ri— M

Demec gauge

chord length

(@
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Strip curvature arising after sectioning can induce errors in the
calculated residual stresses, due to the final readings over the gauge
length being taken along the chord (rather than the arc) length [43] —
see Fig. 12(a). Thus, the curvature of all strips was measured in the
planes normal and parallel to the strip surface (i.e. planes xz and xy as
per Fig. 13) using a curvature dial - see Fig. 12(b).

As usually observed in hot-rolled and welded steel sections, most of
the released strips exhibited no significant curvature in the longitudinal
direction - see Fig. 13(b), indicating no significant through-thickness
variation in the residual stresses. This observation was corroborated
by determining the bending (through thickness) residual stresses using
Eq. (2), following the procedure described by Cruise and Gardner [3]. In
Eq. (2), E is the Young’s modulus of the material, y is the distance be-
tween the surface and the neutral axis of the strips (taken as t/2, where t
is the material thickness) and AR is the change in the radius of curvature
of the strip before and after sectioning. The magnitude of the bending
residual stresses was found to be minimal, with the calculated o}, values
being equal to about 0.03f; on average.

Ey

AR 2

O, =

It should be mentioned that some strips extracted from near the
flange tips, which were in close proximity to the WAAM stiffeners,
exhibited curvature in the plane parallel to the strip surface after
sectioning — see Fig. 13(c); this is attributed to the steep temperature
gradient induced during WAAM.

The influence of the measured curvatures on both planes (i.e. planes
xz and yx as per Fig. 13) on the resulting released strains was eliminated
using Eq. (3), where 6y and §, are the maximum deviations of the strip
from a straight line between the gauge points along y and z axes
respectively (as shown in Fig. 13). Note that the curvature corrections
were neglected for values of 6, and &, lower than 0.001Lg [33,40].

_ (8,/Lo)’ (6,/L)’
T G/t 1 6L+ 1 @

The residual stresses were subsequently determined using Hooke’s

(©

Fig. 13. Strip curvature: (a) overall view, (b) elevation, (c) plan view.

Fig. 12. (a) Measurements along chord length and (b) curvature dial.
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Fig. 14. Measured residual stress distributions in bare and WAAM-stiffened I-section profiles (positive = compression, negative = tension).
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Fig. 15. Typical residual stress distributions in hot-rolled I-sections: (a) [6] and (b) [1].
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Table 7

Summary of peak residual stresses in the examined cross-sections.
Specimen ID fe/fy fee/fy fwe/fy
B 0.19 0.10 0.23
S-8 0.97 0.37 0.41
S-24a 0.98 0.45 0.50
S-24b 0.92 0.53 0.53

10 9 =+ B S8 —— S-24a  — S-24b

~

£ 00 —
il [
0.5 4
‘
— —
40 J-15 -0 05 -1.5
alfy alf,
1.0 -
0.5 I'
iy J
S
05 -1.5
0.5 alfy

Fig. 16. Summary of measured residual stress distributions, normalised by
yield strength (positive = compression, negative = tension).

law, by multiplying the released strains ¢. by the Young’s modulus of the
hot-rolled or WAAM steel material, as reported in Tables 5 and 6
respectively, given that any dimensional changes caused by the stress
relaxation occurring after sectioning are elastic [33].

The resulting residual stress data for the examined specimens are
presented in Fig. 14, where the measurements from both strip sides (i.e.
the inner and outer surfaces) are plotted, along with their mean values.
For all specimens, cross-section self-equilibrium was generally satisfied,
with the differences between the total tensile and compressive forces
being less than 5%. For the bare steel section, shown in Fig. 14(a), the
magnitude of the compressive residual stresses at the flange tips was
found to be equal to about 0.1 fy, which is lower than the typical range of
magnitudes (i.e. 0.35 fy - 0.50 f;) reported in the literature — see Fig. 15
[1,6]. Also, the residual stress distribution in the bottom flange of the
bare profile was found to not follow the expected pattern for hot-rolled
I-sections (i.e. compression at the flange tips and tension at the
web-to-flange junction); this may be due to the effects of straightening of
the member during production through plastic deformation, which is
common practice to ensure that geometric tolerances are met, and has
been shown to lead to alterations to the residual stress pattern in I-sec-
tions [15,38].

