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Abstract: Non-structural members, such as roofs and ceilings, become affixed to main beams that are
known as structural members. When such main beams experience bending or compressive forces
thatlead to lateral buckling, non-structural members may act to restrain the resulting lateral buckling
deformation. Nevertheless, neither Japanese nor European guidelines advocate for the utilization of
non-structural members as lateral buckling stiffeners for beams. Additionally, local buckling ensues
near the bolt apertures in the beam-roof folded plate connection due to the torsional deformation
induced by the lateral buckling of the H beam, thereby reducing the rotational stiffness of the roof
folded plate to a percentage of its ideal stiffness. This paper conducts torsional experiments on roof
folded plates, and with various connection methods between these plates and the beams, to compre-
hend the deformation mechanism of roof folded plates and the relationship between their rotational
stiffness and the torsional moment. Then, the relationship between the demand values against re-
straining the lateral buckling of the main beam and the experimentally determined bearing capacity
of the roof folded plate is elucidated. Results indicate the efficacy of utilizing the roof folded plate as
a continuous brace. The lateral buckling design capacity of H beams that are continuously stiffened
by roof folded plates is elucidated via application of a connection method that ensures joint stiffness
between the roof folded plate and the beam while using Japanese and European design codes.

Keywords: non-structural members; lateral buckling strength; roof folded plate; rotational stiffness;
torsional moment

1. Introduction

The collapse or detachment of non-structural members, such as roofs and ceilings,
within school gymnasiums during seismic occurrences [1,2] or typhoons [3,4] poses im-
pediments to their utilization as evacuation shelters [1-4]. The collapse or detachment of
non-structural members is instigated by the imposition of bending moments or compres-
sive forces upon main beams, which are structural members, amidst seismic forces or ty-
phoons. These forces may incite lateral buckling within the beams. In their investigation
of the lateral buckling of beams, Timoshenko and Bleich derived elastic lateral buckling
load equations [5,6] based on elastic theory and analyzed them using elastic eigenvalue
analysis. Notably, Nethercott studied ideal boundary conditions [7] for beam ends in mo-
ment resisting frames, while Suzuki et al. examined the effect of web deformation on the
lateral buckling of beams [8]. Previous research [9-14] has demonstrated the influence of
moment distribution on a range of bending moments, from uniform bending to inversely
symmetric, on the lateral buckling load of beams. Research into the effect of stiffeners [15]
on the restraining of lateral buckling deformations in beams has focused on stiffeners po-
sitioned at the center span [16-19] as well as discrete stiffeners, like small beams, and has
been undertaken through numerical analyses [20-26] and experimental studies [27-30].
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These investigations into discrete stiffening have yielded elastic lateral buckling load equa-
tions, illuminating the effects of stiffening spacing [21,22], encompassing equally spaced
or end-only stiffening [18], and the precise positioning of stiffeners [23] within the beam
section. Furthermore, these inquiries have elucidated the lateral buckling capacity [25] and
post-buckling deformation behavior [26] of beams under varied loading conditions, with
parameters including the rigidity [24] of the stiffeners. Additionally, experimental studies
have delved into the spacing of stiffeners [28] and the deformation performance [29] of
beams subjected to lateral buckling under diverse loading conditions [27], exploring the
effect of beam end restraints [30] by columns on lateral buckling. One member that is
continuously affixed to a beam in an actual structure is a floor slab. The lateral buckling
of beams, with floor slabs serving as composite members of steel and concrete, has been
examined [31-35]. Here, the floor slab is replaced by a continuous spring, facilitating the
numerical analysis of the effects of horizontal deformation of the compression flange [36]
and the bending and torsional deformation of the beam [37] on the lateral buckling load.

When the main beam in an actual structure experiences lateral buckling, stress is
transferred to non-structural members attached to the beams. In essence, the nonstruc-
tural members resist the stress transmitted from the main beams, thereby contributing to
the restraint of lateral buckling deformation [38—43]. However, neither Japanese design
codes [44—46] nor the European Eurocode [47] advocate for the utilization of non-structural
members as lateral buckling stiffeners for beams, and neither do they specify the requisite
stiffener values.

Non-structural elements, like the roof folded plates [48,49] (referred to as profile sheets
in the Eurocode [47]) depicted in Figures 1 and 2, are affixed to the upper flange of the
beam and are installed continuously along its length. During lateral buckling deforma-
tion of the beam in particular, and as illustrated in Figure 3a, stresses (horizontal forces:
F or rotational moments: M) occur at the junction between the beam and the roof folded
plate. At this junction, horizontal and rotational deformations of the beam are constrained.
However, the stiffness of the roof folded plate, which restrain the horizontal and rotational
deformations of the beam, is lower than the stiffness of the buckling reinforcement, such
as that provided by a small beam affixed to the beam. Furthermore, concrete slabs exhibit
restraining properties in both the in-plane and out-of-plane directions of the beam [50],
while roof folded plates exert minimal in-plane forces on the beam and provide continu-
ous stiffening in the out-of-plane direction of the beam.

Figure 1. Beam and roof folded plate for actual structures.
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Figure 2. Detail of beam-roof plate joint. (a) Beam length direction and (b) cross-sectional direction:
(b-1) cross section A and (b-2) cross section B.
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Figure 3. Continuous stiffening for lateral buckling deformation of H beams. (a) Stresses in roof

folded plates and (b) stiffness of the spring.

Kimura et al. have employed numerical analysis to postulate that a beam and a roof
folded plate should be rigidly interconnected, subsequently reconfiguring the roof folded
plate with evenly distributed horizontal and rotational springs, as depicted in Figure 3b,
in order to scrutinize the effects of the loading conditions [38-40] and the beam edge re-
straint [41-43] imposed by the column on the lateral buckling of the H beam with the
roof folded plate. The horizontal and rotational spring stiffnesses, denoted as k, and ky
in Figure 3b, respectively, denote the elastic stiffness of the roof folded plate.

Yoshino et al. [51] delved into the stiffening effect of a roof folded plate on the reverse
buckling of a beam through partial frame loading tests. In the depicted actual structure
in Figure 2a, tight frames are meticulously welded to the H beams in a linear configu-
ration along the beam length at the center of the top flange and are fastened to each top
flange of the roof folded plate. As per the findings from the partial frame loading tests [51],
the out-of-plane torsional deformation resulting from the lateral buckling of the H beams
induced localized buckling near the bolt holes in the beam-roof folded plate junctions.
Consequently, the rotational stiffness of the roof folded plate diminished to a fractional
percentage of its theoretical stiffness due to this localized buckling. the rotational stiffness
of the roof folded plate could be enhanced by refining the connector or connection method
between the beam and the roof folded plate.

