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In box link beams, intermediate stiffeners are often used to delay local shear bucklings, but welding operations in
order to connect the intermediate stiffeners to the web of box link beams lead to increased construction costs,
reduced execution speed, creating residual stresses and geometric imperfections, and weakening of materials at
the junction of stiffeners to the web. The present study investigated corrugating webs of box link beams as an
alternative to flat webs with intermediate stiffeners using Abaqus finite element software. First, equations were
presented to determine the slenderness ratio and critical inelastic buckling stress of trapezoidal corrugated plates
used as the web of box link beams. A comparison between box link beams with corrugated webs and box link
beams with flat webs and intermediate stiffeners showed that box link beams with corrugated webs experienced
more buckling stability, ductility, and energy dissipation due to the intrinsic geometrical characteristics of this
type of web plate. The results of this study revealed that the use of trapezoidal corrugated webs in box link
beams, if the geometric parameters of the corrugated webs are appropriately selected, can increase the maximum
permissible compactness ratio of the web up to about 12% and 200% more compared to box link beams with flat
webs and with or without intermediate stiffeners, respectively; Also, the energy dissipation of the box link
specimens can be increased by about 20%.

dissipation and ultimate strength in short link beams are better [1]. On
the other hand, the excessive reduction of the link beam length signifi-
cantly increases its plastic rotation demand, and therefore the AISC
seismic code [2] considers 0.08 rad limit as the maximum plastic rota-
tion of shear link beams. In this way, the minimum allowable length for
shear link beams can be calculated. Typical configurations for link
beams in eccentrically braced frames are shown in Fig. 1.

1. Introduction

Eccentrically braced frames (EBFs) have a combination of the ad-
vantages of suitable ductility of moment-resisting frames and suitable
lateral stiffness of concentrically braced frames. In eccentrically braced
frames, braces are not allowed to buckle; consequently, the stable
behavior of the system under severe earthquakes is guaranteed if the link
beam behaves appropriately. In eccentrically braced frames, the link
beam is introduced as a structural fuse and as a result, the behavior of

1.1. Box link beams

the link beam determines the overall behavior of the eccentrically
braced frame. In these systems, nonlinear behavior is limited only to the
link beam, and other frame members must behave elastically. With
respect to the yielding mechanism, the link beams are divided into three
categories: short, intermediate, and long link beams. In short link beams,
energy dissipation occurs through shear yielding of the web and as a
result, these link beams are also called shear link beams. Comparison of
short link beams with long link beams showed that the link beam’s
seismic responses such as elastic lateral stiffness, ductility, energy

I-shaped and box link beams are widely used in eccentrically braced
frames. I-shaped link beams require lateral braces at two ends in order to
prevent lateral torsional buckling due to low torsional stiffness. Unlike I-
shaped link beams, box link beams do not need to insert lateral braces,
provided that the moment of inertia around the weak axis is greater than
67 % of the moment of inertia around the strong axis. In places such as
bridges, between the two elevator’s cores and so on, where lateral braces
are difficult to provide, the use of box link beams instead of I-shaped link
beams is preferred. Extensive numerical and experimental studies have
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Nomenclature

b The pure width of the flange, regardless of the thickness of
the webs

tr The thickness of the flange

E The modulus of elasticity

Fy The yield stress of the flange

d The depth of the web, regardless of the thickness of the
flanges

tw The thickness of the web

Fyw The yield stress of the web

Ve The maximum shear created in the link beam

Vi The nominal plastic shear capacity in link beam

ag The distance from center to center of stiffeners

d The depth of the beam

k. A buckling factor

ax The Kth backstress, which represents the location of the
center of the yield surface

Cx The Initial kinematic strain hardening slope

Yk The reduction rate of the kinematic hardening slope

& The Plastic strain

ak The initial size of the backstress

AeP The difference between the plastic strain value at the
beginning and end of a tensile or compressive half cycle

cly The initial size of the yield surface

o9 The maximum change in the size of the yield surface

by The equivalent plastic strain

by The width of the flange in the link beam

Mps The flange plastic moment capacity

Mp The cross-section plastic moment capacity

hy, The depth of the corrugated plate

a Sub-panel width

0 The angle of wave in a corrugated plate

Bo The ratio of longitudinal to diagonal sub-panels width

Ty The shear yield stress

%G The elastic global buckling strength

oL The elastic local buckling strength

9 The Poisson’s ratio of the steel

D The flexural elastic stiffness of the plate

kg The local buckling factor as a function of the plate’s aspect
ratio and boundary conditions

B The global buckling factor as a function of the plate’s
boundary conditions

Dy The flexural elastic stiffness of the corrugated plate along
the x-axis

Dy The flexural elastic stiffness of the corrugated plate along
the y-axis

Tn The critical buckling strength

(d)

Fig. 1. Typical configurations for link beams in eccentrically braced frames [3].

investigated the behavior of I-shaped link beams; however, fewer studies
have investigated the behavior of box link beams. Berman and Bruneau
theoretically and experimentally examined the box link beam’s behavior
and presented the results below [4,5].

1.1.1. The maximum allowable compactness ratio of box link beams
Flange bucklings in link beams may lead to lateral torsional buckling,
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severe strength degradation, and loss of ductility. Berman and Bruneau
stated when the ratio of the average axial stresses due to the bending
moment at the end of the link beam’s flange to the flange material’s
yield stress is greater than 1.3; flange buckling is likely [4]. Therefore, to
prevent flange buckling in box link beams with shear yielding behavior,

they suggested a maximum value of 1 .00\/F£yf for the flange compactness
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Fig. 2. Fracture in the vicinity of stiffener connection to the link beam web [7].

’

ratio (%) of box link beams [4]. In addition, they suggested maximum

values of 1.67 /% and 0.64, /% for the web compactness ratio of box

link beams ({l’), with shear yielding behavior and with or without in-
termediate stiffeners, respectively.

1.1.2. Over-strength factor of link beams

In eccentrically braced frames, the maximum strength of link beams
is important to determine design forces in force-controlled frame
members. Over-strength factor for short link beams is defined as the
ratio of maximum shear force generated to the plastic shear capacity of
the link beam’s section. Different parameters such as strain hardening of
link beam materials, the ratio of the material’s expected yield stress to
the material’s minimum yield stress, flange participation in bearing the
shear, and effects of beam and slab composite action, influence the over-
strength factor in link beams. Berman and Bruneau’s studies showed
that the value of the over-strength factor for box link beams with shear
yielding behavior was between 1.3 and 1.9 [5]; But, the AISC seismic
code [2] considered the values of 1.25 and 1.4 for over-strength factor
due to cyclic hardening in I-shaped and box link beams, respectively.

1.1.3. Link beam stiffeners

Kasai and Popov’s [6] studies showed that under cyclic loading,
short link beams without intermediate stiffeners experience strength and
stiffness degradation and consequently reduced energy dissipation due
to the early occurrence of plastic shear buckling in the web of link
beams; Therefore, they suggested that the intermediate stiffeners should
be used throughout the link beams. Their studies showed that the in-
termediate stiffeners of the link beam lead to delayed shear buckling of
the web, and ensure stable cyclic behavior. Accordingly, Kasai and
Popov suggested the equation of ’:70 +i % = Cp with a condition of @y < d
for estimating the distance between the intermediate stiffeners of the I-
shaped link beams where Cj is determined equal to 56, 38, and 29 for
maximum link beam rotations of 0.03, 0.06, and 0.09 rad, respectively
[6]. Similarly, to delay shear buckling of the webs, Berman and Bruneau
proposed the formula ‘;—j—i-tl—; % = Cp with a condition of ay <d for
maximum distance between intermediate stiffeners of the box link beam
where Cp is 20 and 37 for the maximum rotation angle of the 0.08 and
0.02 rad, respectively [4]. Berman and Bruneau’s studies showed that
the use of intermediate stiffeners in box link beams with a web

compactness ratio less than 0.64, /Fiyw is not necessary. They also stated
that the use of intermediate stiffeners in link beams with a web
compactness ratio greater than 1.67, /% cannot prevent web buckling

[4]. Connecting the stiffeners to the link beam increases the cost and
reduces the speed of construction. Studies by Lian et al. [7] showed that
link beams experienced fracture in the vicinity of stiffener connection to
the web of the link beam in large deformations due to stress and strain
concentration in this region, and then this fracture spread deep into the
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web (Fig. 2). Consequently, elimination of intermediate stiffeners in link
beams can prevent stress concentration and fracture in the vicinity of
stiffeners and as a result, the link beam’s ductility increases.

1.2. Corrugated plates

Corrugated plates are one of the oldest types of steel produced as cold
rolled and, as a result, their construction has a relatively simple and low-
cost process. Wave creation with different shapes increases the out-of-
plane stiffness in thin plates; In addition, the fold line in this type of
plate has relatively high stiffness and similar to transverse stiffeners, it
increases the buckling capacity; In fact, the geometrical properties of the
corrugated plate are converted from isotropic to orthotropic state, and
by changing the geometry of the plate, more strength is created by
consuming less materials. Low weight, high strength, suitable out-of-
plane stiffness, ease of use, easy construction, and no need for inter-
mediate stiffeners are inherent characteristics of corrugated plates.

