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ABSTRACT

In construction practices nowadays, web openings are provided in steel beams to allow room for services, such as
pipes and air ducts, to pass through them. However, these web openings have been proved to cause a loss in the
shear capacity. Accordingly, in this research a high-performance technique is adopted to compensate web-opened
beams for the loss in their shear capacity; particularly when they are subjected to cyclic loading. That technique
represents in the installation of additional longitudinal stiffeners in the panel adjacent to the one containing the
opening; thus, mitigating shear buckling in that panel and increasing the cyclic shear capacity. For this purpose, a
3-D finite element (FE) model, using Ansys Workbench, was utilized to investigate one solid web beam in addition
to eight web-opened beams. Each of the failure mode, cyclic shear capacity and deflection of the specimens were
comprehensively investigated. The results indicated that the installation of additional longitudinal stiffeners is an
efficient solution to overcome the loss in cyclic shear capacity of web-opened beams, especially in the case of
relatively small openings. They even raised the cyclic shear capacity to more than that of the solid web specimen.
In the case of large openings, longitudinal stiffeners managed also to improve the cyclic shear capacity despite not
reaching that of the solid web specimen.
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1. Introduction

I-section beams, and girders, are widely used nowadays in different steel structures. The reason for adopting such
cross-section is attributed to its consistency with typical normal stress distribution. In other words, it has large
width near the upper and lower fibers which are subjected to the extreme normal stresses. Moreover, the rest of the
cross-section has a reduced width since the normal stresses keep decreasing till reaching the neutral axis. Generally,
a typical I-section consists of two parallel flanges connected with a flat web that is equipped with a set of transverse
stiffeners. The flanges are mainly responsible to resist the axial loads resulting from the acting bending moment.
On the other hand, the web responsibility is to resist the acting shear forces, whereas the stiffeners are responsible
for mitigating the shear buckling that the web encounters. Thus, it can be inferred that the web is the main factor
in determining the shear strength of I-section beams and girders; any sort of deficiency in the web could lead to a
loss in the overall shear capacity. By drawing attention to the offshore platforms and bridges, I-section beams and
girders in them are usually provided with web openings to leave sufficient room for cabling, services, maintenance
and inspection [1], [2]. These openings may take the form of square, rectangle, circle, elongated circle, hexagon,
or even octagon [3]. Aspect ratio of the openings usually ranges from 1 to 3, while their depth approximately
represents 50 [3] to 60% [4] of the beam depth. Existence of these openings in the web results in the reduction of
the web area, which is responsible for resisting shear forces as mentioned above. Therefore, web-opened beams
suffer from shear capacity loss compared to those with solid webs [5]. Narayanan and Der Avanessian [6] attributed
this issue to the fact that the reduction of the width of membrane stresses that are developed all over the diagonal
tension field, which contributes in carrying the load in the post-critical stage, is dependent on the largest dimension
of the opening. This reflects the higher web plastic shear resistance of solid webs compared to opened webs as
shown in Eq. (1) [2], [7].
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% h,t, (solid web)
Vpl,w = (1)
% (h,, — dy)t,, (opened web)

where V,,;,, is the plastic shear resistance of the web, f,,, is the tensile yield stress of the web material, h,, is the
web clear height, t,, is the web thickness, and d, is the depth of the opening.
Web-opened beams were extensively studied in literature, whether experimentally or theoretically. However, the
factor these studies had in common was that all the studied beams were subjected to monotonic loading. For
instance, Thevendran and Shanmugan [8] conducted both experimental and numerical studies on steel beams with
circular as well as rectangular openings. Chung and Lawson [9] proposed a design method for composite beams
with large web openings in addition to presenting design rules for circular openings. Moreover, Chung et al. [10]
suggested an empirical design method that is valid for steel beams having openings of distinctive shapes and sizes
on the basis of generalized moment-shear interaction curves. Mohebkhah [11] investigated the effect of slenderness
on the moment-gradient factor of a special type of web-opened beams (called castellated beams). He, as well,
developed alternative equations for the moment-gradient factor. Tsavdaridic and D’Mello [12] introduced novel
non-standard opening shapes that can enhance the overall structural performance of web-opened beams.
Additionally, Sweedan [13] proposed a simplified approach to accurately predict the moment modification factor
for web-opened beams. Regarding the load-carrying capacity, Erdal and Saka [14] investigated it for steel web-
opened beams. They also demonstrated that web-opened beams may either fail due to web-post buckling, web
shear buckling or Vierendeel bending. Panedpojaman and Thepchatri [15] introduced a method to predict the
deflection of web-opened beams. In addition, Boissonnade et al. [16] developed a design method for the lateral
torsional buckling of web-opened beams. More recently, the experimental and numerical results of Morkhade et
al. [17]-[21] proved that both of the load carrying capacity and stiffness are inversely proportional to the opening
area. They also illustrated that rectangular web openings suffer from high stress concentrations near the corners.
Alternatively, several techniques were proposed, in literature, to limit the loss in shear capacity of web-opened
beams and girders as follows:

a) Curving the corners of rectangular/square web openings to mitigate stress concentrations [4].

b) Utilizing reinforcements around the opening to compensate for the reduction in the shear strength [1], [4].

c) Positioning small openings on the far ends of the compression diagonal [6].

d) Replacing flat flanges with tubular ones since their vertical segments contribute in resisting shear forces [2],

[22], [23].

In light of this, the current research aims to numerically study the cyclic shear capacity of web-opened beams and to
compensate the loss in shear strength by a novel technique. This technique represents in equipping the beam with
additional longitudinal stiffeners in the solid panels. That technique is inspired by the numerical work of Elgammal
[24]. Although the previous studies were involved with link beams in eccentrically braced frames, an important
remark could be observed; a cyclically loaded I-section beam can have its shear strength improved by equipping it
with longitudinal stiffeners. Thereupon, this technique is chosen to be investigated herein. The reason for studying
web-opened beams subjected to cyclic loading rather than monotonic loading is because of the lack of research
concerned with this issue.

2. Numerical Modeling and validation

2.1. General

To simulate the behavior of steel beams with square web openings, 3-D finite element (FE) models were developed
using Ansys Workbench (2020 R1) [25]. The current numerical study includes the analysis of a total number of
nine specimens made of S275 steel [26], loaded as cantilever beams, as described in Table 1. Note that, L is the
span of the cantilever, B and ¢ are the flange width and thickness, respectively, h,, and t,, are the web clear height
and thickness, respectively, t, is the stiffener thickness, a is the stiffener spacing, and d,, is the depth of the square
opening. Moreover, “T” denotes a beam with transverse stiffeners, whereas “T+L” denotes a beam with both
transverse and longitudinal stiffeners, as shown in Fig. 1. The first specimen is a control specimen which has a
solid web without any sort of openings. The other specimens are all provided with square openings in the center of
the first web panel adjacent to the fixed support. This is the critical web panel since it is subjected to the highest
shear force as well as bending moment. The opening depth to web clear height ratio (d,/h,,) that ranges from 0.1
to 0.7. Accordingly, an evaluation of the effect of several openings’ depth could be carried out. The web-opened
specimens may either be equipped with conventional transverse stiffeners or the combination of transverse
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stiffeners and longitudinal stiffeners. These longitudinal stiffeners are particularly placed in the solid web panels
that are adjacent to the opened panels. All of the specimens in the current study were designed due to web shear
buckling; they all have slender webs and compact flanges according to [26]. It is worth to mention that the
specimens were labelled in such a way that their properties could be identified. Each label begins with a letter that
denotes the status of the web; “S” denotes a solid web, whereas “O” denotes an opened web. It is then followed by
a number representing d, / h,, ratio. Of course, the control specimen (first specimen) had d, /h,, equal to zero since
it did not include any web openings. Eventually, the label ends with one/two letters denoting the configuration of
the stiffeners within the specimen; “T” represents a specimen with transverse stiffeners only, whereas “TL”
represents a specimen with both transverse and longitudinal stiffeners.

Table 1. Details of the specimens.