In the exploration of roof folded plates, the shear stiffness and shear seating behavior of
folded plates under various edge support conditions have been elucidated through numerical
analysis [52,53] and experiments [54]. Furthermore, experiments assessing the compression and
shear strength [55,56] of thin steel folded plates as wall members have been conducted, while in-
vestigations into buckling tests [57-59] and numerical analyses [60,61] have centered on corru-
gated steel plate web beams.

Studies focusing on the bending performance of roof folded plates as roof members
have unveiled their bending strength, considering variants with and without holes for
equipment [62-65] and their reference manuals [48,49,66-68].

Moreover, studies leveraging the joints between roof members and beams as variables
have revealed shear tests of roof folded plates when these joints are welded [69,70], as well
as the bearing capacity of the joints of thin steel folded plates under distributed loads, such
as wind loads [71].

These studies have exposed the holding performance of roof folded plates [52—-68] and
the mechanical behavior of roof folded plate-beam joints [69-71] within actual structures.
However, they did not endeavor to employ the roof folded plate, a non-structural member,
as a lateral buckling stiffener for beams. Furthermore, the mechanism of stress transfer
from the beam to the folded plate due to variations in joint geometry remains undisclosed.

This paper conducts torsional experiments on roof folded plates, with various connec-
tion methods between them, in order to comprehend the deformation mechanism of roof
folded plates and the relationship between their torsional moment and rotational stiffness.
Next, the structures of roof members, assumed as continuous braces, and structural ele-
ments, such as large and small beams, will be investigated. Then, the relationship between
the demand values against restraining the lateral buckling of the large beam and the ex-
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perimentally determined bearing capacity of the roof folded plate will be elucidated. This
aims to verify the feasibility of utilizing the roof folded plate as a continuous brace.

Additionally, Yoshino et al. [38—41,51] have investigated the design capacity associ-
ated with the use of the Japanese design code [46]. In this paper, the lateral buckling design
capacity of H beams continuously stiffened by roof folded plates is elucidated by applying
a connection method that ensures the joint stiffness between the roof folded plate and the
beam using Japanese and European design codes [46,47].

2. Outline of Torsional Experiment on Roof Folded Plates
2.1. Outline of Torsional Experiment Apparatus

Figure 4 illustrates the experimental setup for conducting a torsion test on a roof
folded plate. The specimen depicted in Figure 5 exemplifies a roof folded plate utilized
in practical applications. With the objective of this paper being to determine the rotational
stiffness of the connection between the roof folded plate and the beam, a cross-sectional
profile [48,49], conducive to bolting onto a tight frame, as portrayed in Figure 2(b-1), and
commonly encountered in actual structures in Japan, is employed. The length of the roof
folded plates is L = 1800 mm. The width of the cross-section is 600 mm, equivalent to
the combined width of three layers of a single roof folded plate. The boundary condi-
tion at the edge of the specimen in the z-direction is a pin on both the left and right sides
(pin A, as shown in Figure 4). The loading beam possesses an H-shaped cross-section,
H-300 x 150 x 6.5 x 9. The left side or the right side is identified as either the L side or R
side from the center of pin B, which corresponds with the position of the loading beam web.
Pin B, as delineated in Figure 4, is situated at the base of the loading beam. Pin B can pivot
in two directions: vertically and horizontally. The pin plate of pin B is linked to the bottom
flange of the loading beam and to the jack and slide bearing. Pin B is located atop the slide
bearing, thus assuming the role of a pin roller support. The extremities of the test specimen
in Figure 6, a roof folded plate, are vertically clamped between two plates, top and bottom,
as exemplified at the a—a’ line of Figure 4. This is enacted to forestall local buckling at the
peripheries of the roof folded plate. The roof folded plate is fastened 30 mm from the edge.
The distance between the pins at both endsis L, =L — 2 x 30 mm = 1740 mm.

800mm
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- = /" Figure.7
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Figure 5. Detail of the specimen.
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Figure 6. Connector at the edge of the specimen (a—a’ line). (a) Elevation and (b) ground plan.

2.2. Loading Protocols

The jack draws the loading beam in the z-axis direction, displacing pin B horizontally
and inducing rotation. The specimen undergoes a torsional moment due to the rotation of
the loading beam. The loading is monotonous.

2.3. Specimen Configuration

Figure 7 illustrates the method of connection for the joint between the loading beam
and the specimen. The H beam and the roof folded plate are connected via the plate
(PL-800 x 150 x 15) and connector depicted in Figure 7. Bolts are used to join the plates
and loading beam. Typically, a tight frame acts as a connector between beams and folded
plates, as observed in actual structures. Connectors are bolted to the top flange of the
folded plate.

Roof Bolt
""""""""""" Plate
93 3 O e el el ] (o
- 1o & Tight Frame
(@] | Tight Frame O Ol 1—1—7 ©
30 11 l’—’:—’—’l;o s [ s LY s I s - s |
o 31 40 160 (=23) o
(a-1) (a-2)
(a)
o
[ E E E T o Rigid Block (Type B) @]
o 32 Rigid Block (Type A) o 60}, ‘ ° ‘ ‘ ° ‘ ° ‘
. O @)
30 L ® L el ] [ Te[7]
© 130 ©
(b-1) (b-2)
o S = - S 2 B P OC;——O\ Pl Jo[ ol Jolie[To 4
a Rigid Block (Type A) a Rigid Block (Type A)
O-Lpper— ] [k © Y 3 ] Y i Y i B
(b-3) (b-4)
(b)

Figure 7. Detail of connector (unit: mm). (a) Tight frame: (a-1) TF11 and (a-2) TF21. (b) Rigid block:
(b-1) RA11, (b-2) RB12, (b-3) RA21, and (b-4) RA22.