Elgaaly et al. [8] conducted experiments and numerical studies on I-
shaped beams with corrugated web, concluding that the failure mode of
the corrugated plate was global or local buckling; If the wavelengths are
large, local buckling dominates the behavior of the corrugated web, and
when the waves are dense and with less wavelengths, the global buck-
ling dominates the behavior of the corrugated web [9]. Theoretically,
local buckling occurs in a flat sub-panel, while global buckling consists
of several sub-panels and extends diagonally throughout the entire
depth of the web. They also suggested that when the critical stress of
local or global elastic buckling exceeds 80 % of the material’s shear yield
stress, the buckling of the plate will be inelastic. Driver et al. [10]
indicated that the shear strength of the I-shaped beams with a corru-
gated web is a function of web depth, plate thickness, wave geometry,
material specifications, and initial geometric imperfection. They also
stated that the corrugated web could not withstand the axial stresses
(accordion effect), and it can be assumed that the flanges supply the
entire bending moment of the beam and there is no need to consider the
interaction between shear and flexure in the beam. According to the
experiments, the observed failure mode is a combination of the two
above-mentioned modes called interactive buckling mode. According to
the investigations conducted by Driver et al. [10], the lowness in the
ratio of longitudinal to diagonal sub-panels widths causes the design to
be not cost-effective, and if this ratio is high, it reduces the critical stress
of the global buckling, and the amount of this parameter according to
Abbas’s recommendation [11] should be between 1 and 2.

Sayed-Ahmed [12] indicated that using a corrugated web reduces the
required thickness for the web plates and removes the welds related to
the stiffeners, making the design lighter and more economical. He pre-
sented an equation to determine the critical interactive buckling stress
for trapezoidal and zigzag corrugated webs. Using the finite element
method, Yi et al. [13] realized that in the corrugated web, the failure
caused by shear buckling often has the characteristics of both global and
local buckling modes, called interactive buckling. Finally, they pre-
sented relationships to determine the critical buckling stress of I-shaped
beams with the corrugated web. El Metwally and Loov [14] studied
beams with corrugated webs and prestressed concrete flanges. They
presented the advantages of using the corrugated web in the beams
listed as follows: 1) reducing the stress required to prestress the flanges
due to the accordion effect of the corrugated plate, 2) the possibility of
increasing the beam length due to its dead load reduction, and 3) the
appropriate distribution of stress between the flanges and webs, so that
the flanges bear just bending and the webs bear just shear. Finally, they
presented a relationship to determine the shear capacity of trapezoidal
corrugated webs. Sause and Braxtan [15] studied these plates in order to
evaluate the equations presented up to that time for determining the
shear capacity of the corrugated plates and concluded that the as-
sumptions intended to provide equations were not in line with the ex-
periments conducted. In addition, they presented an equation to
determine the shear strength in trapezoidal corrugated webs.
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Fig. 3. The transverse moment of the flange (a) how the transverse moment
changes along the beam, and (b) the transverse moment and its resulting
stresses in the flange.

Nie et al. [16] studied the shear strength of composite box link beams
with trapezoidal corrugated webs numerically and experimentally, and
they concluded that webs were in pure shear mode. This conclusion
confirms the existence of the accordion effect in the corrugated web.

Riahi et al. [17] numerically studied the I-shaped beam with flat,
trapezoidal, sinusoidal, and zigzag webs. According to their studies, the
shear strength of the corrugated web is about 1.5 to 2 times the strength
of the web with a flat plate without stiffener and equal thickness. They
noted that increasing the thickness of the flange has no significant effect
on the buckling strength of the corrugated plate, but it can increase the
stiffness of the beam. Elkawas et al. [18] examined the use of the
corrugated web in bridge girders made of high-yield point steel. This
type of beam can save weight by reducing the web thickness and elim-
inating transversal stiffeners (due to a higher yield point for steel and
higher out-of-plane stiffness of the web plate). The decreased bending
moment demand due to lesser dead loads makes it possible to use longer
beams with a specified section (higher span to depth ratios). It’s worth
mentioning that using corrugated web reduces the beam’s flexural
stiffness due to the web accordion effect and also, due to lower shear
modules of corrugated webs, the shear stiffness of the beam decreases;
Considering the lower stiffness of beams with corrugated webs, the
deformation demands may limit the maximum length of the beam.
Elkawas et al. [18] presented a relationship to calculate critical shear
stress, given the ratio of sub-panel width to the depth of web in beams
with trapezoidal corrugated webs (;). They also expressed that unlike
conventional plate girders with flat webs which exhibit plastic hinges
when the developed diagonal tension field yields, plastic hinges do not
form in girders with corrugated web plates failing by local and inter-
active buckling modes and suggested a wave angle value greater than
30° to avoid domination of the global buckling mode. Leblouba et al.
[19] experimentally studied the behavior of beams with corrugated
webs. Following Leblouba’s studies, the post-buckling (residual)
strength of tested beams with the corrugated web is not significantly
influenced by the mode of shear buckling and is estimated to be around
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50 % of their ultimate load-carrying capacity. In addition, Leblouba
et al. investigated previously published analytical models for the esti-
mation of the shear strength of trapezoidal corrugated webs and
developed a new model. Their model is shown to be more accurate than
previously published models for estimating the shear strength of
corrugated steel webs, allowing for more economical designs. Since the
shear strength of corrugated webs is a function of several geometric
parameters, Leblouba et al. [20] performed a sensitivity analysis to es-
timate each parameter’s relative contribution to the shear strength
behavior. The study showed that the width of the flat folds and web
thickness are the most influential parameters on the shear strength of
corrugated webs, followed by the web height. Other geometrical pa-
rameters such as the wave angle (in the range of 30° to 45°) and The
ratio of longitudinal to diagonal sub-panels width (in the range of 0.8 to
3) have less impact on the shear strength.

In general, the designing shear strength of corrugated plates is less
discussed in design regulations. Among the limited regulations, Euro-
code 3 [21] provides equations to determine the shear strength of steel
girders with the corrugated web.

Lho et al. [22] investigated the behavior of beams with a thinner-
than-usual corrugated web used in industrial structures. They defined

the compactness ratio of corrugated webs as 0.8(‘{) (FT’W) (klr) and stated

tw
that if the corrugated web compactness ratio is more than 0.474 FL,
w

vertical buckling of flanges occurs.

According to Abbas’s studies [23], I-shaped beams with corrugated
webs, experience in-plane deformations and out-of-plane torsion under
an in-plane moment and shear. Out-of-plane torsion can be considered
as the transverse flange moment (Fig. 3a). Transverse moment in the
flange of the I-shaped beam with a corrugated web adds to the axial
stresses caused by the in-plane bending. The transverse moment occurs
due to the presence of shear flow in the web and the eccentricity of this
flow relative to the beam center line. To determine the transverse
moment in the flange, they presented a method known as the Fictitious
Load Method. Kovesdi et al. [24] also studied the transverse moment of
the flange in I-shaped beams with a corrugated web. According to their
research, the amount of this moment varies along the beam length
(Fig. 3b).

Local buckling of flanges with the corrugated web was investigated
by Cafolla [25]. They indicated that by increasing the ratio of the width
of sub-panels to larger flange outstand and keeping total flange width,
the critical stress of the flange buckling decreases. Li et al. [26] exam-
ined the local flange buckling of the beams with the corrugated web and
presented a relationship for the maximum compactness ratio of the
flange in order to prevent its buckling before yielding.

Sherman and fisher [27] investigated the connectivity between the
corrugated web and flanges to determine how much connection is
needed between the flanges with a corrugated web to develop a full yield
strength. Their experiment results indicated that connecting the diago-
nal panels has a negligible effect on the stiffness and strength of the
beam under monotonic loads and with a corrugation wave angle larger
than 45°. They reported two basic types of web-to-flange connection

Fig. 4. Cracks caused by cyclic loading in beam with corrugated web [29].
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failure: a) tearing of web material, b) failure through the throat of solder
fillet or the fillet bond. As the length of the fillet weld decreases, the
force concentration may cause the web to tear in shear along the toe of
the fillet. Elamary et al. [28] studied the failure mechanism of hybrid
steel beams with trapezoidal corrugated web and non-welded inclined
folds to eliminate the possibility of failure due to the propagation of
fatigue cracks initiated near the ends of inclined sub-panels. Their tests
showed that corrugated webs with non-welded inclined sub-panels
failed due to the web tearing. Finally, Elamary et al. [28] concluded
that the ultimate load-bearing capacity of corrugated webs with non-
welded inclined folds is less than fully welded webs (with failure
mode of fatigue cracks propagation). Ibrahim et al. [29] conducted
studies to investigate the fatigue behavior in I-shaped beams with
corrugated webs (continuously welded to the flanges) under cyclic
loading and indicated that the fatigue life of a beam with a corrugated
web is about 28 % to 53 % higher than that of a flat web with stiffeners.
They also found that two factors affecting the fatigue life of I-shaped
beams with corrugated web are the angle of the wave and fillet radius
between the sub-panels. According to this research, under cyclic loading
in beams with corrugated web, cracks start in the vicinity of the weld of
the web to the flange (Fig. 4). Ibrahim et al. [29], in order to reduce
stress concentration and increase the fatigue life of beams with corru-
gated webs, suggested that the fillet radius between sub-panels should
be equal to a quarter of the radius of the escribed circle in the wave.