Specimen L By te hyy ty tg a dy Stiffener
(mm) (mm) (mm) (mm) (mm) (mm)  h, h,

S-0-T 1000 180 10 500 3 10 1.0 - T
0-0.1-T 1000 180 10 500 3 10 1.0 0.10 T
0-0.1-TL 1000 180 10 500 3 10 1.0 0.10 T+L
0-0.3-T 1000 180 10 500 3 10 1.0 0.30 T
0-0.3-TL 1000 180 10 500 3 10 1.0 0.30 T+L
0-0.5-T 1000 180 10 500 3 10 1.0 0.50 T
0-0.5-TL 1000 180 10 500 3 10 1.0 0.50 T+L
0-0.7-T 1000 180 10 500 3 10 1.0 0.70 T
0-0.7-TL 1000 180 10 500 3 10 1.0 0.70 T+L

Fig. 1. Typical specimens with transverse stiffeners only (left), and both transverse and longitudinal stiffeners
(right).

2.2. Details of the finite element model

The four-node linear SHELL181 element [27], in Ansys [25] element library, was utilized in the current FE model
of the specimens herein. It was indicated in literature [28], [29] that the web clear height should be divided into 16
to 30 elements in order to accurately predict the shear behavior of girders. However, a mesh sensitivity analysis
(convergence test) was carried out on S-0-T specimen to obtain the optimum mesh size. The web clear height, in
that analysis, was divided into four different numbers: namely, 15, 20, 25, and 30. Fig. 2 shows the variation of
the ultimate shear strength with the change of web height divisions. It is obvious that increasing web height
divisions causes insignificant change in the ultimate shear strength. At the same time, a sharp increase in the
computation time is found to accompany that increment in web height divisions. For instance, increasing web
height divisions by 33% (from 15 to 20) caused the ultimate shear strength to drop by only 1%; on the other hand,
it caused the computation time to severely increase by 86%. The same remark is noticed for the remaining web
height divisions. On this basis, dividing the web height into only 15 elements was sufficient herein to obtain
reasonable results.
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Fig. 2. Analysis of mesh sensitivity for S-0-T.

The beam was applied with controlled vertical displacements, following the cyclic loading protocol shown in Fig.
3, at the whole cross-section of the free end. This cyclic loading protocol is scaled down from the original loading
protocol of AISC 341-16 [30]. The reason for such scale down is that the original loading protocol of [30] was
mainly developed for beam-column joints in moment-resisting frames; so, it is not suitable for the nature of the
cantilever beams in its original form since it requires very high displacements to applied to the extent that the beams
could not survive. The controlling parameter in the adopted cyclic loading protocol is the drift angle which can be
expressed as the ratio of the vertical displacement at the free end to the span length of the beam. The other end of
the beam was kept completely fixed.
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Fig. 3. The applied cyclic loading protocol.

According to the experimental and numerical work of Krolo et al. [31], the cyclic behavior of S275 steel is
different from its monotonic behavior. This is because most cyclically loaded metallic alloys exhibit both isotropic
and kinematic hardening not just one of them as in monotonic loading cases. Therefore, the above-mentioned
researchers proposed that particular steel to be modeled in numerical simulations based on Chaboche combined
hardening model [32]. In this hardening model, the kinematic hardening («) is expressed as follows [32]:

n
a= Z G 1- e—yisp’) + aioe—yispl
Vi

i=1

2

C; and y; are the kinematic hardening constants of the ith kinematic hardening, & is the initial value of the ith
kinematic hardening, and P! is the plastic strain. With regard to the isotropic hardening module, Chaboche [32]
recommended to calculate it according to Voce law [33] as follows:
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o is the isotropic hardening yield surface, g/, is the initial yield stress of the material, Q., and b are the isotropic
hardening parameters. To properly model the cyclic behavior of S275 steel, Krolo et al. [31] suggested all the
parameters mentioned before to be taken as listed in Table 2. Young’s modulus and Poissoin’s ratio were also
taken, according to [31], as 207000 MPa and 0.3, respectively.

Table 2. Chaboche combined hardening parameters for S275 steel [31].

Kinematic hardening Isotropic hardening
(o £ ¢ Y2 C3 Y3 alo Qo b
13921 765 4240 52 1573 14 285 25.6 44

Note: the unit of C; and |, is MPa.

