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Steel braces are widely used to stabilize steel structures forming horizontal or ver-
tical truss structures; however, their relatively poor buckling behaviour is often lead
to overdesigned structures. Induction Heat (IH) treatment technology is a novel
contactless material transformation process to effectively strengthen local areas of
steel sections. Utilizing IH to increase the strength of the middle length of steel
brace sections, buckling behaviour can be improved. The present study experimen-
tally investigates the compression behaviour of the novel braces fabricated by IH-
treated circular hollow steel sections. A Digital Image Correlation (DIC) system is
used to measure the experimental deformation quantities, such as axial displace-
ments, out-of-plane deformations, and strain distributions along the brace length.
Four specimens were tested with two set of different slenderness ratios (A). Each
set includes one conventional steel brace (CSB) and one IH-treated steel brace
(IHSB) with a stronger section at its mid-length. The specimens were subjected to
a monotonic displacement-controlled loading history until reaching an axial com-
pressive strain of 2.5%. It was found that buckling load can increase up to 20% in
IHSBs. IH treatment was also beneficial in improving the post-buckling behaviour
of the brace. The compression strength was found to be more than double in IHSBs
than in CSBs at a ductility level of 5 (ductility is defined as the ratio of the target
axial displacement to the yielding axial displacement). Moreover, out-of-plane dis-
placements were reduced by 28% for the IHSBs at an axial strain of 1% showing a
more evenly distribution of strain demands along the brace length.

! Department of Civil Engineering,
University of Birmingham, Bir-
mingham, United Kingdom

Keywords

Steel braces, buckling, induction heating, strengthening, digital image correlation
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1 Introduction applications boast a significant enhancement to the buck-
ling performance, they possess many downfalls, most no-
tably the increased dead weight of the structure, debond-

ing of CFRPs and debonding of concrete from steel casing

Steel braces are critical structural elements which contrib-
ute to the distribution of loads in structures by providing

strength and stiffness. Although a range of bracing sys-
tems have been developed over the last years, the insta-
bility phenomenon of buckling has restricted the utilization
of their full potential under compressive loads [1]. Buck-
ling causes the member to deform laterally and results in
a sudden loss of its load carrying capacity.

Researches have been constantly carried out to address
the failure of steel structures through buckling. Most of the
methods currently employed to improve the buckling ca-
pacity of steel members adopt a composite design strategy
involving altered section profiles and characteristics. Cur-
rent techniques used in the industry are application of
steel plates to the exterior through welding [2], application
of carbon fibre reinforced polymers sheets (CFRPs) [3] and
use of concrete-filled steel tubes (CFST) [4]. Whilst these

due to temperature effects.

Recently, with an aim to overcome these shortcomings, an
innovative method of increasing the yielding stress of steel
members locally through induction heating (IH) has been
explored [5]. The IH is a material transformation process
that can increase the strength of steel at a critical location
by forming a refined martensite. During the manufacturing
process, the selected area of the steel workpiece is heated
up to high temperatures (~900°) and then it is immedi-
ately cooled down by water, i.e., quenching. The ad-
vantages of IH are energy efficiency, speed, safety, clean-
liness, accuracy, and repetition [6]. This approach may
offer an economical mean of improving buckling resistance
of steel braces while maintaining standardized steel pro-
files.

© 2023 The Authors. Published by Ernst & Sohn GmbH.
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2 Brace: Concept and Deformation Mechanism

In the proposed brace concept, the middle section has
higher strength than the section near the brace ends, as
shown in Fig. 1. While the section at brace ends maintains
the yield stress of conventional steel, o,¢s, the middle sec-
tion achieves a 2-3 times higher yield stress than oy
through IH treatment. This creates a boundary between
the IH treated steel and conventional steel (CS), where a
distinct transition in material strength occurs. Under this
design, the steel brace exhibits a new deformation mech-
anism under compression. Strain concentrates along the
untreated portions of the brace keeping the middle section
elastic. This may help the brace member to reachg,s be-
fore buckling occurs, thus increasing the compression
strength of the member. For a given axial deformation, the
lateral deflections decreases and the post-buckling
strength increases.

boundary
region
B

\Tc_gr'{:,:;tional

onventional

steel (CS) \
steel (CS) braf’e_“is//g
brace endsi“_w_pi“ length, L——
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Figure 1 Brace with IH treatment in the middle.