The connector depicted in Figure 7a is a tight frame (2.3 mm thick) welded to the
plate. The connection method TF11 illustrated in Figure 7(a-1) resembles the actual struc-
ture depicted in Figure 2a, where the tight frame is linearly welded in a single row along
the beam’s length at the midpoint of the top flange. However, the connectors in TF11
may concentrate stress only at the bolted joints during torsional deformation of the beam.
Therefore, TF21 in Figure 7(a-2) is a connector in which the tight frame is welded in two
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rows along the length of the beam on the top flange, increasing the number of bolted joint
locations. Here, previous experiments [51] have confirmed the deformation of the tight
frame. Additionally, the shape of the roof folded plate differs from that of the tight frame;
the height of the roof folded plate shown in Figure 5 is 88 mm, while the height of the tight
frame is 93 mm. Consequently, even when the roof folded plate and tight frame are bolted
together, a 5 mm gap exists between the bottom flange of the roof folded plate and the tight
frame. Furthermore, the roof folded plate is positioned 7.3 mm higher than the top flange
of the loading beam.

This paper also introduces connectors that are designed to enhance the contact sur-
face between the roof folded plate and the connector, when compared with TF11, and to
increase rotational stiffness. The connector depicted in Figure 7b is a rigid block machined
to match the cross-section and the height of the roof folded plate. When the roof folded
plate and the connector are joined, the bottom flange of the roof folded plate contacts the
plate. Type A employs rigid steel blocks 30 mm wide, while type B uses blocks 60 mm
wide. Rigid blocks offer greater stiffness compared with tight frames. Roof folded plates
are affixed to rigid blocks using high tension bolts. Connectors RA11 and RB12, shown in
Figure 7(b-1,b-2), are positioned at the center of the top flange of the loading beam. Con-
nector RA21, depicted in Figure 7(b-3), is positioned in two rows on the top flange of the
loading beam. Furthermore, with the goal of achieving a closer approximation of rigid
contact when compared with connector RA21 and to elucidate the effect of the presence or
absence of a joint on the bottom flange of the roof folded plate, connector RA22, shown in
Figure 7(b-4), joins the lower flange in addition to the joints of connector RA21.

Table 1 presents the list of specimens. Ten specimens were evaluated in the experi-
ment for the following three variables: (1) plate thickness (f = 0.8, 1.0 mm), (2) connector
(tight frame, rigid block-type A, B), and (3) bolt joint positions (top flange, top and bot-
tom flanges).

Table 1. Details of specimens.

Roof Folded Plate’s Roof Folded Plate—Joint
Specimen Thickness Material Position Bolt
(mm) - - -
TF11-0.8 0.8
One line
TF11-1.0 1.0
Tight frame
TF21-0.8 0.8 Two line One bolt/top flange
TF21-1.0 1.0
Rigid block .
RA11-0.8 0.8 (Type A) One line
RB12-0.8 0.8 Rigid block One line Two bolt/top flange
RB12-1.0 10 (TypeB)
RA21-0.8 0.8
One bolt/top flange
RA21-1.0 1.0 Rigid block )
(Type A) Two line
RA22-1.0 1.0 Two bolt/top and

bottom flange

TF11-0.8
Do O

@®: Connector { RA : Rigid Block(Type A) @:

Example of specimen name

TF : Tight Frame Placement of restraints ¢ 11: One Line / One Bolt
12 : One Line / Two Bolt
21: Two Line / One Bolt
22 :Two Line / Two Bolt

and
RB : Rigid Block(Type B) Number of Bolts

: Thickness of {0.8 108
Folded Roof Plate

1.0 :=1.0
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2.4. Material Properties

The material of the roof folded plate is galvanized steel sheet [72], selected for its
corrosion resistance which makes it suitable for roofing applications. The material test
results for the roof folded plate are presented in Table 2. The tensile strength test of steel
members was conducted according to JIS Z 2241 [73]. The yield and ultimate strength of
the roof folded plate are, respectively, 309 to 322 N/mm? and 380 to 483 N/mm?.

Table 2. Material properties of the roof folded plates.

Thickness Young’s Modulus Yield Strength Ultimate Strength
(mm) (x10%® N/mm?) (N/mm?) (N/mm?)
0.8 185 322 380
1.0 178 309 383

2.5. Measurement Methods

Figure 8 elucidates the locations for strain measurement. Strain gauges are affixed to
both facets of the roof folded plate to quantify plate bending, as depicted in Figure 8b.

1800

= Center
© L-side - - R-side MY LM
sl - | - Lox
<K - -

° - - - - E - - - 3 CM CM
§A = = X

: — L, ;=ru

1

e [ I ) ] L [ RM

| 1 1 1
—600 —4})0 —ZOO] -100 0+100 +200 +400 +600 :mm
(a) (b)
Figure 8. Strain measurement position. (a) Ground plan and (b) elevation.

3. Results of Torsional Experiment on Roof Folded Plate
3.1. Rotational Stiffness and Torsional Moment of Roof Folded Plate

This section delineates the load-displacement correlation for each specimen to eluci-
date the impacts of the experimental parameters.

Figure 9 illustrates the correlation between torsional moment My ; and rotation angle
for the torsion experiment. The vertical axis depicts the ratio of the torsional moment ex-
perienced by the roof folded plate during the experiment to the yield bending moment of
the roof folded plate M, ;. My ; and M,,, can be calculated using the following equation.

Mg; = P-h 1)

My,r - O-y,r'Zr (2)

where h signifies the distance between the pin and the roof folded plate, /1 =527 mm (refer to
Figure 4); 0y, represents the yield stress of the roof folded plate in Table 2; and Z, denotes
the section modulus. The horizontal axis represents the ratio of the rotation angle 6 of
the loading beam to the rotation angle 6, , at yield bending moment M,,. The rotation
angle 6 of the loading beam is calculated as the average of the difference in horizontal
displacements 1 measured at two points (“disp.3—disp.2” and “disp.5-Disp.4”) on either
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side of the beam, as shown in Figure 4, divided by the distance d between measurements.
This is obtained from the following equation:

0= {(udisp.B — Udisp.2 /d) + (udisp.S — Udisp.a /d) }/2 (3)

M /M Mai/M-,r

0.6 6,i y,r‘ 0 Y.
i =0.8 =1.0
0.5F TF11 A -
TF21 a & M Roof Folded

0.4 ; X Fj’_\,Platg

3 —4 LR -

k~=M,/0

0.2~ PRy kH:F 0/u ;&Beam
0.1 - B u L '7

(©)

(d)

Figure 9. Hysteresis curves (torsional moment-angle). (a) Thickness, (b) shape of connector, (c) stresses

in roof folded plates, (d) number of bolts, and (e) number of joints.