As can be observed in Fig. 14(b)-(d), all WAAM-strengthened spec-
imens exhibited consistently high tensile residual stresses in the stiff-
eners and at the flange tips, with self-equilibrating compressive residual
stresses elsewhere. This represents a more favourable residual stress
distribution in terms of member stability behaviour, particularly for
minor axis flexural buckling, as demonstrated by Gardner et al. [12].
Similar residual stress patterns are seen in welded I-sections fabricated
from plates with flame-cut edges [41].

It was found that the maximum measured tensile residual stresses in
the WAAM stiffeners of Specimen S-8 were higher than those in Speci-
mens S-24a and S-24b, suggesting that the maximum tensile residual

Structures 60 (2024) 105828

stresses reduce with increasing stiffener height. This can be explained by
the fact that the column shortens as successive layers of WAAM material
are added and contract upon cooling, thus slightly relieving the tensile
residual stresses in the preceding layers.

The obtained residual stress distributions in the WAAM-strengthened
sections appear to be essentially insensitive to the underlying residual
stress pattern in the bare profile, as evidenced by the largely symmetric
distributions shown in Fig. 14(b) to (d), despite the asymmetry seen in
Fig. 14(a). The measured variation in residual stress through the thick-
ness of the sections was minor in all cases. Note that, although for deep,
slender webs, the increased compressive residual stresses within the web
of the strengthened sections could cause a reduction in local buckling
capacity, it is not anticipated that this would be the case for hot-rolled
steel sections of typical proportions.

The peak tensile and compressive residual stresses in the flanges and
web of the examined sections are reported in Table 7, normalised by the
average yield strength f; of the material while, in Fig. 16, a summary of
the distributions is presented in the same normalised format. In Table 7,
the subscripts “f”, and “w” refer to the flange and web respectively,
while “t” and “c” denote tension and compression, respectively. The
magnitudes of the tensile residual stresses generated at the flange tips
due to the thermal prestressing induced through the WAAM process
were found to be almost equal to fy for all strengthened specimens
(varying between 0.92f; and 0.98fy), irrespective of the height of the
stiffener. It can thus be concluded that the addition of even a small
amount of WAAM material at the flange tips, corresponding to a small
increase in the total mass of the specimen, is sufficient to create the
desirable tensile residual stresses in the vicinity of the stiffeners.

The described favourable residual stress pattern, in combination
with the increased area and second moment of area and the enhanced
local buckling resistance provided by the WAAM stiffeners, has been
shown to lead to substantial capacity increases in the case of hot-rolled
steel I-section columns buckling about the minor axis. Specifically, in-
creases in axial capacity of between 17% and 54% were achieved for
increases in mass of between 2% and 26% [12]. Considered in isolation,
the structural efficiency of the WAAM stiffener material (measured in
terms of load-carrying capacity per unit mass) was between about two
and eight times that of the bare steel section, representing significant
savings in both raw material and embodied carbon [30].

6. Conclusions

The concept of hybrid structural elements of enhanced structural
efficiency featuring hot-rolled steel I-sections strengthened by WAAM
stiffeners has been introduced. WAAM stiffeners printed onto I-sections
can improve their structural performance through an increased cross-
sectional area and second moment of area, enhanced local buckling
capacity and a more favourable residual stress pattern; the latter has
been the focus of this paper. An experimental investigation has been
undertaken to determine the residual stress distribution arising through
the addition of WAAM stiffeners at the flange tips of I-sections. Residual
stress distributions in one bare steel I-section and three WAAM-
strengthened I-sections with different stiffener heights were deter-
mined using the sectioning method. The results of complementary ma-
terial tests, undertaken to determine the mechanical properties of the
hot rolled and WAAM steels (i.e. the I-section and stiffeners, respec-
tively), were also presented. The adopted experimental techniques have
been described in detail, while the magnitude and distribution of the
residual stresses have been presented. It is shown that the heat input
induced during WAAM inverts the typical detrimental residual stress
pattern associated with hot-rolled steel I-sections, which has compres-
sive residual stresses at the flange tips, replacing it with a substantially
more desirable residual stress pattern (in terms of structural stability)
with tension at the flange tips. It was further found that only a small
amount of added material is required to achieve the described beneficial
effects. The presented findings highlight the significant enhancements in
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terms of structural efficiency, material savings and reduction in envi-
ronmental impact that can be achieved by the use of the described
hybrid manufacturing concept, opening up opportunities for the
strengthening and repair of new and existing infrastructure.
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