Conventional Steel Braces (CSB) under compressive loads
exhibit symmetrical buckling by forming a plastic hinge in
the middle section. In case of IH-treated Steel Braces
(IHSB), either a symmetrical or an asymmetrical buckling
behaviour may be observed. When symmetrical buckling
occurs, the plastic hinge is formed in the middle section,
similar to CSB. In asymmetrical buckling the plastic hinge
is formed at the brace ends, near the IH-CS material
boundary, as shown in Fig. 2.
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Figure 2 A schematic representation of the buckling mechanism in
CSB and IHSB.

In Fig. 2, P1, P2 and P3 are the buckling loads of CSB,
IHSB-symmetrical, and IHSB-asymmetrical, respectively.
A1, A2 and 43 denote the corresponding out-of-plane dis-
placements, L is the total length of the brace and a.L is the
untreated length at brace ends for the IHSBs. Buckling be-
haviour in IHSBs is controlled by the slenderness ratio, the

yielding stress ratio between IH-steel and conventional
steel (IH/CS ratio), and geometrical imperfections.

Considering the bending moment induced by the axial
force P in Fig. 2, the equilibrium of forces requires that:

P-4
+ 5 = Omax (1)

| o

where 4 = 1_L Ay sin ox /L (2)

Per

Here P is the maximum axial load limited by buckling, A is
the area of cross-section, 4 is the out-of-plane displace-
ment (lateral deflection), S is the elastic section modulus,
omax IS the maximum compressive stress in the outermost
fibre of the steel section, P is the Euler’s critical buckling
load, 4o is the initial deformation along the brace length, x
is the distance at which buckling happens/ hinge formation
occurs and L is the total length of the brace.

In case of CSB and IHSB-asymmetric, the o;,,,, is limited
by the yield stress of the untreated steel section, oy,
while in case of IHSB-symmetric, oy, iS limited by the
yield stress of IH-treated middle section, o,,y. Thus, by
utilizing Eq. (1) and (2) we can define:

P1 P1- Ay sin zx/L

In CSB P
A S. (1—P—Cr)

= Oycs

where x = 0.5L (3)

P2 P2- Ay sin mx/L

P2
A C(1-—=
5. ( Pcr)

In IHSB-symmetrical = oy

where x = 0.5L (4)

In IHSB-asymmetrical 22 4 22 dosin /L

= O,
A 5. (1-2 yCs
Per

where x < a.L (5)

From Eq. (3) and (4), gy¢s < oy, therefore, P1 < P2.
From Eq. (2), (3) and (5), 4: > 43 as 'x’ value differs in
CSB and IHSB-asymmetrical. As o, is the same for both
cases, we conclude that P1 < P3. It is obvious from the
above that IHSB may exhibit a higher compressive
strength than CSB for all cases.

3 Experimental Study

3.1 Overview of the Test Specimens

Four brace specimens with gusset plate (GP) connections
are fabricated at a %2 - scale. Two different cross-sections
have been used, one section has diameter of 48.3 mm and
thickness of 3.2mm (48.7 x 3.2mm), while the other sec-
tion has a diameter of 33.7 x and thickness of 3.2mm
(33.7 x 3.2mm). All specimens are configured by hot fin-
ished circular hollow sections made of grade S355. The
gusset plates are fabricated using S355 plates of 9mm and
6mm thickness, respectively. The specimens are designed
according to EN 1993 and AISC/ANSI 360 [7, 8]. The
treatment length in IHSBs is equal to ‘'0.75L’, where L is
the pin-to-pin length of the specimen. The specimens are
manufactured to act as pin-ended members by providing
a clearance distance (unrestrained region) equal to 2t
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within the vicinity of gusset plates (f, is the thickness of
the gusset plate), as shown in Fig. 1. This enables a “free”
rotation of brace ends [9]. After buckling initiation, a hinge
is formed within the clearance distance. The slenderness
ratio (1) of the specimens is 43 (L = 700 mm) for the sec-
tion 48.7 x 3.2mm and 73 (L = 800 mm) for the section
33.7 x 3.2mm. The characteristics of the test specimens
are listed in Table 1.