This experiment considered a situation in which beams linked to roof folded plates
laterally buckled as illustrated in Figure 9c The rotational stiffness kg ; of the roof folded
plate is defined as the ratio of the torsional moment My ; to the torsional deformation 6
occurring in the roof folded plate. kg ; corresponds with the slope of the My ;—6 relationship
in Figure 9a,b,d,e. The symbol “i” in kg ; represents the three rotational stiffness values (i,
=, 0; 1; 2), and is derived from the equation below.

M .
ko = —2

=g @

The solid line in Figure 9 represents the tangent line of the measured data. The inclina-
tion of the tangent line is defined as the initial rotational stiffness kj ;. The > horizontal tri-
angle plot indicates the juncture at which the slope is more than 5% lower than the tangent
slope. The V¥ vertical triangle plot signifies the point of maximum moment. The dashed
line delineates the slope connecting the origin and the ¥ plot. The slope of the dashed line
is defined as the secant rotational stiffness kg ». The theoretical rotational stiffness kg o can
be calculated from Equation (5).

koo = ®)

where E,I, represents the bending stiffness of the roof folded plate.

Figure 9a illustrates the experimental results for specimens with varying plate thick-
nesses. In the TF11 specimen, where a single row of tight frames is welded along the length
of the beam at the center of the top flange, the difference in rotational stiffness, indicated
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by the slope of the tangent line, shows minimal variation with plate thickness. This is
attributed to the small stiffness of the roof folded plate-beam joint, making it difficult to
transmit torsional moments through the joint effectively. Conversely, in the TF21 speci-
men with two rows of tight frames welded to the top flange of the loading beam, torsional
moments are induced in the roof folded plate via the two bolted joints, thereby demon-
strating the bending stiffnesses of the roof folded plates at each plate thickness according
to the stiffness of the roof folded plate-beam joint. Consequently, there exists a difference
in rotational stiffness among different plate thicknesses. Specifically, the increase in rota-
tional stiffness of the specimen with ¢ = 1.0 relative to t = 0.8 is 1.2 times greater than that
of the specimen with ¢ = 0.8.

However, the theoretical rotational stiffness due to plate thickness, as indicated in
Equation (5), is expected to increase by about 1.5 times. This discrepancy arises because the
joints assumed for the theoretical rotational stiffness are rigid, whereas the joints between
the roof folded plate and the beam in the experiment are not rigid. Hence, an increase in
the rate of rotational stiffness in the experiment is deemed to be smaller than the equivalent
theoretical value.

Similarly, while the yield moment calculated from Equation (3) escalates by a factor
of 1.4 with plate thickness, the rate of maximum load increase with plate thickness for the
TF21 specimen is 1.2. This discrepancy is attributed to localized fracture at the bolted joints
of the TF21 specimen, as depicted in Figure 10, which is discussed subsequently.

R-side

-100 +100

R-side

-100 +100

-100 — +100
[T IT 11
(d) (e) )

Figure 10. Ultimate statement of specimens (+100 mm). (a) TF11-0.8, (b) RA11-0.8, (c) RB12—0.8,
(d) TF21-0.8, (e) RA21-1.0, (f) RA22-1.0.
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Figure 9b illustrates the experimental results for specimens with various types of con-
nectors. In the TF11 specimen, My, starts to increase after H/HW = 15, when the bottom
flange of a roof folded plate makes contact with the H beam serving as the reaction force
beam. As depicted in Figure 7(a-1) for the TF11 specimen, there exists a 7.3 mm gap be-
tween the folded plate and the upper flange of the beam. Consequently, the roof folded
plate remains unaffected by the torsional deformation of the beam until the lower flange
of the roof folded plate contacts the upper flange of the beam. Upon contact, torsional mo-
ment is generated in the roof folded plate through two points: the contact surface between
the top flange of the beam and the bottom flange of the roof folded plate, and the bolted
joint. Consequently, for the RA11 specimen, which is a rigid block with no gap between the
connector and the roof folded plate, the torsional moment starts to increase from the initial
load. Conversely, for the TF21 specimen with two rows of tight frames welded to the top
flange of the loading beam, the torsional moment begins to increase from the beginning of
loading. The initial rotational stiffness of TF21, denoted as kg 1, exhibits approximately 2 to
3% of the theoretical stiffness kg 9. This is attributed to bending stresses in the top flange of
the roof folded plate from the initial load (6/6,,, = 0) through the two bolted joints between
the roof folded plate and the tight frame. The initial rotational stiffness of RA11, denoted
as kg 1, exceeds the rotational stiffness of TF21. This is due to the greater stiffness of the
roof folded plate-beam connection in RA11 compared with TF21.

Figure 9d displays the results for different numbers of bolts on the top flange of the
beam-roof folded plate joints. My ; is defined as the initial torsional moment, indicating
the torsional moment at the point of the > plot. The torsional moment of the roof folded
plate in RB12 increases from that of RA11, but the initial rotational stiffness kg 1 is approxi-
mately 4.1% of the theoretical stiffness kg o and remains nearly the same for both specimens.
On the other hand, the torsional moment and initial rotational stiffness of RA22 are lower
than those of RA11, despite the higher theoretical stiffness assumed for rigid connections
between the roof folded plate and the beam in RA21 compared with RA11. This is at-
tributed to the fact that the specimen in RA21 experienced plate bending deformation in
the mountain flange of the thin roof folded plate from the beginning of loading, as dis-
cussed later in Figures 10 and 11.

L-side R-side L-side R-side| L-side R-side
-100 +100 -100 +100 -100 +100
RA11-0.8 © RAI11-0.8 o TF21-1.0 x
TF11-0.8 x RA21-0.8 & RA21-1.0
M, /M, | TR21:08 x M, /M, | RBI12-08 = M, /M | Ra2210
! | ]
B 1 TN
o P
15
El
o
=1
>y
0.5 ';3"
=]

=)

(b)

Figure 11. Bending strain of top flange for CM (z = £100 mm). (a) Tight frame and connector,
(b) Number of bolts, and (c¢) number of joints.