Shahmohammadi et al. [30] investigated the steel coupling beams
with corrugated webs and found that the rotational capacity of the
coupling beams increased by increasing the angle of the waves,
increasing the number of half waves at a specified length, and
decreasing the compactness ratio of the web plate. Also, Hajsadeghi
et al. [31] studied the energy dissipation of steel coupling beams with
the corrugated web. Using finite element modeling, they concluded that
changing the thickness of the plate has the most significant effect on
changing the amount of energy dissipation and that the impact of
changing the angle of the wave and the number of half waves on the
energy dissipation of the samples is less, and also that the effect of half
waves on energy dissipation is greater than that of the angle of the wave.

Most of the research on using corrugated plates as the web of beams,
considered the web as a forced controlled element (without undergoing
inelastic deformations) under gravity loads. Other researchers have not
addressed using corrugated plates as the webs of shear box link beams to
increase buckling stability under cyclic loading and eliminate interme-
diate stiffeners; In this study, trapezoidal corrugated webs have been
used for the webs of box link beams and as a structural fuse (under in-
elastic excursions) for the first time. Abaqus finite element software was
considered to evaluate box link beams with corrugating web and
without intermediate stiffeners.

2. Finite element modeling
2.1. Verification of numerical models

Abaqus software is one finite element software used to solve various
engineering problems. In this study, in order to ensure the accuracy of
finite element modeling in Abaqus software, three experimental studies
were selected: 1) a box link beam with intermediate stiffeners tested by
Berman and Bruneau [5], and 2) a steel shear wall with corrugated web
under cyclic loading tested by Emami et al. [32], and 3) an I beam with a
trapezoidal corrugated web under monotonic loading. With regard to
the corrugated web, most studies have been conducted as monotonic
loading on I-shaped beams, and limited experiments have been con-
ducted on the cyclic behavior of the corrugated web. Many studies have
presented that the stress distribution in the web of the link beam is
somehow similar to the behavior of the shear wall’s web plate. In this
way, the plate of the shear wall can be considered similar to the link
beam web, columns in the shear wall can be considered identical to the
link beam flanges, and beams can be considered equivalent to stiffeners
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Fig. 5. Experimental specimen of X2L1.2 in Berman and Bruneau’s studies (a)
the dimensions of the experimental specimen [5] and (b) The

modeled specimen.

Fig. 6. Boundary conditions of link beams [5].

at the end of the link beam. Therefore, to verify the behavior of the link
beam with the corrugated web under cyclic loading, the verification of
the behavior of the corrugated steel shear wall has been used.

2.1.1. The first verification: Box link beam under cyclic loading

As shown in Fig. 5, the first verification was done by considering the
box link specimen X2L1.2 in Berman and Bruneau’s studies [5]. The
specifications of this specimen are flange thickness of 12.7 mm, web
thickness of 6.4 mm, a total width of 209.6 mm, depth of 266.7 mm,
stiffener width of 66.7 mm, and stiffener thickness of 9.5 mm. This link
beam has a shear yielding behavior with a normalized length of 1.2.

In the experimental studies of Berman and Bruneau [5], haunches
were inserted at the two ends of the link beam to gradually change the
cross-section and prevent fracture at the two ends of the link beam and
in their flanges. In order to consider rotational degrees of freedom in
nodes, 8-node incompatible solid elements (C3D8I), which have modi-
fied formulations compared to 8-node with reduced integration solid
elements (C3D8R), were used. Different studies have presented different
values to determine the size of plate geometric imperfections. EN-
1993-1-5 code [21] considers the value of 1/200 of the smallest
dimension of the plate as the size of the initial geometric imperfections.
Also, the primary modes of elastic buckling (eigenvalue analysis) are
often used as forms of geometric imperfections.

Link Rotation (rad.)

Cycle No.

Fig. 7. Loading protocol used for verification.
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Table 1

Combined hardening parameters of web and flange.
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the other end of the link beam in order to apply the displacement-
controlled loading to the specimen in accordance with the AISC 2002

X2L1.2 Sample web

X2L1.2 Sample Flange

[33] loading protocol, as shown in Fig. 7.

C1(MPa)
Cy(MPa)
C3(MPa)
"

72

73

6| (MPa)
o2 (MPa)
b

42,900
4500
680
600
90

2

345
22

5.4

29,100
1596
187
300
13.3
1.7
345

50

2

2.1.1.1. Boundary conditions and loading. The present study considered
the boundary conditions proposed by Bremen and Bruneau [5] for link
beams (Fig. 6). Fig. 6 shows that all rotational degrees of freedom are
clamped at the two ends of the link beam. The axial transitional degree
of freedom is free at one end of the link beam to prevent the creation of
axial force in the link beam. In addition, the transitional degree of
freedom perpendicular to the longitudinal axis of the link beam is free at

1

-0.15

Shear force (kN)

-1

2.1.1.2. Materials specifications. The behavior of materials used in
structural members severely affects the seismic performance of struc-
tures. The modulus of elasticity, density, and Poisson’s ratio of the steel
used in all specimens is defined as 200 GPa, 7850 kg/m® And 0.3. Link
beams are expected to be able to withstand large cycle plastic de-
formations. In order to determine the yield of isotropic materials (such
as steel) under multi-axial loading conditions, the von-Mises yielding
criterion is used. This study considered using the Chaboche [34] com-
bined hardening model (a combination of yield surface behaviors in
isotropic and kinematic hardenings) because of its high accuracy in
modeling strain hardening in steel. Chaboche [34] presented a nonlinear
kinematic hardening model for determining backstress values as Eq. (1);
Also, they suggested Eq. (2) for determining the size of the yield surface
(Isotropic hardening).

200
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— Experiment

200 — — — FE Model

Link Rotation (rad.)

(a)
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4
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5 1200
=
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—
0
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(b)

Fig. 8. Comparison between experimental and modeled specimens (a) hysteresis curves (b) total dissipated energy.
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monotonic and cyclic loading, respectively. The necessary parameters

Table 2
Specifications of steels used in beams, columns, and web of steel shear wall in
Emami et al.’s studies.

Member Steel Young’s Yield Ultimate Ultimate
type modulus stress stress strain (%)
(GPa) Fy(MPa) F,(MPa)
Plate of ST-12 200 207 290 41
shear
wall
Column ST-44 200 300 443 33
Beam ST-44 200 288 456 37

(b)

Fig. 9. Steel shear wall specimen in Emami et al.’s studies: (a) specimen’s front view and (b) FE Model in Abaqus.

for modeling Chaboche combined hardening are calibrated similarly to
the process described in Behbahani and Fanaie’s study [35] and pre-
sented in Table 1.

Finally, Fig. 8 shows the comparison between experimental and
finite element modeling hysteresis curves and the total strain energy
generated in the link beam.

2.1.2. The second verification: Steel shear wall with corrugated web under
cyclic loading

The specimen was selected from Emami et al.’s [32] studies. Their
experimental specimen was half-scale compared to the actual sample in
the structure. Fig. 9 shows the specifications and geometric dimensions
of the steel shear wall used in Emami et al.’s [32] studies.

This specimen’s columns were designed with IPB160, the upper
beam with IPB140, and the floor beam with IPB200. The overall di-
mensions of the corrugated plate in the shear wall were 1480x1980 mm
and the thickness of the plate was 1.25 mm. In the specimen, the
connection of the beam to the column was implemented as rigid using a
full penetration groove weld on the flanges of the beam and a fillet weld
in the web. Bolts tie the beam to the bottom of the laboratory. In

1056



N. Fanaie et al.

100 +
80 -
60 -
40 -

WA AR AL AR, i Hh. MH HHL

0 DAL L L A [Ill” H“Hmw H “

1

Lateral displacemeent (mm)

Cycle No.

Fig. 10. Loading protocol applied to steel shear wall in Emami et al.’s study.

addition, to prevent the out-of-plane movement of the frame, two
transverse beams attached to the upper beam were used as lateral
braces. The specifications of the steels used in the beams, columns, and

Structures 47 (2023) 1050-1071

web of steel shear wall are presented in Table 2.