Table 1 Specifications of test specimens

Speci- Diameter (¢) x IH treated Gusset Sle

men Thickness (t) x length in plate nde

Category pin-pin length the brace thick- rne

(L)(mm) middle, ness, tp  ss,

0.75L(mm) (mm) A

CSB-43  48.3 x3.2x 700 - 9 43

IHSB-43 48.3 x 3.2 x 700 525 9 43

CSB-73 33.7 x 3.2 x 800 - 6 73

IHSB-73 33.7 x 3.2 x 800 600 6 73
3.2 Material Properties

Tensile coupon tests are carried out according to the ASTM
standards A-370 [10] to determine the material properties
of the circular hollow sections and steel plates used for the
manufacturing of the brace specimens. The material prop-
erties are tabulated in Table 2 and the engineering stress-
strain curves are presented in Fig. 3.

Table 2 Material data from coupons

Ma-  Thick Young'’s Yield Ulti- % %
te- ness, Modulus, Stren mate Elon- Elon-
rial t E (MPa) gth, Stren ga- ga-
(mm) oy gth, tion tion
(Mpa) Gu at after
(Mpa) uTsS Frac-
ture
Cs 3.2 202647 365.9 501.8 13.3 19.2
IH 3.3 229510 849.2 994.7 3.6 8.1
GP-6 6 180773.3 444.3 555.2 13.1 20.3
GP-9 9 184953.5 414.2 567.9 12.3 20.4
1200
Stress = Stress-Strain Graph cs
(N/mm?2) . _In
1000 | e
7 L GP-6
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| —f—= -
800 |/ | GP-9
! |
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! |
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Figure 3 Stress-strain curves of the materials used.

3.3 Test Set-up and Measurement System

The loading frame for the specimen is designed with a rigid
foundation beam and a sturdy jack connector affixed to
the actuator head, as shown in Fig. 4. The specimen is
then placed axially within this set-up and bolted to the
bottom steel beam and to the jack connector on the top.
The measurement system consists of a Digital Image Cor-
relation (DIC) system, four strain gauges mounted along
the length of the specimen and two strain-gauge type dis-
placement transducers attached to either side of the spec-
imen (the average value is taken as the total axial dis-
placement).

DIC is an advanced digitalized method to measure dis-
placements and strain quantities over a material tested,
by tracking a unique distribution of pixel intensities of a
grey scale image called a pattern or template [11]. The
cameras detect the measuring surface by identifying a
black dot pattern painted on white background. The cam-
eras are connected to a computer and server system man-
aged through a software. Post-processing of the images
recorded gives the required response quantities. Fig. 4
shows an overview of the measurement system.

Figure 4 Experimental setup and measurement system.

4 Results and Discussions

4.1 Compression Test Results

A monotonic displacement-controlled loading history is ap-
plied to the specimens using an actuator of capacity 500kN
up to an axial strain level of 2.5% (axial displacement
20mm). Fig. 5 shows the overall deformation of the spec-
imens at this strain level. One can observe from this figure
the formation of plastic hinge at the critical location of
buckling. CSB buckled symmetrically as expected forming
a plastic hinge in the mid-length. It is noteworthy that
IHSB-43 exhibited asymmetrical buckling and IHSB-73
symmetrical buckling. Table 3 lists important response
quantities such as the buckling load and axial strain at
which global buckling occurred in each specimen. Compar-
ison of normalized force - displacement curves are pre-
sented in Fig. 6. In this figure, x-axis is the axial strain
and y-axis is the normalized load, P/P,. Note P, is the yield-
ing load based on DIC measurements.
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(c) CSB-73 (d) IHSB-73

Figure 5(a-d) Overall bucking mechanism of specimens at 2.5% axial
strain level.