Figure 9e illustrates the comparison between the connector and the lower flange of
the roof folded plate when jointed and unjointed. The initial rotational stiffness ky 1 of
RA22 with the upper and lower flanges joined is approximately 12% of ky . The initial
rotational stiffness of RA22 is about three times that of RA21. Despite the increased number
of joint points from RA21 and the increased rotational stiffness, the local deformation at the
joints of the thin roof folded plates and the bending deformation of the roof folded plates



Buildings 2024, 14, 1158

11 of 23

at the contact surface of the connectors reduce the rotational rigidity of the roof folded
plates. This results in the experimental rotational stiffness becoming only about 12% of
the theoretical stiffness assumed for rigid connections between the roof folded plate and
the beam.

3.2. Deformation Mechanism of Roof folded Plate

Figure 10 illustrates the deformation of the roof folded plate post-experiment. In spec-
imens TF11, RA11, and RB12, connectors are welded at the midpoint of the top flange,
leading to plate local deformation near the bolted joint indicated by the white box. Addi-
tionally, bending deformation is observed at the joint where the bottom flange meets the
top flange of the loading beam, marked by the black circle. Notably, the bending defor-
mation in RA11 surpasses that of TF11, likely due to the absence of clearance between the
roof folded plate and the connector.

In specimens with two rows of connectors welded to the top flange, highlighted by
white boxes (TF21 and RA21), significant local deformation, terminal loss, and rupture
were observed at the bolted joint of the top flange on the R side. Particularly in RA22,
where the bottom flange of the roof folded plate was also bolted together, the bottom flange
encircled in black exhibited a wider hole at the joint on the R side than on the L side, result-
ing in damage. This discrepancy arises because the bolted joint of the lower flange on the
L side is pushed up against the plate in a plane, while only the bolt is pulled downward
on the R side.

3.3. Stress State of Roof Folded Plate

Figure 11 illustrates the correlation between the plate bending strain ¢y, at the top
flange of the roof folded plate and the torsional moment at the beam—roof folded plate
connection. The strain is calculated according to the subsequent equation.

ey = (sf—sb)/Z )

where ¢ signifies the strain on the surface of the measurement point and ¢, denotes the
strain on the back surface of the measurement point. The strain is measured at the top
flange of the roof folded plate, indicated by “CM” in Figure 8 at z = +100 mm.

In Figure 11a,b, the plate bending strain of TF21 and RA21 emerges from the initial
loading. The plate bending strain on the right side (z =+100 mm, solid line) surpasses that
on the left side (z= —100 mm, dashed line). When the loading beam undergoes torsion, the
connectors affixed to the beam rotate, as illustrated in Figure 12b. As the connector rotates,
the bolted joint on the right side connecting the connector and the roof folded plate is
subjected to downward pulling along the y-axis, as indicated by the downward arrow in
Figure 12b, and offers resistance. Consequently, plate bending deformation concentrates
on the bolted joint on the right side earlier than on the left side, resulting in higher plate
bending stresses. Therefore, the initial rotational stiffness of RA21 is presumed to be lower
than that of RA11 in Figure 9b.

Figure 13 illustrates the axial strain ey, of the central top flange (CM) on the R side of
the roof folded plate. At z=+400 mm and z =+600 mm, the axial strain of RA22 (specimen
with top and bottom flanges joined) surpasses that of other joining methods (specimen with
only top flanges joined). When the bottom flange of the roof folded plate is attached to the
beam, the bolted joint is subjected to downward pulling along the y-axis due to the torsion
of the loading beam, as indicated by the lower arrow in Figure 12c. Consequently, bending
stresses arise in both the top and bottom flanges of the roof folded plate, particularly on
the right side of the roof folded plate. Therefore, the cross-section at the joint location is
constrained, resulting in bending deformation along the length of the roof folded plate.
The axial strain of RA22 rapidly decreases near the maximum proof stress. As depicted in
Figure 9e, the RA22 specimen, where the bottom flange of the roof folded plate is joined at
the bolted joint, exhibits a smaller rotation angle needed to reach the maximum torsional



Buildings 2024, 14, 1158 12 0of 23

moment when compared with the RA21 specimen where only the top flange of the roof
folded plate is joined. This difference leads to early end failure.

Bolt (Top flange) Bolt (L-side)

Bolt (R-side) 0=60sinf

Roof )
Folded;

plate\g\
\

Crash
Y
Loading |
beam Z
(a) (b) (0)
Figure 12. Deformation mechanism of bolted joints due to different connectors. (a) RA11, (b) RA21,
(c) RA22.
R-side z=+400 z=+600 R-side z=+400 z=+600
TF12-08 M /M RA21-1.0 o
M /M RA21-0.8 ®© —_— 6i yr| RA22-1.0 = R
OF VIRALL-08 & —— 1.4 | T T T
1.4 T T T WO NN —
- 12 5
1M i
0.8~ 7
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Figure 13. Axial strain of the roof folded plate’s top flange (z = +400 mm, +600 mm). (a) Tight frame
and connector and (b) number of joints.

Figure 14 illustrates the axial strain ey, distribution of the central top flange CM in the
z-axis direction at 0.1 M,,,. The gray dotted line represents the theoretically elastic strain
when the roof folded plate is held flat. The theoretical elastic strain ey is calculated using
the subsequent equation.

(% Mg i
= — = . 7
ENO = E T 3E 7 (7)

where Z, denotes the section modulus of the roof folded plate, as delineated in the 600 mm
wide segment illustrated in Figure 5.

e RA2I-10]
<7 O RA22-1.01

-100
-200

= : q - =
-800 -400 O 400 800
z(mm)

Figure 14. Axial strain in z direction (at 0.1 My,,).
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The axial strain on the R side of RA21, where only the top flange of the roof folded
plate is connected, is nearly zero. The axial strain of RA22, with the attachment of the top
and bottom flanges of the roof folded plate, corresponds with the elastic theoretical strain
stipulated in Equation (7). Upon affixing the bottom flange of the roof folded plate to the
beam, the entire cross-sectional area of the joint undergoes deformation when subjected to
torsion by the loading beam. Therefore, the torsional moment induced in the roof folded
plate due to the beam’s torsion leads to the bending moment distribution depicted by the
gray dashed line in Figure 14 and is transmitted along the length directions (L and R sides)
of the roof folded plate.

Figure 15 delineates the distribution of axial strain ey, along the x-axis for a roof folded
plate. The axial strain ey, is gauged at z = £100 mm. The gray dotted line is deduced
from Equation (7). The axial strain on the left side of the RA21 specimen conforms to
the elastic theoretical strain expounded in Equation (7). The axial strain on the right side
deviates considerably from the theoretical value across the entire cross-section. In the RA21
specimen, the torsional moment on the right (R) side of the roof folded plate is small. In the
RA22 specimen, the axial strain on the left (L) and the right (R) sides are close to the elastic
theoretical strain. The roof folded plates of the RA22 specimen exhibit a more uniform
cross-sectional deformation when compared with those of the RA21 specimen.