The static general analysis method was used in this study by adding
viscose damping to prevent convergence errors. Also, in this section,
S8R5 shell elements were used to model the steel members. S8R5 shell
elements have eight nodes in each element, and there are five degrees of
freedom in each node, including three degrees of transitional freedom
and two degrees of rotational freedom. In order to improve the modeling
accuracy, at least four elements were used throughout the width of each
flat sub-panel in the corrugated web. In addition, initial geometric im-
perfections in corrugated web obtained using Eigenvalue Analysis were
entered by coding in Abaqus software. The specimen’s boundary con-
ditions, similar to the test setup, were considered in the modeling.
Quasi-static loading is also applied in accordance with AC 154 loading
protocol [36] as a displacement-control to the upper beam. The AC 154
loading protocol is displayed in Fig. 10.

In order to make the figure simpler and increase the possibility of a
better comparison, the hysteresis curves and total strain energy of
experimental and modeled specimens are presented by eliminating the

Lateral force (kN)

-600
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600
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0.6
0.5
e
Z
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S
=
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Fig. 11. Comparison of experimental and modeled specimens (a) hysteresis curves (b) total dissipated energy.
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cycles with the repetitive amounts of displacement in Fig. 11.

2.1.3. The third verification: I beam with a trapezoidal corrugated web
under monotonic loading

In order to further verify FE models with corrugated web plates, a
simply supported I-shaped beam with a trapezoidal corrugated web
under a single concentrated monotonic load (G8A sample tested by
Driver et al. [10]) is considered. In this sample, HPS 485 steel (with a
yield stress of 485 MPa) has been used for the flanges and web of the
beam. This type of steel has low strain hardening, so its behavior can be
considered elastic-perfectly plastic. The geometric dimensions of the
mentioned test setup, the corrugation dimensions, and the FE model are
shown in Fig. 12.

The web thickness and height were 6 mm and 1500 mm, respectively
and the flanges dimensions were 450x50 mm. In order to prevent ver-
tical buckling of the flange in the web under concentrated load, T-sha-
ped stiffeners are used. Also, to prevent lateral movement of the beam,
two lateral braces are provided at the two ends of the beam and one 700

(©

Fig. 12. Driver et al. test (a) total beam dimensions (b) corrugation geometry (c) Abaqus model.
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mm away from where the concentrated load is applied. S8R5 elements
are used for modeling purpose.

Driver et al. [10] measured the maximum geometric imperfection of
the corrugated web as 5.72 mm. So, initial geometric imperfection has
been considered in the model by conducting an Eigenvalue analysis and
in accordance with the buckling modes of the corrugated web. Static
general with adding viscose damping is used for the analysis to avoid
convergence problems. Finally, the FE modeling’s force-displacement
diagram (at the position of load application) is compared to the exper-
imental result as shown in Fig. 13.

From Fig. 7, Fig. 10 and Fig. 13, it can be concluded that the results of
Abaqus have excellent agreement with the results obtained from the two
experimental studies. As a result, the modeling performed in Abaqus is
acceptable.
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Fig. 13. Comparison of experimental and modeled specimens.

3. Using corrugated plate in webs of box link beam to eliminate
intermediate stiffeners

3.1. Introducing the specimens of box link beams used in the numerical
study

The most important geometric parameters affecting the buckling
behavior of the corrugated plate are the width of the sub-panels, the
thickness of the web plate, the depth of the web, the angle of the wave,
the fillet radius between the longitudinal and diagonal sub-panels, and
the ratio of the width of longitudinal to the diagonal sub-panels. In this
study, the ratio of the width of sub-panels parallel to the longitudinal
axis to diagonal sub-panels is assumed to be equal to 1 in accordance
with Abbas et al.’s [11] recommendation, and also the fillet radius be-
tween longitudinal and diagonal sub-panels is considered equal to one-
quarter of the radius of the escribed circle in a trapezoidal wave
following Ibrahim et al.’s [29] studies to reduce stress concentration and
increase fatigue life under cyclic loading.

This study investigates three parameters:

compactness ratio (%“) and the angle of the wave (6). In the study of the

wavelength, web

web compactness ratio, both the web’s depth and thickness can be
changed. Shear yielding behavior was assumed for all specimens with
the trapezoidal corrugated web. In addition, the length of the link beam
and the net area of the web in all link beams were considered 648 mm
and 1544 mm?, respectively, similar to the X2L1.2 specimen. The steels
used for the flanges and webs were identical to the flanges and webs
materials of the X2L1.2 link beam in the experimental study of Berman
and Bruneau [5].

Corrugated plates with a compactness ratio between 56 and 400 are
often used in the web of steel girders under gravity loads where we do
not expect significant inelastic behavior. However, studies have shown
that the use of web compactness ratios of more than 56, due to the
creation of large inelastic deformations in the web, leads to inappro-
priate cycle behavior in the web of link beams. For this reason, this study
assumed the value of 45 as the maximum value for the compactness ratio
of the web of the link beam. It is worth noting that according to Berman
and Bruneau’s studies [5], the maximum web compactness ratio in box
link beams with the flat web made of A572 Gr50 steel to remove the
intermediate stiffeners should be equal to 15.4. The maximum permis-
sible compactness ratio of the web is limited to 40, even when transverse
stiffeners are used.

Lindner and Huang [37] suggested a minimum wave angle of 30° to
enable the sub-panels to create suitable boundary conditions and sup-
port each other in the contact area to develop appropriate local buckling
capacity. In this research, by changing the dimensional ratios used in the
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web of box link beams compared to the bridge’s girders with the
corrugated web, converting the buckling mode from the global buckling
to the local buckling is achieved with larger quantities of the angle of the
wave. Therefore, the wave angles between 30° and 90° were investi-
gated in this study.

In order to parametrically investigate the effect of changes in
different factors, the number of waves throughout the length of link
beams was assumed to be variable between 2 and 6. Also, values of 25,
30, 35, 40, and 45 for the web compactness ratio and values of 30°, 40°,
50°, 60°, 70°, 80°, and 90° for the angle of the wave (¢) were considered.
It is worth noting that due to assuming the constant amount for the link
beam length, the width of the sub-panels (a) is determined according to
the number of trapezoidal waves throughout the link beam and the wave
angle. According to the preliminary study, by changing the flange

compactness ratio (%) of the link beam from 17 to 24, the behavior of the

link beam does not change significantly; therefore, in this study, only the
results related to the flange compactness ratio of 17 were presented.

In research studies conducted on girders with the corrugated web in
bridges, in order to prevent sudden global buckling, the ratio of the
width of sub-panels to the depth of the web (;1.) is suggested between 0.1
and 0.2; the mentioned limitation results in a significant decrease in the
width of the sub-panels. By reducing the width of the sub-panels, it is not
possible to meet the minimum ratio of wave depth to the plate thickness
(%’), which is suggested to be greater than 10, according to Easley and
McFarland’s studies [38]. According to all mentioned limitations, in this
study, the ratio of sub-panels width to web depth is between 0.1 and 0.7
and the ratio of wave depth to plate thickness is changed between 1.8
and 18.96.

In order to name the specimens, first, the letter C is used for showing
the link beams with corrugated web, then the amount of web

compactness ratio (%“V“ ), the flange compactness ratio (%f), the number of

waves in the link beam length and the angle of the wave () are pre-
sented, respectively. It is worth noting that due to the accordion effect,
the bending capacity of the corrugated web in the link beam is excluded,
and the bending capacity of the link beam with the corrugated web is
determined from Eq. (3). In this study, the maximum moment value at
the end of the link beam was limited to 1.2 times the plastic moment
capacity of the cross-section.

My = Mp = Fybyty (d — 1) 3

The values of web thickness, web depth, flange thickness and flange
width of specimens with different web compactness ratios are presented
in Table 3.

Driver et al. [10], in order to prevent the global buckling mode
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Table 3
Webs and flanges characteristics of specimens with flange compactness ratio
equal to 17.

Web Web Web depth Flange Flange
compactness thickness hy,(mm) thickness width

ratio by (mm) ty(mm) by (mm)

tw

25 7.85 196.48 14.53 262.71
30 7.17 215.24 13.96 251.66
35 6.64 232.4 13.49 242.61
40 6.21 248.54 13.09 234.95
45 5.86 263.61 12.75 228.47

Fig. 14. Geometric parameters of the trapezoidal corrugated web.

before local buckling, limited the maximum web compactness ratio of
the link beams according to Eq. (4).

15

B <o [ (4) Fe.p) @

E (a
Fy \,

where y is a safety factor, which is often assumed to be 0.9 and F(a, f,) is
defined as Eq. (5).

(1+By)sin’d, 3f,+1
Py + cosO Lﬁoz(ﬁo +1)

y

F(0. ) = (5)

Moon et al. [39] presented the inequality in Eq. (6) to buckle the
corrugated plates after the plate yield (in the girder of the bridges).
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The geometric parameters used in these equations are shown in
Fig. 14. It is worth noting that the geometry of trapezoidal corrugated
plates used in the web of link beams in this study satisfies the limitations
mentioned above.