Table 3 Compression test details

Type Buckling Load Axial Strain at buckling
(kN) (%)
CSB-43 214.7 -0.72
IHSB-43 188.5 -0.96
CSB-73 80.4 -0.19
IHS -73 95.5 -0.35

From the compression test results detailed in Table 3 and
shown in Fig. 6(a-b), IHSB shows a clear dominance over
CSB in terms of buckling strength for both slenderness ra-
tios. There is an increase of buckling load by 14% for IHSB
over CSB in case of asymmetrical buckling and by 20% in
case of symmetrical buckling. The axial strain at which
buckling occurred is higher for IHSB compared to CSB at
both slenderness ratios. Even though the strain demand is
higher in the conventional steel part for the IHSB for a
given axial strain, the brace resisted buckling until a larger
axial strain than CSB, as shown in Table 3. Fig. 6(a-b) also
compares the normalized P1, P2 and P3 calculated by Egs.
(3), (4) and (5), respectively, with the test values. Part of
the difference between calculated and experimental
strength is probably because of the gusset plate restraint
which is ignored in the present set of equations.

1.6

- CSB43
P/Py h=49  _— 1isSB-43
1.4 P1

- ductility = 5
Local buckling

.~-l‘-§

Axial Strain (%)

0 0.5 1 1.5 2 2.5 3
(@) A =43
1.6
P/P, % =73 ----m---- CSB-73
1.4 ———— [HSB-73
P1
1.2 ———-P2
............. ductility = 5
1
0.8 [ =
0.6
0.4 h\ "‘M
0.2 \‘k
0 H Axial Strain (%)
0 0.5 1 1.5 2 2.5 3
(b) A =73

Figure 6(a-b) Normalized force-displacement curve for the test spec-
imens.

In Fig. 6a, where asymmetrical buckling occurred for the
IHSB-43, one can observe a slight difference in elastic
stiffness between the IHSB-43 and the CSB-43. This is
likely due to the flexural component of the elastic response
that might be larger in the CSB-43 than in the IHSB-43.
Note that yielding is developed towards the brace ends in
asymmetrical buckling and flexural deflection is smaller
compared to symmetrical buckling, thus providing higher
elastic stiffness. In Fig. 6b, such a difference in stiffness
was not observed, perhaps because buckling was symmet-
rical for both the CSB-73 and IHSB-73 specimens. As
shown in Fig. 6a, local buckling initiated in IHSB-43 near
an axial strain of 1.4%. Note that no local buckling was
observed in the rest specimens.

4.2 DIC Results

DIC data can provide a clear picture about the strain dis-
tribution and out-of-plane deformation along the length of
the specimen at specific locations such as in brace ends,
IH-CS boundaries, and middle section of the brace. The
yielded areas in the specimens are identified by calculating
the yield displacement for both CS and IH steel and com-
paring it with the strain values at the critical locations dur-
ing different stages of the test. The strain distribution
along the length of the specimens at 2% axial strain level
are shown in Fig. 7. The calculated yield strain for CS
(0.188%) and for IH steel (0.400%) are represented as
minimum and maximum values respectively, in the scale
shown in the Fig. 7.
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(a)

- m:;':\

(©

(b)

= 10.250

Figure 7 Strain distribution along the length of the brace at 2% axial strain level: (a) CSB-43; (b) IHSB-43; (c) CSB-73; (d) IHSB-73.

Fig. 7(a-d) illustrates the yielding mechanism of CSB and
IHSB specimens. While CSB yielded in the brace middle,
IHSB first yielded at the conventional steel portions of
brace ends, keeping the brace middle elastic. This proves
the effectiveness of the proposed member design and its
novel yielding mechanism. For the case of symmetrical
buckling, strains are distributed within the two pre-de-
signed yielding zones instead of one location (i.e., brace
middle), thereby ensuring a more uniform absorption of
the deformation.

Fig. 8 shows the out-of-plane deformation as measured
along the brace length at 1% axial strain. The location of
plastic hinge for each specimen is marked by red circles in
this figure. In Fig. 8(a) and (b), 4 was found to be smaller
for the IHSB compared to the CSB for both buckling mech-
anisms. By strengthening the middle section of the brace,
out-of-plane deformations can be reduced, thus providing
a greater stability.