0 200 400 600 0 200 400 600
x(mm) x(mm)

(@) (b)

Figure 15. Axial strain in x direction. (a) L side (—100 mm) and (b) R side (+100 mm).

3.4. Summary of Torsion Experiment Results

Table 3 exhibits the rotational stiffness ratio kj /kgo and torsional moment ratio
My,i/M,,, of each specimen at the initiation of stiffness reduction and at maximum load.
The torsional moment My ; corresponds to moment at the > plot in Figure 9, while the
maximum torsional moment My » corresponds with the moment at the ¥ plot in Figure 9.
The rotational stiffness ratio ky,i/kg o is calculated by dividing the initial rotational stiff-
ness kp 1 or the secant rotational stiffness kj » by the theoretical rotational stiffness kg ¢ in
Equation (5). The torsional moment ratio Mg ;/M,,, is calculated by dividing the torsional
moment Mg 1 at the initiation of stiffness reduction or at the maximum moment My > by
the yield moment M, of the roof folded plate.

The initial rotational stiffness ratio kg, 1/kg o and torsional moment ratio Mg 1/M,,, at
the initiation of stiffness reduction increased from 2.85% to 12.4% and from 0.07 to 0.57,
respectively, depending on the joining method. Theoretical rotational stiffness assumes
that the roof folded plate and beam connections are rigidly connected, but the rotational
stiffness of the joint in this experiment corresponds with the sum of the stiffness of the
bolted joint and the bending stiffness of the roof folded plate.

The magnitude of the moment transmitted to the roof folded plate depends on the
stiffness of the bolted joint. It can be inferred that the initial rotational stiffness in this
experiment was lower than the theoretical rotational stiffness due to the lower stiffness of
the bolted joints, in turn caused by local deformation and the lower bending stiffness of
the roof folded plate due to the out-of-plane deformation of the thin roof folded plate.
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Table 3. Summary of results.
Rotational Stiffness Bracing Moment
Theory Initial Secant Initial Secant Yield Initial Maximum
Specimen Equation (5) Equation (4) Equation (4)/Equation (5) Equation (2) Equation (1)/Equation (2)
ko0 ko1 ko2 ko,1/ko 0 kg,2/kg 0 My, Mg1/ My, Mg /My,
x10% kN/rad % % x10% kN/rad
TF11-0.8 37.75 0 0 — — 1271 — —
TF11-1.0 45.3 0 0 — — 1528 — —
TF21-0.8 37.75 1.08 0.36 2.85 0.95 1271 0.07 0.33
TF21-1.0 45.3 1.47 0.47 3.25 1.04 1528 0.11 0.39
RA11-0.8 37.75 1.51 0.54 4.01 1.42 1271 0.18 0.5
RB12-0.8 37.75 1.60 0.57 4.24 1.5 1528 0.22 0.43
RB12-1.0 45.3 2.14 0.72 4.72 1.6 1271 0.24 0.52
RA21-0.8 37.75 1.15 0.53 3.04 1.4 1528 0.11 0.42
RA21-1.0 45.3 1.85 0.66 4.09 1.45 1271 0.2 0.44
RA22-1.0 45.3 5.60 3.85 12.36 8.5 1528 0.57 1.38

Figure 16 elucidates the correlation between the rotational stiffness ratio and torsional
moment ratio. Both the rotational stiffness ratio and torsional moment ratio demonstrate
a proportional augmentation.

lﬂwalmy,r M, M, =0.8 =1.0
“ 5 ; 1. 3 ; TF11 ©
1.2 ‘ | 1 f {rA11O
| RBI2O @
TF21 0 m
0.8 RA2IC m
0.6 [IrRA22 X
0.4
0.2
i |
02 5 10
0
k, 1/k9,o(%) Ky k(7o)
(a) (b)

Figure 16. Rotational stiffness and torsional moment at (a) initial stiffness and at (b) secant stiffness.

4. Effect of Roof Folded Plates on Lateral Buckling of H Beams in Steel Structures

Yoshino et al. undertook an extensive investigation of 1345 large-span steel edifices
within Japan, of which 1065 structures, inclusive of gymnasiums, were surveyed to ascer-
tain the cross-sectional configurations and varieties of main beams, small beams, purlins,
and roofing members. This examination focuses on 606 of the large-span steel structures,
as delineated in Table 4, where the main beams are composed of H beams. Then, the rela-
tionship between the demand values against the restraining of the lateral buckling of the
main beam in the large-span steel structures and the experimentally determined bearing
capacity of the roof folded plate will be elucidated. The aim of this is to verify the feasibility
of utilizing a roof folded plate as a continuous brace.



Buildings 2024, 14, 1158

15 of 23

Table 4. Survey of steel structures in Japan with H beams as main beams.

Slenderness Ratio

of Main Beams Percentage of Total (%) Number of Buildings
67 < Ap <200 34.0 206
200 <A, <300 45.9 278
300 <Ay 20.1 122
Types of Small Beams Percentage of Total (%) Number of Buildings
H 94.4 572
Angle and channel 5.0 30
Not listed 0.6 4
Types of Purlin Members Percentage of Total (%) Number of Buildings
Channel (C,2C) 89.3 541
Angle (L,2L) 1.0 6
T 0.5 3
Not listed 9.2 56
Types of Roofing Members Percentage of Total (%) Number of Buildings
Roof folded plate 2.8 17
Colored steel plate 78.4 476
Not listed 18.8 113

200
RoofFolded Plate /= 30 0
TN LaNE

H-Shaped Beam
(Main Beam)