3.2. Parametric investigation on the behavior of box link beams with
trapezoidal corrugated web

In this study, the introduced specimens were modeled in Abaqus
software. Due to the small thickness of plates compared to their other
dimensions, S8R5 elements were used. The dimensions of the used ele-
ments are also determined in such a way that there are at least four el-
ements in the width of each sub-panel, and the aspect ratio of the
elements is smaller than 2. In order to consider the geometric imper-
fections in the specimens, first, an Eigenvalue analysis was performed to
determine buckling modes; then, according to the carried-out studies,
the imperfection size was considered to be 1/200 of sub-panel width.
Based on the Eigen Buckling Analysis, three modes of local, global, and
interactive buckling were observed in the specimens. These three
buckling modes are shown in Fig. 15.

4. Results

4.1. Determination of the slenderness ratio of the corrugated web in the
box link beams

In the link beams with corrugated web, in addition to the web’s
compactness ratio, the wave’s angle and width of the sub-panels are also
involved in calculating the critical elastic shear buckling and the web
slenderness ratio. According to various studies such as Sause and

(c)

Fig. 15. Types of shear buckling observed in webs of link beams: (a) local shear buckling, (b) global shear buckling, and (c) interactive shear buckling.
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Braxtan’s research [15], the slenderness ratio of corrugated plates is
obtained in accordance with Eq. (7).

Ty

Ay = |— 7
s = @)
The critical stress of elastic shear buckling in corrugated plates was
presented by different researchers as the general form of Eq. (8). It
should be noted that the researchers presented different values for the n
parameter.
1. 1

) =

Tent ®

( ) +(=—)

e e
Ter TerG

In order to investigate the adaption of theoretical equations to
determine the critical elastic shear buckling stress in the web of link
beam, this parameter was determined by Eigenvalue Analysis in Abaqus
software. Then the critical stresses of global and local elastic buckling
were calculated according to the existing theoretical relationships.
Similar to the critical stress of flat plates, the critical stress of sub-panels
buckling is obtained from Eq. (9) proposed by Timoshenko and Gere
[40].

D °E
a1l - 97)(a)

e
T(‘r,L -

k (€C)]

According to Hassanein and Kharoob’s studies [41], if the ratio of
flange thickness to web thickness in beams is greater than 3, the
boundary conditions of the sub-panels should be considered as rigid at
the junction to the flange and as simple at the fold lines of the sub-
panels; Thus, the local buckling coefficient can be calculated from the
Eq. (10).

2 3
a a a
K, =534+231(—) —3.44(— 39(—
L =534+23 (h> 3 (h) +839(hw)

In this study, if the ratio of flange thickness to web thickness is 1, the
sub-panels boundary conditions are assumed as simple on all edges, and
the local buckling coefficient is determined according to Eq. (11).

2
K, = 5.34+4<hi>

(10)

(1)

If the ratio of flange thickness to web thickness is between 1 and 3,
interpolation can be used to obtain the local buckling coefficient.

Easley and McFarland [38], assuming that the corrugated plate can
be analyzed as an orthotropic flat plate with constant thickness, pro-
vided relationships to determine the global shear buckling capacity. To
determine the critical stress of global buckling, Egs. (12) — (14) were
used.

D».D3 1/4
e —3ep D) 2 h;) 12)
Ef a+b
D, = — " _ 13
i) are 13)
! 2
ERI() +1]
D= a4)
6()

Using the above relationships to determine the critical stress of local and
global buckling, and calculating the critical stress of interactive buckling
with n values equal to 1, 2, 3, and then comparing those with the results
of Abaqus software presented in Table A1, it was found that the use of
interaction relationship with n value equal to 1 and p equal to 1.3 gives
the best results. The mean and standard deviation values of slenderness
ratios with different values of p and n obtained from modeling in Abaqus
software are presented in Table 4.

In general, by reducing the link beam web’s compactness ratio, the
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Table 4
Determining appropriate assumptions for calculation of As.
n=1 n=2 n=3
Aseq ) ( As.eq ) Aseq ) (/ls.eq ) Aseq ) (ls.eq )
Asrea Jsrea’ P Jsrea ™ Jsrea’ P Jsrea ™ Jsrea’ P
p=1 1.07 0.11 0.97 0.14 0.95 0.15
p= 1.01 0.08 0.91 0.11 0.89 0.12
1.3
p= 0.96 0.07 0.87 0.1 0.85 0.11
1.6
B = 0.93 0.07 0.84 0.1 0.83 0.11
19

web’s slenderness ratio is decreased regardless of the amount of the
other two parameters. Still, the way the slenderness ratio changes by
changing the angle of the wave and the number of waves in the link
beam length (especially the angle of the wave) have an uncertain trend.
Its increase or decrease depends on the amount of two other parameters.
How slenderness changes with the mentioned geometric parameters is
shown in Fig. 16.

4.2. Investigation of inelastic buckling capacity of box link beam with
corrugated web under monotonic loading

Considering that occurrence of inelastic deformations is expected in
the link beam web, in this section, the change of inelastic buckling
strength of box link beams with corrugated web under monotonic
loading was discussed. According to the results presented in Table A1 of
Appendix A, increasing the wave angle and reducing the compactness
ratio increase the shear capacity of the cross-section. Still, the number of
waves throughout the link beam does not have a specific trend on the
inelastic shear capacity of the corrugated web. By increasing the number
of waves in the webs of link beams, the inelastic buckling capacity of the
web rises first, but then with its further increase, the critical inelastic
buckling stress decreases (Fig. 17).

Various researchers have presented several equations to determine
the inelastic capacity of shear buckling in the web of steel girders under
monotonic loading. The results of this study indicated that the critical
inelastic buckling stress shows a considerable dispersion. Still, using the
equation proposed by Sause and Braxtan [15] (Eq. (15)), and assuming
n =1 in the interaction equation and u equal to 0.52, it is possible to
estimate a lower band value of critical inelastic buckling stress (90% of
the FE results have bigger critical inelastic buckling strength than the
equation presented) in the web plate of box link beams. Eq. (15) can also
be rewritten as Eq. (16) in terms of web slenderness ratio.

1 1 w
T = (o o+ ) (15)
(60)"  (t66)"  (7v)
- ! a6)
= \Lr 052

Fig. 18 shows the comparison between critical inelastic shear buck-
ling stress versus slenderness ratio of the corrugated plate for Eq. (16)
and the results of modeling.

4.3. Behavior of box link beams with corrugated webs under cyclic
loading

4.3.1. Investigation of hysteresis curves of box link beams

In this section, the behavior of link beams was investigated under
cyclic loading because link beams are cyclically loaded in earthquakes.
It should be noted that following the studies of Richards and Uang [42],
the loading protocol for link beams, which is available in AISC 2002
[33], imposes an equivalent plastic strain of about 60% more than the
actual limit in a real earthquake for short link beams; Therefore, to load
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Fig. 16. How the slenderness ratio of the corrugated web changes with: (a) the compactness ratio of the web plate equal to 35, (b) 4 waves in the length of the link

beam, and (c) the wave angle of 60°.

the box link beam specimens with corrugated webs, the modified
loading protocol for the link beams proposed by Richards and Uang [42]
was used. At first, in order to qualitatively compare, hysteresis curves of
the link beam specimens with corrugated webs were compared with the
X2L1.2 specimen of Berman and Bruneau [5]. Due to the large number
of modelings performed in this study, only hysteresis curves for eight
samples modeled in Abaqus software are shown in Fig. 19. It is worth
noting that the fracture in the X2L1.2 specimen caused the test to stop,
but the fracture was not considered in the modeling performed in this
section. From the comparison of hysteresis diagrams, it can be
concluded that in general, by decreasing the web’s compactness ratio
and increasing the wave’s angle and the number of waves throughout
the link beams, shear buckling in the web of link beams is delayed. Thus
the stiffness and strength degradation occurs in a larger rotation of link
beams, resulting in an increase in ductility.

4.3.2. Quantitative investigation of effective parameters in the behavior of
box link beams with corrugated webs

Important seismic responses such as plastic rotational capacity, en-
ergy dissipation (relative to X2L1.2 specimen), elastic stiffness (relative
to X2L1.2 specimen), and over-strength factor for box link beams with
corrugated web are presented in Appendix A, which are further inves-
tigated in the following.

4.3.2.1. Plastic rotational capacity of box link beams with corrugated
webs. Since shear force in short link beams is a displacement-controlled
component, the plastic rotational capacity of link beams is the most
important parameter for evaluating their performance. From the data
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presented in Table A1 of Appendix A, it can be concluded that in the link
beams with corrugated web, in addition to the compactness ratio of the
web, the wavelength and the angle of the wave also affect the rotational
capacity of the link beams. The method of changing the rotational ca-
pacity (without considering fracture in modeling) by changing the
compactness ratio of the web, the number of waves throughout the link
beam, and the angle of the wave are shown in Fig. 20. From Fig. 20a, it
can be found that at the wave angle of 30°, most specimens are unable to
achieve the target rotational capacity. Still, for bigger values of the wave
angle (Fig. 20b), by decreasing the compactness ratio of the web and
increasing the number of waves throughout the link beam, the rotational
capacity of the link beam rises considerably. Based on Fig. 20c, it can be
observed that in general, by decreasing the compactness ratio of the web
and increasing the angle of the wave, the rotational capacity of the link
beam increases, and the rate of this increase, increases with six waves in
the length of the link beam (Fig. 20d). According to Fig. 20e, by
increasing the angle of the wave and the number of waves throughout
the link beam, the rotational capacity of the link beam increases and the
rate of this increase is higher for the smaller compactness ratios of the
web (Fig. 20f).