20
A (mm) 1% Axial Strain
Locat_:ion_of —_m-- CSB-43
15 plastic hinge IHSB-43

0 200 400 600 800
(@) »=43

f 0.225
I 0.200
] ~ 2 = > w0
= 0.188
(d)
50
A (mm) 1% Axial Strain
40 Location of j\ . --®-- CSB-73
plastic hinge Pie S IHSB-73
30 v 7 ‘ : : ~ ~
20 £ m
4 \
4 [ ]
10 /I \\
4 \
\J
0 Length(mm)
0 200 400 600 800

(b) =73

Figure 8(a-b) Out-of-plane deformation at critical locations of the
brace specimens at 1% axial strain level.

4.3 Post-buckling compressive resistance

A significant increase of the post-buckling strength can
also be observed for the IHSBs compared to CSBs, as
shown in Fig. 6. Looking into the post-buckling strength at
different ductility levels someone can assess the drop of
the compressive strength under large deformations. Simi-
lar to the study conducted by Tremblay [12], the post-
buckling resistance for the tested specimens are consid-
ered for a chosen ductility level of 5. The ductility, u = &
(calculated as ratio of target displacement to yield dis-
placement), where ¢ is the yield displacement, calculated
as g x L where g = gy/E. oy is the yield stress and E is
the Young’s modulus. The yielding displacement for all
specimens is found to be 1.51mm and ductility 5 corre-
sponds to an axial displacement equal to 7.5mm.

At this ductility level, the post-buckling strength of the
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IHSB-43 and IHSB-73 is found to be 1.35 and 3.2 times
higher than that of the CSB-43 and CSB-73, respectively.
At this high level of inelastic deformations, axial strength
of the brace is mainly defined by the hinge flexural
strength and the hinge location (P-4 effect). For the case
of IHSB-43, a plastic hinge is formed near the brace ends
where lateral deformations (4) are smaller than those of
CSB-43. This naturally increases the compressive strength
P. For the case of CSB-73 and IHSB-73, a plastic hinge is
formed at the middle of the specimens, but IHSB-73 mid-
dle section enjoys higher plastic moment thanks to IH
steel. In addition, 4 is found to be smaller for IHSB-73
which further increased P. It should be noted that IH treat-
ment was found to be more effective for the higher slen-
derness specimen. IHSB-43 experienced local buckling
within the plastic hinge due to a relatively high concentra-
tion of strains along the untreated portions of the brace
(brace ends). This caused a slightly steeper decrease of
the post-buckling strength in IHSB-43 compared to IHSB-
73, as shown in Fig. 6. A longer untreated length might be
effective in delaying the initiation and the growth of local
buckling. DIC data was found to be very efficient for as-
sessing the new yielding and buckling mechanisms of IHSB
specimens.

Conclusions

A novel steel brace, namely IHSB, is proposed to enhance
the poor buckling behaviour of conventional steel braces
(CSB). Based on an experimental study, the main conclu-
sions are as follows:

e IHSB showed an enhanced buckling behaviour
compared to CSB. Buckling load and post-buckling
strength increased up to 20% and more than
33%, respectively.

e IHSB may exhibit an asymmetrical or symmetrical
buckling behaviour depending on its slenderness
ratio. A change in bucking behaviour from asym-
metrical to symmetrical was observed when the
slenderness ratio increased from 43 (IHSB-43) to
73 (IHSB-73).

e Even though the strain demand is higher in the
conventional steel part for IHSB, the novel brace
could resist buckling until a larger axial strain than
CSB. There is an increase of 33% in the axial
strain at buckling for the IHSB-43 and an increase
of 84% for the IHSB 73.

e At 1.4% axial strain, IHSB-43 experienced local
buckling within the area of the plastic hinge. This
caused a slightly steeper decrease of the post-
buckling strength in IHSB-43 compared to the
IHSB-73. No local buckling was observed in the
rest specimens.

e The Digital Image Correlation (DIC) system ap-
peared to be a valuable measurement system for
conducting a comprehensive analysis of various
aspects of the inelastic response of the novel
brace. DIC was efficient to accurately analyse the
new yielding and buckling mechanism, identify
critical plastic zones and measure out-of-plane
deformations.
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