In the current FE models, geometric imperfections were taken into account through conducting first an Eigenvalue
buckling analysis to determine the first buckling mode. Then, that buckling mode was imported into the perfect
geometry of the beam in the step of nonlinear load-displacement analysis. The value of the geometric imperfections,
in the current research were taken as h,, /100 as per [34]. In contrast, residual stresses were neglected, as
recommended by Dong and Sause [35], since the unbraced length of the current specimens is less than 20 m.

2.3. Validation of the finite element model

To check the accuracy of the current FE model, it should be checked against existing experimental tests. Indeed,
the authors conducted several verification studies on structural elements subjected to cyclic loading; refer to [24],
[36]-[39]. However, two specimens, labelled as specimen 1 and specimen 4, of the experimental tests of Hjelmstad
and Popov [40] were used to validate the current FE model. Hjelmstad and Popov [40] experimentally tested fifteen
link beams to study their cyclic shear performance. Note that link beams constitute the main component of the
earthquake resistant system known as the eccentrically braced frame. Only the prementioned specimens were
chosen for the verification study since they were the only ones that had their hysteretic response and failure modes
presented. The cross-section of both specimens was W18x40. They also shared the same span length of 711.2 mm.
The material of construction was ASTM A36 and its Chaboche combined hardening parameters were taken
following the work in [41]. The only difference between the specimens was the stiffener configuration. Specimen
1 did not include stiffeners, while specimen 4 included three stiffeners, at equal spacings, of a 9.53 mm thickness.
The displacement-controlled cyclic loading protocol consisted of a single cycle of 12.7 mm, then followed by dual
cycles of 25.4, 38.1, 50.8 mm, etc. The boundary conditions were taken according to the work in [24]. The hysteretic
curves of shear force and rotation angle obtained from the current FE model are plotted along with those of the
experimental test in Fig. 4. It is evident that an adequate agreement is achieved between the experimental and the
results of the current FE model. For instance, the ratio of the ultimate shear strength in the experimental test to the
FE results is 1.13 and 1.1 for specimen 1 and specimen 4, respectively. In addition, the failure modes of the
specimens, shown in Fig. 5, attest that the current FE model can precisely predict the deformed shapes of the
specimens at the failure stage.

3. Results and discussion

As mentioned earlier, the only difference between the nine specimens, under consideration, is the opening depth
and stiffener configuration. Thus, all nine specimens share the same plastic moment resistance withal different
plastic shear resistance. Based on the FE results, the maximum cyclic shear capacity was obtained and reported in
Table 3. In the following, a discussion on the FE results is presented.

3.1. Mode of failure
Steel beams could develop several modes of failure. Nevertheless, the current specimens were properly designed
to fail due to web shear buckling; other modes of failure were prevented. For instance, local buckling of the flanges

was disallowed through employing compact flanges, while local buckling and crippling of the web were also
prevented through applying the load evenly at the free end in addition to the installation of sufficient stiffeners.
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Fig. 4. Hysteretic curves of the specimens.

(b) Specimen 4
Fig. 5. Failure modes obtained from the experimental test (left) and the FE simulation (right).
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All the specimens failed due to web shear buckling. It was also noticed that no shear-based plastic hinges were
developed in the flanges, as shown in Fig. 6. In S-0-T, web shear buckling firstly propagated near the load location
at the free end, as shown in Fig. 6(a); that figure depicts the deformed shape and von-Mises stress distribution at
the step in which the beam reaches its ultimate shear carrying capacity. In addition, no obvious sign of web shear
buckling at the web panel near the support was observed. In contrast, existence of web openings in O-0.1-T and O-
0.3-T caused the regions of the web near the opening to also buckle out-of-plane. Nonetheless, most of the web
shear buckling occurred near the free end in the same manner as S-0-T. Thereupon, equipping the outer web panel
with longitudinal stiffener, in O-0.1-TL and O-0.3-TL, had a vital effect on mitigating web shear buckling in that
panel to the extent that the latter was nearly eliminated. Bearing in mind that web shear buckling was still found
around the opening. However, it was mitigated either. O-0.5-T and O-0.7-T, containing larger web openings, had
a different scheme of web shear buckling. Due to the large dimensions of the openings, they highly altered the
location of the maximum out-of-plane displacement. To be specific, web shear buckling was mainly concentrated
around the edges of the openings. On the opposite, the outer web panel did not show any web shear buckling.
Therefore, equipping those specimens with longitudinal stiffeners (O-0.5-TL and O-0.7-TL) did not change the
distribution of web shear buckling. So, it can be demonstrated that small web openings (d,/h,, < 0.3), in web-
opened beams, do not much influence the web shear buckling with respect to that of solid-web beams. On the
contrary, large web openings (d,/h,, > 0.3) weaken the web panel in which they are included; thus, causing most
of the web shear buckling to develop around them before any significant web shear buckling takes place in other
panels.