Purlin

60><30><

H-Shaped Beam
500250 X9X 16

500

Column

H-Shaped Beam

Figure 17 portrays the correlation between the required stiffness ratio of the roof
folded plate and the bracing moment ratio engendered within the roof folded plate. The
required stiffness ratio is obtained by dividing the rotational stiffness of the roof folded
plate, as determined from the experimental data, by the required rotational stiffness, in or-
der to constrain the lateral buckling deformation of the H beam in the investigated actual
structure. The rotational stiffness of the roof folded plate corresponds with the value mea-
sured for test specimen TF21-0.8, which demonstrates the lowest initial rotational stiffness
among the experiments. The bracing moment ratio is calculated by dividing the torsional
moment in the roof folded plate, derived from experiment, by the bracing moment when
the H beam in the actual structures is laterally buckled. The required rotational stiffness is
obtained from the elastic buckling load equation for H beam obtained in [38].
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Here, k, represents the lateral stiffness of the roof members. L, denotes the length of the
H beam, Elf signifies the flexural stiffness of each flange for the H beam, GKf indicates the
torsional stiffness of each flange, GK,, refers to the torsional stiffness of the web, d}, stands
for the distance between both flanges of an H beam, kg represents the rotational stiffness
of the roof members, 71 denotes the reduction of rotational stiffness of the brace and the
torsional stiffness of the top flange, and 7, is the reduction of the torsional stiffness of the
bottom flange.

o < e} <
MM, H/B=Z2.0 H/BZ2.0
bl ° H/B>2.0 ° H/B>2.0

kots k
e

Figure 17. Required stiffness ratio and bracing moment ratio of roof folded plate at (a) initial stiffness
and at (b) secant stiffness.

The elastic lateral buckling load P ; of an H beam continuously stiffened by a roof
folded plate is determined by replacing ky 1 and kg » for kg in Equation (8). There are two
instances of the symbol i in P, ; (where i = 1,2), with P, 1 being the value obtained by sub-
stituting kg ; into Equation (8), and P, being the value obtained by substituting ky » into
Equation (8). While Equation (8) includes a horizontal stiffness term, this paper assumes
that no horizontal deformation occurs. Therefore, the horizontal stiffness k,, = co. When n
=1 or 2 in Equation (8), the elastic buckling load P, ; or P> of the first-order or second-
order mode is obtained. The rotational stiffness at the point where P, 1 =P, 7 is delineated
as the required rotational stiffness kg 9, and represents the minimal rotational stiffness at
which this transition occurs, as depicted in Figure 18. The lateral buckling mode of the
beam transfer from the first order to the second order depends on the magnitude of the
rotational stiffness, as illustrated in Figure 18.

In [38-43], it is affirmed that lateral buckling deformation can be mitigated when the
rotational stiffnesses ky 1 and ky » of the roof folded plates exceeds the required rotational
stiffness ky 0.
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Figure 18. Lateral buckling mode. (a) First Buckling mode and (b) second buckling mode.

In [38], the required bracing moment My, ; is defined as the moment arising in the roof
folded plate during lateral buckling of the H beam, and M, ; is derived from the follow-
ing equation.

1
My, ; = {0.004 <0.8 + m) < o.oos}M,,,h ©)

2EI;m2
K _kuke/d ( LJ;” )/<(;<> (10)
b b

where M, represents the full plastic bending moment of the main beam across each in-
vestigated structure. GK indicates the torsional stiffness of the main beam. My, 1 or My, »
is derived by substituting kg = kg 1 or kg = kg » into Equations (9) and (10), respectively.

In the > plot of Figure 9, when the torsional moment My ; is considered to be the
bearing capacity of the roof folded plate, approximately 16% of My 1 of the roof folded
plates that are attached to all of the structures does not exceed the required bracing moment
My, 1 generated in the roof folded plate when the beam buckles laterally (Mg 1/Mp,1 > 1.0).
Therefore, the roof folded plates possess the initial rotational stiffness kg ; at the torsional
moment Mg 1. Furthermore, among the 16% of structures with initial rotational stiffness
ko 1, approximately 90% of these exceed the rotational stiffness ky ¢ required to restrain the
lateral buckling deformation of the beam (kg 1/kg,0 > 1.0).

On the contrary, if the maximum torsional moment M, 5, shown in in Figure 9, is con-
sidered as the bearing capacity of the roof folded plate, approximately 62% of the struc-
tures have My, of roof folded plates that does not surpass the required bracing moment
My, 2, which arises in the roof folded plate when the beam undergoes lateral buckling
(Mg 2/Mp, » > 1.0). Additionally, the rotational stiffness of the roof folded plate at the max-
imum torsional moment is lower than that at the initial torsional stiffness kg 1, resulting
in the roof folded plate possessing a secant rotational stiffness kg ». Incidentally, among
the approximately 62% of structures that possess secant rotational stiffness kg 5, 50% have
a secant rotational stiffness exceeding the required rotational stiffness kg g to restrain the
lateral buckling deformation of the beam (kg »/kg o >1.0).

From the above, it can be deduced that the number of structures in which the roof
folded plate possesses the required performance against lateral buckling of the beams can
be increased by utilizing the maximum torsional moment and the secant stiffness, rather
than by relying on the initial stiffness and the bearing capacity at the onset of stiffness
reduction to act as metrics of the holding performance of the roof folded plate.

Subsequently, the impact of the continuous reinforcement of the roof folded plates
during the lateral buckling of the main beams, referring to Table 4, is elucidated. Cur-
rently, there exists no globally recognized design formula for the lateral buckling capacity
of beams. In the Japanese design guideline, namely the “Limit State Design Guidelines
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and Commentary” [46], the design capacity of beams, denoted as My, 4j; is derived from
the ensuing equation:

= My arp _
(Ap < pAp = 0.9) b = q
M Ap—pA
(pAp < Ap < eAp ~ 1.29) ﬁ = (1- 04k -
M,
(eAp < Ap) L — %%
My
Ay = b ”
"\ iMoo (12)

where ,,M.o denotes the elastic lateral buckling moment, which is determined by multi-

plying the elastic buckling load ;,;P¢;,, of an H beam subjected to the inverse symmetrical

bending moment by the distance d, between flanges. ;P is obtained from the follow-
ing equation:

mPcrO,n = PcrO,n . Cm (13)

Cp = 1.7541.05m 4 0.3m?> < 2.3 (14)

where P , represents the value when k,, = kg =0 is substituted into Equation (8). Addition-
ally, when subjected to an inversely symmetrical bending moment, the moment gradient
m = 1.0 (as indicated by the relationship between M; and M, in Figure 19), thus C;, =2.3
according to Equation (14).

H-shaped Beam

Figure 19. Image of the moment gradient generated in a beam.

The design bearing capacity M, gc of the beam according to the Eurocode [47] is cal-
culated from the following equation.