Note that the performance of shear link beams is acceptable if the
plastic rotational capacity in these link beams is more than 0.08 rad.
Consequently, determining geometric parameters of the corrugated web
for the shear link beams is important for their behavior to be acceptable.
Shahmohammadi et al. [30], to establish a relationship for rotational
capacity in steel coupling beams with corrugated web, used the slen-
derness ratio of the corrugated web, which contains all the geometric
properties of a corrugated plate. For design purposes and in the absence
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Fig. 17. Changes in the amount of inelastic shear capacity by changing: (a) the angle of the wave and the compactness ratio of the web, (b) the number of waves and
the compactness ratio of the web, and (c) the wave angle and the number of waves.
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Fig. 18. Comparison between critical inelastic shear buckling stress versus
slenderness ratio of the corrugated plate for Eq. (16) and modeling results.

of experimental data, In order for the plastic rotational capacity of box
link beams with corrugated webs to be acceptable, the maximum
allowable slenderness ratios for wave angles of 30°, 40°, 50°, 60°, 70°,
80°, and 90° were suggested 0.16, 0.17, 0.18, 0.19, 0.20, 0.21, and 0.23,
respectively.

4.3.2.2. Energy dissipation capacity in the link beams. The changing
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trend of the cumulative plastic energy dissipation in the box link beams
till the target rotation (0.08 rad) compared to the energy dissipation in
the X2L1.2 specimen, by changing the compactness ratio of the web and
the number of waves throughout the link beam and the wave angle, is
shown in Fig. 21. According to Fig. 21a, at a wave angle of 40°, the
reduction of the compactness ratio of the web, regardless of the number
of waves throughout the link beam, increases the energy dissipation.
Still, at the wave angle of 70° and taking into account six waves
throughout the link beam, the effect of the web compactness ratio on the
energy dissipation of the specimen decreases (Fig. 21b). Increasing the
number of waves from 2 to 4 throughout the link beams, at first, leads to
a significant increase in energy dissipation. Still, with the further in-
crease in the number of waves, the energy dissipation remains almost
constant. The effect of the compactness ratio of the web and the angle of
the wave on the energy dissipation of the link beams is shown in Fig. 21c
and Fig. 21d. According to Fig. 21c, considering two waves throughout
the link beam, the energy dissipation of the link beam increases by
reducing the web compactness ratio and increasing the angle of the
wave, but by increasing the number of waves throughout the link beams
to 6 (Fig. 21d), increasing the wave angle first leads to an increase and
then a decrease in the amount of energy dissipation. The way the energy
dissipation changes with the changes in the number of waves throughout
the link beams and the wave angle are also shown in Fig. 21e. According
to Fig. 21e, increasing the number of waves from 2 to 4 increases the
energy dissipation, but with the further increase in the number of waves,
the energy dissipation remains constant. Also, increasing the angle of the
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Fig. 19. Hysteresis curves of modeled specimens.
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Plastic Rotational capacity (rad.)

Plastic Rotational capacity (rad.)

B: No. of waves
30 2

()

Fig. 20. Change trend in the rotational capacity of the link beams with: (a) wave angle of 30°, (b) wave angle of 90°, (c) two waves throughout the link beam, (d) six
waves throughout the link beam, (e) web compactness ratio of 25, and (f) web compactness ratio of 45.

wave up to 70° increases the energy dissipation. With a further increase
in the angle of the wave, the energy dissipation shows some reduction.
In general, according to the presented Figures, the effect of the web
compactness ratio on the energy dissipation of link beams with the
corrugated web is greater than the effect of two parameters of the angle
of the wave and the number of waves throughout the link beams; Also, as
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mentioned above, increasing the angle of the wave does not necessarily
increase the energy dissipation of the specimens; This can be attributed
to the reduction of the plastic strain values of the diagonal sub-panels, by
increasing the angle of the wave (less contribution of diagonal sub-
panels in energy dissipation).
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Relative energy dissipation

Relative energy dissipation

Relative energy dissipation

50
40 C:Teta (Deg)

Fig. 21. Change of energy dissipation in the web of link beams with: (a) wave angle of 40°, (b) wave angle of 70°, (c) two waves throughout the link beam, (d) six
waves throughout the link beam, and (e) web compactness ratio of 35.
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4.3.2.3. Elastic stiffness in the link beams with corrugated web. From the
data presented in Table A1 of Appendix A, it can be understood that the
compactness ratio of the web and the number of waves throughout the
link beams have an insignificant effect on the elastic stiffness of the box
link beams, but increasing the wave angle reduces the flexural stiffness
due to the increase of accordion effect and the decrease of shear stiffness
in the web due to decrease of the web shear modules. The changing
trend of the elastic stiffness of modeled specimens compared to the
X2L1.2 sample by changing different geometric parameters of the web is
shown in Fig. 22.

4.3.2.4. Over-strength factor in the link beams with corrugated web. Based
on the data presented in Table A1 of Appendix A, it can be found that the
over-strength factor in the box link beams with trapezoidal corrugated
webs in the modeled specimens is on average 1.45, and the value of the
over-strength factor changes up to 30% by changing the geometric pa-
rameters in the corrugated web. The changing trend of the over-strength
factor with the geometric parameters of the corrugated web is similar to
the inelastic shear capacity of the link beams. Its value increases by
decreasing the web’s compactness ratio and increasing the wave’s angle.
Still, by increasing the number of waves throughout the link beams, its
value rises first and then decreases.

5. Conclusion

Most of the research on using corrugated plates as the web of beams
considered the web as a forced controlled element under gravity loads,
and less attention has been paid to using the corrugated plates as a
structural fuse undergoing inelastic excursions in cyclic loading. This
study used trapezoidal corrugated plates as an alternative to flat webs in
the box link beams with intermediate stiffeners. This makes the box link
beam cheaper by reducing the amount of welding needed in the con-
struction process and lowering the possibility of web fracture in the
vicinity of the stiffener connection to the web of the link beam due to
ultra-low cycle fatigue. Using corrugated webs in the box link beams
increases the out-of-plane stiffness of the web plate and the buckling
capacity in the box link beams without intermediate stiffeners. The most
important geometric parameters affecting the behavior of trapezoidal
corrugated web are the web compactness ratio, the wavelength, and the
angle of the wave. In order to create a ductile and suitable behavior in
the web of box link beams, in this study, the maximum compactness
ratio of the web is considered to be 45. The values of wave angle and
wave number throughout the link beams are also considered between
30° and 90° and 2 to 6, respectively. In order to investigate the effect of
the mentioned geometric parameters, in this study, 170 box link beam

Relative elastic stiffness

A hw/tw

(a)
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specimens were investigated by changing the geometrical characteris-
tics. The results of this study are as follows:

1) Using Eigenvalue analysis in Abaqus software, it was found that the
use of first-order interactive equation (n = 1) and global buckling
coefficient (B = 1.3) provide the best results to determine critical
elastic buckling stress; Also, the slenderness ratio decreased by
decreasing the compactness ratio of the web plate. However, the
changing trend in the slenderness ratio of the web plate was not
certain by changing the wave angle and the number of waves in the
link beam length and depends on the other geometric characteristics
of the corrugated web.

By investigating the behavior of the specimens under monotonic

loading, it was found that the critical inelastic buckling stress in the

link beam specimens increased by decreasing the compactness ratio
of the web plate and increasing the angle of the wave; However, the
number of waves in the link beam length did not show a certain trend
with the critical inelastic buckling stress. A lower band for the critical
inelastic buckling stress of corrugated web plates can be estimated

with using the relationship provided by Sause and Braxtan [15],

assuming the values u = 0.52 and n = 1.

The plastic rotational capacity in the link beams with the trapezoidal

corrugated web is generally subject to the compactness ratio of the

web plate, the number of waves throughout the link beam, and the
angle of the wave. Reduction of web compactness ratio and
increasing the number of waves throughout the link beam and the
wave angle increase the plastic rotational capacity of the link beams.

The slenderness ratio of the corrugated plate can be used to deter-

mine the plastic rotational capacity of the link beams. The maximum

allowable slenderness ratios to achieve target plastic rotation for

wave angles of 30°, 40°, 50°, 60°, 70°, 80°, and 90° were 0.16, 0.17,

0.18, 0.19, 0.20, 0.21, and 0.23, respectively.