(@) S-0-T (b) 0-0.1-T

(c) 0-0.1-TL (d) 0-0.7-T

(€) 0-0.7-TL

Fig. 6. A plot of the deformed shape and von-Mises stress distribution at the ultimate cyclic shear capacity (grey
contours represent the regions that exceeded the yield stress).

3.2. Effect of relative wen opening size (d,/h,,) on the cyclic shear capacity (V)
Fig. 7 depicts the cyclic shear capacity (V) of the control specimen (S-0-T) as well as the transversely stiffened
specimens; specimens with both transverse and longitudinal stiffeners were dismissed herein. It is seen that small

web openings that represent 10% of the web clear height do not significantly reduce Vzg. Thus, the beams provided
with them did not have any loss in the cyclic shear capacity compared to the control specimen. This does not apply
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to larger web openings as they noticeably affect V. For example, web openings representing 30, 50, and 70% of
the web clear height caused Vg to drop by 12, 38, and 51%, respectively, compared to the control specimen.
Therefore, web openings are proved herein to have a severe effect on the cyclic shear capacity of cantilever beams,
especially the relatively large ones.

160

120

1,

S-0-T 0-0.1-T 0-0.3-T 0-0.5-T 0-0.7-T

Specimen

Ve (kN)

Fig. 7. Vg for the control specimen and web-opened specimens.
3.2. Effect of stiffener configuration on the cyclic shear capacity (Vgg)

In Fig. 8, Vg; of specimens with transverse stiffeners (denoted by T) and specimens with both transverse and
longitudinal stiffeners (denoted by T+L) for each relative web opening size is illustrated. As mentioned before, all
web-opened specimens, except the one with d,/h,, = 0.1, have lower Vg than that of the control specimen (V, =
129.1 kN). Moreover, it can be observed that equipping the specimens with additional longitudinal stiffeners did
not only enhance their cyclic shear capacity, but it also caused it to exceed the control specimen in some cases.
This particularly took place in the specimens having openings with d,/h,, up to 0.3. In details, in the case of
dy/h,, = 0.1 and 0.3, the longitudinal stiffeners managed to improve V; by 38 and 34%, respectively, compared
to the specimens with transverse stiffeners only. Not just that, the specimens with longitudinal and transverse
stiffeners having d,/h,, = 0.1 and 0.3 had Vy; that exceed the control specimen by 38 and 18%, respectively. So,
longitudinal stiffeners managed to compensate the web-opened beams for the loss in their cyclic shear capacity.
Furthermore, the installation of additional longitudinal stiffeners in the specimens with larger web openings
(dy/h,, = 0.5 and 0.7) improved the cyclic shear capacity compared to those with transverse stiffeners only.
However, this time longitudinal stiffeners did not enable the web-opened beams to reach higher Vg than the control
specimen. The interpretation of this is that the specimens with small d,/h,, (up to 0.3) had Significant shear
buckling in the outer panel, as illustrated in Fig. 6. Accordingly, equipping that panel with longitudinal stiffener
noticeably mitigated that shear buckling and thus enhanced the overall carrying capacity. In the case of large
opening sizes (dy/h,, > 0.3), minor shear buckling took place in the outer panel. Consequently, equipping that
panel with longitudinal stiffener insignificantly limited the out-of-plane displacement. So, the enhancement
resulting from the longitudinal stiffeners was meaningless as in the case smaller web openings.