M 1 1
N;;’EC = Xrr = min |1, , VW (15)

pb Dpr 4 /D2 — 07502 A
Here, Opr = 0.5[1+ar(Ap — 04) +0.7577] 16)

(H/B < 2.0)2 arr = 0.34, (H/B > 2.0): arr = 0.49

where H is the beam height and B is the width of the beam.

Figure 20 illustrates the lateral buckling strength calculated per the Japan code [46]
and the Eurocode [47]. Notably, the lateral buckling strength My, 45 and M;, ¢ differ when
dimensionless slenderness ratio Ap 4y = Appc. Specifically, when My ay/M,,; < 1.0, the
lateral buckling strength according to the Eurocode varies with H/B. Thus, we present the
Apec and Ay, 457 when the design capacities of the Japan code [46] and the Eurocode [47]
are equivalent. As depicted in the (O, circular plot), while the lateral buckling strength at
Ap,ec is equivalent to that at [ 5, Ay g is smaller than A 4.

Subsequently, if the beams employed in the examined steel structures are affixed to
roof folded plates, the design bearing capacity M'; of the continuously stiffened H beam is
considered. This M’} is determined using Equation (11) or Equation (15), wherein M
in Equation (12) replaces the elastic buckling moment ,;,M,, of the continuously stiff-
ened beam.

mpcr,n = PcrO,n’ Cm + Pcr,n - PcrO,n (17)
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The design bearing capacity M’;, of a continuously braced large beam surpasses the
design bearing capacity M, of a large beam without bracing.

M /M
bpb Japan code

Eurocode
H/B=Z2.0

— H/B>2.0

Figure 20. Lateral buckling strength curve [46,47].

Figure 21 presents the procedure for computing the lateral buckling design capacity
according to the Japanese code [46] and the Eurocode [47]. By utilizing the rotational stiff-
ness kg 1 or kg » derived from the experimental results and applying it to Equation (17), the
lateral buckling design capacity of an H beam continuously stiffened by a roof folded plate
can be determined.
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s |
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M'y 4y M'spc _ (15)
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Figure 21. The procedure for computing the lateral buckling design capacity [38,46,47].

Figure 22 illustrates the rate of increase for design bearing capacity in lateral buckling
due to rotational stiffness, denoted by ‘’. The value of y is determined by the ratio of the
design bearing capacity M’;, of the continuously stiffened large beam to the design bearing
capacity M}, of the unbraced large beam, where y = M',/M,,. The plot in Figure 22a displays
data for surveyed structures that meet the criterion My 1/Mp, 1 > 1.0 in Figure 17a. The plot
in Figure 22b presents data for surveyed structures that meet the criterion My /My, 2 > 1.0
in Figure 17b. Despite the initial rotational stiffness kg ; and secant rotational stiffness
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kg » of the roof folded plate in this experiment being smaller than the required rotational
stiffness, the design bearing capacity increases. Moreover, a larger required stiffness ratio
correlates with a greater proof stress increase ratio y.

Japan code Eurocode
H/B =2.0 H/B >2.0 H/B =2.0 H/B >2.0
pﬂb<ﬂb§eﬂb °® 3 o )
eﬂb<lb °®
1 (=M M) 1 (=M M)
4 1 4 1
> >

5 M 1/Mb 1—10 5 M9’2/Mb 2:10 .

U HUR ] | e ... ]
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Figure 22. The rate of increase for design bearing capacity in lateral buckling due to rotational stiff-

ness at (a) initial stiffness and at (b) secant stiffness [46,47].

5. Conclusions

In this paper, torsional tests were conducted on roof folded plates to examine the

influence of H beam-roof folded plate joints on the rotational stiffness of roof folded plates,
leveraging the findings of a structural survey of steel structures in Japan. Furthermore, the
correlation between the rotational stiffness of the roof folded plate and its design bearing
capacity was elucidated. The findings are delineated below.

M

(@)

®)

4)

When the top flange of the beam is pressed against the bottom flange of the roof
folded plate during torsional deformation of the H beam, the small thickness of the
roof folded plate causes bending deformation of the plate where it contacts the top
flange of the H beam. Consequently, the rotational stiffness of the roof folded plate
falls notably short of the theoretical stiffness posited for a rigid connection between
the beam and the roof folded plate.

In the actual structural connection method (where tight frames are welded in a row
along the length direction of the beam at the center of the top flange), the gap between
the roof folded plate and the tight frame welded to the beam prevents torsional mo-
ments in the roof folded plate until the bottom flange of the roof folded plate contacts
the top flange of the H steel beam, resulting in the non-exhibition of initial rotational
stiffness kg 1.

For specimens in which the tight frames are welded in two rows along the length
direction at the top flange of the beam, a torsional moment is induced in the roof
folded plate from the onset of loading, resulting in the initial rotational stiffness kj 1
of the roof folded plate, being 2-3% of the theoretical rotational stiffness kg ¢.

For specimens in which connectors with stiffened blocks are utilized and both the
top and bottom flanges of the roof folded plate are constrained, the initial rotational
stiffness surpasses that of the other specimens. Specifically, the initial rotational stiff-
ness kp 1 of the roof folded plate amounts to approximately 12% of the theoretical
rotational stiffness ky o.
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(5) When evaluating the lateral buckling capacity of continuously stiffened H beams using the
buckling design capacities specified by the Japan code [46] and the Eurocode [47], it was
observed that the design capacity outlined by the Japan code exceeded that of the Eurocode,
even when the dimensionless slenderness ratio was equivalent.

(6) Upon attaching the roof folded plates used in the experiments to the surveyed struc-
tures, it was observed that, in 16% of all of the structures, the torsional moment My, ;
occurring in the roof folded plates during the lateral buckling of the main beams was
smaller than the torsional moment My ; at the onset of stiffness reduction, at which
the initial rotational stiffness kg 1 of the roof folded plates used in this study can be
achieved. In contrast, in 62% of all structures, the maximum torsional moment My »,
for which the secant rotational stiffness kg » of the roof folded plates used in this study
can be demonstrated, exceeds the torsional moment My, » occurring in the roof folded
plates during the lateral buckling of the main beams. Thus, it can be inferred that the
number of structures in which the roof folded plate exhibits the required performance
against lateral buckling of the beams can be increased by utilizing the maximum tor-
sional moment and the secant stiffness, rather than by relying on the initial stiffness
and the bearing capacity at the onset of stiffness reduction, as the metrics for the hold-
ing performance of a roof folded plate.
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