4) Cumulative energy dissipation in link beams under cyclic loading (up
to 0.08 rad.) is an important parameter in evaluating the link beams’
cyclic performance. Reduction of web compactness ratio increases
energy dissipation in the link beams; In most cases, by increasing the
number of waves throughout the link beam from 2 to 4, the amount
of energy dissipation increases, but with the further increase in the
number of waves throughout the link beam, the amount of energy
dissipation remains almost constant; Also, mostly by increasing the
angle of the waves from 30 to 70, the energy dissipation in the link
beams shows an increase, but with the further increase of this
parameter, the amount of plastic strain decreases in the diagonal
panels. Thus the energy dissipation decreases in the link beams. In
general, the compactness ratio of the web, the number of waves

2
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Fig. 22. Changes in the elastic stiffness of the link beams by changing the geometric parameters of the corrugated web (a) 4 waves throughout the link beams (b) the

web compactness ratio equal to 35.
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Table Al
Important responses in box link beams with corrugated web and flange compactness ratio of 17.
Name Slenderness Normalized critical inelastic Buckling Plastic rotational Relative energy Relative elastic Over-strength
ratio buckling strength by yield stress mode capacity dissipation stiffness factor

C-25-17-2-30 0.201 1.55 G 0.062 0.82 1.23 1.46
C-25-17-2-40 0.185 1.52 I 0.079 0.96 1.17 1.48
C-25-17-2-50 0.176 1.56 I 0.094 1.08 1.1 1.5
C-25-17-2-60 0.177 1.57 I 0.106 1.08 1.03 1.49
C-25-17-2-70 0.182 1.56 L 0.125 1.03 0.95 1.48
C-25-17-3-30 0.177 1.54 G 0.095 1.15 1.22 1.49
C-25-17-3-40 0.164 1.57 G 0.12 1.15 1.16 1.49
C-25-17-3-50 0.155 1.59 I 0.138 1.12 1.1 1.53
C-25-17-3-60 0.15 1.6 I 0.147 1.09 1.04 1.53
C-25-17-3-70 0.149 1.61 L 0.184 1.05 0.97 1.52
C-25-17-3-80 0.155 1.75 L 0.186 1.11 0.9 1.53
C-25-17-3-90 0.165 1.71 L 0.219 0.95 0.82 1.56
C-25-17-4-30 0.155 1.54 G 0.088 1.13 1.21 1.48
C-25-17-4-40 0.145 1.57 I 0.122 1.14 1.15 1.48
C-25-17-4-50 0.139 1.59 I 0.159 1.11 1.1 1.52
C-25-17-4-60 0.135 1.63 I 0.191 1.07 1.03 1.51
C-25-17-4-70 0.133 1.64 I 0.227 1.03 0.97 1.51
C-25-17-4-80 0.137 1.73 I 0.242 1.09 1.04 1.51
C-25-17-4-90 0.139 1.78 L 0.265 0.96 0.83 1.51
C-25-17-5-30 0.159 1.53 G 0.09 1.12 1.2 1.47
C-25-17-5-40 0.134 1.56 G 0.12 1.13 1.15 1.52
C-25-17-5-50 0.122 1.63 I 0.158 1.2 1.23 1.62
C-25-17-5-60 0.124 1.65 I 0.195 1.04 1.04 1.48
C-25-17-5-70 0.123 1.65 I 0.241 1 0.96 1.47
C-25-17-5-80 0.122 1.67 I 0.277 0.97 0.89 1.47
C-25-17-5-90 0.124 1.72 L 0.276 0.94 0.83 1.48
C-25-17-6-30 0.17 1.53 G 0.097 1.13 1.2 1.48
C-25-17-6-40 0.141 1.54 G 0.126 1.11 1.14 1.48
C-25-17-6-50 0.123 1.54 G 0.161 1.06 1.08 1.48
C-25-17-6-60 0.113 1.59 I 0.19 1.12 1.15 1.48
C-25-17-6-70 0.117 1.64 I 0.252 0.97 0.95 1.48
C-25-17-6-80 0.115 1.67 I 0.28 0.94 0.88 1.43
C-25-17-6-90 0.115 1.70 I 0.282 0.91 0.81 1.47
C-30-17-2-30 0.222 1.46 G 0.038 0.57 1.27 1.46
C-30-17-2-40 0.205 1.48 I 0.052 0.71 1.21 1.4
C-30-17-2-50 0.196 1.50 I 0.064 0.79 1.14 1.44
C-30-17-2-60 0.197 1.49 L 0.075 0.87 1.06 1.46
C-30-17-2-70 0.205 1.51 L 0.093 1 0.98 1.48
C-30-17-3-30 0.193 1.50 G 0.073 0.94 1.26 1.45
C-30-17-3-40 0.179 1.53 G 0.091 1.15 1.2 1.49
C-30-17-3-50 0.169 1.54 I 0.104 1.14 1.14 1.49
C-30-17-3-60 0.164 1.55 I 0.122 1.1 1.07 1.51
C-30-17-3-70 0.164 1.57 L 0.17 1.07 1 1.51
C-30-17-3-80 0.171 1.59 L 0.181 1.02 0.93 1.52
C-30-17-3-90 0.184 1.65 L 0.204 0.96 0.84 1.54
C-30-17-4-30 0.169 1.49 G 0.075 0.94 1.25 1.44
C-30-17-4-40 0.158 1.50 I 0.088 1.13 1.2 1.47
C-30-17-4-50 0.151 1.56 I 0.126 1.13 1.14 1.51
C-30-17-4-60 0.147 1.57 I 0.158 1.09 1.07 1.5
C-30-17-4-70 0.144 1.60 I 0.166 1.05 1 1.49
C-30-17-4-80 0.146 1.63 I 0.225 1.01 0.92 1.49
C-30-17-4-90 0.154 1.68 L 0.233 0.97 0.85 1.5
C-30-17-5-30 0.174 1.47 G 0.065 0.84 1.25 1.41
C-30-17-5-40 0.146 1.49 G 0.097 1.13 1.19 1.45
C-30-17-5-50 0.139 1.54 I 0.131 1.11 1.13 1.5
C-30-17-5-60 0.136 1.56 I 0.162 1.07 1.06 1.49
C-30-17-5-70 0.133 1.60 I 0.2 1.03 0.99 1.47
C-30-17-5-80 0.133 1.63 I 0.223 0.99 0.92 1.46
C-30-17-5-90 0.136 1.67 L 0.265 0.96 0.84 1.47
C-30-17-6-30 0.223 1.47 G 0.065 0.84 1.24 1.42
C-30-17-6-40 0.153 1.49 G 0.095 1.11 1.18 1.46
C-30-17-6-50 0.133 1.51 G 0.128 1.09 1.12 1.47
C-30-17-6-60 0.131 1.54 I 0.174 1.04 1.05 1.45
C-30-17-6-70 0.127 1.59 I 0.223 1 0.99 1.43
C-30-17-6-80 0.125 1.62 I 0.262 0.96 0.93 1.44
C-30-17-6-90 0.126 1.66 I 0.279 0.93 0.89 1.46
C-35-17-2-30 0.241 1.45 I 0.028 0.46 1.3 1.36
C-35-17-2-40 0.222 1.43 I 0.041 0.58 1.24 1.36
C-35-17-2-50 0.215 1.44 I 0.066 0.54 1.06 1.35
C-35-17-2-60 0.216 1.46 L 0.054 0.68 1.09 1.42
C-35-17-2-70 0.225 1.45 L 0.075 0.82 1.01 1.43
C-35-17-3-30 0.208 1.46 I 0.057 0.79 1.3 1.42
C-35-17-3-40 0.192 1.49 I 0.072 0.93 1.24 1.46

(continued on next page)
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Table A1 (continued)

Name Slenderness Normalized critical inelastic Buckling Plastic rotational Relative energy Relative elastic Over-strength
ratio buckling strength by yield stress mode capacity dissipation stiffness factor