3.3. Additional deflection

It was reported in literature that the existence of web openings affect the bending moment and shear force
distribution through the cross-section height which causes additional deflection compared to solid web beams; see
[9], [42] for more details. Thereby, a web-opened beam will suffer from higher vertical displacement, at the free
end, compared to the similar beam with a solid web. The free end vertical displacement corresponding to Vg, as a
consequence, is normalized through dividing it by the same value for the control specimen having soldi web (S-0-
T) and shown in Fig. 9. It is detected that all web-opened specimens have normalized vertical displacement
exceeding unity. In other words, they were all subjected to higher deflection compared to the solid web specimen.
Apparently, this is consistent with the previous studies mentioned above. In the case of d,/h,, = 0.1, the additional
deflection surpassed that of the control specimen by only 5%., which is not significant Nonetheless, larger d,/h,,
caused a severe increase in the additional deflection; for d,/h,, ranging from 0.3 to 0.7, the average increase in
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the additional deflection was 46%. Arguably, additional deflection is relatively proportional to the dimensions of
the square opening. Regarding the longitudinal stiffeners, their presence resulted in a minor increase in the
additional deflection compared to the corresponding specimens with transverse stiffeners only. For instance, the
specimens with longitudinal stiffeners have higher additional deflection than those with transverse stiffeners only
by the average of 2%. This is attributed to the fact that the specimens with longitudinal and transverse stiffeners
can bear higher loads compared to the others with transverse stiffeners only. That extra load bearing surely caused
the beams to exhibit higher deflection. However, that increase, estimated of averagely 2%, is insignificant and thus
negligible.

~ Vc=129.1kN
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Ve (kN)
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0.1 03 0.5 0.7
do/hy,
Fig. 8. The applied cyclic loading protocol.
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Fig. 9. Normalized free end vertical displacement of the web-opened specimens.

4. Conclusions
A high-performance technique is proposed herein, in this research, to compensate steel beams for the loss in their
cyclic shear capacity corresponding to the existence of openings in their webs. That technique mainly depends on
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equipping the web panel adjacent to the opened one with longitudinal stiffeners; thus, shear buckling in that panel
could be mitigated resulting in an increase in the cyclic shear capacity. Hence a numerical study was conducted on
a solid web specimen and additional eight web-opened specimens to investigate the effect of longitudinal stiffeners
on the shear strength of cantilever beams with square openings having different side lengths. On the basis of the
accurately validated numerical results, several conclusions may be drawn as follows:

a) All the, cyclically loaded, specimens in this research failed due to web shear buckling without the
development of shear-based plastic hinges in the flanges of any of them. For specimens with relative opening
size (dy/h,,) less than or equal to 0.3, most of the shear buckling was concentrated in the web panel near
the free end. The specimens with d,/h,, exceeding 0.3 were like the opposite of that; they exhibited most
of their shear buckling around the opening. So, equipping the latter with additional longitudinal stiffener did
not significantly mitigate web shear buckling.

b) Small web openings having d,/h,, = 0.1 did not cause much loss in the cyclic shear capacity of the beam;
it was in the order of 0.4% only. As d,/h,, increased more, the loss in cyclic shear capacity kept increasing
too. That loss may be up to 51% in the case of d,/h,, = 0.7.

¢) Equipping additional stiffeners to the specimens with d,/h,, < 0.3 did not only compensated them for the
loss in their cyclic shear capacity, but they also raised the load-carrying capacity to be higher than the control
specimen (with solid web) by the average of 28%. So, installation of longitudinal stiffeners is a superior
technique to increase the cyclic shear capacity of cantilever steel beams. Although additional longitudinal
stiffeners enhanced the cyclic shear capacity of the specimens with d,/h,, > 0.3, that enhancement did not
manage to raise the cyclic shear capacity up to the solid web specimen.

d) The existence of web openings caused higher deflection at the free end compared to the solid web
specimen. Nevertheless, that additional deflection was insignificant in the case of d,/h,, = 0.1, while
highly apparent in the case of other opening sizes. Installation of longitudinal stiffeners resulted in a minor
increase in that additional deflection; this increase can be neglected.

In further research studies, a wide range of specimens should be investigated. This is to obtain a general conclusion
regarding the behavior of web-opened cantilever beams with longitudinal stiffeners and to derive, in addition, design
formulas for that particular type of web-opened beams.
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