C-35-17-3-50 0.181 1.50 I 0.083 1.1 1.17 1.46
C-35-17-3-60 0.176 1.50 I 0.097 1.1 1.1 1.47
C-35-17-3-70 0.178 1.52 L 0.12 1.08 1.02 1.48
C-35-17-3-80 0.187 1.55 L 0.128 1.03 0.94 1.49
C-35-17-3-90 0.202 1.59 L 0.128 0.98 0.85 1.49
C-35-17-4-30 0.182 1.44 I 0.04 0.6 1.28 1.4
C-35-17-4-40 0.17 1.46 1 0.07 0.9 1.23 1.44
C-35-17-4-50 0.162 1.50 I 0.102 1.14 1.17 1.46
C-35-17-4-60 0.157 1.54 1 0.135 1.11 1.1 1.49
C-35-17-4-70 0.155 1.55 1 0.14 1.07 1.02 1.48
C-35-17-4-80 0.151 1.59 I 0.185 1.03 0.94 1.48
C-35-17-4-90 0.167 1.63 L 0.213 0.98 0.86 1.49
C-35-17-5-30 0.188 1.43 G 0.041 0.6 1.28 1.37
C-35-17-5-40 0.156 1.47 G 0.073 0.92 1.22 1.41
C-35-17-5-50 0.149 1.49 I 0.106 1.13 1.16 1.45
C-35-17-5-60 0.146 1.53 1 0.142 1.09 1.09 1.47
C-35-17-5-70 0.142 1.56 1 0.175 1.04 1.01 1.47
C-35-17-5-80 0.142 1.59 I 0.186 1.01 0.94 1.47
C-35-17-5-90 0.146 1.63 L 0.235 0.97 0.86 1.46
C-35-17-6-30 0.205 1.43 G 0.047 0.67 1.28 1.36
C-35-17-6-40 0.165 1.44 G 0.074 0.91 1.22 1.41
C-35-17-6-50 0.143 1.47 I 0.104 1.11 1.15 1.44
C-35-17-6-60 0.138 1.50 1 0.144 1.06 1.08 1.43
C-35-17-6-70 0.136 1.54 I 0.182 1.02 1.01 1.43
C-35-17-6-80 0.133 1.58 I 0.207 0.98 0.93 1.44
C-35-17-6-90 0.135 1.62 1 0.256 0.94 0.85 1.42
C-40-17-2-30 0.263 1.39 1 0.025 0.4 1.33 1.32
C-40-17-2-40 0.243 1.40 I 0.033 0.49 1.27 1.34
C-40-17-2-50 0.235 1.44 I 0.036 0.51 1.2 1.35
C-40-17-2-60 0.239 1.43 L 0.04 0.55 1.12 1.38
C-40-17-2-70 0.25 1.43 L 0.043 0.54 1.03 1.38
C-40-17-3-30 0.226 1.43 G 0.046 0.68 1.32 1.39
C-40-17-3-40 0.209 1.46 1 0.063 0.85 1.26 1.43
C-40-17-3-50 0.197 1.47 I 0.07 0.89 1.2 1.44
C-40-17-3-60 0.192 1.47 I 0.08 1.04 1.13 1.44
C-40-17-3-70 0.195 1.48 L 0.096 1.06 1.04 1.46
C-40-17-3-80 0.206 1.52 L 0.105 1.05 0.95 1.48
C-40-17-3-90 0.224 1.54 L 0.105 0.99 0.86 1.49
C-40-17-4-30 0.198 1.41 1 0.033 0.53 1.32 1.36
C-40-17-4-40 0.185 1.44 1 0.053 0.75 1.26 1.41
C-40-17-4-50 0.176 1.47 I 0.086 1.11 1.19 1.45
C-40-17-4-60 0.17 1.50 I 0.123 1.12 1.12 1.48
C-40-17-4-70 0.168 1.51 1 0.118 1.08 1.04 1.48
C-40-17-4-80 0.172 1.60 1 0.136 1.12 1.05 1.55
C-40-17-4-90 0.184 1.60 L 0.176 1 0.87 1.49
C-40-17-5-30 0.204 1.39 G 0.036 0.54 1.31 1.35
C-40-17-5-40 0.169 1.43 1 0.063 0.82 1.25 1.41
C-40-17-5-50 0.162 1.48 I 0.096 1.12 1.19 1.45
C-40-17-5-60 0.158 1.48 1 0.129 1.1 1.11 1.46
C-40-17-5-70 0.154 1.53 1 0.16 1.06 1.04 1.46
C-40-17-5-80 0.154 1.56 I 0.166 1.02 0.95 1.45
C-40-17-5-90 0.158 1.59 L 0.21 0.98 0.87 1.46
C-40-17-6-30 0.226 1.39 G 0.036 0.55 1.31 1.33
C-40-17-6-40 0.18 1.41 G 0.062 0.81 1.25 1.39
C-40-17-6-50 0.156 1.43 I 0.087 1.09 1.18 1.42
C-40-17-6-60 0.15 1.47 1 0.126 1.09 1.11 1.44
C-40-17-6-70 0.148 1.51 I 0.16 1.04 1.03 1.44
C-40-17-6-80 0.139 1.60 I 0.168 1.07 1.04 1.5
C-40-17-6-90 0.146 1.59 I 0.227 0.96 0.86 1.45
C-45-17-2-30 0.272 1.37 1 0.025 0.39 1.36 1.3
C-45-17-2-40 0.251 1.36 I 0.027 0.43 1.3 1.31
C-45-17-2-50 0.244 1.39 I 0.034 0.5 1.22 1.35
C-45-17-2-60 0.249 1.41 L 0.036 0.49 1.14 1.36
C-45-17-2-70 0.262 1.41 L 0.043 0.54 1.05 1.38
C-45-17-3-30 0.233 1.41 G 0.036 0.58 1.35 1.36
C-45-17-3-40 0.214 1.44 G 0.054 0.77 1.29 1.41
C-45-17-3-50 0.195 1.45 1 0.054 0.82 1.37 1.5
C-45-17-3-60 0.198 1.46 I 0.069 0.86 1.15 1.43
C-45-17-3-70 0.201 1.46 L 0.077 0.9 1.06 1.43
C-45-17-3-80 0.209 1.50 L 0.082 1.07 1.09 1.53
C-45-17-3-90 0.234 1.50 L 0.09 0.95 0.87 1.46
C-45-17-4-30 0.203 1.38 I 0.027 0.45 1.34 1.34
C-45-17-4-40 0.191 1.41 I 0.043 0.65 1.28 1.38
C-45-17-4-50 0.181 1.45 1 0.075 0.95 1.22 1.43
C-45-17-4-60 0.175 1.49 I 0.093 1.11 1.14 1.45

(continued on next page)
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Table A1 (continued)

Structures 47 (2023) 1050-1071

Name Slenderness Normalized critical inelastic Buckling Plastic rotational Relative energy Relative elastic Over-strength
ratio buckling strength by yield stress mode capacity dissipation stiffness factor
C-45-17-4-70 0.173 1.50 I 0.107 1.1 1.06 1.46
C-45-17-4-80 0.178 1.51 L 0.121 1.05 0.97 1.47
C-45-17-4-90 0.191 1.56 L 0.146 1 0.88 1.48
C-45-17-5-30 0.212 1.37 G 0.028 0.47 1.34 1.33
C-45-17-5-40 0.174 1.40 I 0.042 0.62 1.28 1.36
C-45-17-5-50 0.167 1.44 I 0.076 0.95 1.21 1.41
C-45-17-5-60 0.163 1.48 I 0.111 1.12 1.14 1.44
C-45-17-5-70 0.158 1.50 I 0.11 0.96 0.94 1.26
C-45-17-5-80 0.158 1.52 I 0.143 1.04 0.97 1.45
C-45-17-5-90 0.165 1.57 L 0.178 1.01 0.88 1.45
C-45-17-6-30 0.236 1.36 G 0.03 0.49 1.05 1.3
C-45-17-6-40 0.187 1.38 G 0.047 0.67 1.27 1.36
C-45-17-6-50 0.159 1.40 I 0.085 1.04 1.2 1.39
C-45-17-6-60 0.154 1.44 I 0.1 1.1 1.13 1.42
C-45-17-6-70 0.153 1.49 I 0.135 1.06 1.05 1.43
C-45-17-6-80 0.149 1.50 I 0.145 1.01 0.96 1.43
C-45-17-6-90 0.141 1.62 I 0.146 1.12 1 1.58
throughout the link beam, and the wave angle had the greatest References

impact on the specimens’ energy dissipation, respectively. If the
geometric parameters of the link beams with the corrugated web are
properly selected, energy dissipation in these link beams can be up to
20% more than that of in the link beams with flat web and inter-
mediate stiffeners.

5) The elastic stiffness of the box link beams with trapezoidal corru-
gated webs is only subject to the angle of the wave but independent
of the compactness ratio of the web and the number of waves
throughout the link beam. By increasing the wave angle, the elastic
stiffness of the specimens decreases linearly.

6) The amount of over-strength factor in the box link beams with
trapezoidal corrugated web increases by decreasing the compactness
ratio of the web plate and increasing the angle of the wave, but by
increasing the number of waves throughout the link beam, the
amount of over-strength factor rises first and then shows a decrease.
The average value of the over-strength factor measured in the box
link beams with the corrugated web was 1.45, which is approxi-
mately equal to the over-strength factor suggested for typical box
link beams.

7) Considering the increase in steel consumption, the weight of the link
beams, and the reduction in elastic stiffness and energy dissipation in
wave angles greater than 70°, the maximum wave angle in the web of
box link beams is suggested to be 70°. Also, due to small rotational
capacity and energy dissipation in specimens with a 30° wave angle,
the minimum wave angle is recommended to be equal to 40°.
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Appendix A

Important specifications such as slenderness ratio of the web plate,
critical inelastic buckling stress, plastic rotational capacity, energy
dissipation of the specimens compared to X2L1.2 specimen, elastic
stiffness of specimens compared to X2L1.2 specimen, elastic buckling
mode, and over-strength factor for the box link beams with corrugated
web and flange compactness ratio of 17 are presented in Table Al. It
should be noted that the elastic buckling mode of the corrugated web is
marked by the letters “G” meaning global buckling, “L” meaning local
buckling, and “I” meaning interactive buckling.
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